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Materials and Methods 
 
Gas generation 
Part-per-trillion gas generation is done via a mass flow generator (Kin-Tek FlexStream with secondary 
dilution module). The compound to be detected is stored in a permeation tube as a solid or liquid at room 
temperature. When heated to a particular temperature, it is released at a specific rate that is pre-
calibrated by gravimetric determination of weight loss. The released gas is diluted, mixed with nitrogen 
and then delivered into a stainless-steel container, eventually reaching the toroid sensor. The sealed 
stainless-steel container is directly connected to a ventilation system. Temperature changes due to 
airflow are monitored by a commercial temperature sensor (Amphenol SC30F103A and Thorlabs 
MTD415LE TEC Driver) at the air inlet. 
 
Preparation of polymer-functionalized microtoroids 
A silica microtoroid resonator is fabricated as previously described.1 Briefly, silicon wafers are purchased 
with a 2-micron thick layer of silica on top (UniversityWafer, Inc). A combination of photolithography and 
etching steps are used to create a microdisk structure. Finally, a CO2 laser (SYNRAD, 48-2KAL) is used 
to melt the surface of the microdisk to form a smooth toroidal structure. 

To covalently bind the polymer coatings, a freshly reflowed silica microtoroid chip was first baked 
on a hotplate at 60°C-70°C for 5 minutes to remove surface moisture. The chip was plasma-treated for 
30 s using a handheld high-frequency generator (ETP, BD-10AS) to clean the surface as well as improve 
the hydrophilicity. Then the chip was immediately immersed into a 6 mM solution of the desired siloxy-
terminated polymer for 2 hours. PEG-20k and PVAc-10.5k used chloroform and 95% Dimethyl sulfoxide 
(DMSO) as solvents, respectively. After silane deposition, the chip was rinsed with its respective reaction 
solvent and blown dry with a stream of nitrogen. A PVA coating was accessed from PVAc through a 3 
mM 200 μL KOH/MeOH treatment at 45°C for one hour. Finally, the chip was baked at 60°C for 30 min 
to remove the solvent and kept under vacuum until needed. For the multilayer coating, a mixture of PEG 
and PVAc was solubilized with chloroform to form a 3 mM / 3 mM PEG / PVAc solution. The coating 
procedure then followed the same steps as the PEG-20k coating method. 
 
Polymer stability: fluorescence test 
 

 
Figure S1. PEG coating confirmation via imaging the nonspecific adsorption of a fluorescent protein. Fluorescence 
images of (a) a bare toroid, (b) a fresh PEG coated toroid, and (c) a PEG coated toroid after having been used for 
one week. (d)(e)(f) are the fluorescence intensities along the x-axis corresponding to (a)(b)(c), respectively. A low 



fluorescence intensity indicates the presence of a complete PEG coating that resisted the nonspecific adsorption 
of the fluorescent dye. 
 
To ensure that PEG is uniformly and efficiently deposited on the microtoroid surface, we performed 
fluorescence tests using cholera toxin subunit B Alexa Fluor 546 dye (CTB AF546 dye). PEG has 
commonly been reported to prevent non-specific protein adsorption and reduce bio-fouling2–4. Three 
chips were used for this fluorescence test, one bare chip, one freshly coated chip, and one coated and 
used for one week. First, all three chips were incubated with 0.05 mg/mL CTB AF546 conjugate for 1 
hour and rinsed with Tris-NaCl buffer before fluorescence imaging. The fluorescence test results are 
shown in Figure S1. The bare toroid shows higher fluorescence intensity due to stronger non-specific 
protein binding. The chip after one week of use shows almost the same fluorescence intensity as the 
bare chip (Figures S1), which means that the PEG coating may have detached or otherwise degraded 
and can no longer block protein binding. In Figures S1(b)(e), fluorescence is barely visible in the freshly 
prepared chips, confirming that PEG is uniformly bound to the toroid surface. In gas sensing experiments, 
a nearly identical sensing signal is usually obtained for up to three days following fresh functionalization, 
after which the signal gradually decreases. The sensing results are consistent with the fluorescence test 
results. Occasionally, it is possible to obtain chips that maintain their sensitivity for more than a week. 
 
Sensitivity/LOD comparison: PEG-5k vs. PEG-20k 
PEG-5k and PEG-20k were functionalized on separate toroid surfaces at the same concentration (6 mM) 
and used for DIMP detection. The 4-fold greater molecular weight makes the Flory radius of PEG-20k 
about 2.3 times longer than that of PEG-5k 5, which also results in a larger wavelength shift for PEG-20k 
compared to PEG-5k for the same concentration of DIMP. The slopes of the red and blue fitted lines in 
Figure S2 are 4.31 fm min-1 ppb-1  and -1.78 fm min-1 ppb-1, respectively. The ratio of the two absolute 
slope values is 2.42, which is very close to the Flory radius ratio of the polymer. The sensitivity of the 
coating is positively correlated with its thickness. Thicker coatings result in higher sensitivities. We 
speculate that the blue shift (shift to short wavelengths) in the reaction of PEG-5k with DIMP may be due 
to the dominant role of the refractive index change compared to polymer layer expansion in the case of 
ultra-thin polymer layers.  

 
Figure S2. Sensing signal (slope of wavelength shift) of a different molecular weight PEG-coated toroids versus 
DIMP gas concentration.  
 
Thermal drift calibration 
The refractive index and physical size of the microtoroid are temperature dependent due to thermal 
expansion. Under laboratory conditions, the wavelength shift can be considered linear with respect to a 
small range of temperatures and can be expressed as: 

𝛥𝜆 𝐾 ∙ 𝛥𝑇 
Before introducing the test gas, we need to calibrate the subsequent temperature drift by measuring the 
thermal coefficient, 𝐾 . A thermal sensor (Amphenol SC30F103A) is placed between the chip and gas 
inlet to monitor the environmental temperature change. However, since it cannot be in contact with the 



toroid, it only provides an approximate measurement the actual toroid temperature. For example, it does 
not capture the initial temperature shift caused by the pump light. The wavelength shift and temperature 
change with time in the initial stage of the experiment are shown in Figure S3, where the relationship is 
nonlinear.  
 

 
Figure S3. Nonlinear thermal drift at the beginning of frequency-locking. (a) Wavelength shift. (b) Temperature 
change. 
 
After the initial thermal drift reaches steady state, we then observe a linear relationship between the 
wavelength shift and the measured temperature change (Figure S4). The slope of the fitted line in Figure 
S4 is 3200 pm °C-1. The calibrated wavelength shift is flat. At this point, we begin trace gas sensing 
experiments.  
 

 



Figure S4. Linear thermal drift and sensor stabilization. (a) Wavelength shift after the pump light-induced thermal 
drift reaches steady state corresponding to (b) Measured temperature change. (c) Wavelength shift versus 
temperature change and its linear fit. (d) Calibrated wavelength shift.  
 
Irreversible response of PVAc to ammonia 
The results in Figure S5 (b)(c) show that after the first gas trace test of ammonia from 0.5 ppb to 4 ppb 
concentrations, the toroid no longer responds to higher concentrations (> 8 ppb) and the response to 
ammonia after one day is very low. Therefore, we conclude that the detection of ammonia detection via 
PVAc is irreversible. 

 
Figure S5. Response of a PVAc-10.5k coated microtoroid to ammonia. (b) Test result of ammonia with 8-ppb 
concentration following the 4-ppb test in (a). Response of the same chip to ammonia after one day of being 
placed in nitrogen.  
 
Polymer Synthesis and Characterization 
     All reactions were carried out with dry and degassed solvents unless noted otherwise. Vinyl acetate, 
V-70 (2,2'-Azobis(4-methoxy-2,4-dimethylvaleronitrile), Co(acac)2 [cobalt(II) acetylacetonate], HOSu (N-
hydroxysuccinimide), EDC•HCl [N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride], (3-
aminopropyl)triethoxysilane, and triethylamine were obtained commercially and used without further 
purification. Nitroxide A (vide infra) was synthesized from 4-hydroxy TEMPO (4-Hydroxy-2,2,6,6-
tetramethylpiperidine 1-oxyl) according to a reported procedure.6 (3-azidopropyl)triethoxysilane was 
synthesized from (3-chloropropyl)triethoxysilane and sodium azide according to a reported procedure.7 

Alkyne-terminated poly(ethylene glycol) (5000 g/mol, catalog number A3177-1/M-ALKYNE-5000) and 
carboxylic acid-terminated poly(ethylene glycol) (20000 g/mol, catalog number A3089-1 / M-CM-20K) 
were obtained from JenKem Technology and used as received. 1H NMR spectra were recorded on a 
Bruker 400 MHz spectrometer and are reported relative to residual CHCl3 (δ 7.26 ppm) or CHD5 (δ 7.16 
ppm). Analytical size exclusion chromatography (SEC) was performed using an Agilent 1260 series 
pump equipped with two Agilent PLgel MIXED-B columns (7.5 x 300 mm), an Agilent 1200 series diode 
array detector, a Wyatt 18-angle DAWN HELEOS light scattering detector, and an Optilab rEX differential 
refractive index detector. The mobile phase was THF at a flow rate of 1 mL/min. Molecular weights and 
molecular weight distributions were calculated by light scattering using a dn/dc value of 0.0502 mL/g (25 
C) for poly(vinyl acetate) in THF.8 
 
Synthetic Protocols 
3-(Triethoxysilyl)propyl-terminated poly(ethylene glycol) (siloxyPEG-5000) 
     DMF (2.0 mL) was added to a solid mixture of 5000 Da alkyne-terminated poly(ethylene glycol) (250 
mg, 0.050 mmol), copper(II) sulfate pentahydrate (0.8 mg, 0.005 mmol), (3-azidopropyl)triethoxysilane 
(15 mg, 0.060 mmol), and sodium ascorbate (5.0 mg, 0.025 mmol). The resulting blue reaction mixture 
was sparged with argon for ca. 5 minutes and stirred at ambient temperature for 24 hours. The resulting 
polymer was isolated by precipitation into cold diethyl ether. Following the removal of residual volatiles 



under high vacuum at 45 oC overnight, 250 mg of polymer was obtained. 1H NMR was employed to verify 
full conversion of the alkyne in the starting material and the presence of the desired end group. 1H NMR 
(400 MHz, 298 K, CDCl3): δ 7.55 (bs), 4.55 (d, J = 4.4 Hz), 4.31 (t, J = 7.1 Hz), 4.01 (s), 3.80 (q, J = 7.0 
Hz), 3.64 (bs), 3.56–3.52 (m), 3.48–3.43 (m), 3.37 (s), 2.00 (quint, J = 8.5 Hz), 1.21 (t, J = 7.0 Hz), 0.60 
(m J = 8.3 Hz). 
 
3-(Triethoxysilyl)propyl-terminated poly(ethylene glycol) (siloxyPEG-20000) 
     A solution of 20000 Da carboxylic acid-terminated poly(ethylene glycol) (1 gram, 0.050 mmol) in 
chloroform (10 mL) was prepared under ambient atmosphere. Following complete dissolution of the 
polymer, N-hydroxysuccinimide (5.7 mg, 0.050 mmol) was added, followed by EDC • HCl (9.5 mg, 0.050 
mmol). The resulting mixture was stirred at ambient temperature for 18 hours. The resulting polymer, 
20000 Da succinimidyl ester-terminated poly(ethylene glycol), was isolated by precipitation into cold 
hexanes. Following the removal of residual volatiles under high vacuum at 40 oC overnight, 910 mg of 
polymer was obtained. 1H NMR was employed to verify the presence of the desired end group.  
     A solution of 20000 Da succinimidyl ester-terminated poly(ethylene glycol) (250 mg, 0.0125 mmol) in 
chloroform (5 mL) was prepared under ambient atmosphere. Triethylamine (0.1 mL) was added, followed 
by (3-aminopropyl)triethoxysilane (11 mg, 0.050 mmol). The reaction mixture was stirred at ambient 
temperature for 18 h. The resulting polymer, 20000 Da 3-(triethoxysilyl)propyl-terminated poly(ethylene 
glycol), was isolated by precipitation into cold hexanes. Following the removal of residual volatiles under 
high vacuum at 40 oC overnight, 206 mg of polymer was obtained. 1H NMR was employed to verify the 
presence of the desired end group. 1H NMR (400 MHz, 298 K, CDCl3): δ 4.08 (s), 3.97 (s), 3.64 (s), 1.99–
1.93 (bm), 1.21 (t, J = 7.1 Hz), 0.62 (m, J = 8.1 Hz). 
 
3-(Triethoxysilyl)propyl-terminated poly(vinyl acetate) (siloxyPVAc-10500) 
     In an adaptation of a reported procedure,9 degassed vinyl acetate (5.0 mL, 54 mmol) was added to a 
solid mixture of Co(acac)2 (52 mg, 0.20 mmol) and V-70 (200 mg, 0.65 mmol) under an argon 
atmosphere. The resulting solution was heated at 30 oC with stirring for 41 h, leading to an observable 
increase in viscosity of the reaction mixture. A solution of Nitroxide A (150 mg, 0.40 mmol) in toluene (5 
mL) was added, and the reaction mixture was stirred at 30 oC for approximately 3 hours. The reaction 
mixture was diluted with an equal volume of acetone and passed through a small alumina plug to remove 
Co(acac)2. The polymer was isolated by precipitation into cold hexanes. Following the removal of residual 
volatiles under vacuum at 40 oC overnight, 1.05 g of polymer was obtained. The presence of the desired 
end groups was verified by 1H NMR spectroscopy. Mn (GPC) = 10,500. Mn/Mw = 1.06. 1H NMR (400 MHz, 
298 K, C6D6): δ 6.58 (bs), 5.20 (bs), 3.82 (bm), 3.51 (bs), 3.36 (bs), 2.99–2.82 (m), 2.15–1.48 (bm), 1.36–
0.76 (m), 0.65 (bs). 
 



NMR Spectra and SEC Data 

 
Figure S6. 1H NMR spectrum of siloxyPEG-5000 in CDCl3. 

 
Figure S7. 1H NMR spectrum of siloxyPEG-20000 in CDCl3. Note that the signal associated with g is overlapped 
with those corresponding to b. 



 
Figure S8. 1H NMR spectrum of siloxyPVAc-10500 in C6D6. Note that several signals in the aliphatic region are 
indiscernable due to substantial overlap. Signals attributable to both end groups, however, are clearly marked. 

 
Figure S9. Differential refractive index plot of siloxyPVAc-10500 measured using analytical SEC. 
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