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ABSTRACT: Bismuth- and iodine-containing metal—organic frameworks (MOFs) are crucial in catalysis, gas adsorption, and
luminescence, with local environments of Bi and I ions shaping their performance. Using **’Bi and '*I solid-state NMR (SSNMR)
for characterization is extremely challenging due to the exceedingly large quadrupolar interactions in MOFs. Here, we present ultra-
wideline (UW) SSNMR spectra of eight MOFs acquired at ultra-high magnetic fields up to 36 T, with breadths of 8—50 MHz,
revealing very large quadrupolar couplings. These spectra uncover key structural details, including dehydration, guest adsorption,
phase transitions, and disorder. This study establishes **’Bi and '*I UW SSNMR as powerful tools for probing Bi and I ions in

weight-dilute systems, offering broad applications in catalysis, solar cells, biochemistry, and beyond.

Metal—organic frameworks (MOFs) are crystalline
porous materials with diverse applications.’ Bismuth-
based MOFs, known for their biocompatibility, low-toxicity,
and strong iodine affinity,”* excel in catalysis,"”* biomedical
imalging,6 and radionuclide capture.7 Iodine-containing MOFs,
with electron-rich structures and semiconducting properties,”
are promising for photocatalysis,9 photoluminescence,10 and
iodine capture.'’ Advancing MOF design requires atomic-level
insights into bismuth and iodide behavior. Single-crystal XRD
relies on large, high-quality crystals, which are not always
attainable. Solid-state NMR (SSNMR) has proven to be a
powerful complementary technique for MOF characteriza-
tion.'* ™"

While 2*Bi and "I SSNMR faces significant experimental
challenges,l(’_23 the NMR applications of these nuclei in
MOFs remain underexplored. **Bi (I = 9/2) and *"I (I = 5/
2) are the only NMR-active isotopes of bismuth and iodine,
respectively. Although both isotopes exhibit high receptivity
(large gyromagnetic ratios: y(**’Bi) = 4.375 X 107 rad-T™"s7},
y(*I) = 5390 x 107 rad-T™'s™') with 100% natural
abundance, their quadrupole moments are very large
(Q("Bi) = —51.6 fm?, Q(*¥I) = —71.0 fm?).”* In MOFs,
Bi and I are often in low-spherical symmetry environments and
experience exceedingly large quadrupolar interactions, causing
extremely broad SSNMR spectra spanning tens of MHz.*
Nuclei like **Bi with high spin and large quadrupole moments
also have intense satellite transitions (STs) closely “packed”
around the central transition (CT), exhibiting significant third-
order effects and complicating the acquisition and interpreta-
tion of ultra-wideline (UW) SSNMR spectra.’” Reducing
quadrupolar broadening in half-integer nuclei can be achieved
by performing SSNMR at ultra-high magnetic fields, where
second-order quadrupolar interaction (QI) is inversely propor-
tional to the applied field.”® Recent advances in 36 T
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magnets”” enable the acquisition of UW SSNMR spectra for
challenging nuclei like **Bi and '*I.

Many bismuth- and iodine-containing materials have been
studied using **Bi and 'YI nuclear quadrupole resonance
(NQR)."***7%7 NQR offers advantages such as narrow lines
(better resolution), direct reflection of QI parameters, and
lower cost (greater accessibility). When quadrupolar frequen-
cies exceed the Larmor frequency, NQR or Zeeman-
perturbated NQR becomes particularly effective to probe the
QL*** However, challenges include time-intensive signal
searches in unknown samples’®*” and short spin—spin
relaxation (T,) times for samples with large C values,”
complicating detection. An excellent review”” provides detailed
comparisons of solid-state NMR and NQR. **Bi and '*I NQR
experiments on the MOFs were conducted in the predicted
frequency ranges. However, no signals were observed (See S,
page S4 for details).

Here, we demonstrate that 2Bi and I UW SSNMR
spectra of MOFs with breadths spanning tens of MHz can be
acquired efficiently at 36 T, revealing sensitivity to
coordination environment changes due to activation, phase
transitions, guest adsorption, and disorder. Normally acquiring
powder patterns broader than 1 MHz on a superconductin%
magnet requires VOCS (variable offset cumulative spectrum)*
technique. The UW SSNMR spectra are reconstructed from
multiple subspectra obtained by stepping the transmitter
frequency. However, in the 36 T series-connected hybrid
magnet used in this study, the probe cannot be accessed for
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Figure 1. Schematic illustration of Bi local geometry in (a) Bi(Tri) (H,0),* (¢) Bi(Tri) and (e) Py@Bi(Tri), as well as experimental (blue, Exp)
and simulated (red, Sim) 2®Bi UW SSNMR spectra of (b) Bi(Tri)(H,0), (d) Bi(Tri) and (f) Py@Bi(Tri). Both CT and STs are considered in the
simulation (see Figures S5—S7 for specific signal assignments of different transitions). The magnified view of “edges” is shown in the insets.
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Figure 2. (a) Layered structure of MOF IEF-3 and the Bi coordination geometry. (b) Experimental and simulated ®Bi UW SSNMR spectra of
IEF-3 using three simulation protocols. The magnified view of the “horn” at ca. 15 MHz is shown in the inset.

tuning above 18 T. Instead, the field is varied while transmitter
frequency remains fixed.*”~** For 2*Bi, spectral width can
exceed 50 MHz, requiring field-stepping over 7.2 T. The field-
stepped acquisition strategy, as outlined in refs43, 44, is
illustrated in Scheme S1.

This work extends UW SSNMR limits, achieving unprece-
dented spectral breadths and showcasing its power at ultra-
high fields to uncover local structures in Bi- and I-containing
MOFs and beyond.

2098j UW SSNMR of MOFs. Bismuth-carboxylate MOFs
offer versatile catalytic and luminescent properties,” with
photoluminescence tunable via linkers’ carboxylate groups.”
Bi(Tri)(H,O) (Tri = trimellitate) has a 3D structure (Figure
1(a)), featuring edge-sharing BiO, chains linked by trimellitate,
where Bi** coordinates to eight carboxylate oxygens and one
water oxygen in an irregular polyhedron (Figure S3).*> The

10824

2Bi UW SSNMR spectrum (Figure 1(b)) is reconstructed
from 22 subspectra by stepping the magnetic field from 33.24
to 34.15 T (Figure S4). The CT in the spectrum exhibits a
well-defined QI-dominated powder pattern that can be
simulated with one Bi site (Table S1; Figure SS(b) with full
ST simulation), consistent with crystal structure.*> The
quadrupolar coupling constant, Co(**Bi) is 230(1) MHz
obtained from the spectral simulation.

Dehydration of Bi(Tri)(H,0O) removes coordinated water,
leaving Bi(Tri) with a similar ordered structure, as shown by
comparable PXRD patterns (Figure S1). However, their 2*’Bi
spectra differ remarkably (Figure 1(d)): dehydration doubles
Cq from 230( 1) to 470(1) MHg, reflecting reduced spherical
symmetry and a shift from nine- to eight-coordinate Bi centers.
Plane-wave DFT calculations predict C values of 298 MHz
for Bi(Tri)(H,O) and 422 MHz for Bi(Tri) (Table S4). The
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unsaturated Bi** in dehydrated Bi(Tri) makes it a potential
adsorbent. Exposing Bi(Tri) to pyridine forms Py@Bi(Tri)
with an unknown structure. But its PXRD pattern (Figure S1)
is similar to Bi(Tri), indicating that both have comparable
long-range order. Compared to Bi(Tri), Py@Bi(Tri) exhibits a
*%Bi isotropic shift at a higher field and a similar Cq (Table S1,
Figure 1(f)). There are two possible positions for pyridine in
Bi(Tri): interacting with Bi** through its nitrogen or forming
m—n interactions with the linkers. Our plane-wave DFT
calculations (Figure S8) model both scenarios. Pyridine
binding to Bi’* via its N atom predicts a much larger Cq
than Bi(Tri), contradicting experimental data. Instead,
calculations show minimal C, change when pyridine engages
in 7—r interactions with linkers, suggesting it interacts with
linkers, as observed in other pyridine-loaded MOFs like SION-
82.*° This aligns with pyridine’s larger size, which hinders
coordination to Bi via the N atom in confined spaces.

Many bismuth MOFs, like IEF-3 (Bi,0,(C,0,))," are
studied for photocatalysis due to their semiconducting
properties. Synthesized hydrothermally from Bi(NO;); and
squaric acid, IEF-3 features a layered structure (Figure 2(a)),
where Bi** forms a distorted square pyramid by coordinating
with three bridging O®” ions and two oxygens from two
squarate linkers."” The **Bi UW SSNMR spectrum was
reconstructed from 100 subspectra obtained by field-stepping
over 7.2 T and exhibits a complex line shape spanning over 45
MHz (Figure 2(b)), despite having a single Bi site. It displays
five distinctive features from both CT and STs. Due to the
large Cy, the high-field CT edge is not observed, but the three
horns from STs (between 5S—15 MHz) enable accurate
spectrum simulation (Table S1, Figure S9 for assignments).

To accurately simulate the **Bi UW SSNMR spectrum of
IEF-3, two factors need to be considered. (1) The very large
quadrupolar interactions (vq/v, = 16%, where the quadrupolar

L) lead to the breakdown
20(0-1)

of the second-order perturbation theory, even at ultra-high
magnetic fields."® Figure 2(b) shows the low field “horn” of
simulated spectra with the second-order perturbation theory
and “exact” method using the direct diagonalization of
Hamiltonian, yielding a difference of ca. 1.25 MHz. (2) Due
to the large number of field steps needed to reconstruct the
complete spectrum, it is necessary to perform field-stepped
exact simulation of 100 subspectra from 28.6 to 35.8 T to
calibrate the magnetic shielding and quadrupolar interactions
at different fields as both are field-dependent.*> Compared to
the exact simulation at the central magnetic field, the “horn” at
low field region in the field-stepped exact simulation differs by
approximately 0.25 MHz (Figure 2b). The Cq of 860(2) MHz
is among the very large C, values ever reported in NMR
experiments,*”” and is substantially larger than those observed
in Bi sites of non-MOF materials.'”"” This is attributed to the
very low spherical symmetry of Bi** in its square-pyramidal
geometry (BiOjs) in IEF-3, where the coordinated five oxygens
are distributed within the same hemisphere around Bi**. The
plane-wave DFT calculation on the fully optimized structure
yields a calculated Cq ., = 727 MHz.

According to hard—soft acid—base theory, Bi**, a borderline
acid, binds to both oxygen and nitrogen donors. Reaction using
pyridine-3,5-dicarboxylic acid (PDC) with carboxylate and
pyridine groups forms the MOF ARL-3
(Bi,0,[NCH;(CO,),]) (Figure S10(a)). ARL-3 features 1D
cationic [Bi,0,]*" chains linked by PDC into a 3D MOF, with

frequency is expressed as vq =

two unique Bi sites: BiO, and BiOsN (Figure S10(a)).”" The
29Bi UW SSNMR spectrum exhibits several features, which
cannot be well simulated with a single Bi site. Instead, it is
better simulated using 2 sites (Figure S10(b), Table S1). To
assign the two resonances, plane-wave DFT and cluster DFT
calculations were performed for **Bi EFG tensors (Table S4
and S5). The calculated orders, CQ(BiO7) > CQ(BiOSN) and
1q (BiO;) > nq (BiOsN), are used to assign the signals to their
respective Bi sites with site 1 assigned to BiO, and site 2 to
BiO,N.

27] UW SSNMR of MOFs. Iodides in MOFs can enhance
catalysis with suitable metals, as seen in Cu(I)-X-bpy MOFs (X
= Cl, Br, I; bpy = 4,4'-bipyridine), showing potential for
photocatalytic hydrogen production.” In [Cul(bpy)], iodide

[CulysClys(bpy)] EFG distribution

co Ca=290-310 MHz
o= 0.40-0.90
(QuadFit)

Ca= 290 MHz
e na=0.74

.

Cq= 360 MHz

l Heat
No=0.69

Cukiboy] ] T

Figure 3. Schematic illustrations of MOFs [Cul(bpy)], [Cu,L,(bpy)]
and [Cul,sClys(bpy)]; experimental (blue) and simulated (red) '*'I
UW SSNMR spectra of the three MOFs. The sharp signal (*) near 0
ppm comes from Cul impurity.

bridges two Cu(I) centers in a y, configuration (Figure 3). Its
71 UW SSNMR spectrum exhibits QI-dominated powder
pattern with a breadth of ca. 20 MHz reconstructed from 73
subspectra stepping from 32.1 to 34.3 T. The coadded
spectrum can be simulated using one iodide site (Table S1),
consistent with the crystal structure.’” The 3D [Cul(bpy)] can
be transformed to 2D [Cu,L,(bpy)] by heating,’>>* where the
iodide converts from the i, to yi; configuration (Figure 3). The
1271 UW SSNMR spectra of [Cul(bpy)] and [Cu,I,(bpy)] look
distinctly different. The Cq(*’I) of 290(2) MHz in [Cul-
(bpy)] increases to 360(2) MHz in [Cu,L,(bpy)] (Table S1),
reflecting the decreased spherical symmetry due to the
configuration change from p,- to ps-I1. The 5q parameter is
also sensitive to the phase change, falling from 0.74 to 0.69
after phase change, reflecting increased axial symmetry about
the iodide.

Introducing secondary halide ions into [Cul(bpy)] forms
mixed-anion MOFs [Cul,Cl, (bpy)] with tunable photo-
catalytic hydrogen production.”® Halide disorder makes
characterization by PXRD challenging. For x = 0.5, reacting
4,4'-bipyridine with equimolar CuCl and Cul produces
[CulysClys(bpy)]. The simulated and experimental PXRD
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patterns of [CulysClys(bpy)] closely align (Figure S2),
confirming its identity and purity. Both [Cul,sClys(bpy)]
and [Cul(bpy)] crystallize in the same space group (I41/
acd),”* resulting in similar PXRD patterns, with minor
differences in peak positions and line width arising from
variations in unit cell parameters and local disorder. The CL:I
ratio was determined by EDX and XPS (Figure S11). The
appearance of the '*’I UW SSNMR spectrum of
[CulysClys(bpy)] indicates that the iodide has a partially
disordered environment. Thus, we employ the Gaussian
distribution model to describe the distributions of the EFG
tenor parameters.”> The '*’I UW SSNMR spectrum can be
well simulated with a Cq, distribution from 290 to 310 MHz,
and an 7q distribution from 0.40 to 0.90 (Table S1). These
distributions can be attributed to two factors. First, there are
two possible local coordination environments for iodine
{Cu,L,} and {Cu,ICl} with random spatial distributions within
the framework (Figure S12 and the footnote). Second, as
observed from single crystal structures of mixed-anion
[CuX(byp), X= 1, Cl],>* a relatively large isotropic displace-
ment parameter for iodine indicates that the iodide is not
located at a single, well-defined position (note that an isotropic
displacement parameter (or Uy,) in crystallography quantifies
the degree of atomic displacement from an average position
due to thermal motion and/or disorder*®) As a result, the Cu—
I—Cu bond lengths and angles may vary across different unit
cells.

Some MOFs exhibit multiple inequivalent iodide sites. For
example, MOF [Cu,,(DABCO),] contains three distinct
iodides.”” We acquired '*’I UW SSNMR spectra of this MOF
over 3 days to differentiate between these sites. The '*’I UW
SSNMR spectrum spans ca. 60 MHz (Figure S13) and could
only be simulated using a single site with Cq = 530(2) MHz
and 7= 0.28(2). The lack of resolution between these sites is
likely due to their similar environments (Table S6),°” and the
limited acquisition of subspectra, constrained by available
magnet time.

In summary, we successfully obtained the **’Bi and '*"I UW
SSNMR spectra of representative MOFs at ultra-high magnetic
fields, overcoming the challenges posed by very large
quadrupolar interactions. The extremely broad **Bi and '*'I
UW SSNMR spectra are highly sensitive to structural changes
induced by dehydration, guest—host interaction, phase
transition and local disorder. This study demonstrates the
feasibility of direct characterization of nuclei with extremely
large quadrupole moments in MOF materials. This approach
could be extended to other fields beyond MOFs such as solar
cells, surface science, catalysis, and biochemistry.
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