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ABSTRACT: Nanojars are a class of supramolecular anion-incarcerat-
ing coordination complexes that self-assemble from Cu2+ ions, pyrazole,
and a strong base in the presence of highly hydrophilic anions. In this
work, we show that if the strong base (e.g., NaOH or Bu4NOH) is
replaced by a weak base such as a trialkylamine, capped nanojars of the
formula [{Cu3(μ3-OH)(μ-pz)3L3}CO3⊂{Cu(μ-OH)(μ-pz)}n] (pz =
pyrazolate anion; L = neutral donor molecule; n = 27−31) are obtained
instead of the conventional nanojars. Yet, to obtain capped nanojars,
the conjugate acid side product originating from the weak base must be
separated by transferring it to water either by precipitation of the water-
insoluble capped nanojars or by liquid−liquid extraction. Full
characterization using electrospray ionization mass spectrometry,
UV−vis and variable-temperature 1H NMR spectroscopy in solution,
and single-crystal X-ray diffraction, elemental analysis, and solubility studies in the solid state reveals similarities as well as drastic
differences between capped nanojars and nanojars lacking the [Cu3(μ3-OH)(μ-pz)3L3]

2+ cap. Acid−base reactivity studies
demonstrate that capped nanojars are intermediates in the pH-controlled assembly−disassembly of nanojars. During the self-
assembly of capped nanojars, CO2 is selectively sequestered from air in the presence of other atmospheric gases and converted to
carbonate, the binding of which is selective in the presence of NO3

−, ClO4
−, BF4

−, Cl−, and Br− ions.

■ INTRODUCTION

Polynuclear copper(II) complexes have been extensively
studied in the past few decades driven by their interesting
spectroscopic, redox, and magnetic properties,1−6 catalytic
applications,7−10 CO2 fixation,11−16 and relevance to multi-
copper enzymes.17 The pyrazolate anion (pz, C3H3N2

−) is
particularly suitable for the construction of cyclic trinuclear
and higher-nuclearity metal complexes, forming a wide variety
of molecular architectures with copper or other metals (Figure
1). By far the most common copper(II) pyrazolate constructs
are trinuclear, based on the [Cu3(μ3-X)(μ-pz)3L3] moiety,
where X is O2−, OH−, Cl−, Br−, or OMe− and L is either a
charged ligand, such as Cl−, Br−, N3

−, NCO−, NCS−, OH−,
NO3

−, NO2
−, SO4

2−, RPO3
2−, ROPO3

2−, carboxylates, and
pyrazolate or a neutral species, such as water, pyrazole,
pyridine, N,N-dimethylformamide (DMF), tetrahydrofuran
(THF), or acetonitrile (CH3CN).

18 Trinuclear units can be
assembled into discrete hexanuclear units if L is a bridging
ligand, such as pyrazolate,19−24 NCS−,25 or 4,4′-bipyridine,26
or if L or additional coordinating species, such as Cl,27,28

carboxylates,29−32 sulfate,33,34 perchlorate,35,36 or nitrate,37 act
as bridging ligands by binding to the axial position of one or
multiple CuII ions. If L is a di- or tricarboxylate ligand or 4,4′-
bipyridine (or its derivatives), then metal−organic frame-

works38−48 or coordination polymers49−60 can be obtained.
Various discrete higher-nuclearity copper(II) pyrazolate
complexes are also known.61−74

A relatively newer addition to the realm of polynuclear
copper(II) pyrazolate complexes is a family of large supra-
molecular assemblies, termed nanojars,75 based on three or
four [cis-CuII(μ-OH)(μ-pz)]m metallamacrocycles (m = 6−14,
except 11). Nanojars of the formula [anion⊂{CuII(μ-OH)(μ-
pz)}n] (Cun; n = 26−33) form from Cu2+, OH−, and
pyrazolate ions only in the presence of small, highly
hydrophilic anions, which template their formation. Once
self-assembled, the nanojar wraps around the incarcerated
anion using a multitude of hydrogen bonds and completely
isolates it from the surrounding medium. Consequently, the
anion (carbonate,76 sulfate,75−77 phosphate,78 and arsenate78)
is bound extremely strongly, so that an aqueous Ba2+ solution
is unable to precipitate the corresponding highly insoluble
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barium salt (e.g., BaSO4; Ksp = 1.08 × 10−10) when stirred with
a solution of the nanojars. Owing to this exceptionally strong
binding affinity, nanojars are able to transfer even the most
hydrophilic anions, such as carbonate, from water into aliphatic
solvents79 and have been developed into extraction agents for
the removal of such anions from contaminated aqueous media
by liquid−liquid extraction.80 The recognition and binding of
anions is an important current field of research81−83 because
the supramolecular binding of anions finds applications in
anion sensing, extraction and separation of anions, trans-
membrane anion transport, and anion-driven architectonics
and organocatalysis.84

Although these peculiar yet fascinating complexes were
discovered 2 decades ago,85 progress in their development has
been hindered by the difficulty of their characterization.
Nanojars always form as a mixture of different sizes (such as
Cu27-Cu31 with carbonate or Cu27-Cu33 with sulfate), which
are impossible to separate individually using conventional
separation techniques. Nanojars are highly soluble in most
organic solvents, leaving few options for the growth of high-
quality single crystals. Also, their large size/charge ratio
hampered initial mass spectrometric studies, and the para-
magnetic Cu2+ ions complicated initial NMR studies. Never-
theless, over the years, specific conditions have been
established that have allowed for single-crystal growth and
structural characterization of a few different nanojar species, as
well as high-resolution mass spectrometric and 1H NMR
studies. These investigations have shed light on several aspects
of nanojar chemistry, including the chemical etching of a
nanojar mixture, leading to a single size of nanojar,76 as well as
the mechanism of nanojar formation.86

Here we describe a new class of neutral nanojars of the
formula [{Cu3(μ3-OH)(μ-pz)3L3}CO3⊂{Cu(μ-OH)(μ-pz)}n]
(Cu3-Cun), where L is a neutral donor ligand, such as water or
the reaction solvent. As opposed to the 2− charged parent
nanojars [CO3⊂{Cu(μ-OH)(μ-pz)}n]

2− (Cun), which are
charge-balanced by two Bu4N

+ counterions, the former have
an additional [Cu3(μ3-OH)(μ-pz)3L3]

2+ (Cu3) “cap”; hence,
they are termed capped nanojars.78 These capped nanojars,
which turn out to be a new intermediate in the formation of
nanojars, have been characterized by electrospray ionization
mass spectrometry (ESI-MS), UV−vis and variable-temper-
ature 1H NMR spectroscopy in solution, and single-crystal X-
ray diffraction (in the case of Cu3-Cu27), elemental analysis,
and solubility studies in the solid state. It is also shown that
atmospheric CO2 is selectively sequestered and incorporated as
CO3

2− during their self-assembly. Because of the current threat
of global warming, the development of novel methods for the
removal of CO2 from Earth’s atmosphere is an urgent
endeavor.87

■ RESULTS AND DISCUSSION
Synthesis and Mass Spectrometric Studies. Nanojars

are usually prepared according to the reaction illustrated by eq
1.

n n n

n n

Cu(NO ) 2.5H O Hpz 2( 1)NaOH

2Bu NOH Na CO

(Bu N) CO Cu( OH)( pz)

2 NaNO 3.5 H O
n

3 2 2

4 2 3
THF

4 2 3

3 2

μ μ

· + + −

+ +

⎯ →⎯⎯⎯ [ { ‐ ‐ } ]

+ + (1)

Figure 1. Examples of discrete coordination motifs formed by pyrazole (unsubstituted or with hydrocarbon/halogen substituents, which are
omitted for clarity) with three or more Cu2+ ions.
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Because NaOH is not soluble in THF (or other organic
solvents suitable for the synthesis of nanojars) and the
reactions usually need 2−3 days for completion, a base soluble
in organic solvents was sought instead of NaOH. Bu4NOH is a
good alternative, but it is expensive to use on a large scale.
Triethylamine (Et3N), which is commonly used in coordina-
tion chemistry for deprotonation purposes, was chosen as an
inexpensive base soluble in organic solvents. When Cu(NO3)2·
2.5H2O, pyrazole, and Et3N (1:1:2 molar ratio) are mixed in
THF, a clear, deep-blue solution is obtained. ESI-MS(−) of
this solution indicates a major peak at m/z 532 corresponding
to [Cu3O(pz)3(NO3)2]

−, which suggests the formation of
Et3NH[Cu3(OH)(pz)3(NO3)3] (Figure 2a). The spectrum
also shows the complete absence of nanojars in the m/z 2000−
2400 region. When this solution is poured into excess water,
however, a dark-blue solid precipitates and a colorless filtrate is
obtained. The ESI-MS(−) spectrum of the solid suggests the
formation of [CO3⊂{Cu(μ-OH)(μ-pz)}n]2− nanojars (Cun; n
= 27, m/z 2023; n = 29, m/z 2171; n = 30, m/z 2245; n = 31,
m/z 2318) and shows the absence of smaller-nuclearity
complexes (Figure 2b). Earlier it was assumed that the
counterions of these nanojars were Et3NH

+,75 which form
upon deprotonation of water and pyrazole by Et3N to provide
OH− and pz− ions needed for the formation of the nanojars
(Et3N + H2O → Et3NH

+ + HO−). Later, however, it was
shown that nanojars decompose in the presence of acids, even
very weak ones, such as Mg2+(aq) and Ca2+(aq), with pKa
values of 11.2 and 12.7, respectively.86 Therefore, nanojars are
not expected to be stable in the presence of Et3NH

+, which has
a pKa of 10.75, a presumption supported by the absence of
nanojar peaks in the ESI-MS(−) spectrum of the THF solution
of Cu(NO3)2·2.5H2O, pyrazole, and Et3N. Yet, the solid
product that precipitates out of water is stable in contact with
the aqueous solution of Et3NH

+, which is acidic. It is now
clear, as demonstrated by an array of different techniques
described in the following sections, that the product obtained

when Et3N is employed for nanojar formation is not
(Et3NH)2[CO3⊂{Cu(μ-OH)(μ-pz)}n] but [{Cu3(μ3-OH)(μ-
pz)3L3}CO3⊂{Cu(μ-OH)(μ-pz)}n].
Instead of precipitation in water, capped nanojars can

alternatively be prepared in an organic solvent immiscible with
water, by liquid−liquid extraction of the triethylammonium
nitrate byproduct. Thus, a solution of Cu(NO3)2·2.5H2O,
pyrazole, and Et3N (1:1:2 molar ratio) in benzonitrile, stirred
with an equal volume of water for 5 min, provided a Cu3-Cun
mixture (Figure S1) similar to that obtained in THF and
precipitated from water. Equation 2 describes the formation of
capped nanojars.

n n

n

n n

( 3)Cu(NO ) 2.5H O ( 3)Hpz

2( 3)Et N CO

Cu ( OH)( pz) L CO Cu( OH)( pz)

2( 3)Et NHNO (1.5 5.5)H O

n

3 2 2

3 2

3 3 3 3 3

3 3 2

μ μ μ μ

+ · + +

+ + +

→ [{ ‐ ‐ } { ‐ ‐ } ]

+ + + + (2)

It should be noted that the peaks of the neutral [{Cu3(μ3-
OH)(μ-pz)3L3}CO3⊂{Cu(μ-OH)(μ-pz)}n] cannot be ex-
pected in the mass spectrum. It is apparent that, during
ionization in the mass spectrometer, the [Cu3(μ3-OH)(μ-
pz)3L3]

2+ “cap” detaches from the neutral capped nanojars,
which then become observable as [CO3⊂{Cu(μ-OH)(μ-
pz)}n]

2−. This makes the differentiation between nanojars
and capped nanojars by ESI-MS(−) alone impossible. As
shown in Figures S2 and S3, the negative-mode in-source
fragmentation patterns of Cu3-Cun and Cun are also practically
identical. However, the corresponding positive-mode patterns
are distinct (Figures S4 and S5). The “cap” is clearly observed
in the ESI-MS(+) spectrum of Cu3-Cun, as is evidenced by a
peak at m/z 408 corresponding to [Cu3O(pz)3]

+. This peak is
absent in the ESI-MS(+) spectrum of Cun, which shows a peak
for Bu4N

+ instead (m/z 242).

Figure 2. ESI-MS spectra in CH3CN of (a) the solution of Cu(NO3)2·2.5H2O, pyrazole, and Et3N (1:1:2 molar ratio in THF) and (b) the solid
that precipitates upon pouring the solution into excess water.
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A puzzling observation was encountered when
(Bu4N)2[CO3⊂{Cu(μ-OH)(μ-pz)}27] (Cu27), obtained by
etching the (Bu4N)2[CO3⊂{Cu(μ-OH)(μ-pz)}n] (n = 27,
29, 30, and 31) mixture with NH3,

76 was purified by
recrystallization from toluene by hexane vapor diffusion. To
obtain a high-purity sample, the crystals were redissolved in
toluene for a second recrystallization. Filtration of the toluene
solution left behind a small amount of a dark-blue solid, which
proved insoluble in pure toluene. When tested by ESI-MS(−)
in a CH3CN solution, this toluene-insoluble fraction provided
a spectrum identical with that of toluene-soluble Cu27. Further
solubility testing showed that the as-synthesized toluene-
insoluble Cu3-Cun mixture is also vastly less soluble in other
organic solvents (THF, ∼0.450 g/L; CH3CN, ∼0.150 g/L)
compared to Cun (THF, >70 g/L). Supported by the fact that
NH4

+ cannot serve as a counterion for nanojars because of its
acidity (pKa = 9.25), a closer analysis of the NH3-etching
reaction explains formation of the toluene-insoluble fraction,
composed of capped nanojars. Regardless of their size, each
Cun nanojar requires two Bu4N

+ counterions for charge-
neutrality (in other words, the molar ratio between any Cun
nanojar and Bu4N

+ is 1:2). Yet, on a mass basis, a smaller
nanojar needs more Bu4N

+ than a larger nanojar. For example,
when (Bu4N)2[CO3⊂{Cu(μ-OH)(μ-pz)}31] breaks down into
(Bu4N)2[CO3⊂{Cu(μ-OH)(μ-pz)}27], four {Cu(μ-OH)(μ-
pz)} moieties are left over. These will coalesce to form new
nanojar units. However, in the absence of additional Bu4N

+

counterions, capped nanojars also form (eq 3). These new
species also need additional CO3

2− ions, which could easily
form from atmospheric CO2 by reacting with OH− groups
originating from NH3 (NH3 + H2O → NH4

+ + HO−; CO2 +
2HO− → CO3

2− + H2O). This hypothesis was tested by

carrying out the NH3-etching process in the presence of
additional Bu4NOH, as described by eq 4. No toluene-
insoluble fraction was obtained in this case.

n

n

30
27

(Bu N) CO Cu( OH)( pz) CO

30
27

(Bu N) CO Cu( OH)( pz)

Cu ( OH)( pz) L

CO Cu( OH)( pz) H O

n4 2 3 2

NH
4 2 3 27

3 3 3 3

3 27 2

3

μ μ

μ μ

μ μ

μ μ

−
[ { ‐ ‐ } ] +

⎯ →⎯⎯
−

[ { ‐ ‐ } ]

+ [{ ‐ ‐ }

{ ‐ ‐ } ] + (3)

n n

n

n

27(Bu N) CO Cu( OH)( pz)

2( 27)Bu NOH ( 27)CO

(Bu N) CO Cu( OH)( pz)

( 27)H O

n4 2 3

4 2
NH

4 2 3 27

2

3

μ μ

μ μ

[ { ‐ ‐ } ]

+ − + −

⎯ →⎯⎯ [ { ‐ ‐ } ]

+ − (4)

To test whether capped nanojars behave analogously to
nanojars in the presence of NH3, a solution of Cu3-Cun in
THF was saturated with gaseous NH3 at room temperature.
Standing for 12 days resulted in no visual changes. ESI-MS(−),
however, shows the disappearance of the peaks at m/z 2171,
2245, and 2318 and displays only one major peak at m/z 2023
(Figure S6), indicating the conversion of Cu3-Cu29, Cu3-Cu30,
and Cu3-Cu31 to Cu3-Cu27, similarly to the conversion of Cu29,
Cu30, and Cu31 to Cu27 observed earlier.76

1H NMR Spectroscopy. The 1H NMR spectrum of as-
synthesized Cu3-Cun, similarly to that of Cun,

76 is rather
complex because it contains five to six overlapping sets of
paramagnetically shifted peaks in the 21−38 ppm window,
corresponding to Cu6+12+9, Cu7+13+9, Cu8+13+8, Cu30 (Cu8+13+9

Figure 3. 1H NMR spectra in DMSO-d6 of Cu3-Cun (red trace) and Cun (blue trace), showing regions for pyrazolate (a), counterion (b), and
hydroxide (c) protons.
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and/or Cu8+14+8), and Cu8+14+9. Within each Cum ring, all
pyrazole and OH groups are magnetically identical, respec-
tively, with the exception of the central rings with two different
side rings, which show two sets of signals. The pyrazole units
have two magnetically distinct sets of protons, one at the 4
position and one at the 3 and 5 positions (with 1:2 integrated
intensities). As shown in Figure 3, the regions of the 1H NMR
spectra of Cu3-Cun and Cun corresponding to pz− protons
(21−38 ppm) and HO− protons (−20 to −70 ppm) are
almost superimposable. Peaks corresponding to the [Cu3(μ3−
OH)(μ-pz)3L3]

2+ “cap” of Cu3-Cun could not be assigned
unambiguously based on this spectrum alone, but they do
show up at 37.2 ppm (4-H-pz) and 22.2 ppm (3,5-H-pz) upon
treatment of the solution with gaseous NH3 (see below). For
comparison, the 1H NMR signals of the pz− protons of
[Cu3(OH)(pz)3(NO3)2(H2O)]

86 appear at 40.08 and 33.63
ppm in DMSO-d6. The region between 0 and 4 ppm is clearly
distinct because it shows the absence of Et3NH

+ in the case of
Cu3-Cun, whereas peaks corresponding to the Bu4N

+ counter-
ions are present in the case of Cun.
Variable-temperature 1H NMR studies show that Cu3-Cun

behaves differently from Cun upon heating in DMSO-d6, with
some similarities. In both cases, the Cu7+13+9 and Cu8+14+9
nanojars/capped nanojars convert to other sizes upon heating,
and Cu8+13+8 appears to be the most stable species. However,
while both Cu6+12+9 and Cu8+13+8 are still present after heating
a nanojar mixture to 150 °C, only Cu8+13+8 is observed as
major species at ∼70 °C in the case of capped nanojars. Above
70 °C, the Cu8+13+8 capped nanojar decomposes, giving rise to
new, hitherto unidentified species (Figure 4).
To deduce details about the process of NH3 etching of

nanojars and capped nanojars, solutions of Cun and Cu3-Cun in
DMSO-d6 were saturated with gaseous NH3 and were
monitored periodically by 1H NMR (Figures 5 and S7). The
signal of bulk NH3 appears at 0.24 ppm right after bubbling it
in the solution of Cu3-Cun in DMSO-d6, and over time it
gradually shifts to −0.16 ppm after 7 days (0.35−0.18 ppm in
the case of Cun). Immediately after NH3 treatment, the
disappearance of the Cu7+13+9 and Cu8+14+9 nanojars/capped
nanojars is observed, accompanied by a marked increase in the
signal intensity of the Cu8+13+8 species. Over time, a gradual
transformation of Cu8+13+8 to Cu6+12+9 is observed. However,
the conversion to Cu6+12+9 is not complete after 12 days (as is
the case when THF was used as the solvent, as confirmed by
ESI-MS in CH3CN), even after a second saturation of the
solution with fresh NH3 after the first 7 days. Apparently, an
equilibrium mixture of Cu6+12+9 and Cu8+13+8 is obtained
(favoring the former), where two competing reactions take
place: NH3 is pushing the equilibrium toward forming more
Cu6+12+9, whereas DMSO-d6 is converting Cu6+12+9 to
Cu8+13+8. Further proof for this is provided by the ESI-
MS(−) spectrum of pure Cu3-Cu27 (obtained by NH3 etching
of Cu3-Cun in THF) dissolved in DMSO-d6, which shows
species with n = 27 and 29 instead of only Cu3-Cu27 (Figure
S8). The ESI-MS(−) spectrum of pure Cu3-Cu27 in CH3CN
confirms that there are no larger nanojar sizes present (Figure
S6). We conclude that solvents with smaller donor numbers
(DN),88 such as THF (DN = 20) used for the synthesis and
CH3CN (DN = 14) used for mass spectrometry, do not
scramble pure Cu3-Cu27 into other nanojar sizes at a
considerable rate at ambient temperature, whereas the
scrambling is much faster in DMSO (DN = 30) under similar
conditions. After sitting in CH3CN for longer periods of time

(months), Cu27 does slowly scramble and increasing amounts
of Cu29 are observed besides Cu27 in the ESI-MS(−) spectrum
of the aging solution. Nanojar size scrambling in the opposite
direction has also been documented. Some batches of as-
synthesized Cu3-Cun consist of a mixture with n = 29, 30, and
31 and negligible amounts of n = 27 (Figure S9a). Upon
dissolution of this mixture in DMSO, however, scrambling is
observed: the distribution of nanojar sizes changes and the new
mixture contains sizable amounts of n = 27 (Figure S9b).
Moreover, if the ESI-MS(−) spectrum of an as-synthesized
Cu3-Cun mixture lacking n = 27 is recorded in DMF (DN =
27) as the solvent, Cu3-Cu27 is present along with other
capped nanojars of different sizes.
Besides the nanojar peaks described above, another pair of

signals at 37.2 and 22.2 ppm appears upon the addition of NH3
to the DMSO-d6 solution of Cu3-Cu27 (Figure 5). These
signals correspond to the trinuclear species [Cu3O(pz)3L3]

+ (L
= NH3 or solvent molecule), supported by the observation that
a bulk sample of Cu3-Cun dissolved in DMSO and saturated
with NH3 was found after 11 days to show only these two
signals and no nanojar signals in the 1H NMR spectrum
(Figure S10). Mass spectrometry of this sample confirms the
absence of nanojars by ESI-MS(−) and the presence of a
trinuclear species by ESI-MS(+) at m/z 408, corresponding to
[Cu3O(pz)3]

+ (Figure S11).
In the case of the NH3 treatment of Cun, minor signals of

the [Cu3O(pz)3L3]
+ cap can also be observed at 37.3 and 22.3

Figure 4. Variable-temperature 1H NMR spectra of Cu3-Cun in
DMSO-d6.
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ppm in the 1H NMR spectrum (Figure S7). As described
above (eq 3), small amounts of the capped nanojar Cu3-Cu27
form during the conversion of Cun to Cu27.
UV−Vis Spectroscopy. Figure 6 indicates that Cu3-Cun

and Cun have very similar absorption profiles. At the same
concentration, the intensities of the peaks corresponding to d−
d transitions (λmax = 600 nm) are almost identical for Cu3-Cun

and Cun, while the intensity of the peak attributed to charge
transfer (λmax = 350 nm) is slightly higher for Cun, indicating a
slightly larger component of charge transfer in the case of Cun.

Elemental Analysis. To obtain further proof for the
composition of capped nanojars and to demonstrate the
absence of organic counterions, elemental analysis was carried
out for Cu3-Cun and compared to that of Cu27. A sample of
Cu3-Cun (n = 27, 29, 30, and 31) was purified by
recrystallization from THF by the addition of hexane and
dried in high vacuum. The obtained elemental analysis values
of 25.94% C, 2.52% H, and 18.09% N are in good agreement
with the formula [{Cu3(OH)(pz)3(THF)3}CO3{Cu(OH)-
(pz)}29] (calcd for C109H150Cu32N64O36: C, 26.36; H, 3.04;
N, 18.05). An average size of n = 29 is considered for Cu3-Cun;
other values of n (27−31) give similar calculated C/H/N
values (identical within experimental error). In contrast,
elemental analysis of Cu27 (obtained from Cun by etching
with NH3

76 and purified by repeated recrystallization from
toluene by hexane vapor diffusion, followed by drying in high
vacuum) yields very different values of 31.72% C, 3.83% H,
and 16.69% N, which agree well with the formula
(Bu4N)2[CO3{Cu(OH)(pz)}27](toluene) (calcd for
C121H188Cu27N56O30: C, 31.44; H, 4.10; N, 16.97).

Crystallographic Description. Two different crystals of
the capped nanojar Cu3-Cu27 have been obtained: [{Cu3(μ3-
OH)(μ-pz)3(DMF)3}CO3⊂{Cu(μ-OH)(μ-pz)}27] (1; mono-
clinic C2/c, one independent capped nanojar per asymmetric
unit) by slow evaporation of a DMF solution of Cu3-Cun and
[{Cu3(μ3-OH)(μ-pz)3(CH3CN)3}CO3⊂{Cu(μ-OH)(μ-
pz)}27] (2; monoclinic P21/n, two independent capped
nanojars per asymmetric unit) from a CH3CN solution of
Cun upon standing with 2 equiv of HNO3 added. Because the
structures of 1 and 2 are almost identical (Figure S12),
structural details will only be discussed for 1 in the following
paragraphs; the corresponding values for 2 are shown in Table
S1.
The capped nanojar is located on a general position and

displays pseudo-3-fold symmetry (Figures 7 and 8). Its
structure is closely related to that of Cu27, in which three
neutral [cis-CuII(μ-OH)(μ-pz)]n rings (n = 6 + 12 + 9) define
the nanojar, with its cavity occupied by an incarcerated
carbonate ion.76 As shown in Figure 9, the same Cu6 + Cu12 +
Cu9 ring combination is found in both Cu27 and Cu3-Cu27,
which are almost superimposable. The central, larger Cu12 ring
is approximately flat; its pyrazolate units symmetrically
alternate above and below the ring mean plane (reflected in
two different sets of pyrazolate 1H NMR signals), and it does
not form hydrogen bonds with the carbonate ion. The smaller
Cu6 and Cu9 side rings are bowl-shaped, with their pyrazolate
moieties pointing away from the central ring, while their OH
groups point toward the center of the nanojar and form
multiple hydrogen bonds with the incarcerated carbonate ion.
Although there is no direct bonding between the two smaller
rings, they are both involved in multiple hydrogen bonds and
axial Cu···O interactions with the larger central ring. In the
[cis-CuII(μ-OH)(μ-pz)]n rings, the Cu−O and Cu−N bond
lengths are within normal ranges, 1.905(6)−1.956(6) and
1.944(8)−2.028(8) Å, respectively (Tables S2−S4). While in
Cu27 the 2− charge of the incarcerated carbonate ion is
balanced by two Bu4N

+ counterions, in Cu3-Cu27, it is the
additional bonded [Cu3(OH)(pz)3(DMF)3]

2+ moiety that
renders the assembly neutral. This trinuclear moiety binds to
O atoms of the Cu9 ring by three weak, axial Cu−O bonds

Figure 5. 1H NMR monitoring of the NH3-etching process of Cu3-
Cun in DMSO-d6 over time.

Figure 6. UV−vis spectra in CH3CN of Cu3-Cun (red trace) and Cun
(blue trace).
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[2.338(6), 2.399(6), and 2.470(6) Å; Figure 8]. A related
“cap” was observed in Bu4N[{Cu3(μ3-OCH3)(μ-pz)3}-
PO4⊂{Cu(μ-OH)(μ-pz)}27(CH3OH)2].

78 In this structure,
however, the trinuclear unit is strongly bound to the nanojar
[Cu−O bonds lengths: 1.982(9), 1.980(8), and 1.992(9) Å],
the μ3-OCH3 moiety points outward (whereas in Cu3-Cu27,

the μ3-OH moiety points inward), and the PO4
3− ion directly

binds to the Cu atoms of the trinuclear unit [Cu−O bond
lengths: 2.303(9), 2.327(9), and 2.480(9) Å]. It is also
apparent that here the 2+ charged trinuclear unit binds to the
nanojar in order to reduce the large 3− charge of the
phosphate ion and not because of a weak base used for the
synthesis (NaOH was employed) or a lack of Bu4N

+

counterions.
As in Cu27, the OH groups of the Cu12 ring in Cu3-Cu27

donate 12 alternating hydrogen bonds, six to the Cu6 ring [O···
O = 2.703(12)−2.762 (9) Å; average = 2.732(9) Å] and six to
the Cu9 ring [O···O = 2.752(8)−2.785(9) Å; average =
2.769(9) Å], with an overall average of 2.751(9) Å (Tables
S5−S7). The corresponding overall average of the 12 O···O
distances in Cu27 is virtually identical [2.761(5) Å]. Similarly,
the incarcerated carbonate ion forms 12 hydrogen bonds (four
for each O atom) with OH groups of the Cu6 and Cu9 rings,
which average 2.818(9) Å [range 2.773(8)−2.873(9) Å] in
Cu3-Cu27 and 2.842(5) Å [range 2.746(5)−2.915(5) Å] in
Cu27.
The Cu6 and Cu9 rings in Cu3-Cu27 form six and three Cu···

O contacts with O atoms of the Cu12 ring, respectively [Cu6
ring, Cu···O = 2.392(6)−2.451(8) Å, average = 2.421(8) Å;
Cu9 ring, Cu···O = 2.407(6)−2.412(6) Å; average = 2.410(6)
Å]. All other Cu atoms are at distances larger than the sum of
the van der Waals radii of Cu and O (2.92 Å) from the closest
nonbonding O atoms [Cu···O = 3.008(5)−3.230(6) Å].
Overall, there are nine Cu···O distances <2.92 Å between
Cun rings, with an average of 2.415(6) Å. The corresponding
value for Cu27 is 2.388(4) Å [Cu6 ring, Cu···O = 2.392(4)−
2.487(4) Å, average = 2.415(4) Å; Cu9 ring, Cu···O =
2.352(4)−2.368(4) Å; average = 2.362(4) Å].

pH-Controlled, Stepwise Assembly−Disassembly of
Nanojars. In an earlier study, we had shown that Cu(NO3)2
and pyrazole are in a pH-dependent equilibrium with
nanojars.86 Even in the absence of an additional base, a
trinuclear complex, [Cu3(μ3-OH)(μ-pz)3(NO3)3]

−, partially
forms in a solution of Cu(NO3)2 and pyrazole (3:3 molar
ratio). Upon the addition of 4 equiv of NaOH to this mixture,
the pure trinuclear intermediate [Cu3(μ3-OH)(μ-
pz)3(NO3)2(H2O)] can be isolated. The addition of 2 equiv
more of NaOH cleanly converts the trinuclear intermediate to

Figure 7. Ball-and-stick representation of the crystal structure of Cu3-Cu27 (left, side view; right, top view). Color code for hydrogen bonding: O−
H···O between Cum rings, red; O−H···O between Cum rings and carbonate, green. Axial Cu···O interactions are shown in blue. Lattice solvent
molecules and C−H bond H atoms are omitted for clarity, and only one component is shown for disordered pyrazolate and DMF moieties.

Figure 8. Top and side views of the binding of the [Cu3(μ3-OH)(μ-
pz)3(DMF)3]

2+ “cap” to the [Cu(μ-OH)(μ-pz)]9 ring in Cu3-Cu27.
The trinuclear moiety is highlighted in orange (C−H bond H atoms
are omitted, and only the O atoms of coordinated DMF molecules are
shown).
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nanojars (Cun). Analogously, the addition of gradually
increasing amounts of HNO3 to a solution of Cun led to
conversion back to the trinuclear complex and eventually to
Cu2+ ions and pyrazole in the presence of excess HNO3.
In this work, we have identified and isolated another

intermediate in the pH-dependent assembly−disassembly of
nanojars, namely, capped nanojars Cu3-Cun (n = 27, 29, 30,
and 31). As shown in Figure 10, titration with Et3NH

+NO3
−

converts Cun first to Cu3-Cun and then to [Cu3(μ3-OH)(μ-
pz)3(NO3)3]

−. The addition of 2 equiv of Et3NH
+ leads to the

appearance of a new peak in the ESI-MS(−) spectrum at m/z
527 corresponding to [Cu3O(pz)2(NO3)3]

−, along with peaks

corresponding to Cun (n = 27, m/z 2023; n = 29, m/z 2171; n
= 30, m/z 2245; n = 31, m/z 2318). As described above, these
peaks originate from both Cun and Cu3-Cun upon ionization
by detachment of the Cu3

2+ cap. In the presence of larger
amounts of Et3NH

+, the nanojar peaks gradually disappear,
while the peak corresponding to the trinuclear intermediate
intensifies. The addition of 60 equiv of Et3NH

+ (which would
be present in solution if nanojars formed from the reaction of
copper nitrate, pyrazole, and Et3N in a 1:1:2 molar ratio before
the THF solution was poured into excess water) shows
complete conversion of nanojars to the trinuclear species (eq
5), as is evidenced by the complete absence of nanojar peaks in

Figure 9. Comparison of the crystal structures of Cu27 and Cu3-Cu27, illustrating the conceptual formation of the latter from the former by the
incorporation of a [Cu3(μ3-OH)(μ-pz)3(DMF)3]

2+ moiety (the curved arrow is intended to show the position of binding, not the mechanism).
The trinuclear moiety is highlighted in orange (only the O atom of the DMF molecules is shown; C−H bond H atoms are omitted).

Figure 10. ESI-MS(−) monitoring of the titration of nanojars (Cun) with increasing amounts of Et3NHNO3.
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the ESI-MS(−) spectrum and the presence of a major peak
corresponding to the trinuclear complex. This result further
demonstrates that nanojars cannot form in solution in the
presence of acidic Et3NH

+ ions.

n
n

n

(Bu N) CO Cu( OH)( pz)

( 2)(Et NH)NO

3
Et NH Cu ( OH)( pz) (NO )

2( 3)
3

Et N CO H O 2(Bu N)NO

n4 2 3

3 3

3 3 3 3 3 3

3 2 2 4 3

μ μ

μ μ

[ { ‐ ‐ } ]

+ +

→ [ ‐ ‐ ]

+ + + + +

(5)

Previously, we had demonstrated the stepwise conversion of
Cu(NO3)2 and pyrazole to nanojars via a trinuclear
intermediate, and vice versa.86 Herein we further demonstrate
that capped nanojars can be reversibly converted to nanojars.
Given their vastly different solubilities, the conversion of
capped nanojars to nanojars was investigated by the addition of
Bu4NOH, which is expected to transform sparingly soluble
Cu3-Cun into highly soluble Cun according to eq 6. Indeed, the
addition of 2 equiv of Bu4NOH to a suspension of Cu3-Cun in
CH3CN led to the immediate and complete dissolution of the
solid. ESI-MS(−) of the clear solution shows the presence of
Cun (n = 27, 29, 30, and 31; Figure S13). Similarly, the
addition of 1 equiv of (Bu4N)2SO4 to a suspension of Cu3-Cun
in CH3CN also led to immediate dissolution. The ESI-MS(−)
spectrum of the resulting clear solution shows new peaks
corresponding to sulfate nanojars (Cu28, m/z 2115; Cu31, m/z
2336; Cu33, m/z 2484), in addition to carbonate nanojar peaks
at m/z 2023 (Cu27), m/z 2171 (Cu29), and m/z 2245 (Cu30)
(Figure S13). Noteworthy here is the complete disappearance
of the peak at m/z 2318, corresponding to the carbonate
nanojar Cu31. It had been shown earlier that the Cu31 nanojar
easily exchanges carbonate for sulfate because the larger size of
sulfate is more complementary to the cavity size of the Cu31
nanojar.77
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The conversion of nanojars to capped nanojars was
demonstrated by treating an CH3CN solution of nanojars
with 2 equiv of HNO3. Upon standing in a closed vessel (no
solvent evaporation), dark-blue single crystals formed and the
blue color of the solution became substantially lighter. X-ray
diffraction shows that the obtained compound (2) has a
structure identical with that of 1 described above, except with
CH3CN instead of DMF solvent molecules (Figure S12). The
nanojar-to-capped-nanojar transformation is quantified by eq
7. Figure 11 summarizes the stepwise assembly−disassembly of
nanojars, including balanced equations for each step.
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Alternative Solvents and Bases for Capped-Nanojar
Synthesis. For practical purposes and eventual large-scale
applications, the use of less volatile solvents and bases that are
less prone to considerable loss by evaporation would be
advantageous. Thus, the synthesis of capped nanojars was also
performed in DMF at 20 °C (vapor pressure 0.36 kPa and
boiling point 153 °C) instead of THF (vapor pressure 19.1 kPa
and boiling point 65 °C), with virtually identical results.
Propylene carbonate (vapor pressure 0.018 kPa, boiling point
240 °C, and flash point 132 °C), which is considered to be a
green solvent89 (odorless, nontoxic, biodegradable, and
obtained from propylene oxide and CO2), was also employed
successfully for the synthesis of capped nanojars.
Similar results were also obtained when using nBu3N (vapor

pressure 0.04 kPa and boiling point 216 °C) or nOct3N (vapor
pressure <0.001 kPa and boiling point 365 °C) instead of Et3N

Figure 11. Illustration of the pH-dependent equilibrium between Cu2+ and pyrazole, trinuclear copper pyrazolate complex Cu3, capped nanojars
Cu3-Cun, and nanojars Cun (n = 27 is shown). In the trinuclear complex, L is the counterion of CuL2, whereas in the capped nanojar, L is a neutral
donor molecule.
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(vapor pressure 6.90 kPa and boiling point 89 °C). The former
two bases present additional advantages because they are less
soluble in water (nBu3N, 50 mg/L; nOct3N, 0.050 mg/L) and
are less flammable (flash point: nBu3N, 63 °C; nOct3N, 168
°C) than Et3N (solubility 112.4 g/L and flash point −11 °C).
Regarding the base used for capped-nanojar synthesis, the

following question arose during these studies: can capped
nanojars be obtained in an organic solvent using soluble,
organic bases without having to transfer the conjugate acid
byproduct to water by either precipitation of the capped
nanojar or liquid−liquid extraction? Because trialkylamines are
weak bases, the corresponding trialkylammonium conjugate
acids are relatively strong. Et3NH

+ has a pKa value of 12.5 in
THF (the reaction solvent employed) and 18.83 in CH3CN
(the solvent used for mass spectrometric analysis).90 There-
fore, a much stronger organic base is needed for the conjugate
acid to be weak enough to be tolerated by the capped nanojar.
N,N,N′,N′-Tetramethylguanidine (TMG; pKaH 15.5 in THF
and 23.35 in CH3CN) and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU; pKaH 16.9 in THF and 24.31 in CH3CN), for example,
are approximately 3−4 and 5−6 orders of magnitude stronger
than Et3N in THF and CH3CN, respectively.90 The ESI-
MS(−) spectrum of the solution obtained from Cu(NO3)2·
2.5H2O, pyrazole, and DBU (1:1:2 molar ratio) in THF shows
a major peak at m/z 527 corresponding to the trinuclear
species [Cu3O(pz)2(NO3)3]

−, whereas nanojar peaks are
barely detectable (Figure S14). The corresponding reaction
mixture obtained with TMG also has m/z 527 as the base peak,
but nanojars are now clearly observable (Figure S15). When
the even stronger base 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD; pKaH 21.0 in THF and 26.02 in CH3CN; 8 and 7
orders of magnitude stronger than Et3N in THF and CH3CN,
respectively)90 is used, the ESI-MS(−) spectrum shows that
nanojars are now more abundant than the trinuclear complex
(Figure S16). All three reaction mixtures in THF described
above provided the capped-nanojar mixture Cu3-Cun upon
precipitation with excess water. However, to completely
convert the trinuclear species into capped nanojars in an
organic solvent alone, an even stronger organic base, such as a
phosphazene base (e.g., EtP2(dma)5, pKaH 25.3 in THF and
32.94 in CH3CN;

tBuP4(dma)9, pKaH 33.9 in THF and 42.7 in
CH3CN)

90 would be needed.
Atmospheric CO2 Sequestration and Selective Car-

bonate Binding. During the self-assembly of capped nanojars
from a copper(II) salt (nitrate, perchlorate, tetrafluoroborate,
chloride, or bromide), pyrazole, and Et3N (or another organic
base), CO2 is selectively sequestered from the air in the
presence of other atmospheric gases and is converted to
carbonate. The binding of the CO3

2− ion is selective in the
presence of NO3

−, ClO4
−, BF4

−, Cl−, and Br− because none of
these anions were found in the product. Because the empty
nanojar/capped-nanojar host does not exist without an
incarcerated anion guest, the measurement of an association
constant by host−guest titration experiments is impossible.
Instead, we assessed the carbonate binding strength of nanojars
and capped nanojars by conducting a competition experiment
with Ba2+. The precipitation of insoluble BaCO3 (Ksp = 2.58 ×
10−9 at 25 °C in water) would be expected if the CO3

2− ion
dissociated from the nanojar, accompanied by the collapse of
the nanojar host, leading to the precipitation of insoluble,
polymeric [Cu(OH)(pz)]∞. First, solutions of Cu3 and Cu3-
Cun in butyronitrile were stirred with aqueous solutions of
Ba(NO3)2. No precipitation or any other visible changes were

observed after 16 h. Further experiments were conducted
under homogeneous conditions in THF using barium dioctyl
sulfosuccinate, Ba(DOSS)2, which is soluble in THF together
with the nanojar/capped-nanojar mixture. Similarly to the
heterogeneous butyronitrile/water system, no changes were
observed upon standing for 16 h, and ESI-MS(−) spectra
indicate that the nanojar/capped-nanojar mixture is unaffected
(Figures S17 and S18).
CO2 can be regenerated from the carbonate-incarcerating

capped nanojars by treatment with a weak acid, according to
eq 8, which also shows that the process is reversible. After
acidification and liberation of CO2, the solution containing the
trinuclear copper pyrazolate species can be recycled: capped
nanojars re-form as the pH is raised upon the addition of a
base.

n

n n

n

Cu ( OH)( pz) L CO Cu( OH)( pz)

( 3)
3

Cu ( OH)( pz) L

CO

n

n n

n n

3 3 3 3 3

2 ( 3)/3OH

2 ( 3)/3H
3 3 3 3

2

H Iooooooooooooooo

μ μ μ μ

μ μ

[{ ‐ ‐ } { ‐ ‐ } ]
+ [ ‐ ‐ ]

+
+

+ −
−

+

(8)

■ CONCLUSIONS

In this work, we demonstrate that if weak bases such as NH3 or
trialkylamines are used instead of NaOH or Bu4NOH for the
synthesis from a copper(II) salt and pyrazole, capped nanojars
[{Cu3(OH)(pz)3L3}CO3⊂{Cu(OH)(pz)}n] (Cu3-Cun; n =
27, 29, 30, and 31; L = neutral donor ligand) are obtained
instead of the conventional nanojars [CO3⊂{Cu(OH)-
(pz)}n]

2− (Cun). An array of characterization techniques
including ESI-MS, UV−vis and variable-temperature 1H
NMR spectroscopy, elemental analysis, and single-crystal X-
ray diffraction were employed along with reactivity and
solubility studies to characterize Cu3-Cun species in solution
and the solid state. These studies show that capped nanojars
are an extension of the [CO3⊂{Cu(μ-OH)(μ-pz)}n]2− motif,
with a [Cu3(OH)(pz)3L3]

2+ moiety that is either bound in the
solid state and slightly polar solvents or detached in highly
polar solvents. Although capped nanojars cannot be observed
directly by ESI-MS because of their overall charge-neutrality,
ionization by loss of the [Cu3(OH)(pz)3L3]

2+ cap does lead to
[CO3⊂{Cu(μ-OH)(μ-pz)}n]

2− daughter species in ESI-
MS(−). ESI-MS(+), on the other hand, confirms the presence
of the detached cap in the form of [Cu3O(pz)3]

+. The most
dramatic difference upon going from Cun to Cu3-Cun, with
implications in the use of nanojars as anion binding and
extracting agents, as well as CO2-sequestering agents, is the
drastic reduction of solubility in organic solvents: in THF, for
example, the solubility is reduced over 150-fold. The discovery
of capped nanojars sheds light on elusive previous observa-
tions, such as those involved in the NH3 etching of nanojars,
and uncovers an important new intermediate in the pH-
controlled assembly−disassembly of nanojars. CO2 is selec-
tively sequestered from the air in the presence of other
atmospheric gases and is converted to carbonate during the
self-assembly of capped nanojars. We have shown that the
CO3

2− ion is bound very strongly by a multitude of charge-
assisted hydrogen bonds that wrap around the anion and
totally isolate it from its surrounding medium. The binding of
carbonate by capped nanojars is selective in the presence of
NO3

−, ClO4
−, BF4

−, Cl−, and Br− ions. Future studies will
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address conversion of the captured CO2 to value-added
products.

■ EXPERIMENTAL SECTION
General Procedures. All commercially available chemicals were

used as received. Gaseous NH3 was generated from a 28−30%
aqueous ammonium hydroxide solution by gentle warming. UV−vis
and NMR spectra were collected on a Shimadzu UV-1650PC
spectrophotometer and a Jeol JNM-ECZS (400 MHz) instrument,
respectively.
Synthesis of [Cu3(OH)(pz)3(H2O)3][CO3⊂{Cu(OH)(pz)}n] (Cu3-

Cun; n = 27, 29, 30, and 31). Cu(NO3)2·2.5H2O (3.0000 g, 12.90
mmol) and pyrazole (0.8781 g, 12.90 mmol) were dissolved in THF
(50 mL) in a 100 mL round-bottom flask. To the clear, blue solution
was added dropwise, under stirring, Et3N (99%; 4 mL, 2.9040 g, 28.41
mmol). The resulting clear, dark-blue solution was stirred for 30 min
and then added in small portions to 500 mL of water under stirring.
The resulting mixture was stirred overnight (∼14 h) in an uncovered
beaker. The blue precipitate was filtered out, washed thoroughly with
water, and dried under vacuum. Yield: 2.0425 g (97%). Similar results
were obtained when Cu(ClO4)2·6H2O, Cu(BF4)2·6H2O, CuCl2·
2H2O, or CuBr2 were used instead of Cu(NO3)2·2.5H2O. A small
extent of partial bromination of the pyrazole ring was observed in the
case of CuBr2.
Reaction of Cu3-Cun with Bu4NOH and (Bu4N)2SO4. In three

10 mL round-bottom flasks, suspensions of slightly soluble Cu3-Cun
(0.0500 g, 0.0105 mmol) in CH3CN (5 mL) were prepared under
stirring. The first flask was kept as a control, whereas Bu4NOH (55%
in water, 10.0 μL, 9.95 mg, 0.0210 mmol) and (Bu4N)2SO4 (50% in
water, 12.2 μL, 12.20 mg, 0.0105 mmol) were added to the second
and third flasks, respectively. An immediate dissolution of the
suspension was observed in the second and third flasks, accompanied
by a significant intensification of the blue color of the solution,
whereas the contents of the control flask remained unchanged after
stirring for 24 h. ESI-MS(−) spectra of the resulting solutions are
shown in Figure S13.
Etching of Cu3-Cun with NH3. Cu3-Cun (0.0200 g, 4.20 × 10−3

mmol) was dissolved in THF (50 mL) in a 100 mL round-bottom
flask. NH3 gas was bubbled through the solution under stirring for 15
min. After standing for 12 days in a sealed flask, an aliquot was taken
for ESI-MS analysis. The ESI-MS(−) spectrum showed complete
conversion of Cu3-Cun to Cu3-Cu27 (Figure S6). The reaction
mixture was filtered and left to evaporate in air, leaving behind a solid,
which was further dried under high vacuum to give 0.0172 g of a dark-
blue powder.
Competitive Anion Binding under Heterogeneous Con-

ditions. Ba(NO3)2 (1.0000 g, 3.82 mmol) was dissolved in water (12
mL) in a 50 mL round-bottom flask. Cun (0.0101 g, 2.10 × 10−3

mmol) or Cu3-Cun (0.0100 g, 2.10 × 10−3 mmol) was dissolved in
butyronitrile (25 mL). The Ba(NO3)2 solution was vigorously stirred
with 12.5 mL of the Cun/Cu3-Cun solution for 16 h. The remainder of
the Cun/Cu3-Cun solution (12.5 mL) was used as a control. The
organic layer and control solution were analyzed by ESI-MS.
Competitive Anion Binding under Homogeneous Condi-

tions. To a solution of Cun (0.0101 g, 2.10 × 10−3 mmol) or Cu3-
Cun (0.0100 g, 2.10 × 10−3 mmol) in THF (24.5 mL) was added
Ba(DOSS)2 (4.20 mM in THF, 500 μL, 2.10 × 10−3 mmol). A
control solution was prepared by dissolving Cun (0.0101 g, 2.10 ×
10−3 mmol) or Cu3-Cun (0.0100 g, 2.10 × 10−3 mmol) in THF (25.0
mL). Aliquots were taken directly from the solutions and analyzed by
ESI-MS.
Mass Spectrometry. Mass spectrometric analysis of the nanojars

was performed with a Waters Synapt G1 HDMS instrument, using
electrospray ionization. 10−4−10−5 M solutions were prepared in
CH3CN or DMF. 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 or 150 °C. The sampling and
extraction cones were maintained at 40 and 4.0 V, respectively, at 80

°C. The in-source fragmentation analyses were conducted by only
altering the sampling cone voltage and preserving all other conditions.

X-ray Crystallography. Single crystals of Cu3-Cu27 were grown
from a DMF solution by slow evaporation (1) and from a CH3CN
solution of Cun upon standing with 2 equiv of HNO3 added (2).
Once removed from the mother liquor, the crystals are very sensitive
to solvent loss at ambient conditions and were mounted quickly under
a cryostream (100 K for 1 and 150 K for 2) to prevent decomposition.
X-ray diffraction data were collected from a single crystal mounted
atop a glass fiber under Paratone-N oil with a Bruker SMART APEX
II diffractometer (for 1) and 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
pixel array detector (for 2) using graphite-monochromated Mo Kα (λ
= 0.71073 Å) radiation. The data were integrated using SAINT91 and
scaled and corrected for absorption and other effects using SADABS.92

The structures were solved by employing direct methods using
ShelXS93 and refined by full-matrix least squares on F2 using ShelXL.94

C−H bond H atoms were placed in idealized positions and refined
using the riding model. Further refinement details, including the
treatment of disorder, use of SQUEEZE (for 1), and thermal ellipsoid
plots (Figures S19 and S20), are provided in the Supporting
Information.

Summary of the crystallographic data for 1: chemical formula, sum,
C119.61H188.10Cu30N69.54O42.21; chemical formula, moiety,
(C99H141Cu30N63O32)(CO3)(C3H7NO)6.536(H2O)0.678(solvent); for-
mula weight, 5181.86; crystal system, monoclinic; space group, C2/
c (No. 15); a = 44.8101(10) Å; b = 33.2795(10) Å; c = 34.7234(11)
Å; β = 125.983(3)°; V = 41901(2) Å3; Z = 8; Dcalc = 1.643 g/cm3; μ =
3.048 mm−1; no. of reflns collected, 665057; no. of unique reflns,
37531; no. of obsd reflns [I > 2σ(I)], 24605; R(int), 0.1236; data/
parameters/restraints, 37531/2698/1453; goodness-of-fit (on F2):
1.106; R(F) [I > 2σ(I)], 0.0631; Rw(F) [I > 2σ(I)], 0.1173; R(F) (all
data), 0.1511; Rw(F) (all data), 0.1917; residual electron density,
max/min (e/Å3), 1.497/−0.868. Summary of the crystallographic
data for 2: chemical formula, sum, C121.45H163.68Cu30N75.22O31;
chemical formula, moiety, (C96H127Cu30N63O28)(CO3)(C2H3N)12.225;
formula weight, 5079.69; crystal system, monoclinic; space group,
P21/n (No. 14); a = 31.6587(15) Å; b = 31.483(2) Å; c = 37.602(3)
Å; β = 97.877(2)°; V = 37124(4) Å3; Z = 8; Dcalc = 1.818 g/cm3; μ =
3.435 mm−1; no. of reflns collected, 1179884; no. of unique reflns,
141707; no. of obsd reflns [I > 2σ(I)], 98223; R(int), 0.0763; data/
parameters/restraints, 141707/5444/4355; goodness-of-fit (on F2):
1.087; R(F) [I > 2σ(I)], 0.0552; Rw(F) [I > 2σ(I)], 0.0886; R(F) (all
data), 0.1395; Rw(F) (all data), 0.1649; residual electron density,
max/min (e/Å3), 1.675/−1.224.
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