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ABSTRACT: An extensive single-crystal X-ray crystallographic study of 11
nanojar structures (of which seven are novel) of the formula [anion⊂{cis-
CuII(μ-OH)(μ-pz)}n]2− (anion = BeF42−, n = 28, 31, 32, CunBeF4; anion =
SO4

2−, n = 28, 31, CunSO4; pz = pyrazolate, C3H3N2
−) has been carried out,

providing a detailed description of isomorphism and pseudopolymorphism
in nanojars. The results point to a remarkable variety in the shape of the
constituent [cis-CuII(μ-OH)(μ-pz)]x (Cux; x = 6, 8, 9, 10, 12 and 14)
metallamacrocycles, despite only small differences in the coordination
environment of the individual Cu2+ centers. The flexibility of the Cux rings
and, ultimately, of the nanojar framework allows for the incarceration of
different anions with slightly different dimensions in a nanojar of a given
size, resulting in the formation of isomorphous structures in the case of
CunBeF4 and CunSO4. Selectivity studies monitored by electrospray-
ionization mass spectrometry (ESI-MS) and proton nuclear magnetic resonance spectroscopy (1H NMR) reveal that despite the
virtually identical H-bonding pattern around the two anions in nanojars of a given size, SO4

2− is strongly preferred over BeF42−. The
origins of this selectivity are discussed, along with the nature of bonding in the two isosteric anions. Lastly, the crystal structure of
(Bu4N)3Be2F7(H2O)3 documents the formation of the Be2F73− ion from BeF42−.

■ INTRODUCTION
Despite their high toxicity and carcinogenicity, beryllium (Be)
and its alloys/compounds are important materials in
applications ranging from nonsparking tools to key compo-
nents for the nuclear and aerospace industries due to a unique
combination of physicochemical and mechanical properties.1

In the presence of fluoride, Be is readily converted to the
water-soluble and stable tetrafluoroberyllate anion (BeF42−).2

Tetrafluoroberyllates themselves serve as critical constituents
in industrial processes, such as coolants and solvents in nuclear
reactors,3,4 and as intermediates in the production of Be
metal.5

The chronic Be disease (berylliosis) caused by exposure to
Be dust of early workers unaware of the health hazards of Be
created a nasty reputation for this otherwise fascinating
element, which continues to hinder studies of Be chemistry.6

For instance, there are only 634 crystal structures containing
Be in the Cambridge Structural Database (CSD) to date
compared to 6121, 12883, and 81531 structures containing its
neighbors in the periodic table, Mg, Li, and B.7 Furthermore,
the supramolecular binding of the BeF42− anion has just
recently been reported.8

BeF42− is similar to the sulfate (SO4
2−) anion in that they

have identical molecular charge, shape, number of atoms, and
number of valence electrons, and they are also similar in size
(average Be−F and S−O distances in crystal structures
containing noncoordinated BeF4

2− and SO4
2− ions are

1.55(1) and 1.48(1) Å, respectively) (Figure 1).7 The
isomorphism of BeF42− and SO4

2− salts was recognized 110
years ago,9 when it was found that (NH4)2BeF4, (NH4)2SO4,
K2BeF4, and K2SO4 have very similar molecular volumes and
form mixed crystals in all proportions.10,11 Subsequently,
numerous inorganic and organic salts of BeF42− isomorphous
with analogues containing tetrahedral oxoanions (XO4

n−: n =
2, X = S, Se, Cr, Mo, W, HP; n = 3, X = P, As, V; n = 4, X =
Si), including double salts such as alums (M2

IAl2(BeF4)4-
(H2O)24), Tutton’s salts (M2

IMII(BeF4)2(H2O)6), and Lang-
beinites (M2

IM2
II(BeF4)3), have been characterized (M =

metal, ammonium or organic cation).2,12,13

While the isomorphism of BeF42− and SO4
2− in salts has

been thoroughly studied and is now well established, a
corresponding isomorphism of noncovalently bound BeF42− in
host−guest complexes has been hitherto uncharted. We have
recently reported the first examples of supramolecular
complexes that bind the BeF42− ion exclusively by hydrogen
bonds.8 These complexes are based on nanojar hosts, which
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form a series of oligomerization isomers of the formula
[BeF4⊂{cis-CuII(μ-OH)(μ-pz)}n]2− (CunBeF4; n = 27−32).
Each nanojar consists of three [cis-CuII(μ-OH)(μ-pz)]x (x =
6−14, except 11) metallamacrocycles, which are bound
together by multiple H-bonds and axial Cu···O interactions.
Although similar complexes containing an incarcerated SO4

2−

anion have been previously prepared and studied,14−17 details
of the supramolecular binding of sulfate by H-bonding in
nanojars have only been available so far for an analogue with
tethered pz l igands , [SO4⊂{c i s -Cu28(μ -OH)28(μ -
pzCH2CH2pz)14}]2−.18,19 Herein, we describe the isomor-
phism of the Cu28BeF4 and Cu31BeF4 nanojars with the
corresponding Cu28SO4 and Cu31SO4 analogues and contrast it
with significant differences in bonding within the two anions,
leading to the selectivity of nanojars for sulfate. Also,
pseudopolymorphism in CunBeF4 (n = 28, 31, and 32) and
Cu31SO4 nanojars will be discussed based on novel single-
crystal X-ray structures of (Bu4N)2[BeF4⊂{Cu(OH)-
(pz)}6+12+10] (Cu28BeF4, 1a (nitrobenzene/pentane) and 1b
(chlorobenzene/pentane)), (Bu4N)2[BeF4⊂{Cu(OH)-
(pz)}8+14+9] (Cu31BeF4, 3a (toluene) and 3b (bromoben-
zene/hexane)), (Bu4N)2[SO4⊂{Cu(OH)(pz)}8+14+9]
(Cu31SO4, 4a (chlorobenzene/pentane) and 4b (1,2-dichlor-
obenzene/heptane)) and (Bu4N)2[BeF4⊂{Cu(OH)-

(pz)}9+14+9] (Cu32BeF4, 5a (1,2-dichlorobenzene/heptane)),
a s we l l a s p rev ious l y pub l i shed s t ruc tu re s o f
(Bu4N)2[BeF4⊂{Cu(OH)(pz)}6+12+10] (Cu28BeF4, 1c (tol-
uene)),8 (Bu4N)2[SO4⊂{Cu(OH)(pz)}6+12+10] (Cu28SO4, 2
(toluene)),15 (Bu4N)2[BeF4⊂{Cu(OH)(pz)}8+14+9]
(Cu31BeF4 , 3c (ch lorobenzene/heptane)) , 8 and
(Bu4N)2[BeF4⊂{Cu(OH)(pz)}9+14+9] (Cu32BeF4, 5b (1,2-
dichlorobenzene/pentane)).8

■ RESULTS AND DISCUSSION
Synthesis and Mass Spectrometric Characterization.

Tetrafluoroberyllate- and sulfate-incarcerating nanojars of the
formula (Bu4N)2[anion⊂{cis-CuII(μ-OH)(μ-pz)}n] (Cun, n =
27−32; anion = BeF42− or SO4

2−) were obtained from the
reaction of Cu(NO3)2·2.5H2O, pyrazole, Bu4NOH, and the
tetrabutylammonium salt of the anion in tetrahydrofuran
(THF). ESI-MS(−) analysis at a sampling cone voltage of 40
V reveals the presence of nanojars with n = 27 (Cu27BeF4, m/z
2035; Cu27SO4, m/z 2041), n = 28 (Cu28BeF4, m/z 2109;
Cu28SO4, m/z 2115), n = 29 (Cu29BeF4, m/z 2183; Cu29SO4,
m/z 2189) and n = 31 (Cu31BeF4, m/z 2331; Cu31SO4, m/z
2336), along with small amounts of nanojars with n = 30
(Cu30BeF4, m/z 2257; Cu30SO4, m/z 2263) and n = 32
(Cu32BeF4, m/z 2404; Cu32SO4, m/z 2410) (Figure 1).

Figure 1. ESI-MS(−) spectra of the as-synthesized (A) tetrafluoroberyllate-nanojar mixture [BeF4⊂{Cu(OH)(pz)}n]2− (CunBeF4; n = 27−32) and
(B) sulfate-nanojar mixture [SO4⊂{Cu(OH)(pz)}n]2− (CunSO4; n = 27−32) in CH3CN.

Figure 2. ESI-MS(−) spectra of CunBeF4 and CunSO4 (n = 27−32) in CH3CN at variable sampling cone voltages. Daughter species carry the same
color coding as the corresponding parent nanojars.
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The behavior of the CunBeF4 and CunSO4 nanojars at
different ESI-MS(−) sampling cone voltages has also been
studied. The signal intensities of both CunBeF4 and CunSO4
nanojars increase from 0 to 40 V. Above 40 V, the nanojar
signal intensities begin to decrease, and the peaks in the m/z
2030−2410 window gradually disappear, while increasing
amounts of daughter nanojar peaks appear in the m/z
1550−2030 window (Figure 2). At 100 V, no parent nanojars,
but only daughter species are detected, along with [Cu(pz)2]−

at m/z 198. In ESI-MS(+), only the counterion (Bu4N+) is
observed at m/z 242. The daughter species correspond to
shrunken [Cun−3O(n−y+2)/2(pz)n+y−8(anion)]2− nanojars, which
form by losing a Cu3(OH)6(Hpz)8−y(H2O)(n+y−14)/2 fragment
(y = (−1) − 8) from the parent nanojars. CunBeF4 nanojars
appear to be more resilient than CunSO4, as small amounts
persist even at 100 V. In the case of CunBeF4, additional
hitherto unidentified peaks are also observed.
X-ray Crystallography. From the as-synthesized CunSO4

nanojar mixture, individual crystals of most components found
in significant amounts (n = 28, Cu6+12+10SO4; n = 29,
Cu8+13+8SO4; n = 31, Cu8+14+9SO4) were grown,15,17 except

for n = 27 (Cu6+12+9SO4) and n = 29 (Cu7+13+9SO4). From the
corresponding CunBeF4 nanojar mixture, X-ray diffraction
quality crystals could only be obtained so far for n = 28
(Cu6+12+10BeF4), n = 31 (Cu8+14+9BeF4), and n = 32
(Cu9+14+9BeF4).

8 Despite being a very minor component in
the nanojar mixture, Cu32BeF4 formed good-quality single
crystals, whereas Cu27BeF4 and Cu29BeF4 did not. In an
attempt to grow crystals of the missing nanojars for analysis of
their structure and anion binding details, numerous crystal
growing setups based on different solvent combinations,
counterions, and additives were employed. Thus far, these
efforts resulted in new pseudopolymorphs of Cu28BeF4 (1a and
1b), Cu31BeF4 (3a and 3b), Cu32BeF4 (5a), and Cu31SO4 (4a
and 4b). The latter provide good quality H-bonding data,
which was not available earlier for the Cu31SO4 structure
crystallized from toluene/hexanes.15

Nanojar structures 1b, 1c (Cu28BeF4), and 2 (Cu28SO4) are
isomorphous (triclinic, P1̅; Table S1). In addition, 1a (also
triclinic P1̅, with a different unit cell) is a pseudopolymorph of
1b and 1c with nitrobenzene/pentane solvent molecules
included in the crystal lattice compared to chlorobenzene/

Figure 3. Comparison of the isomorphous crystal structures of Cu28BeF4 (1c) and Cu28SO4 (2) (top and side views). Green and blue dotted lines
indicate hydrogen bonds and axial Cu···O interactions, respectively. Counterions, lattice solvent molecules, and C−H bond H-atoms are omitted
for clarity, and only the major component is shown for disordered moieties.

Table 1. Structural Parameters of Noncoordinated BeF4
2− and SO4

2− Ions (based on the CSD)7 along with H-Bonding Data in
the Corresponding Nanojars (with D···A Distances up to 3.2 Å)

anion
average

Be−F or S−O (Å)
average

F···F or O···O within anion (Å)
donor/acceptorO···F/O range for H-bonds to

anion (Å)
average O···F/O distance for H-bonds to

anion (Å)

BeF42− 1.548(2) 2.526(2) 2.66(1)−3.18(2) (Cu6+12+10) 2.89(2)
2.72(2)−3.20(2) (Cu8+14+9) 2.94(2)
2.59(3)−3.18(1) (Cu9+14+9) 2.93(3)

SO4
2− 1.473(3) 2.399(3) 2.73(2)−3.19(2) (Cu6+12+10) 2.92(1)

2.79(1)−3.20(1) (Cu8+14+9) 2.98(1)
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pentane (1b) and toluene (1c, 2). The crystal structures of
Cu28BeF4 (1c) and the analogous Cu28SO4 (2) are shown in
Figure 3, while the structures of the different Cu28BeF4
polymorphs (1a−c) are contrasted in Figure S1. A detailed
analysis reveals only minor differences within the Cun-rings of
1a−c and 2, with consistent average Cu−O bond lengths of
1.928(3)−1.931(3) Å, average Cu−N bond lengths of
1.971(4)−1.980(4) Å, average N−Cu−O (trans) angles of
172.1(1)−172.5(1)°, average N−Cu−O (cis) angles of
85.6(2)−85.8(1)°, and average Cu···Cu distances of
3.277(1)−3.286(1) Å, respectively (Tables S4 and S9−S11).
The noncovalent interactions between individual Cun-rings are
also quite similar, with average axial Cu···O distances of
2.481(3)−2.516(3) Å, and average H-bonded O···O distances
of 2.764(6)−2.778(3) Å (Tables S4 and S18−S20). In terms
of H-bonding parameters between Cun-rings and the
incarcerated BeF42− or SO4

2− anion, an average O···F distance
of 2.89(1) Å is observed in 1 compared to the average O···O
distance of 2.92(1) Å in 2 (Tables 1 and S4).
Nanojar structures 3b, 3c (Cu31BeF4), and 4a (Cu31SO4)

are also isomorphous (Table S2). 3a is a pseudopolymorph
(toluene) of 3b (bromobenzene) and 3c (chlorobenzene),
whereas 4b (1,2-dichlorobenzene) is a pseudopolymorph of 4a
(chlorobenzene). All Cu31 nanojars have the same triclinic P1̅
symmetry. Figures 4 and S2 show that the structures of
analogous Cu31BeF4 (3c) and Cu31SO4 (4a) nanojars, as well
as their respective polymorphs 3a, 3b, and 4b, are again very
similar, with average Cu−O and Cu−N bond lengths of
1.923(3)−1.928(6) and 1.970(4)−1.975(8) Å, average N−
Cu−O (trans) and N−Cu−O (cis) angles of 171.4(2)−

172.4(3)° and 85.7(2)−86.1(2)°, and average Cu···Cu
distances of 3.286(1)−3.293(2) Å within their Cun-rings
(Tables S5 and S12−S16). The noncovalent interactions
between individual Cun-rings have slightly larger values for the
corresponding interatomic distances than in the Cu28 nanojars,
with average axial Cu···O distances of 2.515(5)−2.551(1) Å
and average H-bonded O···O distances of 2.834(7)−2.869(5)
Å (Tables S5 and S21−S25). The average H-bonded O···F
distances between Cun-rings and BeF42− ions range from
2.92(3) to 2.95(3) Å, whereas the corresponding O···O
distances between Cun-rings and SO4

2− ions range from
2.95(3) to 3.00(1) Å (Tables 1 and S5).
The two pseudopolymorphs of Cu32BeF4 (5a with 1,2-

dichlorobenzene/heptane and 5b with 1,2-dichlorobenzene/
pentane) display a much higher crystallographic symmetry
(orthorhombic, P212121) than the Cu28 and Cu31 nanojars
(triclinic, P1̅) (Table S3). Nevertheless, they also contain an
entire nanojar moiety in the asymmetric unit, located on a
general position (Figure 5). The average Cu−O and Cu−N
bond lengths of 1.933(4)/1.932(4) and 1.976(5)/1.976(5) Å,
average N−Cu−O trans and cis angles of 172.4(2)/172.6(2)°
and 85.9(2)/85.8(2)°, and average Cu···Cu distances of
3.279(1)/3.278(1) Å within the Cun-rings of 5a and 5b,
respectively, are practically identical (Tables S6 and S17). So
are the average axial Cu···O distances of 2.525(4)/2.530(4) Å
and the average H-bonded O···O distances of 2.797(6)/
2.800(5) Å between individual Cun-rings, as well as the average
H-bonded O···F distances of 2.94(3) Å and 2.91(3) Å between
Cun-rings and the incarcerated BeF42− anion (Tables 1, S6 and
S26).

Figure 4. Comparison of the isomorphous crystal structures of Cu31BeF4 (3c) and Cu31SO4 (4a) (top and side views). Green and blue dotted lines
indicate hydrogen bonds and axial Cu···O interactions, respectively. Counterions, lattice solvent molecules, and C−H bond H-atoms are omitted
for clarity, and only the major component is shown for disordered moieties.
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All Cu centers of the larger central rings (Cu12 or Cu14) in
all nanojars studied are four-coordinate in a slightly distorted
square-planar cis-CuN2O2 coordination environment. In
contrast, the Cu centers of the Cu6 side-rings in the Cu28
nanojars are all square-pyramidal, having an additional O atom
in the axial position with Cu···O distances ranging from
2.338(2) to 2.456(3) Å (the sum of the van der Waals radii of
Cu and O is 2.92 Å). In the Cu8 side-rings of the Cu31
nanojars, all Cu centers are also square-pyramidal with Cu···O
distances ranging from 2.338(3) to 2.899(3) Å (except in 4b,
in which only seven Cu centers have axial Cu···O distances
shorter than 2.92 Å). In the Cu9 side-rings, only five Cu
centers are square-pyramidal (axial Cu···O: 2.332(3)−
2.817(4) Å) in the Cu31 nanojars (except for 4b, in which
one nanojar unit has six and the second unit has seven axial
Cu···O distances shorter than 2.92 Å) and only seven are
square-pyramidal in the Cu32 nanojars (axial Cu···O:
2.347(4)−2.888(4) Å). Only four (or six in 1a) of the Cu
centers of the Cu10 side-rings are square-pyramidal in the Cu28
nanojars (axial Cu···O: 2.345(2)−2.898(2) Å).
To further investigate the slight structural differences

observed in the eleven nanojar structures discussed here, the
orientations of the pyrazolate moieties relative to the adjacent
Cu−O−Cu units were analyzed (Tables S7 and S8).
Specifically, the dihedral angles were measured between the
mean planes defined by the five atoms of the pyrazolate ring

and the three atoms of the Cu−O−Cu unit, along with the
component fold- and twist angles (Figure 6). The average fold

angles in the larger, flatter central rings (Cu12 or Cu14) vary
between 36.4(6)−47.9(7)° in the 11 different structures,
whereas the values for the two smaller, more puckered side
rings vary between 50.7(2)−55.1(4)° (Cu9 or Cu10) and
44.1(3)−52.7(2)° (Cu6, Cu8 or Cu9). The corresponding
average twist angles vary between 4.3(2)−6.6(2)° in the
central rings (Cu12 or Cu14) and between 2.1(2)−4.6(3)° (Cu9
or Cu10) and 1.7(1)−5.8(2)° (Cu6, Cu8 or Cu9) in the two
side-rings. Thus, only a small variation of <12° is observed for
the fold angle averages and an even smaller variation of <5° for
the twist angle averages, although the individual fold angles
(0.7(6)−80.2(3)°) and twist angles (0.02(9)−21.7(4)°) vary
more broadly by 80 and 22°, respectively.
To illustrate the flexibility of the [Cu(OH)(pz)]x rings in

the nanojars, the structures of the [Cu(OH)(pz)]9 rings in
different nanojars were compared. Figure 7 shows not only that

Figure 5. Comparison of the crystal structures of the two pseudopolymorphs of Cu32BeF4 (5a and 5b) (top and side views). Green and blue dotted
lines indicate hydrogen bonds and axial Cu···O interactions, respectively. Counterions, lattice solvent molecules, and C−H bond H-atoms are
omitted for clarity, and only the major component is shown for disordered moieties.

Figure 6. Illustration of the fold and twist angles contributing to the
dihedral angles observed in nanojars 1−5.
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the Cu9 rings are significantly more folded in Cu32BeF4 (5a)
than in Cu31SO4 (4b) but also that they differ in shape even
within the same structure (Cu9+14+9BeF4 contains two different
Cu9 rings, and there are two crystallographically independent
Cu8+14+9SO4 nanojar units in 4b).
Attempts to grow crystals of the simple tetrabutylammonium

salt of tetrafluoroberyllate, (Bu4N)2BeF4, have not been
successful so far, likely due to its highly hygroscopic nature.
Instead, we obtained crystals of (Bu4N)3Be2F7(H2O)3 from a
nitrobenzene/toluene solution of (Bu4N)2BeF4 by pentane
vapor diffusion (Table S3). In this high symmetry lattice
(cubic Pa3̅, same as of FeS2), a twisted (by 27.4(3)°) trigonal
prismatic Be2F73− anion (Be1−F1: 1.543(2), Be1−F3 1.576,
Be2−F2 1.530(3), Be2−F3 1.642(7) Å) is located on a C3-axis
inside a capsule formed by six different Bu4N+ cations (Figure
8). Each edge of the twisted trigonal prism (F1···F2: 4.189(3)
Å) is capped by a water molecule (O−H: 0.875(19) Å; H−O−

H: 107(4)°), which bridges the F atoms by H-bonding (O···F
distances: 2.713(3) and 2.696 (3) Å, H···F distances: 1.85(2)
and 1.85(2) Å, O−H···F angles: 170(5) and 162(5)° to F1 and
F2, respectively).
Only one other crystal structure containing the Be2F73−

anion exists in the CSD.20 In this anhydrous structure (space
group: Ia3̅), the Be2F73− anion has a staggered conformation
(symmetry point group: D3d) instead of the gauche
conformation (symmetry point group: D3) observed in
(Bu4N)3Be2F7(H2O)3. Two crystal structures containing the
Be2F62− anion (in which two F atoms bridge the two Be
centers) are also found in the CSD,21,22 as well as one
containing a polymeric (BeF3−)n chain.

23

The Be2F7
3− anion is structurally analogous to S2O7

2−

(disulfate or pyrosulfate). In S2O7
2−, however, the S−O−S

angle is 121−128° compared to the ∼180° observed for Be−
F−Be in the two crystal structures of Be2F73−. To obtain

Figure 7. Comparison of the structures of the Cu9-rings in the two crystallographyically independent nanojar units of Cu8+14+9SO4 (4b) and in
Cu9+14+9BeF4 (5a) (top and side views). No disorder is observed in any of these four Cu9 rings.

Figure 8. Side views (upper row) and top views (along a C3-axis, lower row) of the crystal structure of (Bu4N)3Be2F7(H2O)3. The six different
Bu4N+ cations surrounding the Be2F72− anion are highlighted in different colors.
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S2O7
2− from HSO4

−, heating to ∼200 °C is needed (2HSO4
−

→ S2O7
2− + H2O).24 In contrast, Be2F73− forms from BeF42− at

room temperature (2BeF42− → Be2F73− + F−). S2O7
2− easily

hydrolyzes back to HSO4
− in aqueous solution,25 whereas

Be2F73− appears to be stable.
Selectivity of Nanojars for Sulfate vs Tetrafluorober-

yllate. Given the pronounced structural similarity between the
BeF42− and SO4

2− ions and the observed isomorphism between
the corresponding tetrafluoroberyllate- and sulfate-incarcerat-
ing nanojars, no distinct selectivity of the nanojars for either
anion was initially expected. A selectivity experiment was
carried out using a 1:1 molar mixture of BeF42− and SO4

2− ions
by stirring (Bu4N)2BeF4 and (Bu4N)2SO4 with Cu(NO3)2,
pyrazole, and Bu4NOH in THF and isolating the resulting
nanojar mixture by precipitation with water. ESI-MS(−) of the
product shows the formation of Cun (n = 27−32) nanojars.
However, the close molecular weight of a given nanojar with
either BeF42− or SO4

2− hinders the assessment of the ratio
between the two anions (Figure 9A). Indeed, the m/z
difference between BeF4- and SO4-nanojars is only 5.5 units,

whereas the isotopic envelope of each nanojar extends over 10
m/z units. Figure 9B shows the mass spectrum obtained for a
1:1 molar mixture of presynthesized CunBeF4 and CunSO4 (n =
27−32) nanojars, documenting the overlapping of the
corresponding peaks.
While the relative ratio between BeF4- and SO4-nanojars

cannot be unambiguously established by mass spectrometry,
1H NMR spectroscopy reveals a strong preference of nanojars
for SO4

2− over BeF42−. First, the 1H NMR signatures of
CunBeF4 and CunSO4 nanojars were compared. As seen in
Figure 10, several nanojar protons show clearly distinguishable
peaks with BeF42− compared to SO4

2−. Although many of these
pairs of peaks are too close to each other or overlap with
neighboring peaks, preventing accurate integration, the peaks
corresponding to pz-3,5 protons of the Cu8-ring of the Cu8+13+8
nanojars are distinct enough (BeF42−: 25.91 ppm; SO4

2−: 25.57
ppm) to provide an estimate of the selectivity. The identity of
these peaks was confirmed earlier on samples of pure BeF4- or
SO4-nanojars.

8,17 Thus, integration of these two peaks in the
spectrum obtained for the product of the selectivity experiment

Figure 9. ESI-MS(−) spectra in CH3CN of (A) the as-synthesized nanojar mixture obtained using a 1:1 molar mixture of BeF42− and SO4
2− ions,

and (B) a 1:1 molar mixture of presynthesized [BeF4⊂{Cu(OH)(pz)}n]2− and [SO4⊂{Cu(OH)(pz)}n]2− (n = 27−32).

Figure 10. Comparison of the 1H NMR spectra in DMSO-d6 of BeF4- (red) and SO4-nanojars (blue) recorded on a solution containing a 1:1 molar
mixture of presynthesized CunBeF4 and CunSO4 (n = 27−31). Purple indicates overlapping red and blue peaks.
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using a 1:1 molar mixture of tetrafluoroberyllate and sulfate
ions indicates a BeF42−/SO4

2− ratio of approximately 1:30
(Figure 11).
To understand the strong preference of nanojars for SO4

2−

over BeF42−, the binding of these two ions by H-bonding was
examined. The binding of sulfate by H-bonds has been
documented in various supramolecular hosts,26,27 whereas
nanojars are the first reported hosts that bind the BeF42− anion
by H-bonds.8 Previous infrared spectroscopic studies on the
BeF42− ion as hydrogen-bond acceptor were performed by
comparing the spectroscopic features of pairs of isomorphous
salts: [Cu(NH3)4]X ·H2O, [Cu(bipy)]X ·2H2O and
(NH4)2NiX2·H2O (X = BeF42− or SO4

2−).28 Contrary to the
intuitive assumption that the interactions involving the more
electronegative F atoms as H-bond acceptors should be
stronger than those in which O atoms play the role of H-bond
acceptors, the IR spectroscopic studies (and related quantum
chemical considerations)29 do not support BeF42− as a better
H-bond acceptor than SO4

2−.
Because it has a small size and high charge, beryllium has a

greater tendency to form covalent bonds than other alkaline-
earth metal ions and shows a diagonal relationship with
aluminum. Nevertheless, the Pauling electronegativity differ-
ence between Be (1.57) and F (3.98) is 2.41, much larger than
the corresponding difference of 0.86 between S (2.58) and O
(3.44). Furthermore, computational studies of electron density
distribution have shown that the atomic charges on Be and F in
BeF42− are +1.8 and −0.95, close to the values of +2 and −1 in
a fully ionic model.30 In contrast, the atomic charges of +2.4
and −1.1 on S and O in SO4

2− are very different from the
values of a fully ionic model (+6 and −2).31,32 These results
point to a largely ionic character for BeF42−, whereas SO4

2− is a
mostly covalent species. The ionic character of BeF42− is
evidenced in practice by the fact that while the ion is stable at
650 °C (in molten Na2BeF4)

33 as well as in the gas phase,34,35

it partially forms [BeF3(H2O)]− in aqueous solution at neutral
pH.36−38 With regard to their H-bonding ability, the larger
atomic charge on O in SO4

2− (−1.1) than that on F in BeF42−

(−0.95) is in agreement with the former ion being a stronger
H-bond acceptor than the latter.

■ CONCLUSIONS
The X-ray crystallographic studies presented here demonstrate
that the isomorphism observed earlier for simple salts of the
BeF42− and SO4

2− anions extends into the supramolecular
realm. For the first time, an extensive and detailed analysis of
11 nanojar structures related either by isomorphism (CunBeF4
vs CunSO4, n = 28 and 31) or pseudopolymorphism (different
solvates of Cu28BeF4, Cu31BeF4, Cu32BeF4, and Cu31SO4) has
been carried out. The results reveal that the remarkable
flexibility of the various Cux rings (in this study, x = 6, 8, 9, 10,
12, and 14), leading to distinctive shapes for the Cu28, Cu31,
and Cu32 nanojars, is based on subtle differences in the
coordination environment of the individual Cu centers. The
coordination geometry of Cu varies from square-planar to
square-pyramidal, with the axial O atom anywhere between
2.332(3) Å and 2.92 Å (the sum of the van der Waals radii of
Cu and O). In terms of bond lengths and angles, Cu−O and
Cu−N distances vary by less than 0.1 Å, whereas cis and trans
N−Cu−O angles vary by 21 and 8°, respectively (Tables S4−
S6). An even larger variation is observed for the individual fold
and twist angles between the mean planes of pz rings and Cu−
O−Cu units they are bonded to, which vary by 80 and 22°,
respectively. It appears that the very existence of nanojars is
enabled by the “coordination acrobat” qualities of the Cu2+ ion.
Indeed, an earlier study showed that nanojars can only be
obtained with Cu2+ ions, none of which could be substituted
by any of the 16 different metal ions tested.39 On the whole,
the flexibility of the nanojar framework allows for the
incarceration of different anions with slightly different
dimensions in a nanojar of a given size, resulting in the
formation of isomorphous structures in the case of CunBeF4
and CunSO4.
Despite their flexibility, nanojars do not pack well in three-

dimensional (3D) lattices. This is perhaps due to their toroidal
shape, which leaves large voids in the corresponding crystal

Figure 11. 1H NMR spectrum in DMSO-d6 of the as-synthesized nanojar mixture prepared using a 1:1 molar mixture of BeF42− and SO4
2− ions.

The highlighted area between 25 and 26 ppm shows the peaks used for the assessment of selectivity of nanojars for SO4
2− (blue) vs BeF42− (red).
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lattices. These voids are only partially filled by the two
countercations (Bu4N+), with the remainder containing several
highly disordered solvent molecules. Regardless of the solvent
used for crystallization of the different pseudopolymorphs, the
weakness of nanojar lattices is evident from the quick solvent
loss upon removal of the crystal from the mother liquor,
leading to opacity and ultimately to disintegration of the
crystal.
Nanojar selectivity studies for SO4

2− vs BeF42− show a
pronounced (30-fold) preference for sulfate. Because X-ray
crystallographic studies do not indicate significant differences
in the H-bonding pattern around the two anions in nanojars of
a given size, the observed selectivity is attributed to the larger
atomic charge on O in SO4

2− (−1.1) than that on F in BeF42−

(−0.95). The atomic charges on the central and peripheral
atoms also suggest that BeF42− is essentially ionic, whereas
SO4

2− is covalent. The crystallization of (Bu4N)3Be2F7(H2O)3
from a solution of (Bu4N)2BeF4, resulting in the formation of
the Be2F73− ion, is further testament to the ionic nature of
BeF42−.

■ EXPERIMENTAL SECTION
WARNING! Beryllium metal and its compounds are extremely toxic
and carcinogenic if inhaled, swallowed, or in contact with skin.
Appropriate precautions should be taken while handling and
disposing of all beryllium-containing materials.
Synthesis. All commercially available chemicals were used as

received. Deionized water was freshly boiled and cooled to room
temperature under nitrogen gas. (Bu4N)2BeF4,

8 (Bu4N)2[BeF4⊂{Cu-
(OH)(pz)}n] (CunBeF4; n = 27−32) and (Bu4N)2[SO4⊂{Cu(OH)-
(pz)}n] (CunSO4; n = 27−32) were synthesized according to
published procedures.8,17

Characterization of the 1:1 Molar Mixture of Tetrafluor-
oberyllate and Sulfate Nanojars. A mixture of CunBeF4 (0.0175 g,
3.6 × 10−3 mmol) and CunSO4 (0.0175 g, 3.6 × 10−3 mmol) was
dissolved in DMSO-d6 (0.6 mL). The solution was filtered, and a few
drops were diluted with acetonitrile for mass spectrometric analysis
(Figure 9B). The remainder was transferred into an NMR tube for 1H
NMR analysis (Figure 10). NMR spectra were collected on a Jeol
JNM-ECZS (400 MHz) instrument.
Anion Selectivity of Nanojars for SO4

2− vs BeF42−. A 50 mL
three-neck round-bottom flask equipped with a pressure-equalizing
addition funnel and a stir bar was charged with Cu(NO3)2·2.5H2O
(0.5000 g, 2.15 mmol), pyrazole (0.1464 g, 2.15 mmol),
(Bu4N)2BeF4·xH2O (x = 1.93; 1.2833 g, 2.15 mmol), (Bu4N)2SO4
(50% in H2O, 2.4979 g, 2.15 mmol), and 20 mL of THF. The flask
was purged with N2, and Bu4NOH (1 M in H2O, 4.30 mL, 4.30
mmol) was added dropwise from the addition funnel to the reaction
solution under stirring. The deep-blue solution was cannulated into
water (200 mL) under stirring. The blue precipitate was filtered off,
washed thoroughly with water, and dried under high vacuum. The
resulting dark blue powder (0.2735 g) was analyzed by ESI-MS
(Figure 9A) and 1H NMR (Figure 11).
Mass Spectrometry. Mass spectrometric analysis of the nanojars

was performed with a Waters Synapt G1 HDMS instrument, using
electrospray ionization (ESI). 10−4−10−5 M solutions were prepared
in CH3CN. Samples were infused by a syringe pump at 5 μL/min, and
nitrogen was supplied as the nebulizing gas at 500 L/h. The
electrospray capillary voltage was set to −2.5 or +2.5 kV, respectively,
with a desolvation temperature of 110 °C. The sampling and
extraction cones were maintained at 40 V (except for the varying
sampling cone voltage experiment, 0−100 V) and 4.0 V, respectively,
at 80 °C.
X-ray Crystallography. Single crystals were grown at room

temperature by n-pentane vapor diffusion into a nitrobenzene/toluene
(1a) or chlorobenzene (1b) solution of CunBeF4 (n = 27−32), by
vapor diffusion of hexanes into a bromobenzene solution of CunBeF4

(n = 27−32) in the presence of 1-chloro-2,4-dinitrobenzene (3a), by
slow evaporation of a toluene solution of CunBeF4 (n = 27−32) (3b),
by vapor diffusion of n-pentane or n-heptane into a solution of
Cu31SO4 in chlorobenzene (4a) or 1,2-dichlorobenzene(4b),
respectively, and by vapor diffusion of n-heptane into a 1,2-
dichlorobenzene solution of CunBeF4 (n = 27−32) in the presence
of 1,3,5-trichlorobenzene (5a). Crystals of (Bu4N)3Be2F7(H2O)3 were
obtained from a nitrobenzene/toluene solution of (Bu4N)2BeF4·xH2O
(x ≈ 1.93) by pentane vapor diffusion. Once removed from the
mother liquor, nanojar crystals were very sensitive to solvent loss at
ambient conditions and were mounted quickly under a cryostream
(150 K) to prevent decomposition. X-ray diffraction data were
collected from a single crystal mounted atop a MiTeGen micromesh
mount under Fomblin oil with a Bruker AXS D8 Quest diffractometer
equipped with a Photon II charge-integrating and photon counting
pixel array detector (CPAD) using a fine focus sealed X-ray tube with
graphite-monochromated Mo-Kα (λ = 0.71073 Å) radiation (for 1a,
3a and 4b) or a Bruker AXS D8 Quest diffractometer with Photon III
C14 CPAD using a microfocus X-ray tube with multilayer optics for
monochromatization with Cu-Kα (λ = 1.54178 Å) radiation (for 1b,
3b, 4a, 5a and (Bu4N)3Be2F7(H2O)3). The data were collected using
APEX3 or APEX4,40 integrated using SAINT,41 and scaled and
corrected for absorption and other effects using SADABS.42 The
structures were solved by employing direct or dual methods using
ShelXS43 or ShelXT44 and refined by full-matrix least-squares on F2
using ShelXL.45 C−H hydrogen atoms were placed in idealized
positions and refined using the riding model. Thermal ellipsoid plots
are provided in the SI (Figures S3−S10).

1a. Hydroxyl H atom positions were refined, and O−H distances
were restrained to a target value of 0.84(2) Å. The BeF42− anion was
refined as twofold disordered. The two moieties were restrained to
have similar geometries. Uij components of ADPs for disordered
atoms closer to each other than 2.0 Å were restrained to be similar.
Subject to these conditions, the occupancy ratio refined to 0.866(3)/
0.134(3).

One pyrazole ligand (of N51 and N52) was refined as disordered.
The disordered moieties were restrained to have similar geometries as
another better-defined pyrazole ligand. Uij components of ADPs for
disordered atoms closer to each other than 2.0 Å were restrained to be
similar. Subject to these conditions, the occupancy ratio refined to
0.359(5)/0.641(5).

For one of the Bu4N+ cations, two of the butyl chains were refined
as disordered and were restrained to have similar geometries as
another better-defined fragment of the same kind. The other Bu4N+

cation was refined as threefold disordered. The three moieties were
restrained to have a similar geometry as the major moiety of the first
cation. Uij components of ADPs for disordered atoms closer to each
other than 2.0 Å were restrained to be similar. Subject to these
conditions, the occupancy ratios for the two disordered butyl chains
refined to 0.778(8)/0.222(8) and 0.62(2)/0.38(2). The threefold
disorder refined to 0.6269(19)/0.209(2)/0.164(2).

Extensive disorder is observed for several nitrobenzene molecules.
Residue 5 and residue 8 are each twofold disordered. Residue 9 has
disorder of a nitrobenzene with a pentane molecule. Five further
nitrobenzene and one pentane molecule form a disordered cluster
arranged around an inversion center (residues 6 and 7). One
nitrobenzene molecule is disordered around the inversion center. The
benzene rings of several nitrobenzene ligands were constrained to
resemble ideal hexagons (AFIX 66). All nitrobenzene ligands were
restrained to have similar geometries. The B moiety of residue 7 was
restrained to be close to planar. The two pentane moieties were
restrained to have similar geometries. Uij components of ADPs for
disordered atoms closer to each other than 2.0 Å were restrained to be
similar. Subject to these conditions, the occupancy ratios refined to
0.802(4)/0.198(4) for residue 5 and to 0.693(4)/0.307(4) for residue
8. Occupancy ratios refined to 0.367(5) for moiety 1 of residue 6,
0.3731(19) for moiety 2 of residue 6, 0.100(4) for moiety 3 of residue
6, 0.120(10) for moiety 4 of residue 6 (a pentane molecule),
0.6269(19) for moiety 1 of residue 7, and 0.3731(19) for moiety 2 of
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residue 7. The nitrobenzene of residue 9 refined to 0.307(4) and the
pentane to 0.764(5).
1b. Hydroxyl H atom positions were refined, and O−H distances

were restrained to a target value of 0.84(2) Å. The BeF42− anion was
refined as twofold disordered. The two moieties were restrained to
have similar geometries. Uij components of ADPs for disordered
atoms closer to each other than 2.0 Å were restrained to be similar.
Subject to these conditions, the occupancy ratio refined to 0.690(6)/
0.310(6).

One pyrazole ligand (of N53 and N54) was refined as disordered.
The disordered moieties were restrained to have similar geometries as
another better-defined pyrazole ligand. Uij components of ADPs for
disordered atoms closer to each other than 2.0 Å were restrained to be
similar. Subject to these conditions, the occupancy ratio refined to
0.805(8)/0.195(8).

For both of the Bu4N+ cations, each one of the butyl chains was
refined as disordered. They were restrained to have similar geometries
as another better-defined fragment of the same kind. Uij components
of ADPs for disordered atoms closer to each other than 2.0 Å were
restrained to be similar. Subject to these conditions, the occupancy
ratio for the two disordered butyl chains refined to 0.541(12)/
0.459(12) (residue 2) and 0.573(13)/0.427(13) (residue 3).

Seven sites occupied by chlorobenzene molecules or mixtures of
chlorobenzene and pentane are present. All but one site (residue 4)
were refined as disordered. Twofold disorder was refined for residues
5 and 6, threefold disorder for residue 9, fourfold disorder for residue
8, and threefold disorder involving two chlorobenzenes and one
pentane moiety was refined for residue 10. For all but this last residue,
sites were constrained to full occupancy. All chlorobenzene molecules
were restrained to have similar geometries. Nine disordered
chlorobenzene moieties were restrained to be close to planar. Pentane
bond distances and angles were restrained to expected target values.
Uij components of ADPs for disordered atoms closer to each other
than 2.0 Å were restrained to be similar. For residue 9, atoms were
restrained to be close to isotropic. Subject to these conditions, the
occupancy ratios refined to 0.850(5)/0.150(5) (residue 5), 0.779(7)/
0.221(7) (residue 6), 0.396(3)/0.348(3)/0.256(3) (residue 7),
0.290(3)/0.274(3)/0.246(3)/0.189(3) (residue 8), 0.371(9)/
0.259(8)/0.239(8) (residue 9), and 0.267(6)/0.238(8)/0.171(10)
(residue 10).
3a. Hydroxyl H atom positions were refined, and O−H distances

were restrained to 0.84(2) Å. The BeF42− anion was refined as
disordered by rotation. The three disordered moieties were restrained
to have similar geometries. Uij components of ADPs for disordered
atoms closer to each other than 2.0 Å were restrained to be similar. All
Be ions were constrained to have identical ADPs. Subject to these
conditions, the occupancy ratio refined to 0.396(3)/0.286(3)/
0.318(3).

The two Bu4N+ cations were refined as disordered. The disordered
moieties were restrained to have similar geometries. Uij components
of ADPs for disordered atoms closer to each other than 2.0 Å were
restrained to be similar. Subject to these conditions, the occupancy
ratios refined to 0.506(8)/0.494(8) for the cation of residue 3, and to
0.533(6)/0.467(6) for the cation of residue 4.

All but one of the eight solvate toluene molecules were refined as
disordered. All toluene moieties were restrained to have similar
geometries. The ill-defined molecules of residue 9 were also restrained
to be close to planar, and those of residues 8 and 9 to be close to
isotropic. Uij components of ADPs for all disordered toluene atoms
closer to each other than 2.0 Å were restrained to be similar. Subject
to these conditions, the occupancy ratios refined to 0.739(12)/
0.261(12) for residue 6, to 0.822(12)/0.178(12) for residue 7, to
0.647(16)/0.353(16) for residue 8, to 0.602(15)/0.398(15) for
residue 9, and to 0.678(14)/0.322(14) for residue 10.
3b. The crystal under investigation was found to be non-

merohedrally twinned. The orientation matrices for the two
components were identified using the program Cell_Now,46 with
the two components being related by a 180° rotation around the
reciprocal axis (0 −1 1).

Integration using SAINT proved problematic due to excessive
multiple overlap of reflections, resulting in large numbers of rejected
reflections. Attempts were made to adjust integration parameters to
avoid excessive rejections (through adjustments to integration queue
size, integration box slicing and twin overlap parameters, and omission
of box size optimization), which led to less but still substantial
numbers of rejected reflections. With no complete data set obtainable
through simultaneous integration of both twin domains, the data were
instead handled as if not twinned, with only the major domain
integrated, and converted into an HKLF 5-type format HKL file after
integration using the “Make HKLF 5 File” routine as implemented in
WinGX.47 The twin law matrix that was used was obtained using
Rotax,48 as implemented in WinGX:

1 0 0
0.428 0.247 0.753

0.428 1.247 0.247

The Overlap R1 and R2 values used were 0.35, i.e., reflections with
a discriminator function less or equal to an overlap radius of 0.35 were
counted overlapped, all others as single. The discriminator function
used was the “delta function on index non-integrality”. No reflections
were omitted. The structure was solved using direct methods with the
HKLF 4-type file before correction using WinGX, and was refined
using the HKLF 5-type file, resulting in a BASF value of 0.1588(8).
No Rint value is obtainable for the HKLF 5-type file using the WinGX
routine. The value from TWINABS49 is given instead, which is
available for all reflections and is based on an agreement between
observed single and composite intensities and those calculated from
refined unique intensities and twin fractions.

The central BeF42− anion is disordered over two orientations. The
two disordered moieties were restrained to have similar geometries.
Uij components of ADPs for disordered atoms closer to each other
than 2.0 Å were restrained to be similar. Subject to these conditions,
the occupancy ratio refined to 0.677(12)/0.323(12). Hydroxyl H
atom positions were refined, and O−H distances were restrained to
0.84(2) Å. Where necessary, hydroxyl H atom positions were further
restrained based on hydrogen-bonding considerations.

Two pyrazolate ligands were refined as disordered. The two
disordered moieties were restrained to have similar geometries as the
other not disordered pyrazolate rings. The minor moiety rings of N35
and N36 were restrained to be coplanar with the adjacent copper ions
Cu18 and Cu19. N35 and N35B as well as N36 and N36B were
constrained to each have identical ADPs. Uij components of ADPs for
disordered atoms closer to each other than 2.0 Å were restrained to be
similar. The atoms of the ring of N19 were also restrained to be close
to isotropic. Subject to these conditions, the occupancy ratio refined
to 0.44(3)/0.56(3) for the ring of N19 and N20, and to 0.60(2)/
0.40(2) for the ring of N35 and N36.

One of two Bu4N+ cations was refined as disordered. The two
disordered moieties were restrained to have similar geometries as the
other not disordered cation of the same kind. Uij components of
ADPs for disordered atoms closer to each other than 2.0 Å were
restrained to be similar. Subject to these conditions, the occupancy
ratio refined to 0.653(11)/0.347(11).

Two of the three sites occupied by bromobenzene were refined as
disordered. One site was refined as twofold disordered with full
occupancy for the entire site. The other was refined as fourfold
disordered with partial occupancy for the entire site. All
bromobenzene moieties were restrained to have similar geometries.
The phenyl ring of partially occupied moieties was constrained to
resemble exact hexagons with C−C bond distances of 1.39 Å. Uij
components of ADPs for disordered atoms closer to each other than
2.0 Å were restrained to be similar. Subject to these conditions, the
occupancy ratios refined to 0.823(6)0.177(6) (molecules of Br2 and
Br3), and the occupancy ratios for Br4−8 refined to 0.393(6),
0.146(7), 0.204(7) and 0.054(5).

In addition to twinning and disorder, the structure also exhibits
large volume sections consisting of highly disordered solvate
(tentatively resembling disordered hexane molecules). No satisfactory
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model could be developed, and the contribution of the solvate
molecules was instead taken into account by reverse Fourier transform
methods. The data were first detwinned (using the LIST 8 function of
Shelxl2018), and then the CIF and FCF files were subjected to the
SQUEEZE routine, as implemented in the program Platon.50 The
resultant files were used in further refinement. Both the HKLF 5-type
HKL file and the detwinned FAB file are appended to the CIF file. A
volume of 1356 Å3 per unit cell containing 1356 electrons was
corrected for.
4a. Hydroxyl H atom positions were refined, and O−H distances

were restrained to a target value of 0.84(2) Å. The positions of H-
atoms H3O and H29O were further restrained based on hydrogen-
bonding considerations (2.10(2) Å to O35 and O32, respectively).

The SO4
2− anion was refined as twofold disordered. All S−O bond

distances and all O−S−O angles were restrained to be each similar to
each other. Uij components of ADPs for disordered atoms closer to
each other than 2.0 Å were restrained to be similar. Subject to these
conditions, the occupancy ratio refined to 0.419(6)/0.581(6).

One pyrazole ligand (of N36) was refined as disordered. The
disordered moieties were restrained to have similar geometries as
another better-defined pyrazole ligand, and Cu−N distances were
restrained to be similar to each other. Uij components of ADPs for
disordered atoms closer to each other than 2.0 Å were restrained to be
similar. Subject to these conditions, the occupancy ratio refined to
0.719(16)/0.281(16).

One of the Bu4N+ cations (N63) exhibits minor disorder of one
butyl chain. The other exhibits whole-cation disorder. In the former,
atoms C103 through C105 were refined as disordered and were
restrained to have similar geometries as another better-defined
fragment of the same kind. The moieties of the second cation (N64)
were restrained to have similar geometries as the major moiety of the
first cation. Uij components of ADPs for disordered atoms closer to
each other than 2.0 Å were restrained to be similar. Subject to these
conditions, the occupancy ratio refined to 0.631(18)/0.369(18) for
C103 through C105, and to 0.570(8)/0.430(8) for the second cation.

Chlorobenzene and pentane solvate molecules are extensively
disordered. All chlorobenzene molecules as well as all pentane
moieties were each restrained to have similar geometries. Uij
components of ADPs for disordered atoms closer to each other
than 2.0 Å were restrained to be similar, and some solvate atoms were
restrained to be close to isotropic. A global anti-bumping restraint was
applied. Subject to these conditions, the occupancy ratios refined to
the values given in the CIF file.
4b. Hydroxyl H atom positions were refined, and O−H distances

were restrained to a target value of 0.84(2) Å. The position of H-
atoms H4O and H21O of the first molecule and of H22O of the
second molecule were further restrained, based on hydrogen-bonding
considerations (2.20(2) Å to O32B_1, 2.10(2) Å to O31_1, and
2.00(2) Å to O31_2, respectively).

The two SO4
2− anions were both refined as twofold disordered.

Major and minor moieties were restrained to have similar geometries.
Uij components of ADPs for disordered atoms closer to each other
than 2.0 Å were restrained to be similar. Subject to these conditions,
the occupancy ratio refined to 0.687(6)/0.313(6) for sulfate 1, and to
0.721(5)/0.279(5) for sulfate 2.

For anion complex 1, four pyrazole ligands were refined as
disordered (of N5, N11, N19, and N21). The pyrazole of N5/N6 is
disordered in a 1:1 ratio, with one of the moieties in conflict with a
half-occupied Bu4N+ cation (see below for details). The pyrazole of
N11/N12 is disordered in a general position. The disorder of
pyrazoles of N19/N20 and N21/N22 is correlated, and adjacent
Cu10 and Cu11 are included in the disorder. This disorder is also
correlated with solvate disorder (of the dichlorobenzene of Cl31/
Cl32, Cl33/Cl34, Cl35/Cl36, and Cl27/Cl28). A common occupancy
factor was used. For the pyrazoles of N5/N6 and N11/N12, the
disordered moieties were restrained to have similar geometries as
another better-defined pyrazole ligand (N1/N2). For the other two
disordered pyrazoles and copper atoms (with the joint disorder), the
geometries of major and minor moieties were restrained to be similar.
Uij components of ADPs for disordered atoms closer to each other

than 2.0 Å were restrained to be similar. Subject to these conditions,
the occupancy ratio refined to 0.417(11)/0.583(11) for N11/N12
and to 0.559(3)/0.441(3) for the joint disorder. No pyrazole disorder
was observed for the second anion complex.

Disorder is observed for three of the four Bu4N+ cations. The
cation of N63_2 is not disordered. The cation of N64_2 is disordered
by whole-cation disorder in a general position (with the cation of
N65_2). The three cation moieties were restrained to have similar
geometries, and for the disordered cations, Uij components of ADPs
for atoms closer to each other than 2.0 Å were restrained to be similar.
Subject to these conditions, the occupancy ratio refined to 0.618(4)/
0.382(4). The cation of N63_1 exhibits disorder of one butyl chains.
It was restrained to have a similar geometry as another better-defined
butyl group of the same cation. Uij components of ADPs for atoms
closer to each other than 2.0 Å were restrained to be similar. Subject
to these conditions, the occupancy ratio refined to 0.558(15)/
0.442(15). The last cation is disordered around an inversion center
with two symmetry independent cation positions (of N64_1 and
N65_1) that partially overlap with each other. The cation of N65_1 is
mutually exclusive with its symmetry-created counterpart across the
inversion center, thus enforcing an exact 1:1 occupancy ratio. Both
half-occupied moieties were restrained to have similar geometries, and
for the disordered cations, Uij components of ADPs for atoms closer
to each other than 2.0 Å were restrained to be similar. The outer butyl
chains that do not overlap between the cation moieties do partially
overlap with disordered solvate molecules (e.g., the 1,2-dichloroben-
zene molecule of Cl35/Cl36) and disordered pyrazole ligands (N5/
N6).

A large number of 1,2-dichlorobenzene solvate molecules are
present, and the majority is extensively disordered. All 1,2-
dichlorobenzene moieties were each restrained to have similar
geometries. Some were restrained to be close to planar (those of
Cl5/Cl6, Cl5B/Cl6B, Cl23/Cl24, Cl25/Cl26, Cl35/Cl36, Cl37/Cl38,
and Cl39/Cl40). For some 1,2-dichlorobenzene molecules (mostly
not disordered but ill defined), a rigid bond restraint was applied to its
displacement parameters (those of Cl5/Cl6, Cl9/Cl10, Cl13/Cl14,
Cl15/Cl16, Cl27/Cl28, Cl29/Cl30, and Cl37/Cl38). For disordered
1,2-dichlorobenzene molecules, Uij components of ADPs for atoms
closer to each other than 2.0 Å were restrained to be similar. Subject
to these conditions, the occupancy ratios refined to the values given in
the CIF file.

A heptane molecule was refined as disordered across an inversion
center. Bond distances and angles were restrained to the expected
target values. Uij components of ADPs for disordered atoms closer to
each other than 2.0 Å were restrained to be similar, and atoms were
restrained to be close to isotropic.

The structure contains additional 3293 Å3 of solvent-accessible
voids. No substantial electron density peaks were found in the
solvent-accessible voids (less than 2.5 electron per Å3), and the
residual electron density peaks were not arranged in an interpretable
pattern. The structure factors were instead augmented via reverse
Fourier transform methods using the SQUEEZE routine, as
implemented in the program Platon. The resultant FAB file
containing the structure factor contribution from the electron content
of the void space was used together with the original HKL file in
further refinement. The FAB file with details of the SQUEEZE results
is appended to the CIF file. The SQUEEZE procedure corrected for
913 electrons within the solvent-accessible voids.

5a. Hydroxyl H atom positions were refined, and O−H distances
were restrained to 0.84(2) Å. The BeF42− anion was refined as
disordered over three orientations. The disordered moieties were
restrained to have similar geometries. Uij components of ADPs for
disordered atoms closer to each other than 2.0 Å were restrained to be
similar. Subject to these conditions, the occupancy ratio refined to
0.339(4)/0.422(4)/0.239(4).

Two butyl chains of one Bu4N+cation were refined as disordered.
For the other Bu4N+cation, whole-ion disorder was refined. The
disordered moieties were restrained to have similar geometries as not
disordered counterparts or as the major moiety of the first cation. All
C−N bond lengths were restrained to be similar in length. Uij
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components of ADPs for disordered atoms closer to each other than
2.0 Å were restrained to be similar. Subject to these conditions, the
occupancy ratio refined to 0.592(6)/0.408(6) and 0.651(15)/
0.349(15) for the disordered butyl chains, and to 0.630(7)/
0.370(7) for the whole-ion disorder.

Six sites occupied by dichlorobenzene were refined. Two were
refined as not disordered but partially occupied (residues 6 and 9).
Two were refined as threefold disordered and fully occupied. And two
were refined as disordered with a heptane molecule. All dichlor-
obenzene moieties were restrained to have similar geometries.
Heptane C−C bonds and angles were restrained to the expected
target values. The major moiety of residue 10 (disordered with the
heptane) and the lowest occupancy moiety of residue 8 were
restrained to be close to planar. Uij components of ADPs for
disordered atoms closer to each other than 2.0 Å were restrained to be
similar. Non-disordered dichlorobenzene moieties were subjected to a
rigid bond restraint. Subject to these conditions, the solvate
occupancy ratio refined to the values listed in the atom table of the
CIF file.

A global mild anti-bumping restraint was applied. The structure
contains additional 1425 Å3 of solvent-accessible voids. No substantial
electron density peaks were found in the solvent-accessible voids (less
than two electrons per Å3), and the residual electron density peaks are
not arranged in an interpretable pattern. The structure factors were
instead augmented via reverse Fourier transform methods using the
SQUEEZE routine, as implemented in the program Platon. The
resultant FAB file containing the structure factor contribution from
the electron content of the void space was used together with the
original HKL file for further refinement. The FAB file with details of
the SQUEEZE results is appended to the CIF file. The SQUEEZE
procedure corrected for 334 electrons within the solvent-accessible
voids.
(Bu4N)3Be2F7(H2O)3. Three of the four butyl chains were refined

as disordered. The disordered moieties were restrained to have similar
geometries as the one non-disordered chain. Uij components of ADPs
for disordered atoms closer to each other than 2.0 Å were restrained
to be similar. Subject to these conditions, the occupancy ratio refined
to 0.743(6)/0.257(6) (chain of C1), to 0.863(5)/0.137(5) (chain of
C5; C5 and C6 omitted from disorder), and to 0.897(5)/0.103(5)
(chain of C13). Distinct difference density peaks around the Be2F7
moiety indicate disorder. However, no meaningful disorder model
could be devised, and any disorder, if present, was not modeled.
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