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Setup, Experimental and Data Analysis Procedures 

The MOF thin films were prepared in a layer-by-layer fashion, following previously optimized synthesis descriptions.[1]  
The achiral SURMOF samples were prepared by alternatively exposing the substrate to the metal node and to the linker solutions, 
using a spray method.[2] The HKUST-1[2b, 3] MOF thin film was prepared from ethanolic 1 mM copper acetate and ethanolic 0.2 mM 
trimesic acid (BTC) solutions; Cu(BDC)[4] from ethanolic 1 mM copper acetate and ethanolic 0.2 mM terephthalic acid (BDC) solutions 
and Cu(BPDC)[4] from ethanolic 1 mM copper acetate and ethanolic 0.2 mM biphenyl dicarboxylic acid (BPDC) solutions.  
An isoreticular series of homochiral pillared-layer MOFs of type Cu2(Dcam)2(L)[5] with identical chiral (1R,3S)-(+)-camphoric acid (Dcam) 
layer linker and different pillar linkers L was prepared, see figure 1 or S3. The pillar linkers L are N-donor ligands of type 
diazabicyclo[2.2.2]octane (dabco), 4,4'-bipyridyl (BiPy) and 1,4-bis(4-pyridyl)benzene (BiPyB), respectively. They are coordinated to 
the axial positions of the copper complexes, forming pillars of different length, perpendicular to the chiral Cu2(Dcam)2 layers. The lattice 
distances are 0.95 nm in [100] and [010] direction as well as 0.95 nm, 1.4 nm and 1.8 nm in [001] direction for the Cu2(Dcam)2(dabco), 
Cu2(Dcam)2(BiPy) and Cu2(Dcam)2(BiPyB) MOFs, respectively.  
All samples were prepared in 30 synthesis cycles. Prior SURMOF synthesis, all gold-coated QCM substrates are functionalized with 
an 11-mercapto-1-undecanol (MUD) self-assembled monolayers (SAMs), resulting in a [001] crystal orientation of the SURMOF 
perpendicular to the substrate surface, see Figure S4. 
The homochiral and achiral MOFs are denoted as:  

• Cu2(DCam)2(dabco) – chirMOF1 
• Cu2(DCam)2(BiPy) – chirMOF2 
• Cu2(DCam)2(BiPyB) – chirMOF3 

• HKUST-1 – achirMOF1 
• Cu(BDC) –  achirMOF2 
• Cu(BPDC) – achirMOF3. 

The crystallinity of the MOF samples with the targeted structure was investigated by X-ray diffraction, using a Bruker D8 Discovery with 
a wavelength of 0.154 nm. 
 
A home-built setup of the 6-channel e-nose system as well as the gas delivery system with a micro-liter syringe pump for odors 
concentration control was used. The frequency shift of each quartz sensor with an AT-cut and a resonance frequency of 10 MHz was 
recorded. Each QCM sensor has a round shape with approximately 10 mm diameter. The round Ag top electrode has a diameter of 
approximately 4 mm and an area 12.5 mm2. This is the area which is covered by the SURMOFs.  
For the QCM data collection, 5V/16MHz ATMega32U4 microcontrollers and open source Pierce oscillator circuits designed by 
openQCM have been used.[6] One data set, including the frequency shifts of all six sensors, is recorded approximately every 1 – 1.7 
second. Temperature and humidity were measured with an Adafruit HTU21D-F sensor. The entire setup has been computer controlled 
with a program code written in MATLAB.  
The odors were evaporated during the injection into the test chamber with a bulb filament heater at 60°C. In test experiments, the entire 
evaporation of the injected VOCs was confirmed. Two valves with mass flowmeters were used to transfer the evaporated odorant 
vapors through the test cell, which is a stainless steel cylindrical test cell with a volume of 34 L. The temperature was kept constant at 
34 ± 1 °C, to prevent condensation of vapor molecules on the wall of the test chamber. The different VOCs with concentrations of 
10 ppm, 50 ppm and 100 ppm have been injected sequentially into the sample evaporator attached to the test cell with a computer-
controlled microliter syringe (Hamilton Model 700).  
For the desorption/activation process, the test chamber was purged with dry air (20% O2, 80% N2, <1 ppm H2O) with a flow rate of 
15 L min-1 for 30 min before introducing the evaporated VOCs. In the experiments, each cycle consists of approximately 17-22 min for 
adsorption and 30 min for desorption, i.e. 50 min in total.  
The initial resonance frequency values of each sensor were determined at the beginning of the experiment as an average value of 10 
measurements. The shift in the resonance frequency due to the uptake of the targeted molecules was recorded for each sensor during 
the experiments.  
The change of the mass density (Δm) of the film on the surface can be calculated by the Sauerbrey equation[7]: 

Δ𝑚 = $%&'
(	*+,

× Δ𝑓                   

where f0 denotes the resonance frequency of the fundamental mode of the QCM crystal, Δf is the frequency change, A the surface area, 
ρ the density of the crystal (2.684 g cm-3) and µ is the shear modulus of quartz (2.947×1011 g cm-1 s-2). Due to the very small energy 
dissipation of such SURMOFs[8], the application of the (uncorrected) Sauerbrey equation is generally enabled.[9] 
In the QCM data, a small baseline drift cannot be avoided. Here, we observe a small drift in the range of 10 Hz per hour or less. To 
avoid that the baseline drift affects the sensor results, the baseline is corrected so that each molecular uptake starts with a frequency 
shift of 0 (see data in Fig. 2 and S6). The baseline drift is significantly smaller than the odor signals. 
The setup is shown in Figure S1 and S2. All the sensors are inside the chamber where the gas is mixed by the ventilator, resulting in 
similar gas composition (with equal vapor concentration) at each sensor. During both desorption or cleaning the chamber, the 34 L test 
cell is under constant gas flow. During the adsorption phase, both valves are closed, the odor vapor is distributed homogenously by 
the ventilator. Valve 1 and valve 2 (see Figure S1) are used for purging, not for transfer of the evaporated odorants. Switching the 
valves did not cause any pressure build-up in the cell, potentially affecting the resonance frequency of the sensors. 
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Figure S1: Sketch of the experimental setup. The e-nose sensor array is in the chamber which can be purged with dry air or 
nitrogen. The analyte is injected by the syringe and evaporated in on the bulb at about 60°C. The gas and vapor in the chamber 
is mixed by the (mixer) ventilator.  
 

   

 
Figure S2: Photographs of the experimental setup. The individual components are labelled. The experiments were performed 
with sensor array 2 (picture top right). The circuit board of this sensor array has a size of 6 cm × 9 cm and the QCM sensors 
point up to 2 cm out, so the total volume of the sensor array is about 100 cm3. 
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Standard machine learning algorithms, that are k-Nearest Neighbor (k-NN)[10] algorithms written in python, have been used for 
classifying the sensing data. For each enantiomer, 40 data points at the end of the odor exposure period are used for the kNN 
classification. This makes 400 data points for all 10 molecules, where each data point includes the frequency shift values of all 6 six 
sensors.  
Please note, for the analysis in Figure 4c and S11c, the data points were collected in subsequent time intervals (~0-1min, ~1-2min, ~2-
3min, etc. until the end of the vapor exposure) to investigate the transient change of the classifying accuracy. (There, also 40 points 
per molecule were used, resulting again in 400 data points where each point includes the data of all 6 sensors.) 
In addition, for the analysis of the data from only half the sensor array, that is the data from only the 3 chiral sensors or from only the 3 
achiral sensors, see Figure 4b and 4c as well as S11, each data point at a certain time includes only the data of 3 sensors, either 
chirMOF1, chirMOF2 and chirMOF3 or achirMOF1, achirMOF2 and achirMOF3. 
The k-value in kNN was set to 20 (corresponding 4000.5) and no significant variation of the results was found for small variations (e.g. 
k = 10 or k = 30). 1,000-fold cross-validation was used for the classification with 90 % of the data points used as training sets (i.e. 360 
points) and 10 % as test sets (40 points). 
For kNN-analysis of e-nose data, different metric functions (or distance functions) can be used, see e.g. ref.[11]. Here, we use a 
Euclidean metric function with an activation threshold to respect small variations of the data, also referred to as Rectified Linear Unit 
(ReLU) activation function or linear metrics with activation function.[12] As threshold value we chose the average standard deviation of 
the data at the 10 ppm range, 0.1 Hz. 
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Additional Data 

 

 
Figure S3: Sketch of chirMOF1 (left), chirMOF2 (center) and chirMOF3 (right) with one limonene (top row) and one phenylethylamine 
(bottom row) molecule in the center of the pores. The structures show that there is sufficient space in the pores for the uptake of the 
molecules. 
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Figure S4: The X-ray diffractograms of the MOF thin films. The MOF names as well as the diffraction peaks are labelled. The calculated 
XRDs of the targeted structures are below the XRDs of the samples. The data indicates crystalline, oriented growth of the MOF films 
with the targeted structure. 
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a)

b)

c)
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Figure S5: Scanning electron microscopy (SEM) images of the samples. a) chirMOF1, b) chirMOF2, c) chirMOF3, d) achirMOF1, e) 
achirMOF2 and f) achirMOF3. The images show the top view, only the images on the right-hand side show the side views of the broken 
sensors. The top-view images show typical morphologies for such SURMOFs.[13] Please note, the surface roughness of these samples 
were not optimized, for instance by ultrasonication,[14] resulting in rather rough films. The cross-section images allow estimations of the 
SURMOF thicknesses, which are in the range of 100-200 nm. 
  

d)

e)

f)
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Figure S6. QCM data of the uptake of the enantiopure molecules as function of time. The frequency shifts of the sensors with the different SURMOF coatings are 
shown in different color with the color code given in the legend. The sensor array is exposed first to 10 ppm, then to 50 ppm and to 100 ppm of the odors. The odor 
molecules are labelled.  
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Figure S7: Radar plots of the sensor response to the exposure of a) R-and S-limonene, b) R-and S-2-octanol, c) R-and S-1-phenylethanol d) R-and S-1- 
phenylethylamine and e) methyl R- and S-lactate. The R-enantiomers are plotted in red, S-enantiomers are plotted in blue. The concentration is 10 ppm on the left 
hand side, and it is 100 ppm on the right-hand side. Axes of the radar plots are the negative values of the recorded frequency shifts in Hz at the end of each 
uptake period, averaged over 40 points, see table S1. These values correspond to the averaged maximum signals. The molecular structure of the R- and S-
enantiomers are shown below the radar plots. 
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Figure S8: Negative values of the frequency shift vs. vapor pressure. The frequency shift (which is proportional to the mass change, see Sauerbrey equation above) 
shows an essentially linear dependence on the vapor pressure in the range below 100 ppm for all molecules in all SURMOF sensors. Noteworthy, each sensor 
shows different slopes for different molecules and, more importantly, the same molecule shows different slopes in different sensors. Similar to ref.[15], the adsorption 
isotherms of the different isomers at small concentrations show different linear slopes in the chiral MOF films, indicating different affinities. The data is shown in 
table S1. For many sensors, the sensor responses are essentially in equilibrium at the end of the adsorption process (i.e. more than 90% of the equilibrium loading 
is reached), see also the time constants in table S2. However, for some sensors the equilibrium state is not fully reached and the shown data do not represent an 
adsorption isotherm.  

The large frequency shifts, e.g. for phenylethanol and phenylethylamine, are a result of strong attractive interaction between the guest and the MOF host. It should 
be stressed that enantioselective adsorption and its enantioselective molecular interaction in MOFs is understood in detail only for a few examples so far[16] and 
details of the enantioselective molecular interaction, although highly interesting and worth studying to improve the e-nose performance, are beyond the scope of 
the present work. We suppose phenylethylamine and phenylethanol have attractive interaction based on its polar group via dipole interaction and hydrogen bonding 
and based on its phenyl ring via van-der-Waals and aryl interactions with the organic and inorganic parts of the MOF. Moreover, their rather low volatilities also 
contribute to large adsorption capacities. In line with the low vapor pressures of phenylethanol and phenylethylamine, large sensor responses are observed for 
these molecules. Since the vapor pressure of phenylethanol at 100ppm is close to the saturation vapor pressure at 22°C (15 Pa[17], corresponding to 150 ppm), a 
loading close to the maximum loading is expected and the adsorption isotherm is no more in the (low pressure) Henry regime. For the enantioselective adsorption, 
it can be speculated that, e.g., for phenylethylamine in chirMOF-1, the higher adsorption amount of the R-isomer compared to the S-isomer is caused by the better 
match of the molecular shape with the attractive adsorption sites.  
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Table S1. Data of sensor responses in Hz of the individual sensors for the individual odor molecules. The data is averaged over 40 
points at the end of each odor-exposure-step (= adsorption step). The standard deviations are given. 

 
 
  

 
limonene 2-octanol methyl lactate 1-phenylethylamine 1-phenylethanol 

 
R S R S R S R S R S 

10 ppm           

chirMOF1 
4.16 

± 
0.04 

14.43 
± 

0.13 

17.85 
± 

0.14 

15.72 
± 

0.05 

5.59 
± 

0.11 

20.14 
± 

0.21 

66.37 
± 

0.09 

40.24 
± 

0.18 

60.86 
± 

0.18 

53.86 
± 

0.06 

chirMOF2 
3.79 

± 
0.04 

4.16 
± 

0.07 

4.50 
± 

0.02 

4.67 
± 

0.02 

2.49 
± 

0.05 

16.87 
± 

0.17 

13.06 
± 

0.02 

8.40 
± 

0.05 

21.12 
± 

0.04 

16.87 
± 

0.04 

chirMOF3 
1.75 

± 
0.03 

5.69 
± 

0.05 

4.83 
± 

0.05 

4.47 
± 

0.03 

4.56 
± 

0.08 

12.62 
± 

0.11 

26.26 
± 

0.05 

19.27 
± 

0.09 

65.74 
± 

0.18 

57.73 
± 

0.05 

achirMOF1 
3.42 

± 
0.03 

3.17 
± 

0.06 

5.99 
± 

0.07 

5.73 
± 

0.03 

14.25 
± 

0.26 

15.99 
± 

0.15 

35.69 
± 

0.23 

36.90 
± 

0.05 

62.31 
± 

0.05 

62.16 
± 

0.66 

achirMOF2 
0.93 

± 
0.02 

0.97 
± 

0.02 

1.62 
± 

0.03 

1.58 
± 

0.02 

1.29 
± 

0.02 

1.33 
± 

0.03 

7.12 
± 

0.03 

6.97 
± 

0.04 

44.27 
± 

0.11 

44.42 
± 

0.04 

achirMOF3 
2.32 

± 
0.02 

2.05 
± 

0.03 

5.50 
± 

0.07 

5.29 
± 

0.03 

3.73 
± 

0.04 

3.96 
± 

0.03 

13.11 
± 

0.04 

12.08 
± 

0.08 

42.96 
± 

0.24 

42.20 
± 

0.18 

50 ppm           

chirMOF1 
19.97 

± 
0.06 

71.69 
± 

0.86 

89.61 
± 

0.68 

79.59 
± 

0.37 

29.16 
± 

0.38 

95.09 
± 

0.64 

339.29 
± 

1.52 

203.52 
± 

0.79 

303.37 
± 

0.07 

271.94 
± 

0.07 

chirMOF2 
17.46 

± 
0.05 

22.42 
± 

0.50 

22.79 
± 

0.14 

24.06 
± 

0.06 

12.38 
± 

0.13 

79.22 
± 

0.51 

66.55 
± 

0.35 

42.99 
± 

0.22 

108.79 
± 

0.05 

85.49 
± 

0.04 

chirMOF3 
8.25 

± 
0.03 

28.26 
± 

0.30 

24.46 
± 

0.22 

23.22 
± 

0.10 

21.25 
± 

0.19 

57.09 
± 

0.34 

130.33 
± 

0.64 

96.21 
± 

0.42 

344.34 
± 

0.41 

289.54 
± 

0.32 

achirMOF1 
17.08 

± 
0.04 

16.99 
± 

0.37 

31.00 
± 

0.05 

29.79 
± 

0.23 

73.36 
± 

0.79 

72.65 
± 

0.57 

192.19 
± 

0.29 

186.54 
± 

0.35 

331.64 
± 

0.63 

332.79 
± 

0.37 

achirMOF2 
4.71 

± 
0.02 

4.84 
± 

0.04 

8.18 
± 

0.06 

8.23 
± 

0.05 

6.60 
± 

0.05 

6.18 
± 

0.04 

36.01 
± 

0.20 

34.11 
± 

0.15 

222.08 
± 

0.10 

224.15 
± 

0.07 

achirMOF3 
11.35 

± 
0.03 

10.83 
± 

0.25 

27.33 
± 

0.25 

27.33 
± 

0.25 

18.24 
± 

0.12 

17.40 
± 

0.10 

63.12 
± 

0.35 

60.21 
± 

0.34 

199.95 
± 

0.49 

197.84 
± 

0.20 

100 ppm           

chirMOF1 
40.79 

± 
0.08 

144.99 
± 

1.05 

179.63 
± 

0.75 

160.18 
± 

0.32 

58.21 
± 

0.93 

194.91 
± 

1.02 

683.33 
± 

4.17 

425.22 
± 

3.07 

621.57 
± 

2.54 

550.85 
± 

1.57 

chirMOF2 
35.20 

± 
0.07 

45.99 
± 

0.44 

46.06 
± 

0.10 

48.34 
± 

0.06 

24.20 
± 

0.26 

158.39 
± 

0.85 

134.53 
± 

0.90 

89.78 
± 

0.78 

220.04 
± 

0.90 

175.88 
± 

0.53 

chirMOF3 
16.91 

± 
0.04 

56.88 
± 

0.38 

49.72 
± 

0.26 

46.58 
± 

0.11 

41.44 
± 

0.37 

113.99 
± 

0.56 

262.01 
± 

1.69 

200.44 
± 

1.60 

694.25 
± 

4.07 

623.17 
± 

2.69 

achirMOF1 
34.75 

± 
0.04 

35.15 
± 

0.33 

62.49 
± 

0.05 

60.71 
± 

0.23 

137.53 
± 

1.61 

146.13 
± 

0.95 

389.81 
± 

1.63 

389.08 
± 

2.04 

679.64 
± 

1.54 

693.28 
± 

1.21 

achirMOF2 
9.59 

± 
0.02 

9.77 
± 

0.05 

16.60 
± 

0.08 

16.54 
± 

0.05 

12.35 
± 

0.12 

12.54 
± 

0.06 

71.93 
± 

0.49 

71.45 
± 

0.60 

453.23 
± 

2.05 

458.04 
± 

1.46 

achirMOF3 
23.02 

± 
0.03 

22.55 
± 

0.21 

55.57 
± 

0.26 

55.61 
± 

0.12 

33.07 
± 

0.28 

33.99 
± 

0.20 

126.40 
± 

0.92 

126.69 
± 

1.14 

402.90 
± 

2.18 

402.03 
± 

1.83 
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Table S2. Time constants of the sensor responses for the different molecules. The time constant τ is determined by a mono-exponential 
fit to the data (~exp(-t/τ), see Fig. S9 The units are min. The average is 7.2 min for all sensors, molecules and concentrations. For 
10 ppm, the average is 9.5 min, 6.3 min for 50 ppm and 5.8 min for 100 ppm.  
These uptake time constants are in line with previously determined time constants for VOC uptake by similar achiral and chiral SURMOF 
films.[18] We believe the reason for the slow uptake, in comparison to very fast uptake in defect-free MOF films, are defects, like surface 
defects, slowing down the mass transfer.[19]  
 

 limonene 2-octanol methyl lactate 1-phenylethylamine 1-phenylethanol 

 
R S R S R S R S R S 

10 ppm                     

chirMOF1 9.04 20.36 5.98 5.72 4.36 25.33 5.63 5.06 3.65 3.41 

chirMOF2 10.58 21.89 3.77 4.31 4.36 25.87 6.33 6.43 2.99 3.11 

chirMOF3 10.6 18.29 8.02 5.4 14.57 16.62 5.95 5.21 3.31 3.29 

achirMOF1 10.6 16.82 8.89 6.74 10.69 22.56 3.83 3.39 2.15 1.77 

achirMOF2 8.99 25.6 7.83 8.85 22.46 16.11 6.37 5.37 3.99 3.75 

achirMOF3 8.18 20.9 12.05 6.79 13.99 13.13 7.13 6.16 5.29 9.89 

50 ppm                     

chirMOF1 4.51 7.49 5.04 4.29 9.92 8.69 5.5 4.75 3.15 3.09 

chirMOF2 4.88 4.4 4.77 4.17 14.32 7.99 6.17 5.77 3.26 3.36 

chirMOF3 5.17 9.19 5.68 4.32 12.69 7.91 5.85 5.01 3.59 3.73 

achirMOF1 4.68 14.37 4.48 3.39 20.19 9.87 4.64 4.17 2.8 2.84 

achirMOF2 4.67 10.05 5.58 4.8 20.35 7.02 6.01 4.98 3.28 3.26 

achirMOF3 4.7 4.3 6.63 5.02 7.69 9.21 6.36 5.31 3.46 3.46 

100 ppm                     

chirMOF1 3.83 5.86 4.7 4.02 22.34 6.37 5.37 5.64 4.02 3.69 

chirMOF2 3.98 4.93 4.65 3.94 14.61 6.6 6.07 6.49 4.15 4.06 

chirMOF3 4.22 6.97 5.75 4.27 10.39 6.39 5.28 5.75 4.64 4.31 

achirMOF1 3.87 4.93 4.04 3.5 14.37 7.57 4.84 5.08 3.63 3.57 

achirMOF2 3.87 7.02 4.89 4.15 10.47 6.08 5.86 5.82 4.18 3.9 

achirMOF3 3.82 4.91 4.91 4.16 10.2 7.03 6.23 6.24 4.38 4.02 

 

 
Figure S9: Three examples of fitting the experimental sensor data with a mono-exponential decay function. The sensors, VOCs and concentrations are 
labelled. All experimental data can be reasonably described by the fit function and the time constant can be extracted.  
The examples are representative for the entire data. On the left-hand side, the uptake is relatively fast. The center shows an uptake with an average time 
constant and on the right-hand side, the uptake time constants is among the largest values. 
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Figure S10: QCM data of blank reference sensor (grey) in comparison to the sensor responses of the SURMOF sensors. The inset shows a zoom-in. The 
blank sensor shows no significant response to the phenylethylamine exposure. Standard deviation of the sensor signal is 0.7 Hz, averaged over the entire 
experiment of 2.5 h. 
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Figure S11: a) and d) Confusion matrixes of the discrimination of the isomers of the odor molecules based on the data of the entire sensor array, i.e. all six 
sensors, see Fig.3 or table S1. b) and e) Confusion matrixes of the discrimination of the isomers of the odor molecules only based on the data from all three 
chiral sensors (left) and all three achiral sensors (right). Green are correct classifications, red are false classifications. All numbers are given in %. c) and f) 
The accuracy for the discrimination of the sensor data measured at different time intervals. Each value is determined from 40 consecutive data points, where 
the final points end at the values shown in the x-axis. The data for 10 ppm are on the left-hand side (a-c), 100 ppm on the right-hand side (d-f). 
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Figure S12: Confusion matrixes for the classification of the enantiomers of the 5 chiral molecular pairs at three different concentrations, that means 30 classes. 
The average accuracy is 75.9 %. 
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Figure S13: Linear discriminant analysis (LDA) of the sensor data recorded at 10 ppm (top), 50 ppm (center), 100 ppm (bottom) with the entire sensor array 
(that is all six sensors). The axes are the linear discriminants LD1 and LD2. The molecules are labelled in the legend.  
The plots show that the data from the sensor array also allows a clear discrimination based on LDA. 
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Figure S14: Principal component analysis (PCA) of the sensor data recorded at 10 ppm (top), 50 ppm (center), 100 ppm (bottom) with the entire sensor array 
(that is all six sensors). The score plots are shown on the left-hand side, the loadings plots are shown on the right-hand side. The axes are the principal 
components PC1 and PC2. The molecules and the MOF-sensors are labelled in the legend. The plots show that the data from the sensor array also allows a 
clear discrimination based on PCA. 
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