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ABSTRACT

The electrochemical oxidation of 2,4-toluene diisocyanate (2,4-TDI) in an ionic liquid
(IL) has been systematically characterized in order to determine the plausible electrochemical
and chemical reaction mechanism and to define the optimal detection methods for such a highly
significant analyte. It has been found that the use of an IL as the electrolyte allows the oxidation
of 2,4-TDI to occur at less positive anodic potential with no side reactions as compared to
traditional acetonitrile based electrolytes. UV-Vis, FT-IR, Cyclic Voltammetry and
Electrochemical Impedance Spectroscopy (EIS) studies have revealed the unique mechanisms of
dimerization of 2,4-TDI at the electrode interface by self-addition reactions which can be utilized
to improve the selectivity of detection. The study of 2,4-TDI redox chemistry further facilitates
the development of a robust amperometric sensing methodology by selecting a hydrophobic IL
([Campy][NTH;]) and by restricting the potential window to only include the oxidation process.
Thus, this innovative electrochemical sensor has been made capable to avoid the two most
ubiquitous interferents of the ambient conditions (i.e. humidity and oxygen) thereby enhancing
the sensor performance and reliability for real world applications. The method was established to
detect 2,4-TDI in both liquid and gas phases. The limits of detection (LOD) values are 130.2
ppm and 0.7862 ppm, respectively for the two phases, and are comparable to the safety standards
reported by NIOSH. The so developed 2.4-TDI amperometric sensor exhibits a sensitivity of
1.939 pA/ppm. Moreover, due to the simplicity of design and the use of an IL both as a solvent
and non-volatile electrolyte, the sensor has the potential to be miniaturized for smart sensing

protocols for the distributed sensor applications.
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INTRODUCTION

Recent explosions in Tianjin, the port city of China where chemicals such as toluene
diisocyanates (2,4-TDI) and calcium carbide has been stored thereby killing more than 50 people
leaving several hundred injured, has reemphasized the need of detection of these compounds in
liquid and gas phase with minimum human intervention.! As reported, diisocyanates” are low
molecular weight, and significantly toxic compounds violently reacting with water and other
chemicals causing explosions, yet highly valuable in manufacturing industry of polyurethane-
based products, such as foams, elastomers and coatings. These products are everywhere in
people’s daily life because of their durability against chemical damages, color stability, and
abrasive resistance. However, their manufacturing processes and the product degradation causes
the diisocyanates to be airborne thereby posing an adverse challenge for environmental
protection and occupational health.** Additionally, their short-term exposure can cause allergic
sensitization, severe irritation of the skin and eyes as well as problems in respiratory,
gastrointestinal and even the central nervous systems whereas the long-term exposure can affect
the lung function.” Results from animal studies have also reported a significant increase of tumor
cells in organs such as pancreas, liver and mammary glands after exposure to diisocyanates.’
Therefore, diisocyanates have been classified as Group 2B (possible human carcinogen) by the

International Agency for Research on Cancer (IARC).

In order to avoid these adverse health, environmental, and even life safety threats,
accurate and fast diisocyanates detection in real world environments is extremely significant.
Both instrumental and continuous monitoring methods have been developed in this regard as
reviewed by Guglya.? As shown in Table S1, for the instrumental methods,” such as high

performance liquid chromatography (HPLC),*? capillary gas chromatography (CGC) with flame
3
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ionization and ion chromatography with UV detection, the derivatization and extraction
steps are quite time-consuming. Moreover, such offline strategies provide significant statistical
differences as compared to online protocols.'* On the other hand, the most conventional
colorimetric method'® has interference problems especially from humidity in the air. Infrared
spectrophotometric method'® based on quantitative measurements of C-H deformation vibration
at the aromatic ring has also been reported, however, it requires large sampling amount and
multiple steps of sample preparation. Biological monitoring including the measurement of
diisocyanate specific antibodies in serum, diisocyanate derived biomarkers in blood and urine, or
the ELISA based methods have also been studied,'” but these methods lack the specificity for
different diisocyanates while specialized instrumentation is a requirement. Smart sensors can be
an efficient substitution in such a situation which can continuously monitor these hazardous
compounds in actual workplace conditions. Morrison et al made the first attempt in this regard
using coated piezoelectric crystals.'® However, the universal sensitivity of the technique make it
unsuitable for measurement especially in humid environments. Electrochemical sensors are
historically proven to be an ideal detection platform due to its simplicity in design, direct
transduction signal readout, fast response time, good selectivity and sensitivity.'*?"**%
Electrochemical sensors require the use of an electrolyte, diisocyanates are not stable in many

conventional electrolytes especially aqueous electrolytes limiting the development of such

electrochemical sensors.

Tonic liquids (ILs) on the contrary has such unique features®® that resist to chemical
interferences and facilitate new electrochemical reactions to occur which otherwise are not
feasible in traditional aqueous or non-aqueous electrolytes. The benefits of ILs for

electrochemistry has been summarized in Liu et al* research review of interface chemistry of
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IL/electrode. Our group has been utilizing the benefits of ILs in developing gas sensors over past

231 In many of gas sensor applications, the presence of oxygen being ubiquitous in

ten years.
nature, interfere strongly with electrochemical processes by forming superoxide radical and thus
complicating the sensor performance. The superoxide radical has been reported to be relatively
stable in ILs and is positively utilized for mechanism explorations and sensing

273233
enhancements.?”*

However, such reactions if can be avoided could simplify the sensor
developments. In the current work, we developed a simple electrochemical method for direct,
qualitative and quantitative isocyanates detection, with the capability for future sensor
miniaturization. As one of the most common airborne isocyanates, 2,4-TDI was selected as the
representative analyte for this study. Isocyanates react with water, alcohols, acids, and organic
solvents that have primary or secondary amine functional group.** The extent of their reactivity
depends on the activity of hydrogen species in the solvent compounds, the steric hindrance,
basicity and the electronegativity of the substituent side groups of the solvent molecules.
Therefore, non-aqueous solvent systems without primary or secondary amine, but with lower
basicity and larger electronegativity branch chains are preferred for isocyanate detection. Based
on this, an ionic liquid [C4mpy][NTf,] was chosen as the solvent as well as the supporting
electrolyte because the pyrrolidinium cation is relatively chemically inert and all C-H bonds in
the [Cympy]” cation structure are saturated. Moreover, [NTf;]" based ILs with conjugated
structures exhibit better electrochemical stability than others such as [BF4]" and [PF¢] based
ones.”” We first investigated the redox processes of 2,4-TDI in ILs as well as its redox
mechanism at the electrochemical interface. Based on the knowledge gained in the mechanistic

study, we developed a new electrochemical methodology for detection of 2,4-TDI in liquid phase

as well as gas phase. The analytical performance of the so presented electrochemical ionic liquid
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sensor meets the safety standards of National agencies, and thus the sensor is envisioned to be

competitive compared to the commercial available technologies for diisocyanates detection.
EXPERIMENTAL SECTION

Chemicals. 2,4-toluene diisocyanate (2,4-TDI) (Scheme S1A) was purchased from Fluka with
99.9% purity. 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl) imide which was
abbreviated as [Csmpy][NTf;] or [Bmpy][NTf;] (Scheme S1B) was purchased from /lonic
Liquids Technologies Inc. with 99% purity and was stored in a vacuum dry chamber (Shel Lab
model no. 1415M) under room temperature and a vacuum pressure up to 18 inch Hg.
Tetrabutylammonium perchlorate (TBAP) was purchased from Fluka with assay grade (>
99.0%). Prior to the measurements, IL aliquots were purged with N, (4irgas compressed
nitrogen) for 12 hours in order to exclude the O, and moisture as well as to maintain the same
electrolyte condition. Dry air (4irgas, breathing grade) was utilized as the background gas for

most characterization tests.

Electrodes. Planar glassy carbon electrode (purchased from CH Instruments, Inc.) was used as
the working electrode. The geometric surface area was 0.0707 cm®. The reference and counter
electrodes were silver wire and platinum wire, respectively. The diameters for both these
electrodes were 0.5 mm. The working electrode was first polished using Buehler micropolish 1.0
micron alpha alumina-water slurry followed by 0.05 micron gamma alumina-water slurry, then
sonicated using Branson 3510 ultrasonic unit with deionized water for 10 minutes. In the final
step, the electrode was rinsed with deionized water and dried with N, immediately. In order to
eliminate the influence from the potential drift of the silver quasi reference electrode, we used

Fc/Fc' redox couple to calibrate the potentials. For gas phase detection, the carbon electrode was
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prepared by loading a graphite ink onto a Teflon membrane (Interstate, PM71W). The ink™®
consists of 40.62 mg graphite (Aldrich, < 20 um, synthetic), 768 puL water, 200 pL ethanol and

32 uL 5 wt.% Nafion water dispersion (4ldrich). The loading amount is 10.35 mg/cm®.

Electrochemical Cell. A conventional three electrode cell was employed in this work. The
electrodes were fixed via Teflon tape and housed in a glass tube, a cross section of which is
shown in Scheme S1C. The bottom part of this cell was immersed in silica oil bath set at room
temperature (25 °C). Pure N, flew into the electrochemical cell via Tygon PVC gas tubing (¢ =1
mm). The gas was then left to diffuse through the IL until the gas pressure reached an
equilibration state between the gas and liquid phases prior to the measurements. This typically
takes about 30 minutes. The gas outlet was connected to the vacuum vent to avoid buildup of gas

in the electrochemical cell.
Electrochemical Experiments

The Gamry 4-channel workstation was wused to perform CV, EIS and
Chronoamperometry measurements of 2,4-TDI redox processes. For EIS measurements, a 5 mV
AC voltage was applied under open circuit condition. Initial experiments involved adding 2,4-
TDI to the ionic liquid, mixed, and degassed by N, before each measurement.
Chronoamperometry measurements were performed for detection of gas phase 2,4-TDI. Since
2,4-TDI has a vapor pressure of 0.05 mmHg at 25 °C,” the gas phase 2,4-TDI was generated by
bubbling air through 2,4-TDI liquid. It was subsequently diluted with another air gas flow via
two Tygon PVC gas tubings (¢ = 1 mm), one of which was the pure air gas channel (path 1) and
the other was the channel (path 2) to bring out the gas phase 2,4-TDI by air flow. A cross-section

of this sampling system is depicted in Scheme S2. Total gas flow rate was maintained at 200
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sccm. Concentrations of gas phase 2,4-TDI were prepared by increasing the flowrate of path 2
from 0 to 100 sccm, with 20 sccm per increment. Such a gas sensor testing system has been
described in detail elsewhere.*® The detail calculation of TDI concentration in this flow system is

elaborated in the supplementary information.

RESULTS AND DISCUSSION

Characterization of 2,4-TDI Redox Processes

Effects of the Supporting Electrolyte and Environmental Conditions

Ionic liquids (ILs) have been shown to have a significant effect on the redox behavior of
organic compounds. These effects can be the shifting of oxidation and/or reduction potentials,
stabilizing the redox reaction products inducing certain additional chemical reactions, or even the
changes of electrochemical reaction mechanisms (e.g., the two one-electron reduction waves of
dinitrobenzene in acetonitrile is reportedly collapsed to a single two-electron wave in ILs such as
[C,mim][BF4]).”") Such anomalies due to the presence of IL electrolytes are usually ascribed to
strong ion-pairing in ILs. In a series of computational studies, Fry et al®® has examined and
reported the interactions between solvent, electrolytic ions, and electroactive species indicating
the redox potentials can be lowered when the ion-pairing with the electrolyte was included. We
hypothesize that the similar shifts in the oxidation mechanisms of analytes (i.e., 2,4-TDI) can
have significant implications on the development of a more efficient isocyanate electrochemical
sensor. Therefore cyclic voltammetry (CV) was first utilized to characterize an isocyanate redox
activity in two non-aqueous solvents (i.e., acetonitrile and IL [Csmpy][NTf;]). Figure 1A

presents the cyclic voltammogram of 2,4-TDI in both solvents whereas nitrogen was used as the
8
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background. In the case of acetonitrile, the oxidation of 2,4-TDI occurred at 1.96 V. On the other
hand, there was no redox peak observed in the pure IL indicating that electrochemical system
comprising IL is stable in this potential region. In the presenece of 2,4-TDI in the IL,
electrochemical oxidation peak of 2,4-TDI was observed at a less positive anodic potential (1.38
V) than it was in acetonitrile (1.96 V). Moreover, though the oxidation peak currents have
similar values in both electrolytes, multiple shoulder peaks and a broad small reduction peak
were observed before the major oxidation peak in acetonitrile system, suggesting that 2,4-TDI
oxidation process in acetonitrile involves multiple steps. Such complicated redox mechanisms
usually cause difficulty in quantitative analysis due to poor reproducibility and are not desirable
for electroanalytical method development. Contrarily, in [C4smpy][NTT;] system, it showed single
and clear oxidation peak which can be used for analytical quantification. Thus, utilization of
[C4mpy][NTf,] was validated to be suitable for electrochemical detection of 2,4-TDI as has been
done in our group for various different analyte targets.zg’ 30,3133, 39 1 [C4mpy][NT1,], the
oxidation peak current of 2,4-TDI was approximately seven times larger than that of the
reduction peak, as shown in (Figure 1A). Therefore, it is also clear that the oxidation process is
capable to provide better sensitivity for the detection of 2,4-TDI (Figure 1B) and can be used for
further quantifications. It was also found that the reduction process would interfere the current
signals of the oxidation process as well. As shown in Figure 1A, when the reduction process
occurred first, the 2,4-TDI concentration would decrease in the region near the electrode surface
leading to a decreased TDI oxidation signal as comapared to the narrower potential scan in
Figure 1B (i.e. the oxidation peak current in Figure 1B was 381 pA, higher than the value of

297 pA in Figure 1A). Thus, in real sensing development, the potential region is selected where
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only oxidation of 2,4-TDI occurs. Above experiments supported us to study the optimal 2,4-TDI

sensing conditions as well as demonstrate the benefit to employ IL in these sensor developments.
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Figure 1. (A) CV of pure [Cimpy][NTf;] (black), 1% v/v 2,4-TDI [Cympy][NTf,] (blue), and 1% v/v
2,4-TDI in acetonitrile with 0.1 M TBAP as supporting electrolyte (red). The concentration was 1.0
v/v. Glassy carbon, silver and platinum electrodes were used as the working, reference and counter
electrodes, respectively. Scan rate was 100 mV/s. All potentials were calibrated based on the Fc/Fc*
redox couple. N, was used as background gas. CV scanned toward the negative potential direction
first. (B) CV for 1 mL pure [Cympy][NTf,], and in the presence of 1% v/v 2,4-TDI in the potential
window of 0 to 1.7 V. All curves presented here are taken from the first cycle of the CV
measurements.

In order to further investigate the electrochemical process of 2,4-TDI and to mimic the
real world sensing conditions, similar cyclic voltammetric experiments were conducted using air
as the background gas as shown in Figure 2. Oxygen is ubiquitous in the ambient environment
playing significant roles in any sensing method development. Especially, its presence can also
modify the electrochemical processes in ILs, even though the reductively generated superoxide
anion radical is more stable than in other solvents. Xiao et al has reported the effect of the
superoxide radical on the carbon dioxide electrochemistry.” Herein, it is shown that for a narrow
potential scan where oxygen reduction process is not involved, a clear and large 2,4-TDI
oxidation peak was observed (red curve). Same was true for the experiment for a wider potential
window, but with initiating the scan in the anodic direction thereby performing the 2,4-TDI

oxidation before its reduction (green curve). However, when the scan direction was first in the

10
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cathodic potential, involving the generation of superoxide shown by a reduction peak at ~-1.4 V,
the peak for the oxidation of 2,4-TDI was almost disappeared (see the blue curve). From this data,
two important conclusions can be drawn. First, 2,4-TDI can react with the reduction products of
most important environmental interferent, oxygen,*’ thereby leaving no TDI at the interface to be
detected. This property can be used for removing toxic TDI but supporting the choice of using
only the oxidation processes for quantification as shown by the results of these experiments,
especially if the electrochemical 2,4-TDI sensor has to be used in real ambient environments.
Second, this experiment also shows the selectivity of the sensing system for 2,4-TDI under the
chosen experimental conditions. The peak at 1.38 V is clearly due to the presence of 2,4-TDI,
which remains there in the presence of oxygen and all other air gases, although it disappears in
the presence of superoxide due to their reaction. Thus, if the fomation of superoxide radical is
avoided by choosing a specific potential window, 2,4-TDI can be selectively detected in real

ambient environments.

350

— [C,mpy][NTf,]
300 —— [C,mpy][NTf,] + 2,4-TDI
(oxidation only)
250+ [C,mpyl[NTF ] + 2,4-TDI

(anodic direction first)
— [C,mpy][NTf,] +2,4-TDI
(cathodic direction first)

200

T — T T T T T '
24 18 -12 -06 00 06 12 18 24 3.0

E/V

Figure 2. CV of pure [Cympy][NTTf,] (black), in the presence of 1.0% v/v 2,4-TDI in the narrow
anodic potential window (red), in wider potential window scanning to the anodic potential direction
first (green), and in wider potential window scanning to the cathodic potential direction first to
form superoxide radical thereby showing no oxidation current for 2,4-TDI (blue). Air was the
background gas for all these measurements. All curves presented here are taken from the first cycle
of the CV measurements.

11
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Figure 3. CV of 0.1% v/v 2,4-TDI in [Cympy][NTf,] with the variation of scan rates. Glassy carbon,
silver and platinum electrodes were used as the working, reference and counter electrodes,
respectively. All potentials were calibrated based on Fc/Fc' redox couple. Air was the background
gas for all these measurements. All curves presented here are taken from the first cycle of the CV
measurements.

For further elaboration of the electrochemical reaction mechanisms for the above processes, we
performed the CV at various scan rates. Figure 3 shows the cyclic voltammogram of 0.1% v/v
2,4-TDI in [C4mpy][NTf;] at scan rates of 10 mV/s — 500 mV/s. An oxidation peak potential
shift (from 1.77 V to 1.24 V) was observed when the scan rate was changed from 500 mV/s to 10
mV/s. For a fast electrochemically reversible system, the peak potential does not shift at different
scan rates. In 2,4-TDI case, the electrode reaction is an irreversible process even at a slow scan
rate (e.g. 10 mV/s). Thus, the peak potential shift is suggested to be the results of multiple
coupled reactions, e.g. chemical reactions coupled with the electrochemical reactions or the
electron transfer reaction reactions rather than the uncompensated IR drop, based on the
following results: 1) the peak current has linear relationship with the scan rate supporting a
surface controlled electron transfer process; 2) the increase of impedance vs. frequency in EIS
measurement at various time intervals (Figure 5) supporting the surface reactions discussed

below.

12
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Furthermore, it is important to note in Figure 3 that a shoulder peak started to emerge at
about 0.8 V. This is more evident at faster scan rates. Kuroiwa et al*' has reported a similar
shoulder peak for the oxidation reaction of chlorophyll a in IL/acetonitrile mixture, whereas this
peak can be de-convoluted from the voltammogram and the resulting peak current can be
estimated by using Gaussian curve fitting method. The peak current ratio of Py/Py; decreases as
the scan rate increases (from 0.251 at 10 mV/s to 0.0254 at 500 mV/s) where P; is the shoulder
peak and Py is the main oxidation peak, which suggests that the first oxidation process (P;) has a
relatively slower kinetics and can be related to the aggregation of the analyte molecules as was
the case with chlorophyll a. Furthermore, the sufficiently large oxidation current for this peak
strongly supports the idea that analyte molecules form quite a low-order aggregate such as a
dimer, since high-order aggregates would not yield sizeable oxidation current due to slow
diffusion. Such aggregation process has been reported to lower the oxidation potential of the
analyte in addition to similar effects caused by IL ion-pairing. To further investigate this peak Pj
and to validate the possibility of dimerization process, a series of CV measurement with different
time intervals were designed. In this experiment, 2,4-TDI was equilibrated in the IL electrolytes
at different times and then the measurements are performed. The 2,4-TDI oxidation peak current
decreased when the CV measurements were performed at longer time intervals (Figure 4). No
peak potential shift was observed as was the case during the variation of scan rates. The peak
current values followed a first-order exponential decrease (Figure 4B) with a correlation
coefficient equal to 0.994. This exponential decay of the 2,4-TDI oxidation peak current can also
be utilized for the selectivity study of the future sensor device. In Figure 4, the shoulder
oxidation peak (P, located at 0.8 V) was also observed. This peak was more obvious at longer

time intervals (e.g., 1000 min) and fairly insignificant when the measurement was carried out

13
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instantly (0 min). The reduced current signals for Py and increasing current signals for P; with

increasing time of measurement could only be attributed to the adsorption of 2,4-TDI at

electrode surface by the formation of dimers, trimers and even polymers through isocyanate self-

addition reactions (eq.1 & eq.2 where R is defined as the toluene aromatic ring), which lowered

the concentration of electrochemically active species near the electrode surface.
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Figure 4. (A) CV of 2,4-TDI oxidation process in [Cympy][NTf,] in the air environment, on glassy
carbon electrode. The concentration of 2,4-TDI was 10 pL in 1 mL ionic liquid (1.0% v/v). Silver
and platinum wires were the reference and counter electrodes, respectively. Measurements were
performed with different time intervals after the three-electrode system had been setup. Scan rate
was 100 mV/s. All potentials were calibrated based on Fc/Fc' redox couple. All curves presented
here are taken from the first cycle of the CV measurements. (B) The corresponding calibration
curve. Air was the background gas for all these measurements.

(eq- 1)

(eq. 2)

14
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We performed electrochemical impedance analysis to understand further about the
interface reactions at different time scales. EIS results can provide valuable information about
the dynamic surface adsorption processes of 2,4-TDI in the [Csmpy][NTf;] electrolyte. EIS has
been used to study many surface reactions such as the dyes and surfactants dimerization
processes.” Thus, EIS experiments were carried out at several time intervals in the presence of
2,4-TDI at open circuit potential. As shown in Figure SA and Figure S3, the Nyquist plots
changes at various time of the measurements. As shown in Figure S3, We simulated the EIS
curves by carefully selecting the equivalent circuit, according to the literature. Among all the
equivalent circuit models we employ to fit the experimental data, the one that gives the best fit is
presented in the inset of Figure S3. These simulated results are not good fit especially at zero
hours. We believe that the deviation from the perfect fit is an indication for the dynamic
chemical reactions (i.e. the TDI self-polymerizations). Figure 5B, the Bode curves of the EIS
experiment presents correlation of log|Z| versus log frequency at different time intervals. The Z’
versus frequency and Z” versus frequency plots (Figure S3 C-D) show that the real part of the
impedance increases with time at low frequencies much more than the imaginary part of the
impedance. It is obvious that the surface reactions cause the impedance to increase at longer time
intervals especially at low frequencies. Such trend can also be observed in the Nyquist plots too
(Figure 5A) and are similar to the ones reported earlier for different surfactants and dyes in

dimerization/aggregation reactions.

Results from the EIS experiment confirm the dynamic interface processes of 2,4-TDI and
are consistent with the results presented in Figure 4. Toluene was used as a negative control to
further understand the 2,4-TDI oxidation processes in the IL at glassy carbon electrode. The

selection of toluene as reference sample was due to its similar chemical structure as 2,4-TDI

15
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except the two isocyanate groups (-N=C=0). No oxidation peak was observed in toluene sample
with the same conditions as for 2,4-TDI. Thus, the oxidation peak and the consequent surface

modification/dimerization are attributed to the isocyanate groups.
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Figure 5. (A) Nyquist plots measured at various time intervals with 1% v/v 2,4-TDI in
[Cympy][NTf,] on glassy carbon electrode. Silver wire and platinum wire were the reference and
counter electrodes, respectively. (B) The Bode plots measured at various time intervals with 1% v/v
2,4-TDI in [C;mpy][NTf,] on glassy carbon electrode. Silver wire and platinum wire were the
reference and counter electrodes, respectively. (C) The Bode plots of Z’ (the real part of the
impedance) changes at different frequencies. (D) The Bode plots of Z” (the imaginary part of the
impedance) changes at different frequencies. The EIS experimental parameters: AC bias was 5 mV,
and the DC input was 0 V vs. open circuit. Air is the background gas.

Identifications of Interface Products by UV-vis and FT-IR

UV-vis and FT-IR spectroscopy experiments were employed to determine the 2,4-TDI
oxidation products to allow additional insights on the reaction mechanism. There are two
possible molecular sites for 2,4-TDI oxidation: 1) the C-N single bond cleavage at the 2 and/or 4
position of the benzene ring, or 2) the N=C double bond cleavage in the isocyanate functional
group. First, UV/vis measurements (Figure 6A) were performed to characterize samples of

different 2,4-TDI concentrations in [C4mpy][NTf,] as well as the sample of pure [Csmpy][NTf]

16
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as the background. As the concentration of 2,4-TDI increased, the absorbance peak at 290~300
nm™* also increased with a red shift, indicating an enhanced delocalized conjugation effect. This
could be attributed to the isocyanates self-additions forming isocyanate polymers. We also
characterized the bulk IL near the glassy carbon electrode surface after an electrochemical
oxidation of 2,4-TDI was conducted. A significant decrease of the absorbance and a blue shift
were observed from this bulk IL sample. The absorbance peak changes indicated that there was a
reduced conjugation of the 2,4-TDI molecular structure, which could be attributed to the loss of
isocyanate functional group due to electrochemical oxidation of 2,4-TDI, causing a decrease of

the delocalized conjugation effect.

24

—-—purelL 3.0
221 (A) ——IL+0.5,L TDI (B)
201 ! IL+1 L TDI 27+

—o—IL+2 L TOI 241 —+— baseline

181 1L+ 5. 7D —— pure [C,mpy][NTF,]

164 ——IL+10 uL TDI 2.1 [C,mpy][NTf,] + TDI (SuL)

141 IL+20 uL TDI 1,81~ [C,mpYIINTE,] + reacted TDI (s2)
—«— IL + reacted TDI (s1) !

1.2+ IL + reacted TDI (s2) 154

Abs
Abs

1.0
0.8 ]
0.6 ‘

'N{,\ |
0.4 /W 0.6- 21;79
0.2 sk i NS 0.3+
00 L S A 00
T T T T T T T T T
2

IL = [C,mpy][NTF] 12]

0.9

|
]
T T T T T T T T T
00 300 400 500 600 700 800 4000 3500 3000 2500 2000 1500 1000 500
&
Wavelength / nm Wavenumber / cm

Figure 6. Spectroscopic characterization of the electrochemical reaction of 2,4-TDI in [Cympy][NTf]
on glassy carbon surface: (A) UV/vis method, and (B) FTIR method (transmission mode). 2,4-TDI
concentration varied from 0.05% v/v to 2% v/v.

FT-IR measurements (Figure 6B) were carried out to obtain additional information in
terms of identifying the bond breaking of the isocyanate functional group. An absorbance peak at
2279 cm’ was observed from [Csmpy][NTf,] in the presence of 0.5% v/v 2,4-TDI. This peak
was not found in either pure [Csmpy][NTf;] or [Csmpy][NTf,] sample that was taken from the
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bulk solution near the glassy carbon electrode surface after an electrochemical oxidation of 2,4-
TDI was previously performed. According to Thomson et al.,** absorbance peak at 2279 cm’
could be assigned to the asymmetric vibration of N=C=0 functional group. This illustrated that
the NCO functional group disappeared. Thus, it is plausible that the N=C double bond was
cleaved during 2,4-TDI oxidation. Thus, the plausible mechanism is then an CECE mechanism
depicted as follows (R is defined as the toluene aromatic ring, we use the dimer as a case study),

in which the chemical process is the rate limiting step:

O
]
e~ /C\
R—N=C=0 —> R—N_ N—R (eq.3)
C
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O
(0]
| ]
_ /C\ _ /C\+'
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2,4-TDI monomer undergoes a self-addition reaction in the initial state (eq. 3). When an external
anodic potential is applied, eq. 4 occurs yielding a stable radical product due to the delocalized
electron conjugation effect. It is followed by a surface adsorption process (eq. 5, C stands for
glassy carbon) at anodic condition. This step is the rate limiting one because of the reactivity of
carbon surface. Then, a second oxidation occurs involving the C-N bond breaking forming
adsorbate residues (eq. 6). This proposed mechanism complies with CV data in Figure 4 that the

shoulder peak becomes more significant at longer testing time intervals.

Sensing Characterization of TDI Oxidation in ILs

Once the mechanisms of the electrochemical oxidation of 2,4-TDI has been understood
using electrochemical, EIS, and spectroscopic techniques, we now had the guidelines to design
electrochemical methods for evaluating the sensing performance utilizing the resulting
mechanism. Usually, the sensor is first employed to do sensitivity tests by exposing it to different
concentrations of the analyte. However, we first performed the selectivity tests in order to clear
out following important points of the study. First, the selectivity experiments for the compounds
similar to the molecule under study can provide an indirect proof of dimerization process
suggested for 2,4-TDI. Second, the presence of dimerization if it is the case with only the TDI,
the detection/sensing mechanism can be made very selective which is most important

requirement of present day sensors.

Selectivity experiments for 2.4-TDI

2,4-TDI was selected as the representative molecule of the isocyanates, since it has high

vapor pressure of 0.05 mm Hg and is the most common airborne. As described earlier, toluene
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can be used as negative control for 2,4-TDI oxidation process as it has the same structure with
the absence of isocyanate groups. However, it can also be tested as interfering molecule for 2,4-
TDI detection. When toluene was subjected to the electrochemical oxidation process, no
oxidation peaks were observed as shown in Figure S1 even for a concentration of 4%. In the
same experiment, TDI at much lower concentration showed reproducible signals. In the other
experiment, aniline which is quite well known oxidizable compound is tested in comparison to
2,4-TDI. At the same concentration and under the same conditions, aniline showed an oxidation
current even larger than the target (Figure S2), though the peak potential of aniline is quite
different. Thus, different electrochemical techniques such as chronoamperometry can be used to

selectively detect the target isocyanates by choosing a certain measurement potential.

400 - aniline 0 min = 2,4-TDI 0 min
1 aniline 15 min ~ = 2,4-TDI 15 min
350 aniline 30 min i = 2,4-TDI 30 min
aniline 60 min __f\ = 2,4-TDI 60 min

300 - aniline 1000 min /' ¥ # 3% + 2,4-TDI 1000 min
250 ;
200

3. 150
- ]
— 100+
50

0

=50

0.0 ' 0.5 1.0 ' 115 ' 2.0 25
Time /s

Figure 7. CV of [C;mpy][NTf;] adding 1% v/v aniline (straight lines) and 1% v/v 2,4-TDI (dotted
lines), at different testing time intervals, at air condition. Glassy carbon, silver and platinum
electrodes were used as the working, reference and counter electrodes, respectively. Measurements
were performed with different time intervals after the three-electrode system had been setup. Scan
rate was 100 mV/s. All potentials were calibrated based on Fc/Fc' redox couple. All curves
presented here are taken from the first cycle of the CV measurements.

However, the most important observation in this regard came from the time lapse

experiment done with aniline and 2,4-TDI, the data is shown in Figure 7. As indicated, no

20
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significant change in the oxidation current signal occurs in the IL that contains aniline but the
same shoulder peak is present in IL containing TDI thereby decreasing the oxidation peak
current with every time step. This indirectly proves the self-addition reaction of TDI, and
alongside, this mechanism can serve to provide extremely selective response mechanism of TDI
detection with signal diminishing as a function of time. Additionally, Yakabe et al* reported
that aniline and 2,4-TDI exhibit different side reactions in the presence of trace water (i.e. 2,4-
TDI produces CO, when reacted with water) which can be utilized to enhance the selectivity of

the detection.

Detection of 2.4-TDI in Liquid and Gas Phases

1604 " — [C,mpy][NTf,] (A) 160 (B)
wl [C,mpy][NTF,] + 0.1% TDI viv
[C,mpy][NTE,] + 0.2% TDI viv 140 y = 252.620x + 27.044, R® = 0.997
120 — - — [C,mpy][NTf ] + 0.3% TDI viv
100 [C,mpy][NTF,] + 0.4% TDI viv 120
— «— [C,mpy][NTf,] + 0.5% TDI viv
<:L 7 i 100+
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0
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Figure 8. (A) CV sensing of liquid phase 2,4-TDI in [Cympy][NTf,] on glassy carbon electrode, at
air conditions. Concentration of 2,4-TDI varied from 0.1% v/v to 0.5% v/v. Silver and platinum
electrodes were used as the reference and counter electrodes, respectively. Scan rate was 100 mV/s.
All potentials were calibrated based on Fc/Fc' redox couple. All curves presented here are taken
from the first cycle of the CV measurements. (B) Calibration curve of the current vs. 2,4-TDI
concentration, with error bars. Air is the background gas.

Finally, the sensitivity experiments are performed to evaluate LODs and Tyy for the
developed sensor mechanism. In order to perform liquid phase 2,4-TDI detection, 2,4-TDI was

directly added into the electrochemical cell with [C4mpy][NTf;] electrolyte in Air environment.
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Concentration of 2,4-TDI were varied from 0% v/v to 0.5% v/v, with 0.1% v/v increments. The
cyclic voltammogram and the corresponding calibration curve are presented in Figure 8. The
value of correlation coefficient (R?) was calculated to be 0.997. The detection sensitivity could
be obtained from the slope of the linear fitting curve, which was 252.6 pA/uL. By analyzing the
mean background signal (Syy,) and the corresponding standard deviation (sym) value, the
minimum distinguishable signal (S) can be obtained via eq. 7. Thus the limit of detection (LOD)
can then be converted from S in the calibration equation shown in Figure 8B. LOD in this liquid

phase 2,4-TDI sensor is 0.0651 pL in 500 pL, which equals to 130.2 ppm.
S = Spm + 3*Sbm (eq. 7)

For gas sensing, one of the important aspect is the sampling of analyte gases. The use of
hydrophobic, non-volatile IL as an electrolyte enables a simple gas sampling system that can be
open to the ambient environment. This not only allows pre-concentration to further increase the
sensitivity of the detection but can also significantly simplify future sensor system integration
and provide long sensor lifetime. Real-time current response recording (Figure S4) in gas phase
sensing was performed via chronoamperometry at different 2,4-TDI concentrations. Figure 9A
presents the chronoamperometry data with time offset by showing the sensor response when 2,4-
TDI is added and by removing the non-faradic current decay period. Since the 2,4-TDI sample is
in liquid form, a sampling system consisting of two gas paths was designed and depicted in
Scheme S2. By adjusting the flowrates of the two gas paths, an accurate amount of gas phase
2,4-TDI can be calculated (i.e. the gas phase 2,4-TDI is 32.89 ppm when the flowrate of both gas
paths is 100 sccm). The external potential was set at 1.4 V, based on the cyclic voltammogram in
Figure 8. Each measurement was carried out in samples that were separately prepared. Air was

used as background gas in order to fully explore the real life potential of the sensor. The sensing
22
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current reached a signal plateau at about 600" second. It is interesting to note that the sensing
current curve exhibits two stages. This observation is consistent with the CV data presented in

Figure 3 and Figure 4, indicating that there are multiple reactions involved.

70 2.0 .
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Figure 9. (A) Real time chronoamperometry detection of gas phase 2,4-TDI in [Cmpy][NTf;].
External potential was set constant at 1.4 V. Glassy carbon, silver and platinum electrodes were
used as the working, reference and counter electrodes, respectively. Air was the background gas.
Data sampling rate is 0.2 second per data point. (B) Plot of the selected sensitivity values at
different time scales.

The plot of sensitivity values at different sensing time scales (Figure 9B) also
demonstates that there are two separate electrochemical steps, of which the transition point is
200" second. Detail calibration curves at various sensing time scales are shown in Figure S5. By
analyzing the sensor response at different time scales, properties such as sensitivity and LOD
values are varying (Table S2). For example, when picking the signal plateau at 600™ second, the
sensitivity is 1.942 pA/ppm with the value of LOD to be 0.7693 ppm. But, if picking one of the
time before the plateau (e.g. 100™ second), the sensitivity decreases to 0.2083 pA/ppm with a
relative higher value of LOD (12.46 ppm). Besides, T90 values of this sensor to function for 100

and 600 seconds are calculated to be 90.80 seconds and 432.3 seconds, respectively. Thus, by
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sacrificing the sensor response time, higher sensitivity and lower LOD values can be approached,

which gives this sensor a potential to tune different functioning time for different sensing needs.

CONCLUSIONS

A new electrochemical detection method was established for 2,4-TDI detection directly
in the liquid phase as well as gas phase. The sensing methodology was based on the use of non-
aqueous non-volatile IL [C4mpy][NTT;], which provided stable and reliable detection conditions.
Additionally, the strong ion-pairing in ILs can play a role in modifying the electrochemical
process in such a way that it can facilitate the design of sensor as in this case, the oxidation is a
single step process in ILs with lowered oxidation potential.

The detection of 2,4-TDI utilizing the oxidation process, since it has an electron-abundant
molecular structure prone to lose electrons and be oxidized, was accomplished under a set of
optimal reaction conditions which were defined as a result of detailed electrochemical study. 2,4-
TDI involved reactions were discussed in terms of reaction dynamics and the electrolyte-
electrode interface. By utilizing the IL as the electrolyte, the sensor can respond at a relatively
lower potential than other common solvents (e.g. acetonitrile). Molecules of 2,4-TDI was found
to self-accumulate and undergo inter-molecular dimerization via self-addition, suggesting a
surface modification when the TDI is measured at various time scales and the potential to
enhance selectivity. Spectroscopic methods were able to identify that the 2,4-TDI oxidation
occurred at the isocyanate functional group and the occurrence of 2,4-TDI self-addition reactions.
The selectivity experiments also provided an indirect proof of dimerization. Finally the liquid

and gas phase detection was performed with obtained detection limits capable of meeting the
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NIOSH regulatory number (2.53 ppm). In the gas phase sensing, the sensitivity depends on the
sensing time of this sensor, with higher sensitivity at longer sensor functioning period. The use
of Clark-type electrochemical cell design® for this gas phase 2,4-TDI sensor allows the sensor to
respond in a quicker time frame, since it shortens the gas molecule diffusion process in the IL.
The uses of low cost carbon electrode material and non-volatile IL electrolyte make it a
promising low cost and miniaturized disposal sensor. The electrochemical detection based on the
oxidation of isocyanate functional group provides good selectivity and there is very little water
present in the hydrophobic IL used in this study, thus, very little isocyanates can be lost due to
the chemical reactions that occur at conventional solvents such as water, alcohol, acids and
organic solvents that contain primary and secondary amine. This benefit makes it much more
powerful and lower cost detection technology. Thus, this simple electrochemical detection could
be considered as a robust sensing method for practical detection of 2,4-TDI and might be also

applicable for the detection of other isocyanate compounds.

Supplementary Information: Schemes S1-S2, Figures S1-S5, and Table S1-S2 as noted in the
text is provided in supplementary information and is available free of charge via
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