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Materials. Cu(NO3)>-2.5H20 (98.3%, Mallinckrodt AR), Cu(OAc)2-H20 (>95%, TCI America),
CoCly6H20 (>98.0%, TCI America), Co(OAc).-4H>0 (98%, Alfa Aesar), Co(NO3),-6H>O (99
%, Stem Chemicals Inc.), Mn(OAc)2-4H>0 (99.9%, Alfa Aesar), MnCl,-4H>O (98%, Alfa Aesar),
FeCly-4H>0 (reagent grade, Ward’s Science), Ni(OAc)2-4H>O (98+%, Alfa Aesar), NiCl,-6H>O
(98%, Alfa Aesar), Zn(NO3)2-6H>O (technical grade, Ward’s Science), RhClz-H>O (99.98%,
Engelhard Chemicals), 1,3,5-benzenetricarboxylic acid (98%, Alfa Aesar), 5-nitroisophthalic acid
(98%, BeanTown Chemical), 2,3,6,7,10,11-hexahydroxytriphenylene (95%, Acros Chemical),
N,N'-dimethylformamide (ACS grade, BDH), methanol (>99.8%, HPLC grade, Fisher Scientific),
nitric acid (98%, Alfa Aesar), hydrochloric acid (ACS grade, Oakwood Chemical), acetone (ACS
grade, BDH), and ethanol (200 proof, Decon Laboratories, Inc.) were used as received.

Synthesis of monometallic MOFs, Cu3(BTC), (BTC*" = 1,3,5-benzenetricarboxylate),!
Zn3(BTC),,% Cus(NIP)s(OH),,? (Cus(NIP)4; NIP?~ = 5-nitroisophthalate), Coo(HHTP)s (HHTP? =
triphenylene-2,3,6,7,10,11-hexaone),* and Cu3(HHTP),* were performed based on the reported
procedures. The corresponding material characterization was performed using powder X-ray
diffraction (PXRD, Figures S2, S7, S12, and S17), thermogravimetric analysis (TGA, Figures S4
and S20), and Fourier-transform infrared spectroscopy (FTIR, Figures S5, S16, and S21).

Synthesis of Cu3(BTC); Single Crystals

For single crystal preparation of Cu3z(BTC)2, Cu(NO3)2:2.5H20 (89.8 mg, 0.386 mmol), H3;BTC
(49.2 mg, 0.234 mmol), and N,N-dimethylformamide (DMF):H,O:EtOH solvent mixture (1:1:1,
total volume = 6.00 mL) were added to a 20 mL vial and the mixture was sonicated for 5 min. The
mixture was heated at 75 °C in an oven for 24 h. After cooling to room temperature, the blue
crystals of Cu3z(BTC)2 (96% yield) were collected by filtration and washed thoroughly with DMF
(3 x 20 mL). The yield was recorded upon drying in air for 1 h. PXRD studies confirmed the
crystallinity of the bulk material (Figure S7).

Synthesis of Heterometallic MOF's

Cu25C005-HHTP. In a 20 mL vial, powder of Coo(HHTP)4 (20.0 mg, 11.0 umol) was added to
an aqueous solution of Cu(OAc) (0.069 M, 1.00 mL) and stirred for 16 h at 85 °C on a hotplate.
The dark powder, obtained in 88% yield, was collected by filtration and washed thoroughly with
deionized water (2 x 20 mL) and then with acetone (3 x 20 mL). The yield was recorded upon
drying in air for 1 h. PXRD studies were used to confirm crystallinity of bulk material after
transmetallation (Figure S2). TGA was used to evaluate stability of the obtained framework and
the corresponding TGA plot is shown in Figure S4. The FTIR spectrum is shown in Figure S5.
The composition of the prepared sample was estimated based on inductively coupled plasma mass
spectrometry (ICP-MS) data; prior to this analysis, the sample was subjected to an extensive
washing procedure using the Soxhlet apparatus for seven days with water and acetone solvent
mixture.

Cuz2.0Mnyo-HHTP. In a 20 mL vial, powder of Cus(HHTP); (50.0 mg, 60.0 pmol) was added to
an aqueous solution of Mn(OAc) (0.110 M, 2.00 mL) and stirred for 16 h at 85 °C on a hotplate.
The dark blue powder, obtained in 70% yield, was collected by filtration and washed thoroughly
with deionized water (2 x 20 mL) and then with acetone (3 x 20 mL). The yield was recorded upon
drying in air for 1 h. PXRD studies were used to confirm crystallinity of bulk material after
transmetallation (Figure S3). The FTIR spectrum is shown in Figure S5. The composition of the
prepared sample was estimated based on ICP-MS data; prior to this analysis, the sample was
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subjected to an extensive washing procedure using the Soxhlet apparatus for seven days with water
and acetone solvent mixture.

Cu1sNir.s-HHTP. In a 20 mL vial, powder of Cuz(HHTP)2 (50.0 mg, 60.0 pmol) was added to an
aqueous solution of Ni(OAc) (0.110 M, 2.00 mL) and stirred for 16 h at 85 °C on a hotplate. The
dark blue powder, obtained in 78% yield, was collected by filtration and washed thoroughly with
deionized water (2 x 20 mL) and then with acetone (3 x 20 mL). The yield was recorded upon
drying in air for 1 h. PXRD studies were used to confirm crystallinity of bulk material after
transmetallation (Figure S3). The FTIR spectrum is shown in Figure S5. The composition of the
prepared sample was estimated based on ICP-MS data; prior to this analysis, the sample was
subjected to an extensive washing procedure using the Soxhlet apparatus for seven days with water
and acetone solvent mixture.

Cu2.6Rho4~-HHTP. In a 20 mL vial, powder of Cus(HHTP), (50.0 mg, 60.0 umol) was added to
an aqueous solution of RhCls (38.0 mM, 2.00 mL) and stirred for 16 h at 85 °C on a hotplate. The
dark powder, obtained in 58% yield, was collected by filtration and washed thoroughly with
deionized water (2 x 20 mL) and then with acetone (3 x 20 mL). The yield was recorded upon
drying in air for 1 h. PXRD studies were used to confirm crystallinity of bulk material after
transmetallation (Figure S3). The FTIR spectrum is shown in Figure S5. The composition of the
prepared sample was estimated based on ICP-MS data; prior to this analysis, the sample was
subjected to an extensive washing procedure using the Soxhlet apparatus for seven days water and
acetone solvent mixture.

Cu3-xMnx(BTC);. The heterometallic MOFs Cuz.8Mno.2-BTC, Cuz6Mno4-BTC, and Cuz.4Mno.¢-
BTC were prepared by heating crystals of Cuz(BTC), (450 mg, 0.744 mmol) in a DMF solution
of MnCl, (0.250 M, 10.0 mL) in a 20 mL vial for 24, 48, and 72 h, respectively, at 90 °C in a
preheated oven. The yields for Cuz sMng2-BTC, Cuz.6Mno 4-BTC, and Cuz4Mng s-BTC were found
to be 81%, 79%, and 77%, respectively. The yields were recorded upon drying in air for 1 h. Before
further characterization of the prepared green crystals, a solvent exchange procedure was
performed. The heterometallic samples were immersed in ethanol for three days, and ethanol was
refreshed twice each day. The prepared crystals of Cus-xMnx(BTC), MOFs were suitable for
single-crystal X-ray analysis. The detailed description of the data collection and refinement details
are given below. Tables S1 and S2 contain the crystallographic refinement data of Cu;-xMnx-BTC
MOFs. The crystallinity of heterometallic samples was confirmed by PXRD (Figure S8). TGA
was used to evaluate stability of the obtained framework, and the corresponding TGA plot is shown
in Figure S13. The FTIR spectrum is shown in Figure S16. The composition of the prepared
samples was estimated based on ICP-MS data; prior to this analysis, the sample was subjected to
an extensive washing procedure using the Soxhlet apparatus for seven days with DMF and ethanol
solvent mixture.

Cuz-xFex(BTC),. The heterometallic MOFs Cuz.7Feo3-BTC, Cuz6Feo4-BTC, and Cuz.2Feos-BTC
were prepared by heating crystals of Cuz(BTC), (450 mg, 0.744 mmol) in a DMF solution of FeCl»
(67.0 mM, 10.0 mL) in a 20 mL vial for 24, 48, and 72 h, respectively, at 90 °C in a preheated
oven. The yields for Cuz7Feo3-BTC, CuzsFeos-BTC, and Cuz2Feos-BTC were found to be 79%,
71%, and 65%, respectively. The yields were recorded upon drying in air for 1 h. Before further
characterization of the prepared green crystals, a solvent exchange procedure was performed. The
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heterometallic samples were immersed in ethanol for three days, and ethanol was refreshed twice
each day. The prepared crystals of Cuz-xFex(BTC), MOFs were suitable for single-crystal X-ray
studies. The detailed description of the data collection and refinement details are given below.
Tables S1 and S2 contain the crystallographic refinement data of Cus-xFex-BTC MOFs. The
crystallinity of heterometallic samples was confirmed by PXRD (Figure S9). TGA was used to
evaluate stability of the obtained framework, and the corresponding TGA plot is shown in Figure
S13. The FTIR spectrum is shown in Figure S16. The composition of the prepared samples was
estimated based on ICP-MS data; prior to this analysis, the sample was subjected to an extensive
washing procedure using the Soxhlet apparatus for seven days with DMF and ethanol solvent
mixture.

Cuz—xCox(BTC)2. The heterometallic MOFs, Cuz9Co00.1-BTC, Cu25Co00.13-BTC, and
Cu2.79C00.21-BTC, were prepared by heating crystals of Cu3(BTC), (150 mg, 0.248 mmol) in a
DMF solution of Co(NO3)2 (0.100 M, 5.00 mL) in a 20 mL vial for 12, 42, and 72 h, respectively,
at 90 °C in a preheated incubator. The yields for Cuz9Co00.1-BTC, Cuz32C00.15-BTC, and
Cu2.79C00.21-BTC were found to be 80%, 77%, and 75%, respectively. The yields were recorded
upon drying in air for 1 h. Before further characterization of the prepared green crystals, a solvent
exchange procedure was performed. The heterometallic samples were immersed in ethanol for
three days, and ethanol was refreshed twice each day. The prepared crystals of Cusz—xCox(BTC)
MOFs were suitable for single-crystal X-ray analysis. The detailed description of the data
collection and refinement details are given below. Tables S1 and S2 contain the crystallographic
refinement data of Cu3—xCox-BTC MOFs. The crystallinity of heterometallic samples was
confirmed by PXRD (Figure S10). TGA was used to evaluate stability of the obtained framework,
and the corresponding TGA plot is shown in Figure S14. The FTIR spectrum is shown in Figure
S16. The composition of the prepared samples was estimated based on ICP-MS data; prior to this
analysis, the sample was subjected to an extensive washing procedure using the Soxhlet apparatus
for seven days with DMF and ethanol solvent mixture.

Cu2.7Nip3-BTC. In a 20 mL vial, crystals of Cuz(BTC)2 (300 mg, 0.496 mmol) were heated in a
DMF solution of NiCl, (0.190 M, 5.00 mL) for 74 h at 90 °C in a preheated incubator. The yield
of blue-green crystals was found to be 85%. The yield was recorded upon drying in air for 1 h.
Before further characterization of the prepared crystals, a solvent exchange procedure was
performed. The heterometallic MOF was immersed in ethanol for three days, and ethanol was
refreshed twice each day. The crystallinity of heterometallic samples was confirmed by PXRD
(Figure S11). TGA was used to evaluate stability of the obtained frameworks, and the
corresponding TGA plot is shown in Figure S14. The FTIR spectrum is shown in Figure S16. The
composition of the prepared sample was estimated based on ICP-MS data; prior to this analysis,
the sample was subjected to an extensive washing procedure using the Soxhlet apparatus for 7
days with DMF and ethanol solvent mixture.

Cu1.6Zn14-BTC. In a 20 mL vial, crystals of Zn3(BTC), (380 mg, 0.623 mmol) were soaked in an
ethanol solution of Cu(NO3), (1.01 M, 5.00 mL) for 24 h at room temperature. The yield of
Cui1.6Zn1 4-BTC blue crystals was found to be 80% and was recorded upon drying in air for 1 h.
Before further characterization of the prepared crystals, a solvent exchange procedure was
performed. The heterometallic MOF was immersed in ethanol for three days, and ethanol was
refreshed twice each day. The crystallinity of heterometallic samples was confirmed by PXRD
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(Figure S12). TGA was used to evaluate stability of the obtained frameworks, and the
corresponding TGA plot is shown in Figure S15. The FTIR spectrum is shown in Figure S16. The
composition of the prepared sample was estimated based on ICP-MS data; prior to this analysis,
the sample was subjected to an extensive washing procedure using the Soxhlet apparatus for seven
days with DMF and ethanol solvent mixture.

Cuy.4Feos-NIP. In a 20 mL vial, powder of Cus(NIP)4 (399 mg, 0.336 mmol) was soaked in a
DMF solution of FeCl (67.0 mM, 3.00 mL) for 1 h at room temperature. The yield of the green
powder was found to be 88% and was recorded upon drying in air for 1 h. Before further
characterization of the prepared powder, a solvent exchange procedure was performed. The
heterometallic MOF was immersed in methanol for three days and methanol was refreshed twice
each day. The crystallinity of heterometallic samples was confirmed by PXRD (Figure S18). TGA
was used to evaluate stability of the obtained frameworks, and the corresponding TGA plot is
shown in Figure S19. The FTIR spectrum is shown in Figure S21. The composition of the prepared
sample was estimated based on ICP-MS data; prior to this analysis, the sample was subjected to
an extensive washing procedure using the Soxhlet apparatus for seven days with DMF as the
solvent.

CussMng2-NIP. In a 20 mL vial, powder of Cus(NIP)4 (399 mg, 0.336 mmol) was soaked in a
DMF solution of MnCl, (0.250 M, 1.50 mL) for 3.5 h at room temperature. The yield of the green
powder was found to be 88% and was recorded upon drying in air for 1 h. Before further
characterization of the prepared powder, a solvent exchange procedure was performed. The
heterometallic MOF was immersed in methanol for three days, and methanol was refreshed twice
each day. The crystallinity of heterometallic samples was confirmed by PXRD (Figure S18). TGA
was used to evaluate stability of the obtained frameworks, and the corresponding TGA plot is
shown in Figure S19. The FTIR spectrum is shown in Figure S21. The composition of the prepared
sample was estimated based on ICP-MS data; prior to this analysis, the sample was subjected to
an extensive washing procedure using the Soxhlet apparatus for seven days with DMF as the
solvent.

Cuy.sRho2-NIP. In a 20 mL vial, powder of Cus(NIP)4 (377 mg, 0.317 mmol) was soaked in a
DMF solution of RhCl; (39.0 mM, 3.00 mL) and gently stirred for 5 h at 60 °C on a hotplate. The
yield of the green powder was found to be 75% and was recorded upon drying in air for 1 h. Before
further characterization of the prepared powder, a solvent exchange procedure was performed. The
heterometallic MOF was immersed in methanol for three days, and methanol was refreshed twice
each day. The crystallinity of heterometallic samples was confirmed by PXRD (Figure S18). TGA
was used to evaluate stability of the obtained frameworks, and the corresponding TGA plot is
shown in Figure S20. The FTIR spectrum is shown in Figure S21. The composition of the prepared
sample was estimated based on ICP-MS data; prior to this analysis, the sample was subjected to
an extensive washing procedure using the Soxhlet apparatus for seven days with DMF as the
solvent.

X-ray Crystal Structure Determination

Cu2.4Mno6-BTC, Cuz.4Feos-BTC, and Cu1.9Co1.1-BTC. X-ray intensity data from blue green
octahedra were collected at 100(2) K using a Bruker D8 QUEST diffractometer equipped with a
PHOTON-100 CMOS area detector and an Incoatec microfocus source (Mo-Ka radiation, 4 =

S8



0.71073 A). The raw area detector data frames were reduced and corrected for absorption effects
using the Bruker APEX3, SAINT+ and SADABS programs.>® Final unit cell parameters were
determined by least-squares refinement of large sets of reflections taken from each data set. The
structures were solved with SHELXT.”® Subsequent difference Fourier calculations and full-
matrix least-squares refinement against /2 were performed with SHELXL-2016"8 using OLEX2.’

The heterometallic frameworks are isostructural and crystallize in the cubic system. The
pattern of systematic absences in the intensity data was consistent with the space group Fm-3m,
which was verified by structure solutions and refinements. The asymmetric unit of the structures
consist of one unique metal site, one axial site modeled as a water oxygen, and /¢ of one CoH3O¢>~
ligand with Csy point symmetry. The axial site is disordered over two symmetry-equivalent
positions. Metal atom mixing was diagnosed by first setting the unique metal site as 100% copper
and then refining the site occupancy factor (sof). In all three cases the sof{(Cu) decreases slightly
below 1.0 (0.963(5) for the Mn crystal, 0.974(6) for Fe, and 0.964(5) for Co). Though a small
change from full Cu occupancy, these observed sof{Cu) deviations from 1.00 are consistent with
some site admixture of a lighter atom onto the site. Subsequently the site was refined as a mixed
Cu/Mn, Cu/Fe or Cu/Co site with the total site occupancy constrained to sum to one. The site
mixing ratios refined to: Cu/Mn = 0.82(3)/0.18(3), Cu/Fe = 0.81(4)/0.19(4), Cu/Co =
0.64(5)/0.36(5). All non-hydrogen atoms were refined with anisotropic displacement parameters.
The unique hydrogen atom H3 bonded to carbon C3 was located by Fourier difference synthesis
before being placed in a geometrically idealized position and included as a riding atom with d(C—
H) = 0.95 A and Uiso(H) = 1.2Ueq(C). No hydrogen atom could be located, and none were
calculated for the axial water hydrogen atoms. Observed electron density near this split water site
suggests some minor substitution by another solvent, likely DMF, but a reasonable disorder model
could not be achieved. The structures contain large cavities filled with heavily disordered solvent
species which could not be clearly identified or modeled. Trial modeling efforts suggest mostly
water. These species were accounted for with Squeeze.!® Solvent-accessible volumes (SAV) of
11931 A3 (Cu/Mn), 11982 A3 (Cu/Fe) and 11938 (Cu/Co) were calculated, containing the
equivalent of 588 (Cu/Mn), 477 (Cu/Fe), and 703 (Cu/Co) electrons per unit cell. The scattering
contribution of this electron density was added to the structure factors computed from the modeled
part of the structure during refinement. The reported crystal density and F.W. are calculated from
the known part of the structure only.

Cu23Mng7-BTC, CuisFei2-BTC, and Cui.1Co1.9-BTC. These crystals were isostructural to
those described above. Solution and refinement of these compounds were identical as was the
identification and treatment of the metal site mixing and cavity guest disorder.

Relevant information: Site mixing ratios and SAV: Cu/Mn: 0.76(3)/0.24(3), 11413 A3; Cu/Fe:
0.606(16)/0.394(16), 11414 A3, and Cu/Co: 0.36(3)/0.64(3), 12057 A3, respectively.
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Table S1. X-ray structure refinement data for Cux4Mnos-BTC, CursFeos-BTC,

Cu1.9Co1.1-BTC.#

compound Cu2.4Mn6-BTC Cuz.4Feos-BTC Cu1.9Co01.1-BTC
formula C36H12Cu4.80Mn1.11030 | C36H12Cusa.80Fe1.11030 | C36H12Cu3.85C02.15030
Fw 1296.17 1297.14 1295.68
T,K 100(2) 100(2) 100(2)
crystal system cubic cubic cubic
space group Fm-3m Fm-3m Fm-3m
Z 8 8 8
a, A 26.3140(11) 26.2988(9) 26.2987(11)
b, A 26.3140(11) 26.2988(9) 26.2987(11)
c, A 26.3140(11) 26.2988(9) 26.2987(11)
a, ° 90 90 90
B, ° 90 90 90
P, ° 90 90 90
v, A3 18221(2) 18189.0(19) 18189.0(2)
d,,., gem’ 0.945 0.947 0.946
1, mm-! 1.321 1.346 1.318
F(000) 5101.0 5109.0 5102.0
crystal size, mm?|  0.18 x 0.14 x 0.12 0.22x0.2x0.14 0.2x0.14 x0.1
theta range 4.378 to 56.59 4.38 t0 55.008 2.682 t0 59.972
—35<h<35 —34<h<26 —36<h<35
index ranges —35<k<35 —25<k<34 —-36<k<35
—-35<1<35 —27<1<32 -36<1<36
refl. collected 159093 29719 52661
data/restraints/ 1179/0/40 1096/0/40 1361/0/40
parameters
GOF on F? 1.185 1.234 1.197
largest diff. 0.44/-0.98 0.46/-0.86 0.46/-0.53
peak/hole / eA™
[Ilg/gz_l(elz)’]b 0.0404/0.1332 0.0429/0.1487 0.0418/0.1424

“ Mo-Ka (4 =0.71073 A) radiation
P Ry = Z||Fo[—|Fell/ X |Fol, wRy = {Z [W(Fo*—FZ)) X [w(Fo)2]} '
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Table S2. X-ray structure refinement data for Cux3Mng7-BTC, CuisFe12-BTC,

Cu1.1Co19-BTC.#

compound Cu23Mno7-BTC CuisFe12-BTC Cu1.1C01.9-BTC
formula C36H12Cu4.5sMn1.42030| C36H12Cu3 64F€2.36030| C36H12Cu2.19C03.81030
FW 1293.26 1287.43 1295.51
T,K 100(2) 100(2) 100(2)
crystal system cubic cubic cubic
space group Fm-3m Fm-3m Fm-3m
Z 8.00064 8.00064 8.00064
a, A 26.2845(9) 26.2777(9) 26.3116(5)
b, A 26.2845(9) 26.2777(9) 26.3116(5)
e, A 26.2845(9) 26.2777(9) 26.3116(5)
a, ° 90 90 90
B, ° 90 90 90
P, ° 90 90 90
v, A3 18159.3(19) 18145.2(19) 18215.5(10)
d,,., gem’ 0.946 0.947 0.945
1, mm-! 1.294 1.256 1.314
F(000) 5090.0 5079.0 5101.0
crystal size, mm3| 0.1 x 0.08 x 0.06 0.22 x 0.18 x 0.06 0.18 x 0.15 x 0.08
theta range 4.384 to 52.654 4.384 to 52.668 2.68 to 54.978
—32<h<32 —32<h <28, —-34<h<34
index ranges —-30<k<28 —29<k<32 —-34<k<34
—29<1<32 -31<1<32 —34<1<34
refl. collected 30641 32934 64604
da;zi zn“erf:?f/ 988/0/39 988/0/39 1094/0/40
GOF on F? 1.040 1.094 1.221
largest diff. 0.60/—0.48 0.31/-0.21 0.40/-0.50
peak/hole / eA ™3
[IRZl/;z_I(eIZ)’],, 0.0399/0.1005 0.0224/0.0597 0.0427/0.1376

“ Mo-Ka (4 =0.71073 A) radiation
P Ry = Z||Fo[—|Fell/ X |Fol, wRy = {Z [W(Fo*—F )] X [w(Fo)2]} '
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Table S3. Unit cell parameter and selected bond distances in Cuz(BTC)2, Cu24Mngs-BTC,
Cuz.4Feps-BTC, and Cui1.9Co1.1-BTC (Figure S6) at 100 K.

compound Cuz(BTC): | Cu24Mno6-BTC Cuz.4Feos-BTC Cu1.9Co01.1-BTC

a, A 26.3008(9) 26.3140(11) 26.2988(9) 26.2987(11)
d(Cul—Cul), A | 2.6593(11) 2.6580(9) 2.6597(12) 2.6579(8)

d(Cul-01), A 1.956(2) 1.9584(17) 1.957(2) 1.9591(16)
d(Cul-03), A 2.134(5) 2.138(5) 2.140(6) 2.147(4)
d(01-C1), A 1.256(3) 1.255(2) 1.257(3) 1.253(2)
d(C1-C2), A 1.511(6) 1.508(4) 1.508(6) 1.504(4)
d(C2-C3), A 1.390(3) 1.389(2) 1.391(3) 1.394(2)

Table S4. Unit cell parameter and selected bond distances in Cuz(BTC)2, Cu23Mng7-BTC,
Cui.sFe12-BTC, and Cui.1Co1.o-BTC (Figure S6) at 100 K.

compound Cu3z(BTC): Cuz23Mng7-BTC CuisFe12-BTC Cu1.1Co1.9-BTC

a, A 26.3008(9) 26.2845(9) 26.2777(9) 26.3116(5)

d(Cul—Cul), A | 2.6593(11) 2.6320(12) 2.6381(6) 2.6588(12)
d(Cul-01), A 1.956(2) 1.948(2) 1.9505(10) 1.958(2)
d(Cul-03), A 2.134(5) 2.183(6) 2.179(3) 2.145(6)
d(01-C1), A 1.256(3) 1.268(3) 1.2636(13) 1.257(3)
d(C1-C2), A 1.511(6) 1.478(5) 1.483(3) 1.505(5)
d(C2-C3), A 1.390(3) 1.390(3) 1.3897(13) 1.391(3)
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Topological Analysis and Voronoi-Dirichlet Tessellation for Coo(HHTP)4, Cu3z(BTC)2, and
Cus(NIP)4

Topology was determined using the ADS program integrated in the ToposPro software
package.!!!? The crystal structures were simplified using an established procedure.!® The resulting
nets were classified using the ADS program and the topological database provided with the Topos
software. Dirichlet program was employed for Voronoi—Dirichlet polyhedra construction and solid
angle evaluation.

Thermogravimetric Analysis of Cu;—xM'x(HHTP)2, Cuz-xM'x(BTC)2, and Cus-xM'x(NIP)4
The thermal stability of the Cuz-xM'x(BTC)> MOFs (where M’ = Mn, Fe, Co, and Ni; Figures S13
and S14) and Cu3-xZnxBTC (Figure S15) was studied by TGA. The TGA plots (Figures S13—-S15)
demonstrate the rapid loss of solvent molecules at 28—150 °C. The observed weight loss (< 40
wt%) in Cuz-xM'x(BTC); (where M’ = Mn, Fe, Co, Ni, Zn) systems at this temperature range can
be attributed to removal of non-coordinated solvents (e.g., DMF, ethanol, and/or water), which is
in good correlation with the residual electron density calculated from the single-crystal X-ray data.
The thermal stability studies of the Cus-—xM'x(NIP)s MOFs (where M' = Mn, Fe, and Rh)
demonstrate the loss of solvent molecules at 28—100 °C (Figures S19 and S20). Overall, the
described Cuz-xM'x(BTC); and Cus-xM'x(NIP)s MOFs maintain thermal stability up to 250 °C.
TGA plots of Cu3-xCox(HHTP), MOFs demonstrate that stability is maintained upon
incorporation of the second metal. The weight loss (< 35 wt%) occurring in a temperature range
of 28—200 °C demonstrates the removal of solvent molecules followed by a gradual decomposition
of MOF (Figure S4).

X-ray Photoelectron Spectroscopy (XPS) Studies of Cu;—xM'x(HHTP);, Cu3-xM'x(BTC)2,
and Cus—xM'x(NIP)4
The X-ray photoelectron spectroscopic (XPS) studies were employed to investigate the oxidation
state of the metals incorporated into the studied heterometallic MOF structures. Furthermore,
employing the XPS technique also provides a non-destructive analytical route through which the
electronic properties of the MOFs can be studied by monitoring the population of the density of
states (DOS) near the Fermi energy level.> Accounting for the significant contribution from the
adventitious carbon binding energies, all spectra were calibrated according to the position of the
284.8 €V peak.!*!° To establish the purity of the samples, survey scans were collected for each
sample followed by the relevant regions, including C(1s), O(1s), Cu(2p), Cu(LMM), M'(2p) for
= Mn, Fe, Co, Ni, and Zn, and M’(3d) for M’ = Rh. The prepared powder of Cu3-xM'x(HHTP),,
Cuz-xM'x(BTC),, and Cus-xM'x(NIP)s MOFs were evacuated under appropriate conditions (Table
1 in the main text) under the Schlenk line to remove residual solvent in the pores. Immediately
after heating, samples were first refilled with nitrogen and then transported to the XPS facility in
closed vials to minimize contact with moisture in the atmosphere. The samples were then loaded
into vacuum chamber and evacuated overnight to ensure removal of residual water absorbed during
the transfer process.

Determination of valence band onset. For comparing the valence band regions of
CU3—XM'X(HHTP)2, CU3—XM'X(BTC)2, and Cus—xM'x(NIP)4 MOFs, we determined the valence
band onset.'® Valence band onset was calculated as the binding energy at the intersection of a line
at near 0 intensity, provided by modelling the baseline signal, and a tangent line along the
maximum rapid change in intensity. A linear fitting was applied for both lines i.e., baseline and
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tangent, using linear regression. Standard errors for linear regression coefficients, intercept and
slope, were determined, and then converted to valence band onset standard error using the
propagation of uncertainty method. The standard error from this approximation can be found in
Table S6.

Assignment of Cu oxidation states. Regarding the assignment of the Cu oxidation states in both
the pure monometallic and heterometallic MOFs, the Cu(2p3/2) peaks around 933.0 and 934.7 eV
attributed to Cu!* and Cu?*, respectively, were evaluated. These binding energies are consistent
with those that have been reported in the literature for Cu'* and Cu®** complexes.? Since the
Cu(2p32) binding energy is not significantly different for Cu'* and Cu®, the Cu(LMM) Auger
region was used to distinguish these two oxidation states.!” The Cu(LMM) peak has a distinctly
different peak shape for metallic Cu vs. Cu'* or Cu?*. Specifically, an intense, sharp peak at 568
eV and a smaller peak at 565 eV are observed for metallic Cu, whereas a single broad peak around
572 eV is observed for the Cu ions.>!®!” A more detailed discussion of the assignment of Cu
oxidation states in the Cu3(BTC), MOF can be found in our previous XPS studies of Cuz(BTC),.?
The Cu(2p12) was not typically collected since it required additional X-ray exposure time, which
is known to change Cu oxidation states; moreover, the splitting between the (2p3»2) and (2pi.2)
states remained fixed at 19.9 eV, regardless of whether the Cu in MOF was predominantly Cu'*
or Cu?". In conclusion, the oxidation state of Cu in Cuz-xM'x(HHTP), and Cuz-xM'x(BTC): is +1
and +2, respectively. In contrast, the Cus—xM'x(NIP)4 system showed a dominance of Cu in the +2
oxidation state.

Assignment of M’ oxidation state. The M'(2p) for M’ = Mn, Fe, Co, Ni, and Zn, and M'(3d) for
M’ = Rh regions were considered in order to determine the oxidation state of M’ in
Cuz—xM'x(HHTP),, Cuz-xM'x(BTC),, and Cus-xM'x(NIP)s MOFs. Oxidation state alignment was
performed through comparison of binding energies of the peaks in the listed regions with those
that have been reported in the literature for complexes and metal salts with known oxidation states.
For instance, the XPS results of the Rh-containing MOFs across the studied systems show a peak
at 310.0 eV in the Rh(3ds.) region, which corresponds to Rh in the +3 oxidation state.?’The
assignment of Rh*" in the mononuclear Cuz.¢Rho4-HHTP and pentanuclear CussRho2-NIP MOFs
is consistent with literature reports of Rh** in RhCls metal salt and other Rh(IIT) complexes.?*2! In
conclusion, the oxidation state of Mn, Co, Ni, Zn, and Rh in the studied Cuz-xM'x(HHTP),,
Cuz—xM'x(BTC)a, and Cus-xM'x(NIP)s MOFs is +2, +2, +2, +2, and +3, respectively, the oxidation
state of Fe is +3 in Cus-xFex(BTC),.20-34

Statistical Description of Conductivity Values for Cuz-xM'x(BTC):

The differences in conductivity values were analyzed using descriptive statistics by an analysis of
variance (ANOVA) test*>—37 integrated into the MATLAB software. An ANOVA test is applied to
determine if the means of each group are statistically different within each group. In our
calculations, we used three groups: conductivity values of Cuz-xCox(BTC),, Cuz-xFex(BTC),, and
Cuz-xMnx(BTC),, with five data points per heterometallic sample. It was found that the
conductivity values were statistically different within the metal percentage populations of
Cuz-xCox(BTC), (p-value = 3.9 x 1072%) and Cuz-xMnx(BTC), (p-value = 7.8 x 10717), rejecting
the null hypothesis (null hypothesis = all values are statistically the same).>®3° However, for
Cuz—xFex(BTC), the null hypothesis failed to be rejected due to a p-value of 0.77 for the
conductivity values of Cuz7Feo3-BTC within the Cus-xFex(BTC). group.
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Physical Measurements

Single-crystal X-ray diffraction studies of the MOF samples were done on a Bruker AXS D8
Advance diffractometer using a Mo-Ko. (4 = 0.71073 A) operating at a voltage of 40 kV and a
current of 40 mA. PXRD patterns were recorded on a Rigaku Miniflex II diffractometer using Cu-
Ko (A = 1.5406 A) radiation with accelerating voltage and current of 30 kV and 15 maA,
respectively. TGA was performed on a SDT Q600 Thermogravimetric Analyzer using an alumina
boat as a sample holder at a heating rate of 5 °C/min. ICP-MS analysis was conducted using a
Finnigan ELEMENT XR double focusing magnetic sector field inductively coupled plasma-mass
spectrometer with Ir and/or Rh as internal standards. A Micromist U-series nebulizer (0.2 ml/min,
GE, Australia), quartz torch, and injector (Thermo Fisher Scientific, USA) were used for sample
introduction. Sample gas flow was 1.08 mL/min and the forwarding power was 1250 W. The
samples were digested in Teflon vessels with nitric and hydrochloric acids and then heated at 180
°C for 4 h. XPS measurements were performed using a Kratos AXIS Ultra DLD XPS system with
a monochromatic Al Ko source operated at 15 keV and 150 W and a hemispherical energy
analyzer. Samples were placed in small powder pockets on the holder and analysis was performed
at a pressure below 1 x 10 mbar. High-resolution core level spectra were measured with a pass
energy of 40 eV, and analysis of the data was carried out using XPSPEAK41 software. A charge
neutralizer was used to compensate for sample charging by bombarding the sample with low-
energy electrons; electrons are generated by a hot filament, and the trajectories of the electrons
toward the sample are by controlled electric and magnetic fields. Diffuse reflectance spectra were
collected on an Ocean Optics JAZ spectrometer or a PerkinElmer Lambda 850. For the JAZ
spectrometer, an Ocean Optics ISP-REF integrating sphere was connected to the spectrometer
using a 450 pum SMA fiber optic cable. Samples were loaded in an 8.0 mm quartz sample cell or
pressed between quartz microscope slides, which was referenced to a Spectralon standard. The
Tauc analysis was performed using diffuse reflectance data with an assumption of direct band-gap
transitions.*® A linear fitting was applied for the Tauc plot and the standard error from this
approximation can be found in Table S8. The conductivity measurements on MOF pressed pellets
were performed using a two-probe home-built in-sifu pressed pellet device*! connected to a
sourcemeter (Keithley Instruments GmbH, Germering, Germany, model 263A). For sample
preparation, MOF was initially evacuated to remove solvent molecules (details can be found in
Table 1 in main text) and then stored under nitrogen. The MOF powder (10 mg) was quickly
transferred using a spatula to a quartz tube resting on one of the stainless steel rods of the home-
built device.*! Next, the second stainless steel rod was quickly placed on top of the powder and
the pellet was pressed between the rods. The diameter of the resulting pellet is the same as the
inner diameter of the quartz tube (d = 2 mm). The thickness of the pellets was kept consistent (/ =
1 mm) by using the same amount of material. After forming a small pellet, the stainless-steel rods
were connected to the sourcemeter using alligator clips to perform conductivity measurements.
For all measurements, the number of power line cycles (NPLC) was set to 5 with a delay of 1 ms.
The electrical conductivity of the prepared pellets was calculated by fitting the obtained linear -V
curves using Ohm’s law. The standard error can be found in Table S10.
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Theoretical Calculation Methods

Density functional theory (DFT) calculations were performed using the Vienna ab initio
simulation package (VASP)*>* with plane wave basis sets. Projector-augmented wave (PAW)*4
pseudopotentials were employed, with the H 1s!, C 2s22p?, O 2s?2p*, Mn 3p®3d®4s!, Fe 3p®3d74s!,
Co 3p®3d®4s!, Ni 3p®3d°4s!, Cu 3p®3d!%4s!, and Zn 3p®3d!%4s? treated explicitly. As a truncated
model for the calculations, Cuz(OAc)s and CuM'(OAc)4 clusters (where M’ = Co, Ni, Mn, Fe, and
Zn) were chosen (Figure S34). The geometries were optimized using the GGA-PBE*® exchange
correlation functionals. The van der Waals interactions were taken into account using the
dispersion correction formula in the PBE-D3 functionals by Grimme et al*’ with Becke-Johnson
Damping. Additionally, an on-site Coulomb interaction was added to the Co-, Ni-, Mn-, Fe-, Zn-,
and Cu-d electrons to better describe the strong correlation of these electrons, within the DFT+U
formalism.*® Based on previous studies on doping in Cu20,* a U-J value of 4.0 eV was used. The
plane-wave energy cutoff was set to 520 eV and spin-polarized calculations were performed at the
I"-only k-point. Anti-ferromagnetic magnetic ordering of the two metal atoms was found in the
ground state for all cases. Structural optimization was performed until the forces on each ion was
less than 25 meV/A using 0.1 meV as the energy tolerance criteria for the electronic step. Gaussian
smearing with a width of 0.05 eV was applied to all optimizations. A conjugate-gradient
algorithm®*>! was used to relax all of the ions. The calculations were performed on secondary
building units (SBUs) isolated in a cubic box of size 30 A. The band gaps and partial DOS were
calculated by single point calculations using the hybrid HSE06 (25% exact exchange) method“>>3
following the geometry optimizations. The exact exchange for CuMn(OAc)s cluster was adjusted
to 30%, from the standard 25% used for all other calculations, to fit its band gap to experimental
trend in this work. This technique of exact exchange modulation for transition metal based systems
is well-established in previous reports.’**> GGA+U derived wavefunctions were kept constant to
perform the HSE calculations.

It was demonstrated that 50% substitution of copper with cobalt, nickel, manganese, and
iron in Cuz(OAc)4 decreases the band gap from 3.86 eV to 3.32 eV, 3.50 eV, 3.65 ¢V, and 3.70 eV
respectively. The partial DOS suggests that this decrease in band gap is associated with changes
in electronic structure near the Fermi level. The highest occupied molecular orbital (HOMO)
initially was dominated by O-2p orbitals in the pristine Cu2(OAc)4 and after substitution of 50%
of copper with M’ (M’ = Co, Ni, Mn, or Fe) was dominated by Co-3d, Ni-3d, Mn-3d, and Fe-3d
orbitals. Whereas, the lowest unoccupied molecular orbital (LUMO) remained dominated by Cu-
3d orbitals despite substitution. Substitution of copper with zinc however did not significantly alter
the electronic structure and the band gap remained nearly the same. The Zn-3d orbitals lie deep
inside the occupied bands and the band edges were still dominated by O-2p and Cu-3d orbitals.
These results indicate that cobalt substitution decreases the band gap of Cux(OAc)4 cluster the
most, followed by nickel, manganese, and iron; while zinc does not affect the band gap.

Theoretical examination of the property—metal node composition of the bimetallic MOFs
is based on electronic structure calculations for the molecular cluster Cuz(OBn)s and CuM'(OBn)4
(OBn™ = benzoate; M’ = Co, Ni, Mn, Fe, and Zn). Use of these truncated models of the bimetallic
MOFs facilitates control of the spin states in these structures. The calculations have been
performed using several electronic structure packages: Q-Chem 5.2, Spartanl8, and IQmol
molecular viewer.>®>” The electronic structure method used is the unrestricted DFT,® specifically
the most extensively used functionals were the B3LYP>® and w-B97X-V.®! They were both
paired with basis m6-31G* that is the ‘modified’ 6-31G* with an improved representation of the
d-electrons for first-row transition metals and compared to the results for other bases of the 6-31G
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family.®? The Grimme’s dispersion has been invoked®® and the electron excitations analysis is
based on the time-dependent density functional theory (TDDFT)% using the Tamm-Dancoff
approximation (TDA)% or using the random phase approximation (RPA) instead of the TDA.

The molecular geometry has been optimized at the BALYP/m631-G* level of theory since
B3LYP is an accurate method for the geometry optimization of a wide variety of molecular
structures including those with metals e.g., MOFs.%67 The molecular cluster model is constructed
as truncations of binuclear MOF structures of Cuz(BTC): after assessment of the single crystal X-
ray data. We have considered the binuclear monometallic Cuz(OBn)4 and bimetallic CuM'(OBn)4
clusters to be accurate representations of the truncated MOF systems. The main electronic structure
method has been selected after considering and testing several density functionals: B3LYP, CAM-
B3LYP, LRC-oPBEh, revM06-L, ©-B97X-D, and ®»-B97X-V,%*7° with and without the D3
dispersion correction. The B3LYP-D3 and ®-B97X-V functionals gave the best agreement of
lowest electron excitation of the cluster, i.e., TDDFT ‘corrected” HOMO-LUMO gap, with
experimentally M'—property established correlation. In the analysis of the electron excitations, we
have used the ®-B97X-V functional, as it is known as a method with good accuracy for transition
metals. The ©-B97X-V functional was paired with 6-31G, 6-31G*, m6-31G*, 6-31+G*, 6-
31+G**, and 6-31++G** bases that yielded marginal changes in the electron excitations of about
0.02-0.13 eV (0.8-6.9%). Based on the literature,?**”-’! and despite the limitation of the cluster
representation of the metal node, that is a 52-atom truncation based on the MOF SBU, we expect
that the electronic structure trend on the node composition is reasonably captured by the selected
theoretical method. For Cuz(OBn)s and CuM'(OBn)4 all possible spin states were considered. To
facilitate convergence of the pure spin state, we have used an initial estimation of the wavefunction
with 10% of the LUMO and Geometric Direct Minimization method of self-consistent-field
convergence (option METSCF = 20). While the high spin (HS) configuration is more energetically
favorable for M’ = Co, Ni, Fe, and Zn, for CuMn(OBn)4 the energy difference between HS
(CuMn(OBn)4 septet) and low spin (LS, CuMn(OBn)4 quintet) state for Mn-based cluster is rather
small (0.007 eV) and LS configuration has lower energy. Since the transition metals can exhibit
multiple spin states, in the case of Mn-based cluster, both LS and HS states have been included in
the electron excitation analysis.

Within the cluster code calculations, we have estimated the lowest excitation
corresponding to the cluster, i.e., TDDFT ‘corrected” HOMO-LUMO gap. The results are
provided in Table S14. The trend for the lowest electron excitation among metals is the following
Co <Ni< Mn < Fe < Cu < Zn for the clusters with the lowest energy. Comparison of LS and HS
Mn-based cluster revealed a drastic difference in excitation energy (Table S14). The difference
can correspond to different electron transitions, in the case of CuMn(OBn)s quintet, metal-to-
ligand charge transfer (MLCT) takes place and for CuMn(OBn)4 septet, ligand-to-metal charge
transfer (LMCT) occurs. The established correlation is in good agreement with VASP calculations
and the experimental results from conductivity measurements, VB edge, and optical data.

In order to determine the charge on Cu and M’ in Cuz(OBn)4 and CuM’(OBn)4 clusters,
Bader charge and atomic dipole-corrected-Hishfeld-atomic charge analysis were performed (Table
S13) on the optimized geometries with B3LYP-D3/m6-31G* and ©-B97X-V/6-31G* level of
theory in the Multiwfn package.”
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Figure S1. The HsHHTP, H3BTC, and HoNIP linkers used for preparation of MOFs.

A A Ane

5 10 15 20 25 30
20, deg

Figure S2. PXRD patterns of simulated Coo(HHTP)4 (red), experimental Coo(HHTP)4 (green),
experimental Cuz.5Coo.s-HHTP (blue), and experimental Cus(HHTP), (purple).
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Figure S3. Experimental PXRD patterns of Cuz3(HHTP): (red), Cu2.oMnio-HHTP (green),
Cui.sNi; s-HHTP (blue), and Cuz.6Rho4-HHTP (purple).
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Figure S4. TGA plots of Coo(HHTP)4 (light blue), Cuz(HHTP) (black), and Cuz5Coos-HHTP
(dark blue).
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Figure S5. FTIR spectra of: Cus(HHTP), (black), Coo(HHTP)4 (blue), Cuz.5Coos-HHTP (dark
blue), Cuz.0Mni o-HHTP (red), Cui.sNiis-HHTP (light green), and Cuz.sRho4-HHTP (purple).
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Figure S6. SBU of Cu3(BTC); with labeled atoms. Blue, red, gray, and white spheres represent
Cu, O, C, and H atoms, respectively. The O3 atom is disordered over two positions with a 1 to 1
occupancy.
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Figure S7. PXRD patterns of Cu3(BTC).: simulated (red) and experimental (violet).

L
|

Lll N A .

J T T T T 1
5 10 15 20 25 30

20, deg

Figure S8. PXRD patterns of simulated Cu2sMno2-BTC (red), experimental Cuz.sMno2-BTC
(green), experimental Cuz ¢Mno4-BTC (blue), and experimental Cuz 4Mnos-BTC (purple).
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Figure S9. PXRD patterns of simulated Cuz;Feo3-BTC (red), experimental Cuz7Feo3-BTC
(green), experimental Cuz ¢Feo4-BTC (blue), and experimental Cuz.2Feos-BTC (purple).
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Figure S10. PXRD patterns of simulated Cu2.79C00.21-BTC (red), experimental Cuz9Coo.1-BTC
(green), experimental Cuz82Coo.13-BTC (blue), and experimental Cuz.790C00.21-BTC (purple).
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Figure S11. PXRD patterns of simulated Cu3(BTC), (red), experimental Cuz(BTC), (green), and
experimental Cuz.7Nio3-BTC (purple).
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Figure S12. PXRD patterns of simulated Zn3(BTC): (red), experimental Zn3(BTC). (green), and
experimental Cuj.6Zn; 4-BTC (purple).
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Figure S13. TGA plots of (left) Cu2.4Mno6-BTC and (right) Cuz2Feos-BTC.
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Figure S14. TGA plots of (left) Cu2.79C00.21-BTC and (right) Cuz.7Nio3-BTC.
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Figure S15. TGA plot of Cui.6Zn; 4-BTC.
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Figure S16. FTIR spectra of Cu3(BTC): (black), Cu24Mno6-BTC (red), Cuz2Feos-BTC (orange),
Cu2.79C00.21-BTC (blue), Cuz 7Nip3-BTC (green), and Cui.6Zn;4-BTC (pink).
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Figure S17. PXRD patterns of Cus(NIP)4: simulated (red) and experimental (light blue).

_AJL_.A_.JL__..JM

| | | | |
10 15 20 25 30

20,deg

Figure S18. PXRD patterns of simulated Cus(NIP)4 (red), experimental CussMno2-NIP (green),
experimental Cus.4Feos-NIP (blue), and experimental Cus gRho2-NIP (pink).
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Figure S19. TGA plots of (/eft) CussMno2-NIP and (right) Cus4Feos-NIP.
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Figure S21. FTIR spectra of Cus(NIP)4 (black), CussMng-NIP (red), Cus4Feos-NIP (orange),
and Cu4.sRho»-NIP (purple).

Table S5. Characteristics of metal atomic Voronoi—Dirichlet polyhedra in the structures of

E—

3000 2000
wavenumber, cm™

1000

monometallic MOFs collected in the temperature range of 293-295 K.

CooHHTP4
atom/atom d(Co---Co), A Q(Co---Co), %
Col/Co2 4.96 0.00
Cus3(BTCO),
atom/atom d(Cu---Cu), A Q(Cu---Cu), %
Cul/Cul 2.63 9.46
Cus(NIP),
atom/atom d(Cu---Cu), A Q(Cu---Cu), %
Cul/Cu2 3.20 2.60 (x 2)
Cu2/Cu3 3.32 0.00
Cul/Cu3 3.50 0.00
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Figure S22. Analysis of Cus-xM'x(BTC), (M’ = Co, Ni, Mn, Fe, and Zn) as a function of M’ to
evaluate (@) changes in valence band onset (AE'/Xw) and (b) changes in conductivity (|Aa|/Xw).
Standard error is depicted by black lines.
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Figure S23. XPS data showing the valence band regions for Cu3(BTC); (black), Cuz2.79C00.21-BTC
(blue), Cuz3Nip2-BTC (green), Cuz3sMno2-BTC (red), Cuz7Feo3-BTC (orange), and CuieZni -
BTC (pink).
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Figure S24. XPS data for the valence band region of (a) Cu3(BTC)2, (b) Cu2.79C0021-BTC, (¢)
Cuz8Nig2-BTC, (d) Cu2sMno2-BTC, (e) Cuz7Feo3-BTC, and (f) Cui.6Zni4-BTC. The valence
band onset (E£") for each system was calculated from the intersection of the black dashed lines on
each spectrum. The valence band onset values for Cuz-xM'x(BTC), can be found in Table S6.
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Table S6. Valence band onset results for Cu3(BTC)2, Cuz-xM'x(BTC), (M’ = Co, Ni, Mn, Fe, and
Zn), CU3(HHTP)2, Cu3—xM'X(HHTP)2 (M' = CO, Mn, Ni, and Rh), CU5(NIP)4, and CU5—XM'X(NIP)4
M’ = Mn, Fe, and Rh) MOFs.

valence band onset | standard error
MOr (eV) (eV)
Cu3z(BTC), 1.88 0.150
Cu2.79C00.21-BTC 0.288 0.0200
Cuz.8Nip2-BTC 1.72 0.116
Cu2.3sMng»-BTC 1.66 0.167
Cuz.7Feo3-BTC 1.76 0.136
Cui6Zn; 4-BTC 1.50 0.0904
Cuz(HHTP), 1.51 0.172
Cuz.5Co0.5-HHTP 1.20 0.0657
Cuz,oMnl,o-HHTP 1.11 0.0583
CuisNi; s-HHTP 1.38 0.0835
Cuz.6Rho4-HHTP 1.51 0.109
Cus(NIP)4 1.55 0.0865
Cus.sMng 2-NIP 1.73 0.133
Cuy.4Feo6-NIP 2.04 0.195
Cus sRho2-NIP 1.49 0.0626

Table S7. Valence band onset (£’), changes in valence band onset compared to Cu3(BTC), (AE"),
mole fraction of M" metal (Xw), and changes in valence band onset per mole fraction of M’
(AE'/Xw) for Cuz-xM'x(BTC), (M’ = Co, Ni, Mn, Fe, and Zn).

E' AE"™ AE' X
MOr @) | (V) - (V)
Cuz2.79C0021-BTC 0.288 1.59 0.0710 22.4
Cu2.83Nig.17-BTC 1.72 0.161 0.0570 2.82
Cuz2.79Mng21-BTC 1.66 0.219 0.0700 3.12
Cua.73Fe027-BTC 1.76 0.121 0.0900 1.34
Cui.627n138-BTC 1.50 0.381 0.540 0.829

*AE' = E'(Cus(BTC),) — E'(Cus xM'x(BTC),)
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Figure S25. Normalized diffuse reflectance spectra for Cuz-xM'x(BTC), MOFs: Cu3(BTC)

(black), Cu2.79C00.21-BTC (dark blue), Cuz7Nip3-BTC (light green), Cu24Mnos-BTC (red),
Cuz.2Feos-BTC (orange), and Cuj.6Zn; 4-BTC (dark pink).
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Figure S26. Tauc plots for (a) Cu3(BTC)2, (b) Cu279C0021-BTC, (¢) Cu27Nig3-BTC, (d)
Cu24Mnoe-BTC, (e) Cuz2Feos-BTC, and (f) CuieZni4-BTC. The band gap values for

Cuz-xM'x(BTC)2 can be found in Table S8.
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Table S8. Band gap results for Cu3(BTC)2, Cuz-xM'x(BTC), (M" = Co, Ni, Mn, Fe, and Zn),
CU3(HHTP)2, Cu3—xM'X(HHTP)2 (M' = CO, Mn, Ni, and Rh), Cus(NIP)4 and Cus—xM'x(NIP)4 (M'
= Mn, Fe, and Rh) MOFs.

band gap standard error
MO (V) (V)
Cu3(BTC) 3.55 0.143
Cu2.79C00.21-BTC 3.22 0.170
Cuz7Nig3-BTC 3.32 0.128
Cu2.4Mno.c-BTC 3.30 0.137
Cua2Feos-BTC 3.24 0.101
Cu1.6Zn14-BTC 3.27 0.0890
Cu3;(HHTP), 0.895 0.00765
Cuzs-HHTP 1.06 0.0109
Cu2.0Mny o-HHTP 1.17 0.00744
Cu1.sNis-HHTP 1.20 0.00991
Cuz.6Rho.4-HHTP 1.23 0.0160
Cus(NIP)4 2.86 0.0314
Cug.sMno.2-NIP 291 0.0380
Cug.4Feo.c-NIP 2.76 0.0472
Cus gRho 2-NIP 3.53 0.0365

Table S9. Band gap (E;), changes in band gap compared to Cu3(BTC)2 (AE}), mole fraction of M’
metal (Xm), and changes in band gap per mole fraction of M’ (AE¢/Xw) for Cuz-—xM'x(BTC), (M’
= Co, Ni, Mn, Fe, and Zn).

E. | AEs AEg/Xnr
MOF @) | @v) | ™ V)
Cu2.79C00.21-BTC 3.22 0.334 | 0.0710 4.70
Cu.66Nio.34-BTC 3.32 0.233 0.113 2.06
Cuz41Mng59-BTC 3.30 0.257 0.197 1.30
Cu25Fen75-BTC 3.24 0.310 0.250 1.24
Cui.62Zn133-BTC 3.27 0.281 0.540 0.610

*AE, = Ef(Cus(BTC),) — Eg(Cus xM'x(BTC))
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Table S10. Conductivity results for Cu3(BTC)2, Cuz-xM'x(BTC)2 (M' = Co, Ni, Mn, Fe, and Zn),
CU3(HHTP)2, Cu3—xM'X(HHTP)2 (M' = CO, Mn, Ni, and Rh), Cus(NIP)4 and Cus—xM'x(NIP)4 (M'
= Mn, Fe, and Rh) MOFs.

conductivity value standard error
MOF (S x em™) (S x em1)
Cuz(BTC), 2.93 x 10710 7.83 x 10713
Cu2.9C00.1-BTC 8.92 x 10710 343 x10712
Cu2.82C09.18-BTC 1.42 x 1077 4.61 x 10712
Cu2.79C002:1-BTC 3.96 x 107 1.86 x 10712
Cuz.7Nio3-BTC 1.01 x 107 5.01x 10713
Cuz23Mno2-BTC 3.30 x 10710 4.83 x 10712
Cuz2.6Mno4-BTC 3.84 x 10710 1.23 x 10712
Cu2.4Mnoc-BTC 6.24 x 10710 823 x 1013
Cuz.7Feo3-BTC 3.28 x 10710 1.77 x 10712
Cuz6Feos-BTC 3.29 x 10710 1.22 x 10712
Cuz.2Feos-BTC 3.63 x 10710 2.75x 10718
Cui6Zn14-BTC 3.15x 10710 7.96 x 10714
Cuz(HHTP), 491 %10 1.60 x 1076
Cu25Coos-HHTP 2.05 %107 1.36 x 1077
Cu2.0Mnio-HHTP 8.77 x 10°° 8.77 x 1078
CuisNi s-HHTP 991 x108 6.26 x 10710
Cuz.6Rho4-HHTP 8.62 x 107° 3.57x 1071
Cus(NIP)4 548 x 107 1.43x10°8
Cus.sMnp2-NIP 425 %x10° 1.91 x 1078
Cus.4Feo6-NIP 1.17 x 1077 5.01 x 10710
Cua.sRho2-NIP 1.32x10°8 434 x 10710
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Table S11. Conductivity (o), changes in conductivity compared to Cuz(BTC)2 (|As]), mole fraction
of M’ metal (Xw), and changes in conductivity per mole fraction of M’ (|Ac|/Xw) for
Cuz—xM'x(BTC)2 (M’ = Co, Ni, Mn, Fe, and Zn).

o |Aa|* ' |Aa|/Xm
MOF (Sxem™) | (Sxcm™) Am (S x ecm™)
Cu2.79C0021-BTC | 3.96 x 107 | 3.67 x 107° 0.0710 517 x 1078
Cu2.66Nig34-BTC 1.01 x10™° | 7.17 x 10710 0.113 6.35x107°
Cu2.41Mngso-BTC | 6.24 x 10719 | 3.31 x 10710 0.197 1.68 x 107°
Cuz2sFep7s-BTC | 3.63 x 10710 | 7.00 x 107! 0.250 2.80 x 10710
Cui.62Zn;38-BTC | 3.15x 10710 | 220 x 107!! 0.540 4.78 x 10711
*|A0] = [o(CusxM'x(BTC)2) — 6(Cus(BTC))|
1.00
144
- Cu?
-0.75 . |
312 N ©
$ 104 o L 0.50 2° 5
|
08{ m 0.25
co N Mn R 2 T %0 950 010 930

binding energy, eV

Figure S27. (left) The (zcu X Xcu) and (zm X Xwr) values estimated for Cuz-xM'x(BTC)2 (M’ = Co,
Ni, Mn, Fe, and Zn). (right) XPS data for the Cu(2p) region of Cu3(BTC), showing the assigned
peaks of Cu®*" at 934.7 and Cu!* at 933.0 eV.2 The percentage of Cu?’" and Cu!* for
Cu3-xM'x(BTC); can be found in Table S12.
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Table S12. Percentage of Cu?* and Cu'* in Cu3(BTC)2, CusxM'x(BTC), (M’ = Co, Ni, Mn, Fe,
and Zn), in Cuz (BTC); and Cuz-xM'x(HHTP), (M’ = Co, Mn, and Ni) MOFs.

MOF % (Cu?") | % (Cu')
Cuz(BTC)2 69.0 31.0
Cu2.79C00.21-BTC 55.0 45.0
Cu2.7Nip3-BTC 42.6 57.4
Cu24Mno6-BTC 45.6 54.4
Cuz22Feos-BTC 47.2 52.8
Cui16Zn; 4-BTC 64.9 35.1
Cuz(HHTP): 52.5 47.5
Cuz25Co0s-HHTP 43.5 56.5
Cuz0Mn; o-HHTP 51.5 48.5
Cui5Nis-HHTP 56.7 43.3

intensity, a.u.
intensity, a.u.

) ) ) ) 1 ) ) )
810 800 790 780 770 810 800 790 780 770
binding energy, eV binding energy, eV

Figure S28. XPS data for the Co(2p) region of (left) Cuz79C0021-BTC and (right)
Cuz.5Co0.5-HHTP showing the presence of Co in the +2 oxidation state in both binuclear (781.6
eV) and mononuclear (781.3 eV) heterometallic systems. This binding energy is in agreement with
what has been previously reported in the literature for Cuz-xCox(BTC),?” and other Co** species;?8
and the 16 eV splitting between the 2ps. and 2pi12 peaks observed here is also characteristic of
Co?".2%3% Furthermore, the high binding energy shoulder around 785.9 €V is attributed to a satellite
feature that is observed for Co?" but not for Co®*.23132 The relative intensity of this satellite peak
is apparently very sensitive to the exact environment of the Co ion and varies with concentration.
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Figure S29. XPS data for the Ni(2p) region of (/eft) Cuz.7Nio3-BTC and (right) CuisNi; s-HHTP
showing the presence of Ni in the +2 oxidation state in both binuclear and mononuclear
heterometallic systems based on the Ni(2ps/2) binding energies at 856.3 eV. Ni(II) chlorides* and
hydroxides®* have binding energies of ~856 eV, and the intense shakeup peak at 861.8 eV is also

characteristic of Ni%*.23

Mn?* ! Mn?* !

intensity, a.u.
intensity, a.u.
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binding energy, eV binding energy, eV
Figure S30. XPS data for the Mn(2p) region of (leff) Cu24Mnos-BTC and (right)
Cuz.0Mn; o-HHTP showing the presence of Mn in the +2 oxidation state in both binuclear and
mononuclear heterometallic systems. The higher binding energy satellite peak that is associated
with Mn?* (~646 eV)* is observed for Cu24Mno-BTC, suggesting that the species at 642.2 eV
should be assigned to Mn?* rather than Mn**, which does not exhibit this satellite feature. 2> Since
Cu2.0Mn; o-HHTP has a similar binding energy of 641.8 eV, this species is also attributed to Mn?".

Furthermore, other Mn?* species in the literature such as MnCl, and MnBr; have binding energies
around 642 eV .24
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Figure S31. XPS data for (/eff) the Zn(2p) region of Cui6Zn;4-BTC and for (right) the Fe(2p)
region of Cux2Feos-BTC. The Zn(2p32) peak appears at 1022.4 eV, which is a binding energy
consistent with the expected Zn oxidation state of +2.25?” The binding energy for Fe(2ps.2) at 711.3
eV is tentatively assigned to Fe** as the major species. Binding energies of the metal ions in
Cuz—xM'x(BTC): often correspond to those of the metal chlorides, as observed in this work for M’
= Co,” Ni and Mn. The binding energy of Fe(Ill) chloride is similar to Cuz,Feos-BTC at
711.3-711.5 eV, whereas Fe(Il) chloride is lower at 709.8—710.8 eV .>426

intensity, a.u.
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Figure S32. XPS data for the Mn(2p) region of Cus.sMno2-NIP. The Mn(2ps/2) binding energy of
641. 9 eV suggests a +2 oxidation state, as explained in Figure S30.
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Figure S33. XPS data for the Rh(3d) region of (/eff) Cuz.6Rho4-HHTP and (right) CusgRho2-NIP
MOFs showing the presence of Rh in the +3 oxidation state. The Rh(3ds2) binding energies of
310.0 eV for Cuz.6Rho4-HHTP and 309.7 eV for Cu4sRho»-NIP are consistent with the ~310 eV
value reported in the literature for Rh** 202!

Figure S34. Truncated models of the Cuz-xM'x(BTC); system utilized for DFT calculations: (/eff)
Cuz(OAc)s and (right) CuM'(OAc)s (where M' = Mn, Fe, Co, Ni, and Zn). The dark blue, pink,
gray, red, and white spheres represent Cu, M’, C, O, and H atoms, respectively.
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Table S13. Cu and M’ charge analysis” for Cu/M’ in Cuz(OBn)4 and CuM’'(OBn)s (M’ = Co, Ni,

Mn, Fe and Zn).

model | Z1 | 5 | z3
B3LYP-D3/m6-31G*

Cu2(OBn)4 1.58/1.58 1.27/1.28 0.54/0.54
CuCo(OBn)4 0.85/0.82 1.26/1.42 0.51/0.78
CuNi(OBn)4 0.95/1.21 1.19/1.28 0.53/0.68
CuMn(OBn)4 0.84/0.90 1.23/1.55 0.47/1.01
CuFe(OBn)4 0.85/0.78 1.26/1.48 0.45/0.96
CuZn(OBn)4 1.40/2.03 1.24/1.40 0.51/0.89

®B97X-V/6-31G*

Cu2(OBn)4 2.02/2.09 1.23/1.24 0.92/0.91
CuCo(OBn)4 0.64/0.70 1.25/1.38 0.88/1.05
CuNi(OBn)4 0.85/0.91 1.22/1.31 0.91/0.96
CuMn(OBn)4 0.70/1.26 1.24/1.53 0.83/1.25
CuFe(OBn)4 0.66/0.98 1.24/1.46 0.81/1.22
CuZn(OBn)4 2.08/2.36 1.22/1.37 0.91/0.98

"Bader (z1),”* atomic dipole-corrected-Hishfeld-atomic (z2),”* and Mulliken (z3) charges estimated based
on the B3LYP-D3/m6-31G* and wB97X-V/6-31G* methods using the optimized geometry for the
CuM'(OBn);4 cluster.

Table S14. Lowest electron excitations, TDDFT ‘corrected” HOMO-LUMO gap, and
corresponding electron transition for Cu(OBn)s and CuM’(OBn)4 (M’ = Co, Ni, Mn, Fe, and Zn)
of the optimized geometries.”

lowest electron ..
model . transition
excitation, eV
Cu2(OBn)y triplet 1.83 MMCT™*
CuCo(OBn)4 quintet 0.20 MLCT
CuNi(OBn)4 quartet 0.22 LMCT
CuMn(OBn)4 quintet (LS) 0.40 MLCT
CuMn(OBn)4 septet (HS) 1.88 LMCT
CuFe(OBn)4 sextet 0.77 MLCT
CuZn(OBn)4 doublet 1.91 LMCT

* Geometry optimization was performed with B3LYP-D3/m6-31G* level of theory and electron
excitations were calculated with ®-B97X-V/6-31G* level of theory.
** metal-to-metal charge transfer
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Figure S36. Analysis of Cus-xM'x(HHTP), (M’ = Co, Ni, Mn, and Rh) as a function of M’ to
evaluate (a) valence band onset (£"), (b) resistivity (p), and (c) optical bad gap (Ey).
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Figure S37. Analysis of Cu3-xM'x(HHTP), (M’ = Co, Ni, Mn, and Rh) as a function of M’ to
evaluate (a) changes in valence band onset (AE'/Xw), (b) changes in conductivity (JAa|/Xm), and
(c) changes in optical bad gap (AEy/Xw). Standard error is depicted by black lines.
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Figure S38. XPS data for the Cu(LMM) region of CuzoMn1.0-HHTP (red), Cuz.5Coo.s-HHTP (dark
blue), CuisNiis-HHTP (light green), and Cuz6Rhos-HHTP (purple), showing the broad peak
indicative of oxidized Cu ions rather than metallic Cu®.
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Figure S39. (/eft) The (zcu * Xcu) and (zm x Xm) values estimated for Cuz-xM'x(HHTP), (M’ =
Co, Mn, and Ni). (right) XPS data for the Cu(2p) regions of Cuz(HHTP), (black), Cuz.oMnj o-
HHTP (red), Cuz5Co00.5s-HHTP (dark blue), CuisNiis-HHTP (light green), and CuzsRho4-HHTP
(purple) showing the assigned peaks of Cu?* at 934.7 and Cu'!* at 933.0 eV2. The percentage of
Cu?* and Cu'" for Cus xM'x(HHTP): can be found in Table S12.
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Figure S40. XPS data for the valence band region of (@) Cuz.5Co05s-HHTP, (b) Cuz.0Mn;,0-HHTP,
(c) Cu15Nis-HHTP, and (d) Cuz.6Rho4-HHTP. The valence band onset (E’) for each system was

calculated from the intersection of the black dashed lines on each spectrum. The valence band
onset values for Cu3-xM'x(HHTP), can be found in Table S6.

Table S15. Valence band onset (£'), changes in valence band onset compared to Cuz(HHTP)
(AE"), mole fraction of M’ metal (Xwr), and changes in valence band onset per mole fraction of M’
(AE'/ Xw) for Cuz—xM'x(HHTP), (M’ = Co, Mn, Ni, and Rh).

E' AE"™ AE' Xwm
MOF @) | ev) | (V)
Cu25Co005-HHTP 1.20 | -0.308 0.170 -1.81
Cu2.0Mni o-HHTP 1.11 -0.398 0.333 -1.20
Cui15Ni; s-HHTP 1.38 -0.133 0.506 -0.263
Cuz6Rho4-HHTP 1.51 0.002 0.126 0.016

"AE' = E'(Cus-xM'x(HHTPY),) — E'(Cus(HHTP),)
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Figure S41. Normalized diffuse reflectance spectra for Cuz 5Coos-HHTP (dark blue), Cuz.oMnj o-
HHTP (red), CuisNiis-HHTP (light green), and Cuz.6Rho4-HHTP (purple).
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Figure S42. Tauc plots for (@) Cuz.5Co05-HHTP, (b) Cuz.0Mnio-HHTP, (¢) Cu;.sNiis-HHTP, and
(d) Cuz2.6Rho 4-HHTP. The band gap values for Cuz-xM'x(HHTP), can be found in Table S8.
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Table S16. Band gap (E;), changes in band gap compared to Cus(HHTP), (AE;), mole fraction of
M’ metal (Xwr), and changes in band gap per mole fraction of M’ (Eg/Xw') for Cuz-xM'x(HHTP):
(M’ = Co, Mn, Ni, and Rh).

Fe | AEg AEgXor
MOF @) | vy | ™ V)
CursCoos HHTP | 1.06 | 0.162 | 0.170 | 0.956
CuoMnio-HHTP | 117 | 0278 | 0333 | 0.843
CursNiLs-HHTP | 120 | 0301 | 0506 | 0.594
Cur6Rho~HHTP | 123 | 0333 | 0.126 2.64

"AE, = Ey(CusxM'x(HHTP),) — Eo(Cus(HHTP),)

Table S17. Conductivity (o), changes in conductivity compared to Cus(HHTP), (|As|), mole
fraction of M' metal (Xw), and changes in conductivity per mole fraction of M’ (|As|/Xw') for
CU3—XM'X(HHTP)2 (M' = CO, Mn, Ni, and Rh)

o Aa|” Ao|/ Xw
MOF (Sxem™) | (S ’X cln‘l) Ao (é x cm™!)
Cu25Co0s-HHTP | 2.05x 107 | 471 x 1074 0.170 2.77 x 1073
CuzoMn o-HHTP | 8.77x 107 | 4.82x107* 0.333 1.45x 1073
CuysNips-HHTP | 991 x10® | 491 x 107 0.506 9.68 x 10°*
Cuz6Rho4-HHTP | 8.62x107° | 491 x 107 0.126 3.87 x 1073

“|Ag| = |o(Cus(HHTP),) — o(Cus—xM'x(HHTP),)|

intensity, a.u.

| | | | | |
950 945 940 935 930 925
binding energy, eV
Figure S43. XPS data for the Cu(2p) region of Cus(NIP)4 (black), Cus sMno2-NIP (red), Cus 4Feo 6

NIP (orange), CusgRho2-NIP (purple) showing the presence of Cu primarily in the +2 oxidation
state (934.7 eV).?
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Figure S44. (/eft) XPS data for the valence band region of (a) Cus(NIP)4, (b) CussMno2-NIP, (c)
Cus.4Feo6-NIP, and (d) Cus gRho2-NIP (purple).
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Figure S45. Normalized diffuse reflectance spectra for Cus(NIP)s (black), CussMng-NIP (red),
Cus.4Feo6-NIP (orange), and CusgRho2-NIP (purple).
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Figure S46. Tauc plots for (a) Cus(NIP)s, (b) CussMng2-NIP, (¢) CussFeos-NIP, and (d)
Cu4.8Rho2-NIP. The band gap values for Cus-xM'x(NIP)4 can be found in Table S8.

Table S18. Conductivity (o), changes in conductivity compared to Cus(NIP)4 (JAs|), mole fraction
of M’ metal (Xw), and changes in conductivity per mole fraction of M’ (|Ac|/Xw) for

CU,5—XM'X(NIP)4 (M' = Mn, Fe, and Rh)
o |Aa|” ' |Aa|/Xm
MOF (Sxem™) | (Sxcm™) Am (S x ecm™)
Cus.sMnoo-NIP 425x10% | 1.23x10° 0.036 3.42x107°
Cuy.4Feos-NIP 1.17x 107 | 536 x10° 0.12 4.47 x 107
Cuy.3Rhoo-NIP 1.32x 1078 | 547 x10° 0.036 1.52 x 1074

“|Aa| = |o(Cus(NIP)4) — o(Cus—xM'x(NIP)y)|
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