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S1. Experimental setup
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Fig. S1: (a) Perspective and (b) cross-sectional views of in-house built flow cell which consists of a gas inlet and outlet, provision for QCM device and electrical connections. (c) Schematic illustrating the experimental configuration employed for gas sensing investigations in the current study. The setup incorporated mass flow controllers, a syringe pump for precise control of gas analyte introduction, a specially designed flow-cell, QCM controller, and electronics, along with a computer interface for continuous data acquisition.
S2. VOC concentration estimation:
Any given analyte in liquid phase were injected into dry N2 at a particular volume using a syringe pump to generate desired concentration of analyte in the flow-cell, at a given total flow rate of 100 sccm. The concentrations of analyte in parts per million (ppm) can be determined using Eq. (1):


Where, Psy is the pump rate of syringe pump, ρ is the density of the VOC injected, mmolar is the molar mass of the gas analyte and F is the total flow rate from the MFC that is given as inlet to the flow-cell. The constant 24.46 is the volume (L) of 1 mole of gas at 25 °C and 760 mm Hg.
S3. Material characterization
In Figure S1a, the X-ray diffraction (XRD) patterns of NH2-MIL-125 (Ti) reveal distinct peaks at 2θ values, including 6.8°, 9.7°, 11.6°, 15.1°, 17.9°, and 19.5°, corresponding to the titanium framework and amine functionalization. NH2-UiO-66 (Zr) exhibits peaks at 7.36° and 8.51°, characteristic of its zirconium-based structure, with additional peaks at 25.75° and 30.70° suggesting ZrO2 formation. MOF-74 (Mg), featuring a magnesium framework, displays prominent peaks at 6.54° and 11.49°, aligning with specific crystallographic planes of MOF-74 (Mg). In Figure 1b, Attenuated Total Reflection Fourier-transform infrared (ATR-FTIR) spectra of NH2-MIL-125 (Ti) show absorption bands at 1621, 1577, 1575, 1438, 1424, and 1385 cm⁻¹, related to carbonyl stretching vibrations, and a peak at 1254 cm⁻¹ for C-H stretching in the benzene ring. Ti-O-Ti-O vibrations appear in the 500−800 cm⁻¹ range, and characteristic amino group peaks are observed at 3452 and 3355 cm⁻¹. NH2-UiO-66 (Zr) displays primary amine bands at 3349 and 3477 cm⁻¹, CO2 stretching vibrations at 1576, 1495.6 cm⁻¹, and C–N vibrations at 1337 and 1255 cm⁻¹. MOF-74 (Mg) exhibits a water bending vibration peak at 1626 cm⁻¹, O–H stretching with a broad peak around 3437 cm⁻¹, and NO3 presence at 1372 cm⁻¹. These findings confirm the successful functionalization and structural integrity of the MOFs. SEM images in Figure 1(c-e) depict the distinct morphological features and anticipated particle size distributions reflective of their unique structural compositions. NH2-MIL-125 (Ti), with its titanium-based framework, displays octahedral or polyhedral shapes, with uniformly distributed particles in the nano-level of 100 nm. NH2-UiO-66 (Zr), characterized by zirconium nodes, is expected to form spherical or octahedral shapes, showcasing smooth surfaces and smaller nanoscale particles around 15 nm, maintaining consistent sizes. In contrast, MOF-74 (Mg), distinguished by a magnesium-based framework, exhibits a broader size range of particles aggregated to a cauliflower morphology and a less uniform distribution ranging from 5 nm to 20 nm. These structural and particle characteristics are crucial in assessing the success of MOF synthesis and their textural properties, which play a pivotal role in their adsorption efficiency and functionality. Details of materials and methods used for synthesis and characterization is described in supplementary information.
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Fig.S2. (a) X-ray diffraction patterns, (b) ATR FT-IR spectra, and (c-e) FESEM images illustrating NH2-MIL-125 (Ti) (black), NH2-UiO-66 (Zr) (red), and MOF-74 (Mg) (blue), respectively. All FESEM images were taken on the sensor surface after coating.
S4.  AFM characterizations for thickness measurements:
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Fig. S3. Typical AFM images and their line profiles of (a) NH2-MIL-125 (Ti), (b) NH2-UiO-66 (Zr) and (c) MOF-74 (Mg), measured on the surface of the QCM to measure the MOF film thickness. The thickness was found to be 200 ±50 nm, 150 ± 25 nm, 200 ± 25 nm for NH2-MIL-125 (Ti), NH2-UiO-66 (Zr) and MOF-74 (Mg), respectively.


S5. Individual timescales for different gas analytes
Table 1: The individual timescales of different gases derived from the responses of NH2-MIL-125 (Ti), NH2-UiO-66 (Zr), and MOF-74 (Mg) coated QCMs to BTX analytes at 2.41 ppm. The error in the values is approximately 10%. Note that the  and   are similar for all VOCs irrespective of the MOFs. 
	Analyte
	NH2-MIL-125 (Ti)
	NH2-UiO-66 (Zr)
	MOF-74 (Mg)

	
	(s)
	(s)
	(s)
	(s)
	(s)
	(s)
	(s)
	(s)
	(s)
	(s)
	(s)
	(s)

	m-Xylene
	4.83
	20.25
	2.06
	11.38
	3.98
	97.86
	4.82
	88.27
	4.50
	28.96
	2.84
	12.34

	p-Xylene
	4.68
	42.19
	1.80
	38.84
	4.20
	69.24
	2.24
	23.35
	4.07
	22.76
	2.18
	8.91

	o-Xylene
	4.51
	38.64
	2.66
	34.34
	4.59
	96.22
	2.18
	40.67
	3.17
	19.22
	1.64
	8.45

	Toluene
	5.31
	120.03
	1.84
	21.16
	4.38
	134.76
	3.46
	106.46
	4.09
	24.01
	2.54
	10.29

	Benzene
	5.31
	41.12
	1.62
	14.03
	3.46
	107.85
	2.72
	20.78
	4.48
	32.07
	2.72
	10.32



S6. Typical steps involved in analysis to generate a molecular kinetics spectrum
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Fig. S4. Step by step explanation of how the analysis is performed starting from the Raw experimental data, fitting the adsorption curve to the Eq. (1) and perform the derivative of the fitted curve for to obtain the molecular kinetics spectrum. 
















S7. Noise estimation or minimum measurable  from our experimental system
[image: ]
Fig. S5.  measured on NH2-UiO-66 (Zr)-QCM during dry N2 purge, showing a mean change of , representing the noise floor for our experiments. Notably, this noise floor is similar in magnitude for all the MOF-QCM devices used in the present study. The inset compares the noise floor to the data observed when p-Xylene adsorbs on the NH2-UiO-66 (Zr)-QCM. Our experiments indicate that p-Xylene on NH2-UiO-66 (Zr)-QCM gives the least change in  among all the gases studied across the three MOF-QCMs.  Hence, this comparison demonstrates that all observed data are well above the experimental noise floor and that the data from our fits reflect stochastic fluctuations above this noise floor. 

S8. Derivative response of NH2-MIL-125 (Ti) to different concentrations of o-Xylene
[image: ]
Fig. S6. Derivative of the adsorption curves of NH2-MIL-125 (Ti)-QCM to different concentrations of o-Xylene ranging from 460 ppb to 2.41 ppm fitted to Equation (1), clearly showing the two time-scales  and . The inset of the figure shows a magnified view of the second peak. Clearly  and   has minimal variation w. ro. To gas concentration and discerning the gas concentration will be really challenging even with altering the surface chemistry of the MOF by physical/chemical tailoring or surface functionalization. From this it is clear that  remains almost constant with varying concentrations, whereas the  increases with increasing concentration. This can be attributed to the increased fluctuational probability of the molecules to get trapped near the saddle point  with higher concentrations. Effectively, this means, one cannot only use the Brownian timescale to discern the chemical species as well as the concentrations accurately. Fluctuational timescale gives an additional kinetic dimension to understand the adsorption phenomena from stochastic point of view, as well as chemical speciation.
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