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ABSTRACT: We synthesized a series of multivariate metal—organic EEEEEEEEEETCIEE EETEEIEEEECEE @EeE @
frameworks (MTV-MOFs) containing 36 different organic linkers with ~ MTV-MOF-S-ABCDEFGHITKLMNOPQRSTUVWXYZap75cin 0w
27 unique functionalities. The functionalities present on the linkers A.B (‘. i D : L ¥
include amine, nitro, halide, naphthalene, alkyne, alkene, alkane, ether, ¢ TR UK L
phenyl, pyridine, thiophene, and amide groups. These MTV-MOFs |-" | 1" I’ )
were characterized by powder X-ray diffraction to ensure the MOF-5 M, -|N. [0 [P Q"
connectivity forms, solution-state nuclear magnetic resonance to |[g—iF [',' - VWX
calculate the final linker incorporations, thermogravimetric analysis to : .
confirm the organic component of the framework, and nitrogen (Y .{Z j¢ B v |3 .
sorption isotherms to measure the porosity and calculate the BET |-ii- : ety
surface areas of each MTV-MOF. Each linker was found to make up |.."}.-"
between 0.07 and 6.64% of the linkers in the structure, with the total
framework mass consisting of 74.8—75.1% linker molecules, compared to 63.9% for the linkers in MOF-S. BET surface areas up to
1,755 m*/g were observed with 36 linkers present compared to 3,380 m?/g in MOF-S. Thirty-four of the 36 linkers had linear
correlations between the starting ratio and final incorporation, indicating interactions between linkers do not heavily influence the
incorporation of other linkers into the final structure.

H INTRODUCTION contain a unique environment that is unlikely to be duplicated
within the same crystal. The linkers incorporated in MTV-
MOF-S will herein be referred to as A, BDC; B, BDC-NH,; C,
BDC-NO,; D, BDC-C,H,; E, BDC-Br; F, BDC-OC,H; G,
BDC-OC,H;; H, BDC-OC;H,; I, BDC-OC,H,; J, BDC-
OC,H,; K, BDC-0,C,H.; L, BDC-OC,H,; M, BDC-0,C,H,;
N, BDC-OC,H,; O, BDC-OC,H,N; P, BDC-OC.H,; Q,
BDC-OC,H,; R, BDC-OC,H,N; S, BDC-OC,H,,; T, BDC-
g%ﬁtel_']e)ntt gurt;tionaiiltiei we);e likely ktothbe Eon'pirioglic?lly 8§%ilgiﬁ4yle§Dcc_ol\$(l)gﬁ4i\?(, %%%.%38221;112:0;‘/\2 ggg-
istri r ramewor intr in
dizfererl:tefuncti(())rlllfl ;lrlou;s inatoevac:'ious ;c?rges, of thoe 1:§m§ NOCyHy; @, BDC-(Cl)y; f, BDC-(OCiHy)y; 7, BDC-
structure.'~"> The first multivariate (MTV) MOFs built on (OCsHs)aj 6, BDC-(OCsHy),; €, BDC(OC,H)y; & BDC-
this idea, incorporating up to 8 link ith th (OC,Hy)yy n, BDC-(OCH)y; 6, BDC-(0,Cotly) . BDL-
4 p g up InKers wi ¢ same (O3C4H,,),; and k, BDC-(OSBrC,H,),. We describe the

connectivity but different functionalities into one framework structure of the MOF backbone formed, the porosity of each
16 .
based on the MOF-S backbone. ™ A MOF-$ backbone is the MTV-MOF, and how each linker varies its incorporation

zinc oxide and phenylene units of 1,4-benzenedicarboxylic acid relative to the starting ratio of each linker.
(BDC) that make up MOF-S without any functionalities
present. The resulting MTV-MOFs all contained heteroge- B EXPERIMENTAL SECTION
neous pore environments, where many different functionalities
can surround a single pore. The use of multiple linkers showed
increased CO,/CO selectivity and an increase in hydrogen
sorption capacity compared to MOEF-S. Later work targeting
the development of MTV-MOFs installed up to 10 metals in —
the SBU of a single MOF, giving a MOF-74 backbone with Received: January 2, 2025 Inor?all{lc(hgm;lslry
many metals. '8 Revised: ~ March 2, 2025
Incorporating more linkers will create more types of
heterogeneous pore environments in an MTV-MOF. Herein,
we report MTV-MOE-S containing 36 different linkers with 27
unique functionalities, resulting in crystals where each pore can

Traditionally, metal—organic frameworks (MOFs) were made
with a single linker and secondary building unit (SBU),
resulting in pores surrounded by the same functionalities,
termed homogeneous pore environments.' > Using multiple
linkers with different connectivities allowed reticular chemists
to access new topologies and make MOFs with ultrahigh
surface areas."”'" Linkers with the same connectivity and

The corresponding volumes of 0.0416 M linker solution in
N,N-diethylformamide (DEF) for each of the 4 MTV-MOF-§
samples (I, I, IIL, IV), listed in Table S1, were mixed for a total
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Scheme 1. 36 Linkers Used to Make MTV-MOF-5-ABCDEFGHIJKLMNOPQRSTUVWXYZafybelnfix, Termed (I), (IL),

(I11), and (IV)
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volume of 10 mL in a 20 mL scintillation vial. Zinc nitrate
hexahydrate (365.2 mg, 1.227 mmol) was added, and the
mixture was sonicated for 10 min to dissolve the remaining
solids. Once all the solids were dissolved, the mixture was
vortexed and heated at 100 °C for 48 h. The solution was
cooled to room temperature then the solvent was exchanged 6
times with anhydrous N,N-dimethylformamide (DMF) over 2
days to wash the brown MOF crystals. The crystals were stored
in anhydrous DMF until preparation for activation. To prepare
for activation, the solvent was exchanged 6 times with
anhydrous dichloromethane (DCM) over 2 days. The DCM
was decanted, and the MOFs were activated at 120 °C for 20 h
in vacuo.

B RESULTS AND DISCUSSION

Crystals of MTV-MOF-S were obtained by adding Zn(NO;),-
6H,0 to a DEF solution containing the acid form of each
linker and heating at 100 °C for 48 h. The resulting crystals
were characterized by powder X-ray diffraction (PXRD), 'H
nuclear magnetic resonance (NMR) on acid digested solutions
of the crystals, thermogravimetric analysis (TGA), and
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nitrogen gas sorption at 77 K to assess their crystallinity,
linker ratios, thermal stability, and porosity, respectively. Four
MTV-MOEF-S samples were prepared where each reaction
contained different starting percentages of the linkers,
structures shown in Scheme 1, to assess how the final
composition is affected by the starting linker ratio. Specifically,
MTV-MOF-5(I) had an equal percent of each linker in the
starting solution (2.78%), and MTV-MOF-5(II), (III), and
(IV) each had one-third of the linkers at a higher
concentration (3.78%), one-third at a lower concentration
(1.78%), and one-third remained at 2.78%. The exact
percentages used for each linker with the corresponding final
incorporation are listed in Table S2. To determine how the
synthesis conditions affect the properties of MOF-S, a MOF-5
sample was also prepared using the same linker to metal ratio
used for the MTV samples.

The crystallinity of each MTV-MOF is evident by the PXRD
shown in Figure la, where each crystal gave sharp diffraction
peaks matching the simulated and experimental patterns of
MOF-S. Despite this high crystallinity, no MTV-MOE-5
sample was able to be characterized by single crystal XRD at

https://doi.org/10.1021/acs.inorgchem.5c00015
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Figure 1. (a) PXRD patterns of MTV-MOF-S with 36 linkers compared to MOF-5 and a simulated MOF-S$ structure. (b) 'H NMR spectrum of
digested MTV-MOF-5(I). (c) Final linker percentages compared to the starting linker percentage in the solution. (d) TGA of the decomposition of
each MTV-MOF in nitrogen up to 600 °C compared to MOF-S. (e) N, isotherms of each MTV-MOF at 77 K. (f) Microscope image of MTV-

MOF-5(1) crystals. Scale bar is set to 1 mm.

either 100 or 290 K."” The functional groups on each linker
were not distributed periodically throughout the crystal and
caused diffuse scattering in the measurement, which obscured
too many reflections to allow even the unit cell to be solved.
Increasing the measurement temperature to 290 K also did not
reduce the diffuse scattering enough to allow a structure to be
solved. The good agreement between the PXRD of each MTV-
MOFE-5 sample and the experimental and simulated PXRD of
MOF-5 show a MOEF-5 backbone is formed with some
distortion of the unit cell from the large functional groups on
many linkers. Rietveld refined PXRD for each MTV sample are
shown in Figures S§7—S11, indicating a slight decrease in the
unit cell size for each MTV-MOF compared to MOF-S.

To determine the linker ratios, the crystals were evacuated at
120 °C under vacuum (0.05 Torr) for 20 h to remove any
remaining guest molecules then digested in 0.4% DCI in D,0O
and DMSO-dj prior to measuring "H NMR. An example of the
resulting spectrum for MTV-MOF-$ (I) is shown in Figure 1b.
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The spectra for each MTV-MOF are shown in Figures S1—S5.
The relative linker ratios were calculated based on the 'H
NMR integration of chemical shifts assigned to each unique
linker. Unfortunately, many chemical shifts overlapped so the
incorporations were calculated based on a single chemical shift
that did not overlap or the chemical shift with the least
complex overlapping peaks to simplify calculations and reduce
the error of the reported value. The chemical shifts assigned to
each linker and its overlaps, if present, are shown in Figure 2
and tabulated in Table 1.

Overall, 28 linkers had at least one distinct chemical shift
that could be used to calculate its incorporation, 7 linkers (B,
H, J, T, §, ¢, and k) needed to be calculated based on a
chemical shift with one overlap, and 1 linker (N) was
calculated based on a chemical shift with two other overlapping
signals. Linker B had an overlapping doublet with a doublet
from linker E (Figure 2b). Linkers H and J had overlapping
triplets with triplets from linkers & and {, respectively (Figure

https://doi.org/10.1021/acs.inorgchem.5c00015
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Figure 2. '"H NMR spectrum of MTV-MOF-5(1) from (a) 9.5—8 ppm, (b) 8—5.5 ppm, (c) 5.5—S ppm, (d) S—4 ppm, (e) 4—3 ppm, (f) 3—2 ppm,
(g) 2—1 ppm, and (h) 1—-0 ppm. Spectra are labeled to show which hydrogen(s) on each linker the chemical shifts correspond to, the chemical
shifts used to calculate the final linker incorporations, and which hydrogens have overlapping chemical shifts.

2h). Linker T had a singlet that overlapped with a doublet of
triplets from linker y (Figure 2d). Linkers § and ¢ had triplets
with signals that overlapped with a doublet from linker I
(Figure 2e). The doublet of linker I overlapped such that half
was added to the signal of linker § and half added to linker ¢,
allowing the total signal of linker I normalized to 1 hydrogen to
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be subtracted from each of those signals despite the doublet of
linker I corresponding to 2 hydrogens. Linker k had an
overlapping singlet with half of a doublet of doublets from
linker L (Figure 2c). The trans alkene hydrogen of linker L
splits into a doublet of doublets with a large coupling constant,
17.2 Hz, causing only half the signal to overlap with the singlet

https://doi.org/10.1021/acs.inorgchem.5c00015
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Table 1. Chemical Shift, Multiplicity, and Overlapping
Hydrogens for Each Signal Used to Calculate the Linker
Ratios from '"H NMR

Overlapping
Linker Chemical Number of Linker
Hydrogen Shift (ppm) Multiplicity = Hydrogens Hydrogen(s)
A 8.04 s 4
B, 7.82 d 1 1 X E,
c 828 d 1
D, 8.79 ad 2
E, 8.14 d 1
F, 495 d 2
G, 5.48 ad 05
H, 0.99 t 3 6% 5,
L 037 m 2
I 0.92 t 3 6XE,
K, 331 s 3
L 5.87 ddt 1
M, 1.10 t 3
N, 527 s 2 I1XGylXp,
0, 5.66 s 2
P, 231 s 3
Q 3.05 t 2
R, 274 s 3
S, 2.99 t 2
T, 4.58 t 2 4%y,
U, 1.28 s 9
v, 6.72 d 2
w, 5.13 s 2
X, 2.14 s 3
Y, 125 s 9
7, 9.03 d 1
a, 7.91 s 2
3 4.85 d 4
" 5.40 dt 1
o, 3.93 t 4 1x1I,
£ 0.33 m 4
4 3.97 t 4 1x1,
N 5.16 s 4
0, 4.56 s 4
I8 6.69 d 4
K 5.04 s 4 05X L,

of linker k and the correction to calculate for the incorporation
of linker x only accounts for half of the one hydrogen present
for linker L. The fact that alkene hydrogens have doublets of
doublets with large coupling constants was also used to
calculate the incorporations of linkers G, 7, and N (Figure 2c).
Half the doublet of doublet signals for linkers G and y overlap,
so their incorporations were calculated based on the half of the
signal present without any interference, normalized by 0.5 and
1 hydrogen for G and y, respectively. Linker N had an
overlapping singlet with a doublet of doublets from linker G
and from half a doublet of doublets from linker y, so its
incorporation was corrected by the normalized signal of 1
hydrogen from linker G and one hydrogen from linker y.
The calculated linker compositions are shown in Figure Ic,
where an approximately linear relationship between the
starting and final linker ratio is present for 34 of the 36
linkers, with the exceptions of linkers B and f. In experiments
making MTV-MOE-S with 11 linkers, linker B was observed to
have a threshold starting percent, where if linker B was less
than 15% in the starting solution, then the final incorporation
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was nearly zero. Only in cases where the starting percent of
linker B was greater than 15% was it incorporated in
appreciable quantities in the final MTV-MOF-5 (Figure
$32).%° The largest starting percent used for linker B was
3.78% in II, so the final incorporation remaining near zero
matches the expected behavior for linker B. The alkyne
functionality of linkers F and f also limited linker
incorporation, where linker F is under incorporated but
maintains a linear relationship with the starting linker
percentage while linker f is under incorporated and does not
maintain a linear relationship its starting percentage. Though
the chemical shift for linker f is difficult to distinguish in
Figure 2d, its signal-to-noise ratio is 10.1, allowing its
calculated incorporation to be considered accurate. An
enhanced image of the signals of linkers F and f is shown in
Figure S6. The presence of linear relationships between the
starting and final linker percentages suggests the final
composition of an individual linker is independent of final
compositions of the other linkers present. Each linker is
incorporated relative to its individual starting ratio and is not
aided or excluded by the presence of different functionalities
on other linkers.

Previous work used solid state NMR (ssNMR) and
molecular simulations to solve for the spatial arrangement of
linkers in MTV-MOEF-S with up to three functionalities
present.”’ This method relied on the decay of pairwise
coupling between labeled '*C and "N atoms on each
functionality based on the ratio of *C signals measured with
and without N dipolar modulation for a series of different
recoupling times. The experimental ratio was then matched to
the predicted signal ratios calculated for various possible linker
distributions (alternating, random, small clusters, or large
clusters) by molecular simulations. This approach was not
possible to use with 36 linkers because the pairwise coupling
between specific *C and '*N atoms would be too infrequent to
cause a detectable difference in the ssNMR signal. The *C
spectra of all 36 linkers also has many overlapping signals,
which are difficult to resolve in solution state NMR and would
be impossible to distinguish in ssNMR, preventing an accurate
measurement of the signal intensity.

The linkers of each MTV-MOF were calculated to be 75.0,
74.8, 75.1, and 75.1% of the total mass for I, II, III, and IV,
respectively, compared to 63.9% for the BDC linker of MOE-S.
This is evident in the TGA results, Figure 1d, which show
greater weight percentages remaining at 600 °C for each MTV-
MOF compared to MOEF-S. This corresponds with the greater
amount of carbon in the initial sample that remains after
heating under a nitrogen atmosphere during the TGA
measurement. The decomposition of MOF-S shows a single
step starting at 400 °C and finishing at 525 °C to give a total
weight loss of 49.8%. All MTV-MOF-5 samples have a similar
TGA decomposition profile, where each shows gradual weight
loss until 200 °C, a steeper weight loss step between 200 and
400 °C, then the steepest weight loss between 400 and 500 °C.
These results match what was previously observed for MTV-
MOE-5 containin§ aromatic linkers, where the weight loss
begins at 200 °C."° The total weight loss of each MTV-MOF is
41.1, 42.3, 38.9, and 42.1% for I, II, III, and IV, respectively,
corresponding with a greater mass of zinc carbide remaining
after heating compared to MOEF-S.

All MTV-MOE-S samples remain porous with 36 linkers,
shown by type I nitrogen isotherms at 77 K in Figure le. The
BET surface area and pore volume both decreased compared
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to MOEF-S, which is expected from the presence of the large
linker functionalities in the pores. Specifically, the BET surface
areas are calculated to be 1,735, 1,755, 1,659, and 1,725 mz/g
for I, II, II, and IV, respectively, compared to 3,380 m?/g for
the MOEF-S sample. The cumulative pore volumes are 0.72,
0.72, 0.68, and 0.70 cm?/g for I, II, III, and IV, respectively,
compared to 1.37 cm®/g for MOE-S. Pore sizes calculated by
nonlocal density functional theory (Figures S19—S31) show
broad pore size distributions centered from 7 to 10 A for all
MTV-MOFs, suggesting the presence of many different pore
environments. Narrow pore size distributions, as is present for
both MOF-S pores with sizes of 8.4 and 13.6 A, indicates the
pore environments are nearly identical in each pore, which is
expected when a single linker is used to construct the
framework. The absence of a pore size near those of MOF-$§
for each MTV-MOF indicates there are not large regions of
linker A present in the crystal, suggesting it is well distributed
throughout the MTV-MOF with the functionalized linkers.'®

B CONCLUSION

We successfully synthesized 4 MTV-MOE-S structures with 36
different linkers incorporated to the backbone. These MTV-
MOF-S structures maintained their crystallinity and porosity
despite the presence of many large functional groups in the
pores of the MTV-MOFs. The final linker incorporations were
calculated by integrating the solution state NMR of the
digested frameworks despite many overlapping chemical shifts
from the various linkers. 36 linkers into 12 possible locations
around each pore results in almost 7.90 X 10" different
possible pore environments, more pores than are expected to
exist in one crystal of MTV-MOEF-S. A potential application of
this system is to provide a scaffold with many different
functionalized linkers to quickly identify the most promising
linker or combination of linkers for another application of
interest. This work demonstrates the excellent flexibility and
tunability of MOFs by including a record number of linkers
and functionalities into a single framework.
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