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1. Materials and Methods
Nickel(Il) chloride (CAS N.O.: 7718-54-9), ammonium molybdate (CAS N.O.: 12054-85-

2), urea (CAS N.O.. 57-13-6), boron tribromide (CAS N.O.: 10294-33-4),
poly(methylhydrosiloxane)  (PMHS, CAS  N.O..  63148-57-2), 1,1’-ferrocenediyl-
bis(diphenylphosphine) (DPPF, CAS N.O.: 12150-46-8), tris(dibenzylideneacetone)dipalladium(0)
(Pdz(dba)s, CAS N.O.: 51364-51-3), zinc cyanide (CAS N.O.: 557-21-1), MgSO, (CAS N.O.:
7487-88-9), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, CAS N.O.: 6674-22-2), nickel(II) acetate
tetrahydrate (CAS N.O.: 6018-89-9), copper acetate (CAS N.O.: 142-71-2), N-methyl-2-
pyrrolidone (CAS N.O.: 68-12-2) and ethylene glycol (CAS N.O.: 107-21-1) were purchased form
Sigma Aldrich. Methanol (CAS N.O.: 67-56-1), dichloromethane (CAS N.O.: 75-09-2), acetone
(CAS N.O.: 67-64-1), N, N-dimethylacetamide (CAS N.O.: 127-19-5), and ethyl acetate (CAS N.O.:
141-78-6) were purchased from BDH Chemicals. Compounds 4,5-dimethoxyphthalodinitrile,!
2,3-dibromo-6,7-dipropoxynaphthalene>* were synthesized according to the literature procedures.
The yields were given as isolated yields. NMR spectra were recorded on a Bruker 600 MHz NMR
spectrometer. The chemical shifts (J) were expressed in ppm with internal standard
tetramethylsilane (TMS) and solvent signals as internal references, and J values were given in Hz.
Standard abbreviations indicating multiplicity were used as follows: s (singlet), br (broad), d
(doublet), t (triplet), q (quartet), m (multiplet).

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX)
were performed using a Hitachi TM3000 SEM (Tokyo, Japan) equipped for X-ray microanalysis
with a Bruker Edax light element Si(Li) detector (Billerica, MA). Transmission electron
microscopy was carried out at a Tecnai F20ST FEG TEM instrument. Powder X-ray diffraction
(PXRD) measurements were performed with a Rigaku sixth generation MiniFlex X-ray
diffractometer with a 600 W (40 kV, 15 mA) CuKa (o= 1.54 A) radiation source. Nitrogen
adsorption experiments were performed with ASAP Plus 2020 (Mircromeritics, Norcross, Georgia)
instrument. Elemental analyses were performed by Atlantic Microlab, inc. X-ray photoelectron
spectroscopy experiments were conducted on a Physical Electronics Versaprobe II X-ray
Photoelectron Spectrometer under ultrahigh vacuum (base pressure 107'° mbar). The measurement
chamber was equipped with a monochromatic Al (Ka) X-ray source. Both survey and high-

resolution spectra were obtained using a beam diameter of 200 um.
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2. Synthesis of Phthalocyanine Based MOFs

2.1. Synthesis of (2,3,9,10,16,17,23,24-octahydroxyphthalocyaninato)
nickel(11) NiPc

urea, NiCl,, \Q/ ~ ;
0 CN ammonium molybdate N

OJCECN ethylene glycol, 4 days

~
65% /&\ ﬁ

Synthesis of (2,3,9,10,16,17,23,24-octamethoxyphthalocyaninato)  Ni(ll). 4,5-
Dimethoxyphthalodinitrile (5.0 g, 26.6 mmol), urea (1.6 g, 26.6 mmol), NiCl, (907 mg, 7 mmol),

and ammonium molybdate (300 mg, 0.25 mmol) were refluxed in 100 mL of ethylene glycol under

argon atmosphere for 4 days. The mixture was then cooled to room temperature, and 70 mL of
water was added. The resulting solid was washed successively with methanol (40 mL x 5) and
acetone (40 mL x 5) by using a centrifuge to collect precipitate. The product was then dried under
vacuum to give (2,3,9,10,16,17,23,24-octamethoxyphthalocyaninato) Ni(ll) as a dark green solid

in 65% yield (3.52 g). The characterization data are consistent with literature.S

oL Qe
Ay G

NiPc

Synthesis of NiPc. (2,3,9,10,16,17,23,24-octamethoxyphthalocyaninato) Ni(ll) (1.2 g,
14.76 mmol) was suspended in 50 mL of dichloromethane, and BBr; (5.7 mL, 59 mmol, 40 e.q.)
was added under N,. The mixture was stirred for 6 days, and then poured into 100 mL of H,O. The
precipitate was collected by centrifugation. The obtained solid was then dispersed in MeOH (20
mL), shaken vigorously and then centrifuged. The solid was collected and then subjected by MeOH
washing using centrifuge for another 4 times. The product was then dried under vacuum to give
NiPc as a dark green solid (0.78 g, yield 75%). M.P.: > 300 °C; *H NMR (600 M, DMSO-dg): 6 =
8.54 (s, 8H), 10.31 (br, 8H).
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Figure S1. *H NMR (600 M, 298 K, DMSO-ds) spectrum of NiPc.

2.2. Synthesis of (3,4,12,13,21,22,30,31-octahydroxynaphthalocyaninato)
nickel(11) NiNPc
PHMS, Pd,(dba)s,

RO gr  DMAC,rt RO CN

R= propyl

Synthesis of 6,7-dimethoxynaphthalene-2,3-dicarbonitrile. A 100 mL two-neck round-
bottom flask was charged with 8.04 g (20 mmol) of dibromo-6,7-dipropoxynaphthalene in DMAC
(40 mL) and PMHS (400 mg) was added at r.t. The reaction mixture was heated to 120 °C and Pd;
(dba)s (366 mg, 2 mol%) and DPPF (300 mg, 2.7 mol%) were added. Afterwards, Zn(CN)2 (3.2 g,
24.8 mmol) was added in 4 portions within 5 hours. The reaction mixture was heated for another 2
hours and then cooled down to room temperature, diluted with EtOAc and filtered. Filtrate was
washed with H,O, dried with MgSO,, and concentrated in vacuo. The crude product was
recrystallized from an EtOAc/hexane (v/v=1/1) solvent to give colorless crystals (4.8 g, yield 81%).
M.P.: 199-201 °C; *H NMR (600 M, CDCls): 6 = 7.94 (s, 1H), 7.00 (s, 1H), 3.97 (t, J = 6.5 Hz,
2H), 1.80 (h, J = 7.1 Hz, 2H), 0.96 (t, J = 7.4 Hz, 3H); **C NMR (150 MHz, CDCl3): = 153.0,
133.3, 129.8, 116.5, 107.9, 107.3, 70.7, 22.3, 10.5. HRMS (ESI): m/z calcd for CigsH1sN2O2:
295.1447; found: 295.1448 [M+H]".
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Figure S2. 'H NMR (600 M, 298 K, CDCIs) spectrum of 6,7-dimethoxynaphthalene-2,3-
dicarbonitrile.
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Figure S3. *¥C NMR (150 M, 298 K, CDCI3) spectrum of 6,7-dimethoxynaphthalene-2,3-
dicarbonitrile.
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Synthesis of (3,4,12,13,21,22,30,31-octapropyl-2,3-naphthalocyaninato) nickel(ll). To a
solution of 6,7-dipropoxynaphthalene-2,3-dicarbonitrile (3.82 g, 13 mmol) in DMAC (20 mL) was
added NiCl, (840 mg, 0.3 mmol, 0.5 eq.) and DBU (198 mg, 1.3 mmol). The mixture was then
stirred at 180 °C under nitrogen for 3 days. After cooling to rt, the mixture was poured into water.

z

The precipitate was collected by filtration. It was subsequently washed with methanol (10 mL x 5)
and acetone (10 mL x 5) by using a centrifuge and then dried in vacuo, which finally gave a green
solid as the product (2.81 g, yield 70%). M.P.: > 300 °C; *H NMR (600 M, DMSO-ds): § = 8.22 (s,
8H), 7.67 (s, 8H), 4.11 (t, J = 6.4 Hz, 17H), 1.91 — 1.74 (m, 17H), 1.04 (t, J = 7.3 Hz, 26H) ; *C
NMR (150 MHz, DMSO-dg): 6 = 169.70, 151.37, 131.82, 127.37, 122.69, 110.11, 70.19, 22.35,
10.85. HRMS (ESI): m/z calcd for C72H72NgNiOs: 1234.4827; found: 1234.4851 [M]*.
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Figure S4. 'H NMR (600 M, 298 K, DMSO-ds) spectrum of (3,4,12,13,21,22,30,31-octapropyl-
2,3-naphthalocyaninato) nickel(Il).

S6



—169.70
_151.37
. 131.82
N\ 127.37
\ 122.69
—110.11

—70.19
—22.35
—10.85

180 160 140 120 100 80 60 40 20 0
S/ppm

Figure S5. **C NMR (150 M, 298 K, DMSO-dg) spectrum of (3,4,12,13,21,22,30,31-octapropyl-
2,3-naphthalocyaninato) nickel(ll).

BBrs, CH,Cl,

R= propyl

Synthesis of NiNPc. (3,4,12,13,21,22,30,31-octamethoxynaphthalocyaninato) Ni(ll) (0.96
g, 0.78 mmol) was suspended in 50 mL of dichloromethane, and BBrs; (3.0 mL, 31 mmol, 40 e.q.)
was added. After the mixture was stirred for 5 days under N2, 10 mL of methanol was added. The
precipitate was collect by filtration, washed by methanol (20 mL x 6) by using a centrifuge and
dried in vacuum to give NiNPc as a green solid (0.61 g, yield 87%). M.P.: > 300 °C; *H NMR (600
M, DMSO-ds): 6 = 10.25 (s, 8H), 8.11 (s, 8H), 7.43 (s, 8H); *C NMR (150 MHz, DMSO-ds) 6 =
169.8, 150.0, 131.5, 126.5, 122.4, 112.7; HRMS (TOF): m/z calcd for CagH24NgNiOg: 898.1071;
found: 898.1089 [M]".
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Figure S6. *H NMR (600 M, 298 K, DMSO-ds) spectrum of NiNPc.
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Figure S7. 3C NMR (150 M, 298 K, DMSO-ds) spectrum of NiNPc.
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2.3. Synthesis of NiPc-M (M=Ni, Cu) MOF

le \zn - ; :
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HO OH N o o 2 ?
N= NN
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"o L, =N oH for NipC-Ni: H,0, o Yo
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85°C, 48 h 7\

NS\ N
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NiPc o

Synthesis of NiPc-Ni. To a 50 mL round bottom flask charged with NiPe¢ (70 mg, 0.1
mmol), 12 mL of H,O was added. The mixture was sonicated for 3 minutes to get a dark green
suspension. Then 62.2 mg of Ni(OAc),*4H,O (2.5 e.q.) and 1.2 mL of NH3*H»O (25%~28%) were
added (2.5 e.q.) successively. The mixture was sonicated for another 5 minutes and then was heated
at 85°C for 24 hours with the flask loosely capped to permit exposure to air. After that the reaction
was cooled to room temperature and the dark blue to black precipitate was filtered. The product
was washed successively with DMSO/NH3*H,O (v/v=10:1, 3x10 mL), deionized water (5 x 20
mL), and acetone (5 x 20 mL). The filtrate was then transferred to a vacuum (20 mTorr) oven at
65°C and kept for 24 hours which gave NiPc-Ni as black solid (92 mg). The yield was 112% based

on a theoretical formula of (NiPc¢)iNi..

Synthesis of NiPc-Cu. To a 50 mL round bottom flask charged with NiP¢ (70 mg, 0.1
mmol), 12 mL of DMSO were added. The mixture was sonicated for 3 minutes to get a clear dark
green solution. Then 45.4 mg of copper acetate was added (2.5 e.q.). The mixture was sonicated
for another 5 minutes and then was heated at 85°C for 48 hours with the flask loosely capped. After
that the reaction was cooled to room temperature and the dark blue to black precipitate was filtered.
The product was washed successively with DMSO (3x10 mL), deionized water (5 x 20 mL), and
acetone (5 X 20 mL). The filtrate was then transferred to a vacuum (20 mTorr) oven at 65°C and
kept for 24 hours, which gave NiPc-Cu as black solid (65 mg). The yield was 83% based on a

theoretical formula of (NiPc¢),Cu,.
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2.4. Synthesis of NiNPc-M (M=Ni, Cu) MOFs
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Synthesis of NiNPc-Ni. To a 50 mL round bottom flask charged with NiNPc¢ (90 mg, 0.1
mmol), 6.6 mL of NMP and 6.6 mL of H,O were added. The mixture was sonicated 15 minutes to

=z
I
99N
Ptad \
-4

get a homogeneous solution. Then 62.2 mg of Ni(OAc),*4H>O was added (2.5 e.q.). The mixture
was sonicated for another 5 minutes and then was heated at 85°C for 72 hours with the flask loosely
capped. After that the reaction was cooled to room temperature and the dark blue precipitate was
filtered. The product was washed successively with NMP/H,O (v/v=1:1, 3x10 mL), deionized
water (5 x 20 mL) and acetone (5 x 20 mL). The filtrate was then transferred to a vacuum (20
mTorr) oven at 65°C and dried for 24 hours, which gave NiNPc-Ni as dark blue solid (88 mg). The
yield was 86% based on a theoretical formula of (NiNP¢)iNi,.

Synthesis of NiNPc-Cu. To a 50 mL round bottom flask charged with NiNPe¢ (90 mg, 0.1
mmol), 6.6 mL of NMP and 6.6 mL of H»O were added. The mixture was sonicated 15 minutes to
get a homogeneous solution. Then 45.4 mg of copper acetate was added (2.5 e.q.). The mixture was
sonicated for another 5 minutes and then was heated at 85°C for 72 hours with the flask loosely
capped. After that the reaction was cooled to room temperature and the dark blue to black
precipitate was filtered. The product was washed successively with NMP/H,0O (v/v=1:1, 3x10 mL),
deionized water (3 x 20 mL), and acetone (5 x 20 mL). The filtrate was then transferred to a vacuum
(20 mTorr) oven at 65°C and dried for 24 hours, which gave NiNPc-Cu as black solid (98 mg).
The yield was 95% based on a theoretical formula of (NiNPc¢);Cu..
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3. ATR-FTIR Spectroscopy

Infrared spectra were collected using a JASCO model FT IR-6100 Fourier transform

infrared spectrophotometer.

NiOHPc
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Figure S8. Comparison of ATR-FTIR spectra of NiPc, NiPc-Cu and NiPc-Ni.
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Figure S9. Comparison of ATR-FTIR spectra of NiNP¢, NiNP¢-Cu and NiNPc-Ni.
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4. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) experiments were conducted on a Physical
Electronics Versaprobe Il X-ray Photoelectron Spectrometer under ultrahigh vacuum (base pressure
1071° mbar). The measurement chamber was equipped with a monochromatic Al (Ka) X-ray source.
Both survey and high-resolution spectra were obtained using a beam diameter of 200 pm. The
spectra were processed with CasaXPS.
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Figure S10. XPS survey spectrum of NiPc-Ni showing the presence of C, N, O, and Ni elements.
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Figure S11. Deconvoluted XPS spectra of the NiPc-Ni: (a) N1s, (b) Ols, and (c) Ni2p. The black,
grey, and green curve represent original data, background and the sum of the deconvoluted peaks,
respectively. In (a) the blue curve corresponds to N(1s) in C=N---Ni and the red curve corresponds

to Cls C=N-C. In (b) the red curve corresponds C-O and the blue curve corresponds to C=0.
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Figure S12. XPS survey spectrum of NiPc-Cu showing the presence of C, N, O, Ni and Cu

elements.
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Figure S13. Deconvoluted XPS spectra of NiPc-Cu: (a) Nl1s (b) Ols, (¢) Ni2p, (d) Cu2p. The
black, grey, and green curve represent original data, background and the sum of the deconvoluted
peaks, respectively. In (a) the blue curve corresponds to N(1s) in C=N---Ni and the red curve

corresponds to Cls C=N-C. In (b) the red curve corresponds C-O and the blue curve corresponds

to C=0.
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Figure S14. XPS survey spectrum of NiNPc-Ni showing C, N, O, Ni and Cu elements.
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Figure S15. Deconvoluted XPS spectra of the NiNPc¢-Ni: (a) Cls, (b) N1s and (¢) Ni2p. The black,

grey, and green curve represent original data, background and the sum of the deconvoluted peaks,

respectively. In (a) the blue curve corresponds to N(1s) in C=N-Ni and the red curve corresponds

to Cls C=N-C. In (b) the red curve corresponds C-O and the blue curve corresponds to C=0.
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Figure S16. XPS survey spectrum of NiNPc-Cu showing C, N, O, Ni and Cu elements.
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Figure S17. Deconvoluted XPS spectra of the NiNPc-Cu: (a) Cls, (b) Nls, (¢) Ni2p, and (d)
Cu2p. The black, grey, and green curve represent original data, background and the sum of the
deconvoluted peaks, respectively. In (a) the blue curve corresponds to N(1s) in C=N---Ni and the
red curve corresponds to Cls C=N-C. In (b) the red curve corresponds C-O and the blue curve

corresponds to C=0.
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The XPS spectra revealed the presence of C, O, and N, along with Ni and/or Cu elements in
NiPc-M and NiNPc-M MOFs (Figure S10, S12, S14, and S16), which coincide with the desired
elemental composition of these MOFs.

Oxidation state analysis of metal and ligand in NiPc-Ni. High-resolution scans of the Ni2p
showed two peaks with binding energies of ~855.6 and ~873.2 eV (2p3/2 and 2pl/2 levels,
respectively) with the presences characteristic satellite peaks (Figure S11), indicating the oxidation
state of the Ni is +2. These results are consistent with the experimental data reported by Sheberla
etal.>* and Dong et al.,%° where Ni in both Ni;HITP, (HITP = 2,3,6,7,10,11-hexaiminotriphenylene)
and Ni;:HTTP, (HTTP = 2,3,6,7,10,11-hexathioltriphenylene) showed +2 oxidation state. EPR
spectrum of NiPc-Ni showed no visible peaks, which further supports the +2 oxidation state for Ni
(Figure S28).

High-resolution scans of the O 1s region revealed two chemical environments with the peak
with binding energies at 531.4 and 533.2 eV (Figure S11), which can be ascribed to two different
O environment, C=0 and C-O, respectively.5¢” The ratio of 48:52 further demonstrated that the
ligand is likely in a (sq, sq, sq, sq) (sq=semiquinone) oxidation state, corresponding to a total charge
of —4. Considering the theoretical ligand: metal ratio of 1:2, NiPc-Ni very likely has a charge
neutral skeleton. High-resolution scans of the N 1s region further revealed two chemical
environments with peaks found at 398.8 and 400.0 eV in a ratio of 47:53, which matches the
presence of two different kinds of N atoms (Ni-coordinated and non-coordinated, in a 1:1 ratio) in

the NiPc unit, suggesting the absence of large number of NH4" acting as counter ions.

Oxidation state analysis of metal and ligand in NiPc-Cu. High-resolution scans of the
Cu2p region produced two peaks with binding energies of ~933.1 and ~952.5 eV (2p3/2 and 2p1/2
levels, respectively) with very weak satellite peaks (Figure S13). The lack of obvious satellite
structure suggests the absence of Cu(II).%® The Cu 2p 2/3 peak near 933.1 eV matches well with the
binding energy value of a typical Cu 2p 2/3 peak of Cu(I) compound, which means the Cu(Il) ion
have been reduced by the NiPc ligand during the formation of NiPc¢-Cu. The XPS data is consistent
with results analyzed from the EPR spectrum of NiPc-Cu, which showed only weak peak at g=2.02,
probably due to the small amount of paramagnetic Cu®" (Figure S29).

High-resolution scans of the O 1s region revealed two chemical environments with the
binding energies at 531.4 and 533.2 eV (Figure S13), which can be ascribed to two different O
environments: C=0 and C-O, respectively.3®” The ratio of 74:25 further demonstrated that the
ligand is likely in a (sq, sq, q, q) (qg=quinone) oxidation state, corresponding to a total charge of —2

charge on the ligand. The relatively higher oxidation states of the NiPc, compared with that in
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NiPc-Ni, may be caused by the stronger oxidation ability of Cu®'. High-resolution scans of the N
Is region revealed two chemical environments with peaks found at 399.0 and 400.0 eV in a ratio
of 50:50, which matches the presences of two different kinds of N atoms (Ni coordinated and non-
coordinated, in a 1:1 ratio) in the NiPc¢ unit, thus eliminating the possibility of NH4" acting as
counter ions. Combining the theoretical ligand: metal ratio of 1:2 and the above analysis, it is

suggested that NiPc-Cu has a charge neutral skeleton with a general formula of (NiPc¢);Cu,.

Oxidation state analysis of metal and ligand in NiNPc-Ni. High-resolution scans of the
Ni2p peak two peaks with binding energies of ~855.6 and ~873.2 eV (2p3/2 and 2pl/2 levels,
respectively) with their characteristic satellite peaks (Figure S15), indicating the oxidation state of
the Ni is +2.

High-resolution scans of the O 1s region revealed two chemical environments with binding
energies at 531.3 and 532.8 eV (Figure S15), which can be ascribed to two different O
environments, C=0 and C-O, respectively. The ratio of 67:33 demonstrated that the ligand is likely
in oxidation state with sq:q=2:1, corresponding to —8/3 state. The combination of the Ni and NiNP¢
in a 2:1 ratio doesn’t afford a charge neutral framework, which suggests the presence of acetate oy

hydroxide as the negative counter ions.

Oxidation state analysis of metal and ligand in NiNPc-Cu. High-resolution scans of the
Cu2p region showed two peaks with binding energies of ~933.1 and ~952.8 eV (2p3/2 and 2p1/2
levels, respectively) with very weak satellite peaks (Figure S17). The lack of obvious satellite
structure suggests the absence of Cu(II).%® The Cu 2p 2/3 peak near 933.1 eV matches well with the
binding energy value of a typical Cu 2p 2/3 peak of Cu(I) compound. Similar to the situation in
NiPc-Ni, Cu(Il) ions were likely reduced by the NiNPc¢ ligand during the formation of NiPe-Cu.
In addition, EPR showed very weak peak (g=2.03) likely originating d from the metal centered
radical of Cu** (Figure S31), consistent with the scarcity of Cu?" in NiNPc-Cu.

High-resolution scans of the O 1s region revealed two chemical environments with binding
energies at 531.4 and 533.0 eV (Figure S17), which can be ascribed to two types of oxygen atoms,
C=0 and C-O, respectively.®®” The ratio of 52:48 demonstrated that the ligand is likely in a (sq, sq,
sq, sq) oxidation state, corresponding to an overall charge of —4. High-resolution scans of the N 1s
region revealed two chemical environments with the peak positions found at 398.8 and 400.0 eV
in a ratio of 53:47, which matched the presence of two different kinds of N atoms (Ni coordinated
and non-coordinated, in a 1:1 ratio) in the NiNPc unit, eliminating the possibility of NH4" acting as
counter ions. Combining the theoretical ligand: metal ratio of 1:2 and the above analysis, NiNPc-

Cu has a charge neutral skeleton with a general formula of (NiNPc¢);Cu,, which is the same with
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NiPc-Cu.

5. Elemental Analysis

Elemental analyses, including C, H, N were performed by Atlantic Microlab inc. using
combustion method by automatic analyzers. The metal contents (Ni, Cu) were analyzed by ICP-
MS. The results are listed below.

Table S1. Elemental analysis of NiPc-Ni.

Sample Element Theoretical' Found
C 47.54 36.30
. . H 1.00 2.76
NiPe-Ni N 13.96 15.20
Ni 21.78 20.45

"Based on the formula (NiP¢)Ni,.

Table S2. Elemental analysis of NiPc-Cu.

Sample Element  Theoretical' Found
C 46.97 39.60
H 0.99 2.06

NiPe-Cu N 13.69 11.47
Ni 7.17 5.68
Cu 15.53 13.84

'Based on the formula (NiP¢);Cu,.

Table S3. Elemental analysis of NiNPc-Ni.

Sample Element Theoretical' Found
C 57.15 59.02
NiNPc-Ni H 1.60 4.29
N 11.11 9.49
Ni 17.45 15.54

"Based on the formula (NiNP¢);Ni,

Table S4. Elemental analysis of NiNPc-Cu.

Sample Element  Theoretical' Found
C 56.61 54.88
H 1.58 3.73
NiNPc-Cu N 11.00 9.02
Ni 5.76 4.88
Cu 12.48 9.17

'Based on the formula (NiNP¢);Cu,.
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6. Structure Analysis by Computational Study and Powder
X-ray Diffraction

To build the crystal structure of NiPc-Ni and NiP¢-Cu, model complexes composed of one
phthalocyanine unit and four metal catecholate units were built. Their structures are shown in
Figure S18. These model complexes were optimized by using B3LYP density-functional theory
method with a basis set of 3-21G. The optimized structures of the model complexes were imported
into Materials Studio. The initial crystal structures were constructed starting with a unit cell with
the space group P1 with lattice parameters of a==y=90 °. The a and b values were estimated from
the size of the model complexes. The ¢ values were estimated according to the distance between
the metal center of phthalocyanine unit and were chosen from the values calculated from the pXRD.
The symmetries of the initial structures were then found and imposed to a higher symmetry of
P4/mmm with a threshold of 0.01 A pm (fine level). The crystal structure of NiNP¢-Ni and NiNPe-

Cu were also built using a similar approach.

NiNPc-Ni monomer NiNPc-Cu monomer

Figure S18. Model complexes used for the construction of the initial MOF structures.

The geometry optimization, including energy minimization with cell parameters, were
performed by using CASTEP module in Materials Studio with Perdew—Burke—Ernzerhof (PBE)
generalized gradient approximation (GGA). The total energy change was set to less than 107 eV
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and the magnitude of the largest force acting on the atoms was set to less than 0.03 eV A™!. The cut-
off energies were set at 500.0 eV. Calculation of the simulated powder diffraction patterns were
performed by Materials Studio Reflex Plus Module. The optimized crystal structure the four MOFs
with their lattice parameters are shown in Figure S19. Modeling of the staggered structures was

performed in a similar manner but with the space group I4/mmm (Figure S20).

Y 06'L)

320 A 320 A

Figure S19. Views from z and x axes of modeled MOF crystal structures with eclipsed packing
mode for (a) NiPc-Ni; (b) NiPc-Cu; (¢) NiNPc-Ni; (d) NiNPc-Cu.
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Figure S20. Views from z and x axes of modeled MOF crystal structures with staggered packing
for (a) NiPc¢-Ni; (b) NiPc-Cu; (c) NiNPc-Ni; (d) NiNPc-Cu.

Powder X-ray diffraction (PXRD) data of NiPc-Cu, NiPc-Ni, NiNPc-Cu and NiNPc-Ni
were collected using a Rigaku sixth generation MiniFlex X-ray diffractometer. Cu Ko radiation (A

=1.5406 A; 600 W, 40 kV, 15 mA) was focused using a planar Gébel mirror riding the Ko line.

[100]
[200]
[001]
experimental
A s v
| simulated eclipsed
|
| ] I l simulated staggered
A " A i

2 6 10 14 18 22 26 302834 38 42 46 50 54 58

Figure S21. PXRD spectra for experimental (green line) and simulated models in eclipsed (black
line) and staggered packing (red line) of NiPc-Ni.
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Figure S22. PXRD spectra for experimental (blue line) and simulated models in eclipsed (black

line) and staggered packing (red line) of NiPc-Cu.
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Figure S23. Experimental (blue line) and simulated PXRD pattern (black line) of NiNPc-Ni.
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Figure S24. PXRD spectra for experimental (blue line) and simulated models in eclipsed (black
line) and staggered packing (red line) of NiNPc-Cu.

[100] [110] [001]

Figure S25. Representation of the planes [100], [110] and [001] in the crystal structure of MOFs
demonstrated by using NiPc-Cu as an example.

7. Computational Study of the Electronic Properties

For computational study of electronic properties, including band structures, density of states,
the functional GGA with PBE was employed with an energy cutoff set at 500 eV. The Brillouin
zones were sampled using a 2 X 2 X 4 k-point mesh in the Monkhorst - Pack scheme.
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Figure S26. Calculated electronic band structure (léft) and density of state (right) for (a) NiPc-Ni
and (b) NiPc-Cu, respectively. (c) Corresponding first Brillouin zone and high-symmetry K-points.
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Figure S27. Calculated electronic band structure (left) and density of states (right) for (a) NiNPc-
Ni and (b) NiNPe¢-Cu, respectively. (c¢) Corresponding first Brillouin zone and high-symmetry K-
points.
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DFT electronic band structure calculations suggested that bulk NiPc-M and NiNPc-M
should be metallic. Both of NiPc-M and NiNPc-M MOFs exhibited dispersed electronic band
structures that cross the Fermi level. The Dirac bands cross the Fermi level in both A—M and '-Z
directions and have wide band dispersions of approximate 0.8-1.0 eV (Figure S26a-b and Figure
S27a-b). Density of states analysis showed that considerable contributions were from the metal
linkers, C, and O orbitals near the Fermi level, indicating the high degree of in-plane and out-of-
plane & conjugation for these materials.

The high symmetry points in the first Brillouin zone are shown in Figure S26¢ and Figure
S27¢. In NiPc-M and NiNPc-M, bands cross the Fermi level in the out-of-plane direction, including
A—M, I'-Z, R—X directions, which indicates the metallic nature of materials. Because no bands
cross the Fermi level through the in-plane directions (Z—R and X-T'), the bulk materials are
expected to be metallic in the ¢ directions and semiconducting in the ab direction, suggesting that
a dominant mechanism for conductivity in these MPc based MOFs maybe through conductive
pathways along the c-axis.®’ This electronic property is different from the M3HIB, (M=Ni, Cu, HIB
= hexaiminobenzene)3'® and nickel bis(dithiolene) based MOFsS!! where the in-plane charge
transport is predicated to be more favorable than out-of-plane charge transport, and is similar with
that of cobalt triphenylenehexathiolate framework where the out-of-plane transport is believed to
be the dominant conductive pathway.® As demonstrated above, NiPc-M and NiNPc-M MOFs
adopt eclipsed stacking modes, which endows the stacking structures and alignment of the m-
conjugated NiPc and NiNPc units, facilitating NiPc-on-NiPc¢ (or NiNP¢-on-NiNPc¢) and metal-on-

metal pathways within 2D stacks. The out-of-plane charge-transport property is consistent with

S12-13 S14-15

those found in the phthalocyanine- and porphyrin-based COFs, which usually exhibited

high carrier mobility along the direction of the stacking due to the formation of periodic m-columns.

8. Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectra were collected on a Bruker BioSpin Gmbh spectrometer equipped with a standard
mode cavity. For each sample, about 2 mg material was used. The samples were flushed with N,
for 15 minutes and then sealed in the EPR tube under N, atmosphere. The EPR spectrum was
collected under liquid nitrogen temperature (77 K) with the parameters listed in the Table S5. NiPc
and NiNPc ligand showed very intense peaks at g = 1.991 and 1.989, respectively, which are
probably due to the adsorption of oxygen molecules (Figure S28-S31) or the existence of the
partially oxidized species. NiPc-Ni showed EPR signal at g=1.988 from the ligand centered radical
(Figure S28). NiPc-Cu showed relatively weaker metal centered EPR signal (g=2.021) compared
with the ligand NiPc (Figure S29). NiNPc-Ni showed peak at g=1.996 which originated from the
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radial centered on the NiNPc ligand (Figure S30). In the EPR spectrum of NiNPc-Cu, peaks from
the both the metal-centered (g=2.030) and ligand-centered radical (g=1.986) were shown (Figure
31).

Table S5. Parameters of EPR for ligands and MOFs.

Sample sweep center modulation microwave microwave
P width/G  field/G  amplitude/G  frequency/GHz power/mW
NiPc 2000 3400 4 9.673 0.0002026
NiNPc 2000 3400 4 9.658 0.0002026
NiPc-Ni 3000 3400 4 9.692 0.0002026
NiPc-Cu 3000 3400 4 9.668 0.0002017
NiNPc-Ni 3000 3400 4 9.712 0.0002026
NiNPc-Cu 3000 3400 4 9.668 0.0002017
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Figure S28. EPR spectra (77 K) of NiPc ligand (black) and NiPc-Ni MOF (green).
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Figure S29. EPR spectra (77 K) of NiPc ligand (black) and NiPc-Cu MOF (blue).
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Figure S30. EPR spectra (77 K) of NiNPec ligand (black) and NiNPc-Ni MOF (green).
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Figure S31. EPR spectra (77 K) of NiNPc ligand (black) and NiNPc-Cu MOF (blue).

9. SEM and TEM

Scanning electron microscopy of the MOFs NiPc-Ni, NiPc-Cu, NiNPc-Ni, and NiNPc-
Cu were obtained using a Hitachi TM3000 SEM. The material was pressed onto carbon conductive
tape that was attached to the aluminum plate. The images were taken at a 10 mm working distance

using a 15 kV beamline in a to 107 torr vacuum chamber.

Transmission electron microscopy was carried out in a Tecnai F20ST FEG TEM instrument.
The sample was prepared by drop casting an acetone suspension (0.5 mg in 5 mL) of the MOFs
onto a copper grid (300 mesh, 3.0 mm O.D). An operating voltage of 120 kV was used for imaging.
Energy dispersive X-Ray spectroscopy was collected using SDD X-ray microanalysis

system with Octane Pro 10 sq. mm detector and TEAM software.
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Figure S34. SEM image of NiPc-Cu.
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Figure S36. SEM image of NiNPc-Ni.
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Figure S38. SEM image of NiNPc-Cu.
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Figure S39. TEM image of NiNPc-Cu at different magnifications.
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Figure S40. EDAX spectrum of NiPc-Ni.
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Figure S41. EDAX spectrum of NiPc-Cu.
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Figure S42. EDAX spectrum of NiNPc-Ni.
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Figure S43. EDAX spectrum of NiNPc-Cu.

10. Brunauer-Emmett-Teller (BET) Analysis

In order to assess the porosity of the MOFs, gas adsorption measurements were performed on
an ASAP Plus 2020 (Mircromeritics, Norcross, Georgia) 3FLEX instrument with N at 77K. To
remove the residual high boiling point solvent used in the synthesis of the MOFs, the samples of
MOFs were activated by soaking in acetone for 3 days during which the acetone was changed every
24 hours. The samples were then dried in the oven under vacuum (20 mTorr, 65 °C for 24 hours).
Before gas adsorption measurements, the samples were degassed under vacuum at 80 °C for 12
hours. For BET calculations, a full isotherm with a fitting range of 0 to 0.3 P/Py was used. The

Brunauer-Emmett-Teller (BET) surface areas for the four MOFs are listed below.
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Table S6. BET surface areas of the MOFs.

NiPc-Ni NiPc-Cu NiNPc-Ni NiNPc-Cu
BET (m?%g) 101 284 174 267
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Figure S44. (a) Nitrogen sorption curves (filled circles: adsorption, open circles: desorption,
STP=standard temperature pressure) and (b) 7-Plot for nitrogen adsorbed at 77 K by activated NiPc-
Ni. The BET surface area by the gas adsorption analysis is 101 m?/g. The external surface area is

81 m*/g and the micropore area is 20 m*/g.
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Figure S45. (a) Nitrogen sorption curves (filled circles: adsorption, open circles: desorption,
STP=standard temperature pressure) and (b) #-Plot for nitrogen adsorbed at 77 K by activated NiPc-
Cu. The BET surface area by the gas adsorption analysis is 284 m?/g. The external surface area is
143 m*/g and the micropore area is 141 m?/g.

S34



_

a) 120

100 -

[}
o
1

=2
o

Quantity Adsorbed (cm?g
STP)
B
o

N
o

o

1 BET: 174 m?/g

NiNPc-Ni

Waoe

ooooooooo

0

02 04 06 08 1
Relative Pressure (P/Po)

—_
=3
~

Quantity Adsorbed (cmi/g
STP)

45

y = 3.38x + 35.84

R?=0.99 )

.".l.
®
o
Y
g
.

.

-.‘
.'.V
3 4 5 6

Thickness (A)

Figure S46. (a) Nitrogen adsorption curves (STP=standard temperature pressure) and (b) #-Plot for
nitrogen adsorbed at 77 K by acidified material NiNPc-Ni. The BET surface area by the gas
adsorption analysis is 174 m*/g. The external surface area is 52 m?/g and the micropore area is 152

m?/g.
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Figure S47. (a) Nitrogen adsorption curves (STP=standard temperature pressure) and (b) #-Plot for
nitrogen adsorbed at 77 K by acidified material NiNPc-Cu. The BET surface area by the gas
adsorption analysis is 267 m?*/g. The external surface area is 76 m*/g and the micropore area is 191

m?/g.

11. Thermal Gravimetric Analyses (TGA)

Thermal gravimetric analysis was performed using a TA Instruments TGA Q150 with a 40
°C/min ramp from room temperature to 850 °C.
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Figure S48. TGA curve of NiPc-Ni.
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Figure S49. TGA curve of NiPc-Cu.
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Figure S50. TGA curve of NiNPe¢-Ni.
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Figure S51. TGA curve of NiNPe¢-Cu.

12. Measurements of Conductivity

To make a pressed pellet, 50 mg of the MOF sample was put into a 6 mm inner-diameter split
sleeve pressing die and pressed for 5 min under a pressure of approximately 1000 psi. A Signatone
tungsten carbide four-point linear probe was employed to collect bulk conductivity measurements
of the MOFs with a space between tips of 1.25 mm. We calculated the bulk conductivity
measurements (S/cm) using Equation S1. Herein, / (A) is current, V' is the voltage of cross the
probes, s (cm) is distance of between the probes (1.25 mm), F (unitless) is the correction factor

accounting for the diameter and thickness of the pellet.5'¢17
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Figure S52. Representation of configuration for the measurement of conductivity by four-point
probe method.
Table S7. Conductivity of the MOF measured by four-point probe method.

MOF NiPc-Ni NiPc-Cu NiNPc-Ni NiNPc-Cu

o (S/cm) 7.22 x 10 1.43 x 102 1.78 x 102 3.13 x 102

13. Gas Sensing Experiments

13.1. Fabrication of Gas Sensors
1-4 mg of MOF samples was dispersed in 1 mL of deionized water. The mixture was then

sonicated for 30 minutes and a homogeneous suspension was obtained. 10 uL of the suspension
was drop casted onto interdigitated gold electrodes with 5 pum gaps (part NO. G-IDEAUS,
purchased form Metrohm) (Figure S53), which was then allowed to dry in the air under room
temperature in a dark area for about 18 hours before use.

NiPc-Ni NiPc-Cu
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.ui,m bl o i.l

Figure S53. Photograph of chemiresistive devices made by drop casting the suspension of MOFs
in water onto 5 um interdigitate gold electrodes.
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Figure S54. Interferometry profile of the devices made from (a) NiPc-Ni, (b) NiPc-Cu, (c)
NiNPc-Ni, and (d) NiNPc-Cu as shown in Figure S53. Arrows indicates the MOF films.

Table S8. The concentration of the MOF suspension and the resistances and film thickness of the
device

Device Susper]sion of Film thickness Res_istance of
MOF in H,O (nm) devices (KQ)*
NiPc-Ni 4mgin 1mL 2-3 138 +15
NiPc-Cu 1mginlmL 0.7-1 0.73+0.11
NiNPc-Ni 2mginlmL 0.5-1 7.90+0.74
NiNPc-Cu 2mginlmL 0.5-1 8.72+£0.48

?Resistance was measured under ambient conditions under air using a two-point probe.
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Figure S55. PXRD spectra of the MOFs before and after sonication in H.O for 2 hours, showing
that the MOFs maintained their crystallinities in suspension.

13.2.Sensing Experiments
The sensing performance of the fabricated devices was monitored in a sealed gas-sensing

chamber at room temperature. An electrical feed-through and gas inlet and outlet were installed in
the chamber. Dry N2 was used as the balance/purging gas. A Sierra Micro-Trak and a Smart-Trak
mass flow controllers were used in combination to deliver controlled concentrations of gases from
custom-ordered pre-mixed tanks (10,000 ppm of NHs in N, and 100 ppm and 10,000 ppm of H>S
or NO in N) equipped with two-stage stainless steel regulators. Gas streams from the tanks were
diluted with dry N for delivery of controlled concentrations of gases. The concentrations of target
gases (NHs, NO, and H,S) were adjusted by controlling the flow rates of the target gas and balance
gas, which was achieved using two mass-flow controllers. The system was limited to mixing of one
gas at a time with a dry N2 or humidified N stream. The flow of balance/purging gas was controlled
at 0.5 or 1 L/min and the flow of the analyte was controlled at 0.3 to 4 mL/min. Before target gas
exposure, the gas sensors were stabilized under N2 exposure for at least 1 h to obtain a flat base
line. For the sensing test of NH3, NO, and H.S, the exposure of target gas and purging gas was 30
minutes. Unless otherwise specified, all sensing experiments were performed under a constant

applied voltage of 0.1 V.

The generation of 5000 ppm humidity stream was followed by the procedure previously
reported by our group.5!® Typically, the gas generator permeation tube was heated to 90 °C using

the embedded oven with temperature control, and loaded with a vial of deionized water. Total span
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gas flow through the oven was set to 417 mL/min. (During a calibration time of 1169.3 min, 1.9569

g of H,O in the vial was lost. The concentration of the stream can be calculated as ¢ =

1.9569 _ 1
— %78 %2241 Lmol™! x . :
18.01 g mol—1 0.417 L/minx 1169.3 min

=5x10° v/v=5000 ppm.) The resulting

vapor stream was mixed with the gas stream delivered by the mass flow system using a Y-
connection. The dilution stream of nitrogen usually employed for the dilution of tank gases was not
used, with the humid nitrogen from the gas generator serving as the dilution vapor. The dilution
vapor (5000 ppm water) was mixed with the controlled stream from the mass flow controllers (1.7

mL/min) to deliver a humidified stream of a single gaseous analyte at 40 ppm.

Raw current data (collected under constant applied voltage) was normalized and converted
to normalized conductance according to Equation S2, wherein I, = initial current and | = current

at various points during measurement.

86 _Ihy100% (S2)

Go Iy

The theoretical limits of detection (LOD) were calculated using reported protocols.51%-2° First,
the root mean squared (rms) value — representing the noise-based deviation in —AG/G, — was
calculated using the baseline trace before exposure to analyte. We took 600-1000 consecutive
points (N) and fit the data to a polynomial (5th order). We then calculated sum of squared residuals
(SSR) from Equation S3, where y; is measured —AG/G, and y is the value calculated from the
polynomial fit. The root-mean-square deviation (RMS) was then calculated by Equation S4. We
plotted concentration of analyte versus response (—AG/G,) after a specific exposure time and
isolated the range of values wherein this relationship was linear (Figure S57, S59, S66b, S68b,
S74, and S76). Linear regression provided an equation of best-fit (slope = m). With these values,
we extrapolated the theoretical LOD from Equation (S5).

SSR = X (y; — ¥)? (S3)
RMS = J% (S4)
LOD =3x=2 (S5)

Device to device reproducibility is quantified by coefficient of variation (relative standard

deviation), and the data is summarized in Table S18.

The degree of saturation (DS) of the sensor, which is defined as the ratio of the quantity of

the analyte adsorbed after a specific amount of time by the sensor to the quantity of the analyte
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absorbed upon the saturation,5?! was calculated using the equation S6. This calculation was based
on the assumptions that saturation point achieved after 30 minutes exposure and that the current
change (Aly) of the device after t min exposure is linear proportional to the quantity of the adsorbed

analytes (Cy) by the sensing materials.5?2
DS% = CC_f = % X 100% (S6)
0

o 30

In this equation, lo, 115, and I are the current of the devices after analyte dosing for 0, 1.5, and 30

min exposure, respectively, and C, is the quantity of the adsorbed analytes upon saturation.

13.2.1. NHs Sensing

NH, NH, | NH, "
LN — L LN e L T 2 L=
@, (b) 5, (© 4
80 ppm 40 ppm 20 ppm
40 40 404
£ & 304 £ 30
) S %)
& 201 3 20 & 20
: s 3
10 104 10
0 0 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
timin i
(d) 50 t'min (8) 50 (f) 50 t/imin
10 ppm | 5 ppm - 2 ppm
40 404 40
£ 304 £ 304 £ 304
o . ¢ |
G 20 G 204 G 204
3 L 37
10 10+ 10
0 04 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
timin timin tmin

Figure S56. Responses of NiPc-Ni devices to (a) 80, (b) 40, (c) 20, (d) 10, (e) 5, and (f) 2 ppm of
NHs. For each concentration, 3—4 freshly prepared devices were used at an applied voltage of 1.0
V.
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Figure S57. Response of NiPc-Ni device as a function of NHs concentration. The values of
response after the exposure for 1.5, 5, 10, 20 and 30 min were plotted. The slopes of the curves are
0.17,0.27,0.33, 0.56, and 0.97. SSR is 0.3061. N=1000, RMS is 0.017495.

Table S9. Calculated limits of detection for NHz using NiPc-Ni under different exposure time.

Exposure
Xposu 1.5 5 10 20 30
time/min
LOD/ppm 0.31 0.19 0.16 0.09 0.05
NH, NH, NH,
(a)s0 (b)s0 (c) 5o 20
80 ppm 40 ppm m
40 PP 40 PP 401 PP
£ 30 g 30 & 304
o o ®
@ 20 3 20 @ 204
T b T
10 10 101
0 0 04
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
timin timin t/min
(d)so (e)®0 (f) s0 5
1 m m m
40 0pp 40 5 pp 40 pp
g 304 & 301 & 304
10} o o
& 20 3 204 & 20
N b b
104 10 101
OW OW 04
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
t/min t/min timin

Figure S58. Responses of NiPc-Cu devices to (a) 80, (b) 40, (c) 20, (d) 10, (e) 5, and (f) 2 ppm of
NHs. For each concentration, 3-4 freshly prepared devices were used.
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Figure S59. Response of NiPc-Cu device as a function of NHz concentration. The response values
after the exposure for 1.5, 5, 10, 20 and 30 min were plotted. The slopes of the curves are 0.37,
0.38, 0.42, 0.63, and 0.64. SSR is 1.2975. N=1000, RMS is 0.0360.

Table S10. Calculated limits of detection for NH3 using NiPc-Cu as a function of exposure
times.

Exposure 15 5 10 20 30
time/min
LOD/ppm 0.33 0.28 0.26 0.17 0.16
NH 5000 ppm H,0
@ % O N N
50 50
404 40+
£ 30 S 304
o o
& 20 G 20
7 7
10 104
0+ 04
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
t/min t/min

Figure S60. Comparison of response of NiPc-Ni devices to (a) 40 ppm of NHs without presence
of H,O and (b) 40 ppm of NHjs in the presence of 5000 ppm of H,O. Devices were used at an
applied voltage of 1.0 V.
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Figure S61. Comparison of response of NiPc-Cu devices to (a) 40 ppm of NH; without presence
of H;0 and (b) 40 ppm of NHj in the presence of 5000 ppm of H,O.
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Figure S62. Comparison of response of NiNPc-Ni devices to (a) 40 ppm of NH; without
presence of H,O and (b) 40 ppm of NHjs in the presence of 5000 ppm of H;0.
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NH, 5000 ppm H,0

N N
(@ —I L= N NH, N,
60 60
50 50 -
_ 401 . 40
s s
(=] (=]
& 30 & 30
1) 1)
< 201 < 201
104 10
04 01
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
f/min t/min

Figure S63. Comparison of response of NiNPc-Cu devices to (a) 40 ppm of NH3 without presence
of H;0 and (b) 40 ppm of NHj in the presence of 5000 ppm of H,O.

Table S11. Degree of saturation (DS%) after 1.5 min exposure at different concentrations of NHs.

80 ppm 40 ppm 20 ppm 10 ppm S ppm 2 ppm
NiPc-Ni 33.8 28.6 20.4 10.8 10.9 14.8
NiPc-Cu 66.6 65.2 52.0 44.5 26.6 19.9

N, ] N[ N [ N2 [ N

(a) 30 - b)16
] y =0.29x+ 3.15 @
25 ] 14 4 R2=0.99
20 3 ] Pt
U .
G 15 h
<] ] 8 -
10 5 ]
5 ] 4
0 ':h"l T T T T T T T T T T T 1 2 T T T T T T T T T
0 10 20 30 40 50 60 70 0 10 20 30 40 50
t/min [NH;] (ppm)

Figure S64. (a) Responses of NiPc-Cu devices to 4 sequential exposures of 40, 30, 20, 10, and 5
ppm (dark blue to light blue curve) of NHzat the applied voltage of 0.01 V. (b) Response of NiPc-
Cu device as a function of NH3 concentration. The LOD determined from this sequential exposure
method is 0.34 ppm.
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13.2.2. H.S Sensing

H,S H.S H,S
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Figure S65. Responses of NiPc-Ni devices to (a) 80, (b) 40, (c) 20, (d) 10, (e) 5, (f) 2, (g) 1, (h)
0.5, and (i) 0.2 ppm of H.S. For each concentration, 3 to 4 fresh devices were used with an applied
voltage of 1.0 V.
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Figure S66. (a) Response of NiPc-Ni devices upon different exposure time as a function of H,S
concentration at 0.2-80 ppm. The observed linear relationship between the response and
concentration upon (b) 1.5, (¢) 5, (d) 10, (e) 20 and (f) 30 min exposure. SSR is 0.26389. N=1000,
RMS is 0.016244.

Table S12. Calculated limits of detection for H.S using NiPc-Ni under different exposure times.

Exposure
time/min
LOD/ppb 32.27 8.97 3.31 2.60 2.41

1.5 5 10 20 30
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Figure S67. Responses of NiPc-Cu devices to (a) 80, (b) 40, (c) 20, (d) 10, (e) 5, (f) 2, (g) 1, (h)
0.5, and (i) 0.2 ppm of HS. For each concentration, 3 to 4 fresh devices were used.
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Figure S68. (a) Response of NiPc-Cu devices upon different exposure time as a function of H,S
concentration at 0.2-80 ppm. The observed linear relationship between the response and
concentration upon (b) 1.5, (c) 5, (d) 10, (e) 20 and (f) 30 min exposure. SSR is 0.73441. N=1000,
RMS is 0.0271.
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Table S13. Calculated limits of detection for H,S using NiPc-Cu as a function of exposure
times.

Exposure

. i 1.5 5 10 20 30
time/min
LOD/ppb 18.52 5.01 2.25 1.19 1.04
H,S 5000 ppm H,0
@ e M oy M Es LN
100 100
904
804 80
70+
£ 60- s 604
s s 50
g 404 % 40
I I 30
20 204
10
0 04
T T T T T T -10 : T T T T T
0 10 20 30 40 50 60 70 0 10 20 30 40 bB0 60 70
timin timin

Figure S69. Comparison of response of NiPc-Ni devices to (a) 40 ppm of H,S without presence of
H>O and (b) 40 ppm of H.S in the presence of 5000 ppm of H,O (voltage 1.0 V).
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Figure S70. Comparison of response of NiPc-Cu devices to (a) 40 ppm of H,S without presence
of H,O and (b) 40 ppm of H.S in the presence of 5000 ppm of H0.
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Figure S71. Comparison of response of NiNPc-Ni devices to (a) 40 ppm of H.S without presence
of H,0 and (b) 40 ppm of H.S in the presence of 5000 ppm of H-0.
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Figure S72. Comparison of response of NiNPc-Cu devices to (a) 40 ppm of H,S without presence
of H,0 and (b) 40 ppm of H.S in the presence of 5000 ppm of H-0.

Table S14. Degree of saturation (DS%) after 1.5 min exposure at different concentrations of H,S.

80 40 20 10 5 2 1 0.5 0.2

ppm__ ppm ppm ppm ppm ppm ppm ppm ppm
NiPc-Ni 789 61.2 523 34.7 18.1 7.10 5.5 7.4 6.4

NiPc-Cu 942 925 91.6 72.4 52.8 25.0 7.5 9.5 9.5

S51



13.2.3. NO Sensing
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Figure S73. Responses of NiPc-Ni devices to (a) 1000, (b) 500, (c) 200, (d) 80, (e) 40, and (f) 20
ppb of NO. For each concentration, 3 to 4 fresh devices were used with an applied voltage of 1.0

V.
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Figure S74. (a) Linear relationship between the response of NiPc-Ni device as a function of NO
concentration at 0.02 to 1.0 ppm. (b) An expanded view of the chart in (a) marked with rectangle.
The response values after the exposure for 1.5, 5, 10, 20 and 30 min were plotted. The slopes of the
curves from bottom to up are -33.0, -130.8, -258.4, -470.4, and -627.8, respectively. RSS is 0.08223,

N=600, RMS is 0.01170.

Table S15. Calculated limits of detection for NO using NiPc-Ni as a function of exposure time.

Exposure 1.5 5 10 20 30
time/min
LOD/ppb 1.06 027 0.14 0.07 0.06
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Figure S75. Responses of NiPc-Cu device to (a) 1000, (b) 500, (c) 200, (d) 80, (e) 40, and (f) 20
ppb of NO. For each concentration, 3 to 4 fresh devices were used.
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Figure S76. (a) Linear relationship between the response of NiPc-Ni device as a function of NO
concentration at 0.02 to 1.0 ppm. (b) An expanded view of the chart in (a) marked with rectangle.
The response values after the exposure for 1.5, 5, 10, 20 and 30 min were plotted. The slopes of the
curves are -42.5, -139.8, -225.7, -309.4, and -332.0. SSR is 0.20441, N=1030, RMS is 0.01408.
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Table S16. Calculated limits of detection for NO using NiPc-Cu as a function of exposure times.

Exposure 15 5 10 20 30
time/min
LOD/ppb 1.00 0.30 0.19 0.14 0.13

5000 ppm H,O

— = NO
(a) (b)
0 0
-100
200 = -200 4
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Figure S77. Comparison of response of NiPc-Ni devices to (a) 1 ppm of NO without presence of
H>O and (b) 1.0 ppm of NO in the presence of 5000 ppm of H20.
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Figure S78. Comparison of response of NiPc-Cu devices to (a) 1.0 ppm of NO without presence
of H,0 and (b) 1.0 ppm of NO in the presence of 5000 ppm of H20.
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Figure S79. Comparison of response of NiNPc-Ni devices to (a) 1.0 ppm of NO without presence
of H,0 and (b) 1.0 ppm of NO in the presence of 5000 ppm of H;0.
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Figure S80. Comparison of response of NiNPc-Cu devices to (a) 1.0 ppm of NO without presence
of H,0 and (b) 1.0 ppm of NO in the presence of 5000 ppm of H20.

Table S17. Degree of saturation (DS%) after 1.5 min exposure at different concentrations of NO.

1 0.5 0.2 0.08 0.04 0.02

ppm ppm ppm ppm ppm ppm

NiPc-Ni 5.3 6.3 5.1 4.4 74 6.4
NiPc-Cu  10.9 10.9 6.4 3.7 3.0 2.7
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Table S18. Summary of coefficient of variation (%) for the four MOFs for 40 ppm NHs, 40 ppm
of H,S, and 1.0 ppm of NO with and without the interference of H,O. The averaged coefficient of
variation is 3.98%.

40 ppm | 40 ppm | 40 ppm | 40 ppm | 1ppmNO |1 ppm
NH; NH; + | H2S H.S + 5000 NO+ 5000
5000 ppm ppm H>O ppm HO
H,O
NiPc-Ni 1.81 2.57 2.26 4.99 1.85 5.32
NiPc-Cu 3.45 4.49 0.41 2.19 0.95 6.92
NiNPc-Ni | 2.62 0.96 10.03 3.57 9.85 14.51
NiNPc-Cu | 1.28 1.27 0.12 0.25 9.79 4.14

13.2.4. Analysis for Initial Rates of Response

Analyzing the initial rate of response of the sensor is a convenient technique that can enable
concentration-dependent measurement on a short timescale (less than a minute). The application of
initial rate analysis is well-established in biochemical sensors.5%2* The initial rate analysis usually
takes a significantly shorter time to complete a measurement compared with the steady-state
analysis.5?® At the initial stage of the analyte exposure, only a very small portion of the activate
sites on the surface of the materials is occupied. Considering that the sensor usually works in an
environment it is exposed to low concentrations of analytes, it is rational to assume that, at the
initial stage of the analyte exposure, the concentration of the analytes will be much smaller than
the density of unoccupied active sites on the sensing material. Consequently, the
reaction/interaction/binding event between the analyte and active sites on the surface of the sensing
material can be treated as a pseudo-first-order reaction.S?® In this case, the initial rate of the analyte
binding will be proportional to the concentration of the analyte. Since the response of the sensor
can be proportional to the quantity of analytes bound to the surface of the sensing material based
on the site-binding mechanism for chemiresistive sensing,?® The initial rate of response can thus
be expected to be proportional to the concentration of the analyte.
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Figure S81. (a) Responses of NiPc-Ni devices to 80, 40, 20, 10, 5, and 2 ppm of NHj3 after 1 min’s
exposure and the linear fitting of the response. (b) The slope of the fitting as a function of
concentration.
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Figure S82. (a) Responses of NiPc-Cu devices to 80, 40, 20, 10, 5, and 2 ppm of NH; after 1 min’s
exposure and the linear fitting of the response. (b) The slope of the fitting as a function of
concentration.
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Figure S83. (a) Responses of NiPc-Ni devices to 80, 40, 20, 10, 5, 2, 1, 0.5, and 0.2 ppm of H.S
after 1 min exposure and the linear fitting of the response. (b) The slope of the fitting as a function
of concentration.
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Figure S84. (a) Responses of NiPc-Cu devices to 80, 40, 20, 10, 5, 2, 1, 0.5, and 0.2 ppm of H,S
after 1 min exposure and the linear fitting of the response. (b) The slope of the fitting as a function

of concentration.
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Figure S85. (a) Responses of NiPc-Ni devices to 1, 0.5, 0.2, 0.08, 0.04, and 0.02 ppm of NO after
1 min exposure and the linear fitting of the response. (b) The slope of the fitting as a function of

concentration.
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Figure S86. (a) Responses of NiPc-Cu devicesto 1, 0.5, 0.2, 0.08, 0.04, and 0.02 ppm of NO after
1 min’s exposure and the linear fitting of the response. (b) The slope of the fitting as a function of

concentration.
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Figure S87. (a) Relationship between the response (-AG/Go) after 1.5 min exposure of gases and
gas concentrations. (b) Relationship between the slope of the response ((-AG/Go)/At) during the
first 1 min exposure to gases and gas concentrations. Both the response (-AG/Gg) and slope of the
response ((-AG/Go)/At) analysis allows the quick discrimination of the three gaseous analytes and
their concentrations within a short time of 1.5 min and 1.0 min, respectively. The insets show the
fitting range for NO.
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Table S19. Parameters for principal component analysis for 40 ppm NHs;, 40 ppm H.S, and 1.0
ppm NO.

(re;(plons (slcﬁ)ze of X3 (re;(:ons X5 X6 (res);Znse
MOFs | Gas | "5'3t30 | response at (IO_/|3° eat20 | (Tesponse | (recovery | oo atier
min) 1 minutes) min) min) time) ratio) recovery)
NH3 35.71 9.47 1.56 34.3 15.4 20.18 28.5
NiPc-Ni H2S 61.62 43.17 2.61 61.1 4.1 2.62 60
NO -657.54 -34.37 0.13 -470 27 31.56 -450
NH3 30.08 15.42 1.43 28.7 9.3 80.05 6
NiPc-Cu H2S 99.56 170.01 2277'2 99.2 1.07 0.56 99
NO -397.28 -36.69 0.20 -345 21.8 1.83 -390
. NH3 26.80 7.28 1.37 23.3 21 10.45 24
NI | Hes | 4812 5.43 1.93 43 20.2 0.25 48
NO -389.75 -45.40 0.20 -360 10 25.59 -290
) NH3 50.23 48.00 2.01 48.2 11.6 42.27 29
NS | Hs | 9520 103.00 | 20.82 | 946 4.7 1.26 94
NO -41.67 -10.70 0.71 -45 5 56.80 -18

Response time is the amount of time it takes to get to 90% of response values at 30 min exposure.
Recovery ratio is defined as -22min—lafter recovery 1 (4,

30 min—lo

The PCA was performed by using Statistics selection of OriginLab.

Table S20. Representative examples of NHs, H.S, and NO detection by NiPc-M MOFs and other
nanomaterials/methods.

Sensing devices or Detection range reference

material analyte method LOD
0.05- 2-80 ppm
NiPc-Ni NH3 chemiresistor 0.31 This work
ppm
0.16- 2-80 ppm
NiPc-Cu NH3; chemiresistor 0.33 This work
ppm
Cusz(HHTP), NH; chemiresistor gpsnoqo 1-100 ppm 827
Cuw;HITP: NH3 chemiresistor 0.5ppm  0.5-10 ppm S28
M:;HHTP:—Graphene . 5-1200 ppm S29
(M = Fe, Co, Ni, or Cu) NH3 chemiresistor 10 ppm
graphene NH3 chemiresistor 1 ppm N/A S30
graphene NH; FET 0.16 5-100 ppm S31
ppm
black phosphorus NH3 chemiresistor 10 ppm 10-300 ppm S32
MoS: NHj3 FET 0.3ppm  0.3-30 ppm S33
reduced graphene oxide NH3 chemiresistor 1 ppb 1 ppb-50 ppm S34
TizC2Tx NH3 chemiresistor 0.13 ppb  100-1000 ppb S35
single-walled carbon NHs chemiresistor 0.1% N/A S36
nanotubes
Modified single-walled NH; chemiresistor 0.1 ppm 1.5-20 ppm S37
carbon nanotubes
Polyaniline NH3 chemiresistor 1 ppm 1-600 ppm S38
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-
Palladium NH; chemiresistor 1 ppm (1)62,;1\/}0 3% 539
N/A NH: absorption 1 ppb N/A S40
spectroscopy
+ -
N/A NH; ion chromatography pz)pifb 1.9 0-1000 ppb S41
gas chromatography ~1.5 2-40 nmol/mL S42
N/A NH3 with flame photometric ~ pmol/m
detector (GC-FPD) L
cavity ring-down 0.1-2 ppm S43
N/A NH; spectroscopy (CRDS) >0 ppb
NiPc-Ni Hz2S chemiresistor 12);{;32.3 0.2 -80 ppm This work
NiPc-Cu HaS chemiresistor Il)qu-l 8.5 0.2-80 ppm This work
Ni:HHTP; HaS chemiresistor gﬁi =80 ppm S18
M3;HHTP2—Graphene — 5—80 ppm S29
(M = Fe, Co, Ni, or Cu) H2S chemiresistor 35 ppm
CuO HaS chemiresistor 2 ppb 2 ppb—1.2 ppm S44
reduced grapl}ene oxide- HaS chemiresistor 5 ppb 5-100 ppb S45
Cuz0 composite
grapher}e ~PSS=PANI H2S chemiresistor 1 ppm 1750 ppm 546
composite
CuO-doped 1-100 ppm S47
(Bao.sSro.2)(Sno.sTio.2) O3 HaS resistor 4-10 ppb
thick film
Nafion membrane . 0.1-100 ppm S48
(H;S0y treated) H-S electrochemical 100 ppb
Polyaniline- . 10-100 ppm S49
CuCl; composite HaS resistor 180 ppb
TEMPO functionalized 10 -100 ppm S50
single-walled carbon HaS chemiresistor N/A
nanotube
Au nanoparticle- single-  H2S chemiresistor 20-1000 ppb S51
walled carbon nanotube 3 ppb
composite
YZ-LiNbO; film H>S surface acoustic wave N/A 1-10 ppm S52
microchannel scrubber <0.02 ppm S53
N/A H2S with microfluoroscence 1 ppb
detector
N/A H2S gas chromatography 2.4 ppb 100 ppb-6000 S54
with pulsed flame pb
photometric detector
(GC-PFPD)
gas chromatography 0.5-100 ppm S55
with thermal
N/A Hz3 conductivity 0.5 ppm
detector (GC-TCD)
N/A HoS gas chromatography ~20 ppb  20-1500 ppb S56
with flame photometric
detector (GC-FPD)
N/A HaS gas chromatography 75 pg/ <60 ng/mL S57
with sulfur mL
chemiluminescent
detector (GC-SCD)
N/A S cavity ring-down 105 ppb N/A S58
spectroscopy
NiPc-Ni NO chemiresistor 0.06- 20-1000 ppb This work
1.06 ppb
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0.13- 20-1000 ppb

NiPc-Cu NO chemiresistor This work
1.00 ppb
M:;HHTP>—Graphene NO chemiresistor 17 ppm 5-80 ppm S29
(M = Fe, Co, Ni, or Cu)
NisHITP2, NisHHTP: NO chemiresistor gbln?f l4 25780 ppm S18
graphene NO chemiresistor 158 ppg 10 ppt S59
MoS: NO chemiresistor 0.8ppm  0.3-2 ppm S60
Pd-Pt/WO3/p-Si/Al NO chemiresistor N/A 50-250ppm S61
functionalized carbon NO chemiresistor N/A 1-100 ppm S62
nanotubes
WO3 NO potentiometric sensor N/A 1-100 ppb S63
array
N/A NO gas chromatography 12 ppm N/A S64
with thermal
conductivity
detector (GC-TCD)
N/A NO chemiluminescence 1 pmol 3-100000 pmol S65
N/A NO cavity ring-down 0.7ppb <1 ppm S66
spectroscopy

13.3.XPS and EPR Studies of Gas Exposure
For each sample used for XPS and EPR test, about 2 mg and 6 mg of MOF materials were

used for analytes exposure, respectively. The analyte-exposed samples were prepared by a gas
purging cycle of N (1 L/min, 30 minutes)—analyte (a controlled concentration, 30 min)—N: (1
L/min, 30 minutes) on pristine MOF materials. The concentrations of the analytes are controlled at
40 ppm for HzS and NHs, and 1 ppm for NO, respectively. The analyte-exposed samples were
immediately used for EPR tests using the operation conditions as described in Section 8. For the
XPS tests, the analyte exposed samples were prepared about 18 hours in advance, and were stored
under N at room temperature until the testing was done. The XPS analysis was performed under a

pressure of ~107° psi.
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Figure S88. Comparison of the O1S XPS spectrum of (a) pristine NiPc-Ni, (b) NiPc-Ni with the
exposure of H»S (40 ppm for 30 minutes), and (c) NiPc-Ni with the exposure of NO (1 ppm for 30
minutes). Deconvoluted peaks of O1S from C=0 and C-O are in blue and red, respectively, and the
ratios (%) of peak area are given accordingly. The origin curves are the sum of the deconvoluted
peaks.
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Figure S89. Comparison of the O1S and Cu2P XPS spectrum of (a) pristine NiPc-Cu, (b) NiPc-
Cu after exposure to HzS (40 ppm for 30 minutes), and (c) NiPc-Cu after the exposure to NO (1
ppm for 30 minutes). Deconvoluted peaks of O1S from C=0 and C-O are in blue and red,
respectively, and the ratios (%) of peak area are given accordingly. The deconvoluted Cu2p peaks
in (c) in blue and red are Cu?" and Cu*, respectively. The origin curves are the sum of the
deconvoluted peaks.
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Figure S90. Comparison of the EPR spectrum of (a) NiPc-Ni and (b) NiPc-Cu with (solid line)
and without (dash line) the exposure of 40 ppm H.S for 30 minutes.
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Figure S91. Comparison of the EPR spectrum of (a) NiPc-Ni and (b) NiPc-Cu with (solid line)
and without (dash line) the exposure of 1 ppm NO for 30 minutes.
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