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Synthesis and structural properties of a 2D Zn(II) dodecahydroxy-closo-
dodecaborate coordination polymer 
Austin D. Ready†a, Shona M. Becwar†e, Dahee Junga,b, Anna Kallistovac, Emily Schuellerc, Kierstyn P. Andersona,b, Rebecca 
Kubenaa, Ram Seshadric,d, Bradley F. Chmelka*e, Alexander M. Spokoyny*a,b

In this work, we discuss the synthesis and characterization of a 2D coordination polymer composed  of a dianionic  perhydroxylated boron cluster, 
[B12(OH)12

2-],  coordinated to  Zn(II)—the first example of a transition metal-coordinated [B12(OH)12]2- compound.  This material  was synthesized via cation 
exchange from the starting cesium salt and then subjected to rigorous characterizion prior to and after thermal activation.  Numerous techniques, including 
XRD, FTIR, SEM, TGA,  and solid-state NMR revealed a 2D coordination polymer composed of sheets of Zn(II) ions intercalated between planes of boron 
clusters. The as-synthesized material was then evacuated of solvent via thermal treatment, and atomic-level changes from this transformation were 
elucidated through a combination of 1D and 2D solid-state NMR analyses of 11B and 1H nuclei, suggesting  the full removal of coordinated solvent molecules. 
Evidence also suggested that [B12(OH)12

2-] can adjust its coordination to Zn(II) in the solid-state through hemilability of its numerous -OH ligands.

Introduction 
Coordination polymers are an exciting class of materials featuring a 
high degree of chemical tunability due to the enormous variety of 
molecular building blocks available.1-3 Among these, boron rich 
clusters have been recently introduced  as promising scaffolds for 
the construction of various types of  coordination networks.4-31 In 
general, polyhedral boron clusters (Scheme 1) are highly appealing 
as building blocks for structured materials due to their symmetry, 

chemical tunability, and thermal/chemical robustness arising from a 
three-dimensional delocalization of electron density.4-10, 32, 33 
Notably, Stang et al. explored the use of carboranes (Scheme 1)—
neutral twelve-membered boron clusters in which two vertices 
have been replaced with carbon atoms—as linkers to form metal-
coordinated networks,11, 17 among other early examples of using 
carborane clusters to form coordination polymers.29, 31 Compared to 
purely boron-containing clusters, the presence of two carbon atoms 
in carboranes engenders an inherent directionality to the cluster 
through disruption of the symmetrical electronic environment. 
Shortly thereafter, Hupp, Mirkin, and co-workers reported the 
syntheses of Zn(II) and Co(II) carborane-containing MOFs.12, 13, 25 
Additionally, Planas et al. published a series of papers14, 15, 23, 26, 27 
investigating a number of carborane-based MOFs and coordination 
polymers. These works showcased the ability of boron clusters 
which are functionalized with various substituents (Scheme 1) to be 
used as hybrid building blocks for the formation of coordination 
polymer networks. Of particular interest is the coordination ability 
of purely boron-containing clusters such as dianionic 
dodecaborate—[B12H12]2-. In 1964, Muetterties demonstrated that 
due to the highly delocalized bonding in dodecaborate, the 
dicesium salt  (Cs2B12H12) can withstand temperatures up to 650°C 
without significant thermal decomposition, as well as exposure to 
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strong acids and bases.34 Furthermore, [B12H12]2- is also amenable to 
functionalization, as evident by the variety of perhalogenated 
derivatives ([B12X12]2-; X= F, Cl, Br, I) synthesized by Knoth, 
Muetterties, and others in subsequent years.35-37 These 
halogenated clusters and their derivatives have since been studied 
due to their ability to act as highly inert, weakly coordinating 
anions.38-48 A notable example from Strauss et al. showed a 
thorough solid-state characterization of Na2B12X12 compounds (X = 
F, Cl) and the corresponding hydrates.49 By comparing the Na—O 
bond valence contributions of the hydrates, the authors were able 
to rank these halogenated derivatives with respect to dodecaborate 
in terms of relative coordinating ability towards Na+ ions in the solid 
state (B12Cl12

2-
 ≪ B12H12

2-< B12F12
2-). 

Recently, Xing and Duttwyler used an electrophilic metal ion in 
combination with an unfunctionalized [B12H12]2- building block to 
create the first porous boron cluster-containing network where the 
coordination is driven purely by direct cage-metal interactions.30 
Notably, the authors observed a linear B—HM interaction (M = 
Cu(II)), a previously unrecognized bonding motif for a metal 
dodecaborate complex, as the boron cluster typically coordinates to 
metal centers with two or three B-H units.50-53  We hypothesized 
that a perhydroxylated dodecaborate cluster,21, 22, 54 where instead 
of -H groups the icosahedral boron cluster core features twelve -OH 
groups (i.e. [B12(OH)12]2-) could be an interesting building block with 
which to create a coordination polymer. For example, we previously 
reported19 the synthesis of a hybrid metal oxide system, wherein 
[B12(OH)12]2- was used as a starting material to form a cross-linked 
network featuring B—O—Ti  linkages connecting an amorphous 
array of TiO2 nanoparticles. We later expanded this chemistry to 
synthesize a boron-rich hybrid tungsten oxide material.18 
Additionally, the synthesis and crystallographic characterization of a 
number of alkali metal M2[B12(OH)12] compounds has been 
reported16, 20-22, 24, 28, 54 (M = Li, Na, K, Rb, Cs). Despite reports of 
Zn(II)-boron cluster coordination compounds,55 however, to date 
there remain no reports of the synthesis and characterization of a 
crystalline, perhydroxylated dodecaborate coordination polymer 
with a cation other than a monovalent alkali metal.

Herein, we present the synthesis and characterization of 
ZnB12(OH)12, a 2D coordination polymer composed of planes of 
divalent Zn(II) ions coordinated by [B12(OH)12]2- units, the first 
example of a transition metal-coordinated [B12(OH)12]2- compound. 
We report a facile synthesis as well as a thorough investigation of 
the change in chemical environment of the cluster upon high 
temperature solvent removal, as determined via XRD refinement 
and 1H-11B and 1H-1H solid-state 2D NMR studies of the as-
synthesized and activated materials.

Experimental

Synthesis of ZnB12(OH)12

Cs2[B12(OH)12] (120 mg, 0.20 mmol) was added to a 20 mL reaction 
tube. MilliQ water (3.0 mL) was added. The suspension was heated 
to 95 °C until all Cs2[B12(OH)12] was dissolved. A solution of 
Zn(NO3)2•6H2O (714 mg, 2.4 mmol) in MilliQ water (3.0 mL) was 
prepared at room temperature and added dropwise to the 
homogenous Cs2[B12(OH)12] solution. Upon addition, a crystalline 
white precipitate formed immediately (Fig. 1). The suspension was 
stirred at 95 °C for two days. After completion, the suspension was 
cooled to room temperature, and was centrifuged (2000 rpm, 10 
minutes) to separate the solids. The top aqueous solution was 
decanted. Another portion of MilliQ water (15.0 mL) was added. 
The suspension was stirred in an ice-water bath for 5 min, and 
centrifuged (2000 rpm, 5 minutes) to separate the solids. This 
washing step was repeated another two times to remove soluble 
impurities. The resulting white powder was dried in vacuo with a 
lyophilizer for one day to yield the final product (65 mg, 0.162 
mmol, 81%). The material was activated by heating in vacuo at 
220°C for 24 hours. 

Scheme 1 Icosahedral boron clusters studied thus far as metal-
coordinating moieties.
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X-ray crystallography and structure determination
XRD patterns (Fig. 1b and Fig. 3b) were collected on a ground 
sample of ZnB12(OH)12 from 5 to 120° (2θ) on an Empyrean 
diffractometer with Cu-Kα radiation (λ = 1.54 Å). The powder 
pattern was indexed using the EXPO2014 software with the N-
TREOR09 indexing algorithm to obtain a unit cell with P–1 
symmetry.  This unit cell was put into TOPAS, along with the 
diffraction data, and a Pawley fit was performed to obtain refined 
cell, background, profile (peak shape), and sample displacement 
parameters. Bond lengths and angles for the [B12(OH)12]2- moiety 
were obtained from the single crystal structure of the dicesium 
salt54. These parameters were fixed and information about the 
atoms was imported into TOPAS. The boron clusters were fixed in 
shape as rigid bodies with the -OH groups on both the boron cluster 
and the solvent replaced by F atoms for simplicity (Fig. S10 and 
S11). The clusters were allowed to rotate and translate, as well as 
the zinc ions and fluorine atoms. A simulated annealing algorithm 
was implemented in TOPAS which varied the atom positions in 
order to minimize the least squared error from the XRD pattern. 
When the cell parameters were also allowed to vary the cell relaxed 
into monoclinic symmetry. FINDSYM was used on the resulting 
structure to obtain the new space group, which was monoclinic 
C2/m.   Simulated annealing was performed on the new monoclinic 
structure to obtain the best fit to the XRD pattern. Finally, a 
Rietveld refinement was performed in order to obtain atomic 
displacement parameters and statistical information about the 
quality of the fit (Table S1 and S2).  Because β is close to 90°, the 
Rietveld refinement was attempted using a variety of orthorhombic 
space groups following the above method.  However, the best fit 
was achieved with monoclinic C2/m.

Solid-state NMR spectroscopy

Solid-state 1H and 11B magic-angle-spinning (MAS) NMR 
spectroscopy were used to analyze the local environments of 1H 
and 11B in the as-synthesized and activated boron clusters. All solid-
state NMR spectra were acquired on a Bruker AVANCE II HD 800 
NMR spectrometer with an 18.8 T superconducting magnet 
operating at Larmor frequencies of 800.24 and 256.75 MHz for 1H 
and 11B nuclei, respectively, and equipped with a fast MAS 1.3 mm 
HX probe head. The experiments were conducted using zirconia 
rotors with Kel-F® caps at 25 kHz MAS and at room temperature, 
which was maintained by cooling. 1H chemical shifts were 
referenced to TKS as a secondary standard (1H chemical shift of 0.25 
ppm), and 11B signals were referenced to borax powder (Na2B4O7) 
as a secondary standard (11B shift of 2.26 ppm).56 The materials 
were diluted with KBr at a sample:KBr ratio of 1:1 w/w before being 
loaded into the MAS rotor. The KBr served as both an internal 
temperature probe57 and to reduce undesirable sample heating 
that may arise from rapid rotation of conductive samples in the high 
magnetic field required for the NMR measurements.58 Compared to 
1D NMR, two-dimensional (2D) NMR techniques yield enhanced 
spectral resolution by exploiting through-space dipole-dipole 
interactions over sub-nanometer distances to correlate the NMR 
signals of dipole-dipole-coupled spin pairs, such as 1H and 11B nuclei 
in the boron clusters. 

Solid-state 2D 11B{1H} Heteronuclear Correlation (HETCOR) 

NMR spectroscopy experiments were acquired using 32 transients, 

with a recycle delay of 1–5 s, 0.5 ms contact time, and 256 scans in 

the indirect dimension. In this experiment, 1H nuclei are excited by 

a radiofrequency pulse, allowed to evolve during an incremented 

evolution period, after which polarization is transferred via 1H-11B 

dipole-dipole couplings to nearby (1 nm) 11B atoms, and the 11B 

polarization subsequently detected. A double Fourier transform of 

Fig. 1     (a) Synthetic conditions to perform cation exchange on perhydroxylated dodecaborate. (b) PXRD pattern of as-synthesized 
boron cluster before (blue) and after cation exchange (black) from cesium to zinc. (c) SEM image of as-synthesized ZnB12(OH)12, 
showcasing the high degree of crystallinity and uniformity.
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the 11B and 1H time-domain signals yields a contour-plot 2D 

frequency map of correlated 11B and 1H signals that manifests pairs 

of nuclear spins that are in nanoscale proximity to one another. 

Heteronuclear 1H-11B dipole-dipole couplings scale with the cube of 

the distance separating the two nuclear spins,59, 60 so that the short 

contact times used were sensitive principally to 1H and 11B nuclei 

that are directly bonded, physically interacting, or, to a lesser 

extent, by weaker next-nearest neighbor interactions.

Solid-state 2D 1H{1H} double-quantum–single-quantum (DQ-

SQ) NMR spectra were acquired using a Hahn-echo sequence to 

remove the 1H background of the NMR probe head. For DQ 

excitation, the Back-to-Back (BaBa) scheme61, 62 was used under 

MAS conditions of 25 kHz, with XY16 phase cycling63 to remove 

background signals. A z-filter delay of 10 rotor periods was used 

before acquisition to remove spurious magnetization. The 

acquisition of the indirect dimension was rotor-synchronized, with 

64 data points recorded using the States-TPPI method. Recycle 

delays were in the range of 1–5 s, as determined from saturation 

recovery measurements.

Solid-state 1D 1H and 11B Hahn-echo NMR experiments were 

conducted to quantify the integrated intensities of signals, the 

positions and linewidths of which are manifested in the 2D spectra. 

For the 1H spectra, recycle delays of 20 s (5T1) were used to ensure 

full spin-lattice relaxation of the 1H signals and were acquired with 

64 scans and a 0.8 ms echo delay. For the 11B spectra, a recycle 

delay of 4 s (>5T1) was used to ensure full spin-lattice relaxation of 

the 11B signals and were acquired with 124 scans and a 0.8 ms echo 

delay.

Scanning Electron Microscopy

SEM images were captured with a JEOL JSM-6700F FE-SEM. The LEI 
detector was used with an accelerating voltage of 5.0 kV, emission 
current of 10 μA, and a probe current of 8 μA.

Infrared Spectroscopy

IR spectra were measured on a Jasco FT/IR-4100. A background 
spectrum was measured and automatically subtracted prior to 
sample measurements. 64 scans were used on a typical 
measurement.

Thermogravimetric Analysis 

Thermogravimetric analysis was carried out on a PerkinElmer Pyris 
Diamond TG/DTA. Samples were heated in alumina oxide trays from 
25 °C to 650 °C at a rate of 20 °C/min under a constant flow of 
argon (200 mL/min). 

Results and discussion

Fig. 2  (a) Perspective view of the channels of zinc ions within the [B12(OH)12]2- framework; (-OH groups omitted for clarity). (b) 2D 
structure of the material, formed by alternating planes of boron clusters and Zn(II) ions, in which each boron cluster is depicted by a 
simplified centroid. (c) Coordination environment around a single [B12(OH)12]2- cluster (left), and around a single Zn(II) ion (right); 
(solvent molecules omitted for clarity).
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Synthesis

ZnB12(OH)12 was synthesized via cation exchange of the starting 
material Cs2[B12(OH)12] (Fig. 1a) by leveraging the effect that the 
counterion of the boron cluster has on the solubility of the material. 
The cesium-coordinated cluster is soluble in hot aqueous solution, 
while the final zinc-coordinated cluster is insoluble in water. The 
material was recovered after centrifugation and subjected to 
lyophilization. The resulting solid white powder still contains water 
molecules in the crystal lattice, as evident by various 
characterization methods (see below). 

XRD Characterization

As discussed in the experimental section, XRD refinement was 
particularly useful in elucidating the structural features of this 
material (Fig. 2). Structure determination was aided by the use of 
TOPAS, which allowed the identification of a monoclinic C2/m space 
group. Density measurements of the powder in a pycnometer 
confirmed that the experimental density of 2.27 g/cm3 was in good 
agreement with the predicted density of 2.30 g/cm3. From these 
refinement methods, we determined the structure consists of six-
coordinate Zn(II) ions, coordinating to three boron clusters by four 
bonding interactions (Fig. 2c) and two solvent molecules. Each Zn(II) 
ion is chemically equivalent, and is bound in a bidentate fashion by 
two -OH groups on one cluster, with bond lengths of 2.432 Å and 
2.526 Å, and bound in a monodentate fashion by hydroxyl moieties 
on two additional clusters, with equivalent bond lengths of 1.998 Å. 
The coordination environment around each Zn(II) ion is completed 
with two coordinating H2O molecules, in good agreement with the 

preference of Zn(II) for a six-coordinate environment in aqueous 
solution64-66. However, the mass loss observed by TGA upon 
thermal activation more closely agrees with three H2O molecules 
per ZnB12(OH)12 unit, therefore we suspect the presence of a third 
unbound H2O molecule located elsewhere in the crystal lattice. We 
then set out to determine if these solvent molecules can be 
removed, and how that would affect the material properties.

Rehydration and Solvent Exchange

In an attempt to achieve milder activation conditions, an acetone 
solvent exchange was attempted on an as-synthesized material. 
However, there were no noticeable differences in the TGA or PXRD 
pattern of the resulting material after it was exposed to acetone for 
72 hours (Fig. S15 and S15). Additionally, we investigated whether 
the activated material could be rehydrated to its as-synthesized 
form by exposure to water/humidity. Water sorption isotherms for 
the activated material showed very minor adsorption (Fig. S12). 
Longer duration rehydration studies were then conducted to try to 
achieve a reversion to the PXRD pattern of the as-synthesized 
material. The activated material showed no change in its PXRD 
pattern after 8 days in a high humidity chamber (Fig. S13). 
Interestingly, however, full conversion back to the as-synthesized 
pattern was achieved for an activated sample after stirring in water 
for 5 days (Fig. S14).

Activation

Fig. 3 (a) SEM images of ZnB12(OH)12 as-synthesized (top) and after activation (bottom) at 220°C under vacuum. (b) PXRD patterns before 
(black) and after (red) activation. (c) FTIR of as-synthesized (black) and activated (red) material (d) TGA of as-synthesized ZnB12(OH)12.
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While the effect of activation is not readily apparent by SEM, it is 
more noticeable by XRD, FTIR, TGA (Fig. 3), and solid-state NMR 
(Fig. 4 and 5). The XRD pattern of the activated material is strikingly 
different from that of the as-synthesized material (Fig. 3b). Clearly, 
the removal of coordinated solvent molecules upon thermal 
activation impacts the crystal structure and the long-range order. 
This makes additional refinements challenging but emphasizes the 
utility of solid-state NMR spectroscopy (see below). Despite having 
fewer total peaks, there appears to be a number of peaks which are 
retained upon activation, albeit significantly broadened and shifted, 
consistent with the changes in XRD patterns seen by Jorgensen et 
al. for various alkali metal [B12(OH)12]2- compounds upon thermal 
activation16.  We hypothesize that the loss of various peaks in the 
low 2ϴ region (10-15°) could be due to a contraction of the unit cell, 
whereupon the removal of coordinated water molecules, proximate 
boron clusters move in to fill the vacant coordination sites on the 
Zn(II) ions. This is consistent with the solid-state NMR 
characterization (see below), where the proportion of hydroxyl 
groups coordinating the Zn(II) ions seems to increase upon thermal 
activation. There are also noticeable differences in the FTIR 
spectrum (Fig. 3c), where the two peaks at 1207 cm-1 and 1127 cm-

1, and their small shoulders, in the as-synthesized material merge 
into one broadened peak at 1169 cm-1 in the IR spectrum of the 
activated material. The peak at 1207 cm1 is assigned to a B—B 
stretch associated with a “breathing/pulsation” of the icosahedral 
cage,21, 67-69 while the peak at 1127 cm-1 could be due to either a 
B—B  cage vibration or a B—O vibrational mode. Similarly, the 
shouldering on either side of the peak at 726 cm-1 in the as-
synthesized material disappears upon activation to give one peak at 
718 cm-1. This peak is also associated with the B—B breathing 
mode. Additionally, the loss of the small peaks between 3400 cm-1 
and 3550 cm-1 is attributed to the removal of coordinated water 
upon activation. The activation of this material is further observable 
by TGA (Fig. 3d), which shows a mass loss of approximately 12% 
between 200-250°C, which we attribute to the loss of three water 
molecules per ZnB12(OH)12 unit. The effects of activation are most 
obvious, however, upon examination of the solid-state NMR 
spectra.

Distribution of Local Boron Environments

Solid-state NMR analyses show that the presence of Zn(II) cations 
influences the local environments of the hydrogen and boron atoms 
of the cluster, though to differing extents, according to their 
nanoscale proximities and interactions. This is evident in Fig. 4a, 
where the Hahn-echo 1H MAS NMR spectrum (shown along the 
right vertical axis) exhibits a broad distribution of 1H intensity, 
representing a continuous distribution of hydrogen moieties. 1H 
signals at higher frequencies (higher chemical shifts) arise from 
moieties that are relatively deshielded, consistent with their 
nanoscale proximities to the electron-withdrawing Zn(II) ions. By 
comparison, 1H signals at lower frequencies (lower chemical shifts) 
manifest more shielded environments and are expected to be more 
distant from the zinc cations. 

Fig. 4 (a) Solid-state 2D 11B{1H} HETCOR NMR spectrum of the 
activated Zn(II)-boron cluster material acquired at 18.8 T, 298 K, 
25 kHz MAS and with a short 0.5 ms contact time. Different 
regions of correlated intensity are marked by colored squares that 
correspond to 1H nuclei in different local environments that are 
dipole-dipole-coupled to 11B nuclei in the clusters. A schematic 
diagram is shown of a single Zn(II)-boron cluster with 
hydroxylated moieties that are colored according to their local 
environments, consistent with the 2D spectrum. (b) 1D Hahn-
echo 11B MAS NMR spectrum acquired under the same conditions 
as (a), with two partially resolved signals that are deconvolved 
based on their positions and widths in the 2D spectrum, which are 
attributed to boron atoms on the cluster in different electronic 
environments, as indicated by the red or gray shading.
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These different 1H moieties are shown to be unambiguously 
associated with the Zn(II)-boron clusters by the 2D 11B{1H} 
heteronuclear correlation (HETCOR) NMR spectrum  of the 
activated material in Fig. 4a. 2D intensity manifests pairs of 
correlated 11B and 1H nuclear spins that are in nanoscale proximity 
to one another. Specifically, the intensity distribution in the 2D 
11B{1H} spectrum in Fig. 4a shows a predominant 11B signal at -17 
ppm, which is associated with the [B12(OH)12]2- cluster, as previously 
established19. Interestingly, for the activated material the increased 
resolution provided by 2D NMR reveals that there are at least two 
types of 1H nuclei. These are characterized by isotropic chemical 
shifts centered at 7.3 ppm (blue) and 4.3 ppm (mauve), and are 
attributed to moieties that are closer to or more distant from the 
Zn(II) ions, respectively. Unresolved shoulders of these 1H signals 
near 10.3 ppm (green) and 1.5 ppm (purple) indicate a broad 
distribution of local hydroxyl environments, which are discussed in 
more detail below. In addition, a distinct shoulder is notably 
present in the 11B dimension at -23 ppm, which is correlated 
principally with the 1H signal at 7.3 ppm (blue), consistent with 
these moieties being near the electron-withdrawing Zn(II) ions. The 
shielding of these 11B nuclei is consistent with the local electron 
density visualized by Mulliken charges on the geometry-optimized 
model system (Supplementary Information; Fig. S1, S4, S7). This 
suggests that the well-established, delocalized, 3D-aromatic 
character of the boron cluster compensates for the low electron 
density (deshielding) of 1H nuclei on the hydroxyl groups that 
interact most strongly with the Zn(II) ions by increasing the local 
electron density on proximate boron atoms. The enhanced 
resolution of the 2D NMR spectra enables the positions and 
linewidths of the two 11B signals to be determined for use in 
deconvoluting the approximately quantitative 1D 11B MAS spectrum 
in Fig. 4b, yielding relative integrated intensities of 83% (red) and 
17% (gray) for the signals at -17 ppm and -23 ppm, respectively. 
This corresponds to a 5:1 ratio, which indicates a unique chemical 
environment for 2 boron atoms in the cluster and a separate 
environment for the other 10 boron atoms (red and gray shading on 
the cluster in Fig. 4). DFT calculations indicate that the electron 
densities (as visualized by Mulliken charges) on the two boron 
atoms whose -OH groups are involved in a bidentate Zn(II)-binding 
motif (Fig. 2c) are significantly higher than the other ten boron 
atoms on the cluster, which includes those involved in 
monodentate interactions and those not involved in binding 
interactions (Fig. S7). These two distinct chemical environments on 
the cluster account for the relative 1:5 ratio of boron atoms derived 
from integration of the 1D 11B MAS NMR spectrum. Overall, 
however, the chemical shifts of the boron atoms in the cluster seem 
to be only moderately affected by the Zn(II)-hydroxyl binding 
interactions. 

Hydroxyl Interactions at Boron Cluster Termini
Compared to boron atoms in the cluster, however, their 

associated hydroxyl moieties experience a much richer range of 
interactions with the Zn(II) cations and with each other. In 
particular, the spatial proximities of the different types of 1H 

moieties can be probed by 2D 1H{1H} double-quantum–single-
quantum (DQ-SQ) correlation NMR analyses, which resolve pairs of 
dipole-dipole-coupled 1H nuclei according to their correlated 
isotropic chemical shifts. In a 2D 1H{1H} DQ-SQ spectrum, intensity 
along the double-diagonal line corresponds to dipolar-coupled 1H 
nuclei in moieties with identical isotropic chemical shifts (and thus 
in the same local environments). Intensity that is displaced off the 
double-diagonal corresponds to coupled 1H spins in different 
environments that are within nanoscale proximity to each other. 
DFT modelling of local shielding environments of the different 1H 
moieties (Supplementary Information; Figs. S3, S6, S9) aids the 
assignment of the 2D-resolved signals. 

For example, the 2D 1H{1H} DQ-SQ correlation spectrum in Fig. 5a of 
the as-synthesized Zn(II)-boron cluster material shows intensity 
maxima along the double-diagonal centered at 8 ppm (green dot), 
which is associated with pairs of dipole-dipole coupled hydroxyl 
groups that are in similar environments. The intensity maximum 
along the double-diagonal centered at 6 ppm (orange dot) is 
attributed to structural water70. 

Strong off-double-diagonal intensity is also observed at 16.5 ppm in 
the double-quantum dimension and at 10.5 ppm and 6 ppm (green 
squares) in the single-quantum dimension, consistent with the 
nanoscale proximity of hydroxyl groups directly engaging in a 
bidentate binding interaction with a Zn(II) cation, and those next-
distant on the boron cluster. Similarly, strong off-double-diagonal 
intensity at 14.5 ppm and 10.5 ppm in the DQ dimension is 
correlated with pairs of 1H SQ signals at 10.5 ppm and 4 ppm (blue 
squares), and at 8 ppm and 2.5 ppm (purple squares), respectively, 
each manifesting dipole-dipole-coupled 1H nuclei in hydroxyl 
moieties which are increasingly distant from the bidentate-bound 
Zn(II) cations, therefore corresponding to hydroxyl groups which are 
either not binding with a Zn(II) ion or are engaging in a weaker 
monodentate bond. Additionally, strong off-diagonal intensity at 12 
ppm in the DQ dimension is associated with correlated 1H SQ signals 
centered at 8 ppm and 4 ppm (orange squares), which manifests 
interactions between structural water and the hydroxyl moieties of 
the boron cluster. It is interesting to note the absence of correlated 
intensity along the double-diagonal at 21 ppm in the DQ dimension 
and at 10.5 ppm in the SQ dimension, which establishes that these 
hydroxyl moieties associated with strong Zn(II) interactions are 
relatively isolated (>1 nm) from each other. 
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Importantly, the improved resolution afforded by the 2D 1H{1H} DQ-
SQ NMR analysis enables the positions and linewidths of the 
otherwise broad and poorly resolved signals to be deconvolved in 
Fig. 5b, which shows the 1D Hahn-echo 1H MAS NMR spectrum of 
the as-synthesized Zn(II)-boron cluster material. Integration of the 

deconvoluted 1H signals yields estimates of the relative populations 
of the different hydroxyl moieties (Fig. 5b), specifically 12%, 19%, 
25%, and 19% for the signals at 10.5 ppm, 8 ppm, 4 ppm, and 2.5 
ppm, respectively, and 25% associated with the signal at 6 ppm 
from structural water, the latter of which is consistent with the 

Fig 5. Solid-state (a,c) 2D 1H{1H} double-quantum/single-quantum correlation NMR spectra, (b,d) quantitative 1D Hahn-echo 1H MAS NMR 
spectra of as-synthesized (a,b) and activated (c,d) boron cluster materials. The NMR spectra were acquired at 18.8 T, 298 K, and 25 kHz 
MAS. The colored regions at local intensity maxima along the dotted line highlight correlated isotropic chemical shifts arising from 
proximate (1 nm) dipole-dipole-coupled 1H-1H moieties. Signal assignments and widths in the 2D spectra were used to deconvolve and 
integrate the partially resolved signals in the 1D spectra in (b,d). Schematic diagrams of Zn(II)-boron clusters are shown with the Zn(II) ions 
(dark green), boron atoms (small, dark purple), and -OH groups colored according to their deconvoluted signal assignments. The asterisks 
denote impurity species.
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presence of two water molecules per boron cluster. Discounting the 
contribution from such structural water, the relative populations of 
the remaining boron-associated hydroxyl groups occur in an 
approximate ratio of 2:3:4:3 for the 1H signals at 10.5 ppm, 8, 4, and 
2.5 ppm, respectively, which is consistent with the expected 
stoichiometry of 12 hydroxyl moieties terminating each icosahedral 
boron cluster. This ratio appears be an average of ratios 
corresponding to two distinct boron cluster motifs, wherein small 
changes in the local chemical environment of the hydroxyl moieties 
(presumably due to disordered water molecules) results in distinct 
ratios of 2:4:4:2 and 2:2:4:4 for the respective 1H signals. Mulliken 
charges visualized through DFT calculations (Fig. S9) provide 
estimates of the relative extent of shielding of hydrogen atoms in 
the hydroxyl moieties, which allows tentative assignment of the 2D-
resolved isotropic chemical shifts to their local structural 
environments. A schematic diagram in Fig. 5b shows the two 
proposed structural motifs, with the colors of the different hydroxyl 
groups corresponding to those associated with the resolved 1H 
signals in the 2D NMR spectrum of Fig. 5a. 

Atomic-level Changes Produced by Thermal Activation

Upon post-synthetic activation at 220oC under vacuum, structural 
water molecules are lost and the ZnB12(OH)12 clusters undergo 
atomic-scale structural changes, which are manifested by the 2D 
1H{1H} DQ-SQ NMR spectrum in Fig. 5c. Similar intensity maxima are 
observed in the activated material at 10.3 ppm, 7.3 ppm, and 
approximately 4.3 ppm in the SQ dimension of the 2D spectrum 
(blue and gray squares) as was observed for the as-synthesized 
material (Fig. 5a). However, there are several notable differences, 
including a substantial reduction in intensity of the signal at 6 ppm 
in the SQ dimension, which importantly manifests the loss of 
structural water that occurs upon thermal activation, and is 
corroborated separately by thermogravimetric analysis. In addition, 
new correlated intensity is observed at high frequency along the 
double-diagonal line at 20.6 ppm in the DQ dimension and at 10.3 
ppm in the SQ dimension (black dot), which establishes the 
nanoscale proximity of these moieties that were previously isolated 
(Fig. 5a), consistent with densification induced by thermal 
treatment. Correlated intensity is furthermore observed for these 
high-frequency signals at 18.3 ppm in the DQ dimension with 1H SQ 
signals at 10.3 ppm and approximately 8 ppm, perhaps due to the 
hydroxyl groups having closer proximities to or enhanced binding 
with the Zn(II) cations after activation.  Finally, a large change is also 
observed in the low-frequency 1H signals, which exhibit a well 
resolved 1H SQ signal at 1.5 ppm that is correlated to a broad 
distribution of intensity at approximately 9 ppm (purple rectangles, 
10.5 ppm DQ). Collectively, these results manifest in high detail the 
atomic-scale rearrangements that occur as a result of thermal 
activation.

Using the positions and linewidths established by the 2D 1H{1H} 
NMR spectrum in Fig. 5c allows for confident deconvolution of the 
1D Hahn-echo 1H MAS NMR spectrum in Fig. 5d. Integration of the 
deconvoluted 1H signals yields estimates of the relative populations 

of the different hydroxyl moieties. The 1H signals at 10.3 ppm, 7.3 
ppm, 4.3 ppm, and 1.5 ppm account for approximately 18%, 34%, 
31%, and 17% of the hydrogen atom environments, respectively. 
Based on these relative integrated 1H signal intensities, the 
different hydroxyl moieties are established to be present in ratios of 
2:4:4:2, once again consistent with the expected stoichiometry of 
the 12 hydroxyl moieties per boron cluster. Importantly, there is a 
general increase in the integrated intensities of the 1H signals that 
are displaced to higher frequency; for example, 1H signals with a 
chemical shift greater than or equal to 7.3 ppm have relative 
intensities that roughly increase from 42% to 50% upon activation 
of the boron cluster material. Comparison of the as-synthesized and 
activated spectra suggests this is because the -OH moieties on the 
cluster can act as hemilabile ligands, increasing their denticity upon 
thermal activation by switching from a monodentate Zn(II)-binding 
motif to a bidentate interaction. In doing so, the open coordination 
sites on the metal ion which are exposed after removal of 
coordinated water molecules are filled by -OH groups from the 
cluster. This is reflected by an increase in relative intensities of the 
1H signals that represent hydrogens in more deshielded 
environments. The schematic diagram in Fig. 5d for the activated 
material shows a hydroxyl-terminated boron cluster near 
intercalated Zn(II) ions, with the colors of the different hydroxyl H 
atoms corresponding to those associated with the resolved 1H 
signals in Fig. 5c, and relative populations that are consistent with 
the 1H ratios established by Fig. 5d. Because there was no 
crystallographic refinement performed on the activated material, 
the locations of the Zn(II) ions are tentatively proposed in this 
schematic (large green circles, Fig. 5d), although it is expected that 
the proportion of bidentate-bound Zn(II) ions is higher. Thus, the 
enhanced signal resolution and atomic-scale insights provided by 
the 1D and 2D solid-state NMR analysis yield detailed information 
about the dynamic interactions between the Zn(II) cations and the 
hydroxylated boron cluster, along with atomic-scale differences 
between the as-synthesized and activated cluster materials.

Conclusions
A divalent Zn(II) dodecahydroxy-closo-dodecaborate coordination 
polymer was synthesized and thoroughly characterized via a variety 
of spectroscopic and structural methods. The removal of solvent 
molecules from the crystal lattice of the as-synthesized material 
was rigorously studied, providing key atomic insights into the 
changes in chemical environment of the perhydroxylated boron 
cluster ligand. Increased atomic level understandings were 
elucidated from solid state 1D and 2D NMR analyses of the as-
synthesized and activated materials. Subtle changes in the 
electronic environment of both the boron atoms comprising the 
cluster and the -OH moieties on the cluster were investigated. The 
location of Zn(II) ions and their binding modes (monodentate or 
bidentate) were revealed to have moderate effects on the relative 
shielding of 11B nuclei and significant effects on the shielding of 1H 
nuclei, as evident by thorough analyses of the solid-state NMR 
spectra. Furthermore, 2D 1H{1H} double-quantum/single-quantum 
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correlation NMR spectra were correlated with quantitative 1D 
Hahn-echo 1H MAS NMR spectra, suggesting that [B12(OH)12]2-

 

contains hemilabile -OH moieties, which can switch from 
monodentate to bidentate interactions with Zn(II) ions to fill vacant 
coordination sites generated on the metal ion upon the removal of 
coordinated water molecules. This is the first observation of the 
complex behavior of a [B12(OH)12]2-

 anion acting as a multidentate 
ligand with a transition metal ion. This analysis represents a 
valuable contribution to the field of coordination polymers, in 
which solid-state NMR is becoming recognized as a powerful tool 
for the elucidation of atomic-level structures.71-80 Overall, the 
increased multi-scale characterizations and understandings 
provided here for the first time in these types of materials will pave 
the way for further studies into coordination polymers, especially 
those composed of boron cluster building blocks.
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