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EXPERIMENTAL SECTION 

 

Materials 

Heptanal, 2-methyl pentane, and 3-heptanone were purchased from Tokyo Chemical Industry Co., 

Ltd. Deuterated solvents for NMR were obtained from Cambridge Isotope Laboratories, Inc. 

SWCNTs (carbon > 90% and carbon ≥ 70% as SWCNT) was purchased from Aldrich (704113-

1G). All other materials were purchased from Sigma-Aldrich and used without further purification 

unless noted otherwise. 

 

Characterization 

1H NMR spectra were recorded on Varian Mercury (300 MHz) NMR spectrometers (Varian, 

Palo Alto, CA, USA). Chemical shifts are reported in parts per million (ppm) and referenced to 

the residual solvent resonance. Scanning electron microscope (SEM) images were obtained from 

JEOL JSM-6700F field-emission SEM Peabody, MA, USA). Raman spectra of the ILs and IL-

SWCNT pastes were measured on a Horiba LabRAM HR Raman Spectrometer using excitation 

wavelength of 532 and 785 nm. The spectra were collected with the following parameters in place: 

filter = 100%; hole = 150 μm; slit = 100 μm; grating = 1800; objective = 10x. In the real-time-

display mode, the spectral signal at 0 cm-1 was zeroed prior to the acquisition. The spectrum was 

collected from 50 cm-1 to 3000 cm-1 with an integration time of 5 s averaged 100 times. The static 

water contact angles on the SI wafer were measured using a Ramé-Hart goniometer (model 590) 

by vertical deposition of 5 μL of IL droplet. 



 

 

Synthesis and characterization of ionic liquids (ILs)  

 

 

1-(nonyl)-3-methylimidazolium chloride ([IL1][Cl]). To methylimidazole (2.131 ml, 26.7 

mmol), 1-chlorononane (IL1) (5.000 ml, 26.7 mmol) was added and the mixture was stirred at RT 

for 10 min, followed by heating up to 80°C. After 48 h, the reaction was cooled to RT. The mixture 

was extracted with acetone, tetrahydrofuran and ethyl ether, and repeated at least 3 cycles. The IL 

layer was dried under vacuum at 50°C and the product was obtained as a sticky yellowish liquid 

in 79-91% yield. 1H NMR (300 MHz, CDOD3, δ): 8.92 (s, 1H), 7.60 (t, 1H), 7.54 (t, 1H), 4.17 (t, 

2H), 3.88 (d, 3H), 1.84 (m, 2H), 1.25 (d, 12H), 0.85 (t, 3H) 

 

 

 
1-(3-phenylpropyl)-3-methylimidazolium chloride ([IL2][Cl]). To methylimidazole (2.505 ml, 

31.4 mmol), 1-Chloro-3-phenylpropane (IL2) (5.000 ml, 34.9 mmol) was added and the mixture 

was stirred at RT for 10 min, followed by heating up to 80°C. After 48 h, the reaction was cooled 

to RT. The mixture was extracted with acetone, tetrahydrofuran and ethyl ether, and repeated at 

least 3 cycles. The IL layer was dried under vacuum at 50°C and the product was obtained as a 

sticky yellowish liquid in 94% yield. 1H NMR (300 MHz, CDOD3, δ): 8.91 (s, 1H), 7.61 (t, 1H), 

7.51 (t, 1H), 7.49 (m, 5H), 4.25 (t, 2H), 3.86 (s, 3H), 2.67 (t, 2H), 2.20 (m, 2H) 

 

 

 
1-(2-(2-(2-hydroxyethoxy)ethoxy)ethyl)-3-methylimidazolium chloride ([IL3][Cl]). To 

methylimidazole (1.650 ml, 20.6 mmol), 2-[2-(2-Chloroethoxy)ethoxy]ethanol (IL3) (3.000 ml, 

20.6 mmol) was added and the mixture was stirred at RT for 10 min, followed by heating up to 

80°C. After 48 h, the reaction was cooled to RT. The mixture was extracted with acetone, 

tetrahydrofuran and ethyl ether, and repeated at least 3 cycles. The IL layer was dried under 

vacuum at 50°C and the product was obtained as a sticky yellowish liquid in 94% yield. 1H NMR 



(300 MHz, CDOD3, δ): 9.98 (s, 1H), 7.66 (t, 1H), 7.56 (t, 1H), 4.40 (t, 2H), 3.94 (m, 3H), 3.84 (t, 

2H), 3.65 (m, 7H), 3.54 (m, 2H) 

 

 

Device Fabrication 

Devices were prepared on microscope glass slides (VWR) cleaned by sonication in water, acetone 

and isopropyl alcohol for 30 min, followed by UV-ozone treatment for 10 min. The glass slides 

were fitted with a custom aluminum mask and using a thermal evaporator purchased from 

Angstrom Engineering, a 10 nm layer of chromium (99.99%, R.D. Mathis) was deposited onto the 

glass, followed by 100 nm of gold (99.99%, R.D. Mathis). In a typical device, 4 mg of SWCNTs 

and 40 mg of ionic liquids were mixed and ground in an agate mortar to make a uniform paste at 

room temperature. The IL–SWCNT paste was transferred onto the glass slide between the gold 

working electrodes and reference-counter electrode and then smoothed with a spatula. The 

thickness and area of the paste film were controlled using a Kapton film template (height ≈100 

μm, hole diameter ≈1.5 mm).  The resistance of the resulting film is 10-50 kΩ. No dewetting of 

the IL-CNT composite on the glass surface was observed using our solvent-free fabrication method 

over an observation period of 1 month. 

 

Chemiresistive Gas Detection Measurements 

For sensing measurements, the devices were enclosed within a custom-made gas-tight Teflon 

chamber containing an inlet and outlet port for gas flow. The inlet port was connected to a gas 

delivery system, and the outlet port was connected to an exhaust vent. Measurements of 

conductance were performed under a constant applied voltage of 0.1 V using PalmSense EmStat- 

MUX potentiostat equipped with a 16-channel multiplexer (Palm Instruments BV, The 



Netherlands). The current was recorded using the PSTrace software (ver. 4.8) as the device was 

exposed to gaseous analytes. Analyte gases were generated using a KIN-TEK FlexStream gas-

generator (Kin-Tek Laboratories, La Marque, TX). Before gas sensing, the sensor was stabilized 

with the carrier gas (N2 or air) flow for 1 h. The sensor arrays were exposed to each analyte for 2 

min with at least 3 min of carrier gas flow in between exposures to the analyte. The change in 

conductance was converted to a relative changes in conductance normalized to the starting 

conductance (-ΔG/G0) for exposure time of VOC vapors (2 min, in this work). Matlab (R2011a, 

Mathworks) and Origin 8 were used to perform a linear baseline correction, calculate relative 

sensing responses, and perform the principal component analysis. Because some sensors showed 

only partially reversible response towards certain analytes, the sensing response of all sensors from 

the first was excluded from calculating the average sensing response and the standard deviation. 

 

Figure S1. Sensing response to 1000 ppm ethanol in air with [IL1][Cl]-SWCNT. 

 

Exhaled Breath Condensate (EBC) Methodology 

EBC-based simulated breath sensing was used to compare healthy breath with and without added 

biomarker (toluene). We condensed healthy human breath with tidal breathing for 20 min in a 



custom-made EBC collection system.1,2 The human breath was collected by breathing into PVC 

tubing (25 cm long, 1.5 cm inner diameter) containing a saliva trap consisting of 2.4 g CaCl2 held 

in place with two cotton ball plugs. The length of the PVC tubing was cooled with dry ice to 

condense the exhaled breath. To simulate diseased breath, the vaporized healthy breath gas was 

mixed with toluene vapor (healthy breath + 0.85 % saturated toluene vapor) using a KIN-TEK 

FlexStream gas-generator. The resulting “healthy breath” samples, “diseased breath” samples, and 

air streams containing only toluene were compared using our sensing array consisting of nine 

different sensing channels. 

 

 
Figure S2. Schematic of EBC setup. Exhaled breath is collected and condensed, to simulate 

diseased breath a biomarker is added in the gas phase. 

 

 

 

 

 

  



Supporting Figures 
 

 

  
  
Figure S3. FT-IR spectra of a) Cl- containing ILs; b) PF6

- containing ILs; c) pristine [IL1][Cl], 

[IL1][PF6], and their SWCNT composites. 

 

 

 



  
Figure S4. a) Raman spectra of FeCl4

- containing ILs on Si wafer (excitation at 532 nm). b) Raman 

spectra of pristine SWCNT, FeCl4
- containing ILs and their composites. 

 

 

 

 

  
Figure S5. SEM images of a) dropcast pristine SWCNT; pasted b) [IL1][Cl]-SWCNT, c) 

[IL2][Cl]-SWCNT and d) [IL3][Cl]-SWCNT on the silicon substrates. (White arrow: sweeping 

direction, scale bar: 1 μm) 

 

 



   
Figure S6. Response towards 2 min exposures of benzene (1000 ppm), toluene (1000 ppm), 

heptanal (200 ppm) and ethanol (1000 ppm) at different mass ratios (SWCNT: IL = 1:40, 1:10, 1:4 

and 1:1). 

 



Influence of Analyte Concentration on Sensor Response 

 

We investigated the effect of the analyte concentration on the sensing response of devices 

containing IL-SWCNT composites. Figure S7 shows the concentration dependent response of 

devices containing [IL1][Cl], [IL2][Cl], and [IL3][Cl] to ethanol in a range of 20-1000 ppm (2 min 

exposures). For all three IL-CNT composites, the amplitude of the sensor response correlates with 

the concentration of analyte. 

  

 
Figure S7. Average conductance changes of three IL-SWCNT chemiresistive sensors in response 

to 2 min exposures to various concentrations of ethanol diluted in N2 (linear fit). 

 

 

 

 

 



Figure S8. Fingerprint-like sensing response of a cross-reactive array with IL selectors (SWCNT: 

IL = 1:10). Each bar represents the average response of 3-4 sensors exposed to the analyte. Vertical 

error bars show standard deviation from the mean based on three exposures of sensors to each of 

the analytes.  

 

 

 
  

Figure S9. Raman spectra of [IL1][Cl]-SWCNT depending on the exposure time of saturated a) 

ethanol and b) acetone vapors. c) Raman spectra of pristine SWCNT depending on the exposure 

time of saturated ethanol vapor (excitation at 785 nm). 

 

  

 

 



 

Figure S10. Raman spectra of [IL1][Cl], pristine SWCNT, [IL1][Cl]-SWCNT and [IL1][Cl]-

SWCNT after 10 consecutive measurements with 1000 ppm ethanol normalized to [0, 1] 

(excitation at 532 nm). 

 

 

 

 

 
Figure S11. The contact angle of nine different ILs on Si wafer at room temperature (~25 % RH). 

 



Influence of Magnetic Field on Sensing Performance 

 

We investigated the effect of a magnetic field on the sensing response of devices containing the 

ferromagnetic FeCl4 anion. As shown in Figure S12, the chemiresistive response to ethanol was 

slightly decreased under application of an external magnetic field: the responsivity of 

[IL1][FeCl4]-SWCNT, [IL2][FeCl4]-SWCNT and [IL3][FeCl4]-SWCNT decreased by 17 %, 10 %, 

and 10 %, respectively. According to Lee et al., 0~5 wt% CNT containing IL-CNT composites can 

realign on glass substrates which does not lead to an increase in sensor performance in this case.3  

 

 

Figure S12. (a) Schematic illustration of the exposure of an external magnetic fields to the sensor 

device. (b) Sensing response of [IL1][FeCl4]-SWCNT, [IL2][FeCl4]-SWCNT and [IL3][FeCl4]-

SWCNT to 1000 ppm ethanol diluted in dry N2 (the magnetic field was exposed for 1 h). 
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