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ABSTRACT: Different pyridine dipyrrolate cages including cage-based
dimers and polymers may be fabricated in a controlled manner from the
same two starting materials,namely,an angular ligand 1 and Zn(acac)2,
by changingthe counter cation source.With tetrabutylammonium
(TBA+) and dimethyl viologen (DMV2+), Cage-3 and Cage-5 are
produced.In these cages,two ligands act as bridgesand serve to
connect together two cage subunits to produce higher order ensembles.
In Cage-3 and Cage-5, the TBA+ and DMV2+ counter cations lie outside
the cavities of the respective cages.This stands in contrast to what is seen with a previously reported system,Cage-1,wherein
dimethylammonium (DMA+) counter cations reside within the cage cavity.When the counter cations are tetraethylammonium
(TEA+) and bis(cyclopentadienyl) cobalt(III) (Cp2Co+), polymeric cage materials,PC-1 and PC-2,are formed,respectively.
The counter cations thus serve not only to balance charge but also to tune the structural features as a whole. The organic cations
used in the present study also act to modulate the further assembly of individual cages. The present cation-based tuning emerges
as a new method for a fine-tuning of the multidimensionalmorphology of self-assembled inorganic materials.

■INTRODUCTION
Structureand morphologyplay key roles in defining the
properties of nanomaterials,and controlover these features is
essential for effective manufacturing processes.1 Understanding
the underlyingdeterminantsis important from both the
fundamentalscience2 and applied engineering3 perspectives.
Not surprisingly,explorationsof efficient morphological
control methods have been the focus of considerable academic
effort in recentyears.4 Self-assembly5 has received particular
attention in this regard. This latter approach has been used, for
instance,to create mixed inorganic−organic supramolecular
structures,6,7 including metal-linked three-dimensional
cages6−8 that have attracted attention for their ability to
recognize both neutral9 and charged10 guests and to function
as nanoscale reaction vessels.11 Here, we report the use of
differentorganic cations with various sizes and charges as a
means of tuning the nature of the cage structures created from
pyridine dipyrrolate and Zn(acac)2, as wellas the morpholo-
gies ofvarious self-assembled constructs (e.g.,particles,linear
structures,and layers) formed from these cages.

We recently reported the preparation ofzinc-directed self-
assembled pyridine-dipyrrolate cages (Cage-1 and Cage-2) by
using an inherently nonlinear ligand,pyridine-dipyrrolate 1 in
conjunction with a Zn2+ cation source.12 In both Cage-1 and
Cage-2 (Scheme 1),a hydroxide anion serves to bridge two
constituentzinc dimers.The presenceof thesehydroxide
bridges requires charge balance.In Cage-2,this charge balance

is provided by the zinc ions, which are present in
stoichiometric excess relative to the acetate anions present in
the starting zinc salt (i.e.,Zn(OAc)2). However,in the case of
Cage-1,where Zn(acac)2 was used as the Zn2+ cation source,
charge balance is provided by dimethylammonium (DMA+)
cations trapped inside the structure of Cage-1. These structural
differences led us to consider that the DMA+ cation in Cage-1
could be replaced13 by other organic cationsand that this
replacementmight provide a meansof tuning not only
structures of the Zn(II)-based cages but also how they interact
with one anotherunderconditions ofself-assembly.To the
extentthis proved true,it would allow differentinorganic−
organic supramolecular products,as wellas various morpho-
logical nanomaterials,to be accessed from the same exact
precursors,namely,ligand 1 and Zn(acac)2.

■RESULTS AND DISCUSSION
Spectra Studies and Preparation of Metal Ion-

directed Assemblies. To test the abovepossibility,we
chose to mix ligand 1 with Zn(acac)2 in DMF−methanol
solution (1/4, v/v) in the presence ofrepresentative organic
cationswith different sizesand charges,namely,tetraethy-
lammonium (TEA+), tetrabutylammonium (TBA+), bis-
(cyclopentadienyl) cobalt(III) (Cp2Co+), and dimethyl
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viologen (DMV2+, Scheme 1). All cations were studied as their
PF6

− salts; however,the TEA+ and TBA+ cations were further
studied in the form ofother salts (i.e.,containing a range of
different counteranions;cf. Table S1). Upon mixing, an
immediate change from colorlessto pink was seen in the
solutions containing DMV2+, ligand 1, and Zn(acac)2.
Furthermore,compared to a pure solution ofligand 1 in this
same solventmixture,blue shifts in the so-called R band
(around 270−300 nm) in the UV spectrum (Figure S1),red
shifts in the emission maxima in the fluorescent spectra (Figure
S2), and upfield shifts in the pyridine proton resonances of
ligand 1 in the 1H NMR spectra (Figure S3) are seen upon
exposure to Zn(II).This was taken as preliminary evidence
that metal ion-directed assembliesare being formed upon
mixing.

To obtain detailed structuralinformation,the self-assembly
reactions were carried out under conditions analogous to those
used previously to produce single crystals of Cage-1 but in the
presenceof variouscation salts.Specifically,hexaneswere
allowed to vapordiffuse into mixed solutionsof DMF and
methanol(1/4, v/v) containingligand 1, Zn(acac)2, and
different cationic salts at room temperature (cf.Table S1 and
the X-ray ExperimentalSection in the Supporting Informa-
tion).

Cation-based Structural Tuning of Dimeric and
Polymeric Cages. As inferred from single crystal X-ray

crystallographic analyses, cage-like architectures, namely, Cage-
3 and Cage-5 (Figure 1),were obtained when saltsof the
relatively bulky cations,TBA+ and DMV2+, were used.These
cagesystemsbear superficialstructuralanalogy to Cage-1
(Figure S4). For instance, two molecules of compound 1 act as
bridging units to connect two individual cage subunits.
However,in contrastto what is seen in Cage-1,wherein an
encapsulated DMA+ cation is observed,in Cage-3 (Figure S5)
and Cage-5 (Figure S6) the TBA+ and DMV2+ cationssit
outside of the central cage-like cavities. Additionally, one molar
equivalent of DMV2+ is present in the case of Cage-5,whereas
two molar equivalents ofTBA+ and DMA+ are found in the
case ofCage-3 and Cage-1,respectively.This reflects charge
balance.

Further studies of these single crystalline structures indicate
that Cages-1,-3, and -5 differ in terms of their metric
parameters (Table S2).These differences include the spacings
between the zinc dimers (Figure S7), the dihedral angle
between the two opposing pyridines (∠cages, Figure S8),the
distance between these two pyridines (d′,Figure S9),and the
distance between two zinc atoms contained within two parallel
zinc dimers (dI/II , Figure S10).

Solventmoleculesare presentinside and outside ofboth
Cage-3 (Figure S11) and Cage-5 (Figure S12).Presumably,
these solvents play an important role in stabilizing and shaping
these dimeric cage architectures(Figure S13),e.g.,solvent

Scheme 1. Structural Formulas of Pyridine-dipyrrolate 1, Zn(OAc)2-directed Cage-2, Zn(acac)2-directed Cage Dimers Cage-1,
Cage-3, and Cage-5, Charge Balanced with DMA+, TBA+, and DMV2+, Respectively, and Zn(acac)2-directed Polymeric Cages
PC-1 and PC-2,Charge Balanced with TEA+ and Cp2Co+, Respectivelya

aThe different subunits of 1 in the chemicalstructure are labeled in blue,red,grey,and black,respectively.
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moleculesoccupy the centralcavitiesand are held in place
through presumed hydrogen bonding interactions.The DMF
moleculesinside Cage-5 appearbound to the zinc centers
(Figure S7 and Table S3) and likely serve to preventthe

intrusion of the DMV2+ cation into the cage.In the solid state,
solvent molecules outside the dimeric Cages-1, -3, and -5 act as
“lids” that trap cations in gaps between the cages (Figure S14),
as has been seen previously in other systems.14

Figure 1. Crystal structures of Cage-1 (a), Cage-3 (b), Cage-5 (c), PC-1 (d), and PC-2 (e) viewed from front (left), top (middle), and side (right)
in wireframe representations. Cations labeled in magenta are in space-filling representations. The different subunits of 1 in the structure are labeled
using blue,red,magenta,and CPK coding,respectively.Hydrogen atoms are omitted for clarity.
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By design,the relatively smallcations Cp2Co+ and TEA+

were selected to provide a range of sizes intermediate between
those provided by DMA+ and TBA+. When ligand 1 and
Zn(acac)2 were mixed in the presence ofTEA+ and Cp2Co+,
one-dimensionalabacus-like cage polymers,PC-1 and PC-2
(Figure 1), were obtained as inferred from X-ray diffraction

analyses.Thesepolymericcagessharethe samechemical
structure, and both contain individual zinc dimer cage subunits
wherein ligand 1 acts as linker (subunits of ligand 1 are labeled
in black in Scheme 1).However,their crystalline structural
arrangements are totally different,particularly with regard to
the location of the various cations.For example,two molar

Figure 2. Front views of the single crystal X-ray diffraction structures of Cage-3 (a) and Cage-5 (b) showing the extended packing present in the
solid state. Three-dimensional assemblies of Cage-3 driven by presumed π−π interactions are shown in truncated form (i.e., three repeat units; left)
and in wireframe representations(12 repeatunits; right) in space-filling representations.One-dimensionalassembliesof Cage-5 driven by
presumed π−π interactions, as well as further solvent-driven 2D assemblies of Cage-5 shown in wireframe representations (three repeat units; left)
and space-filling representations (nine repeat units; right),respectively.Individual units of ligand 1 are labeled in red,magenta,blue,and standard
CPK coding.Crystal structures of two units of the infinite polymeric structures referred to as PC-1(c) and PC-2 (d) in wireframe representations
viewed from the front and top in wireframe representations.The different subunits of 1 in the structure are labeled using blue,red,magenta,and
CPK coding,respectively.Cations labeled in CPK coding are shown in space-filling representations.Hydrogen atoms are omitted for clarity.
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equivalents TEA+ are localized near the bridging ligands 1 and
provide charge balance in the case ofpolymer PC-1 (Figure
S15).In contrast,in PC-2 the Cp2Co+ cations slip into the
cavities formed between two neighboring cage subunits
(Figure S16).

Further studies ofcation effects led to the conclusion that
relatively smallcations,such as DMA+ and Cp2Co+, not only
act as templates butthen remain inside the cavities thatare
produced upon cage formation (Figure S17).This leads to a
face-to-face orientation between nearby cage subunits(e.g.,
subunits A,B, and C in Figure 2),as wellas the possibility of
forming either infinite polymeric cage-containing structures or
discrete dimeric cages.The addition ofCp2Co+ whose size is
roughly at the limit ofthe open cavities results not only in a
drastic change in the structuralparameters (Table S2) ofthe
constituentcagesin comparison to Cage-1 butalso to the
formation of polymeric cages.The crystalline structural
differences between PC-1 and PC-2 are also ascribed to the
slight variations in the size and shape of these two cations (i.e.,
Cp2Co+ vs TEA+; cf. Table S2). TEA+ is too large to fit
completely inside the open cavity and its alkyl substituents are
too smallto intrude appreciably into the voids in PC-1.As a
result,the two face-to-face subunits ofligand 1 (i.e.,colored
the same in cage subunits A and B in Figure 2c) lie parallel to
one another.The open cavity is also slightly compressed
compared to that in PC-2 (Table S4).

The largerTBA+ and DMV2+ cations are too large to be
retained within the cage dimers and are found to lie outside the
cavity.This change necessarily leads to a different location for
the counter cations within the crystal structure Cage-1

containingDMA+. The TBA+ cation is even larger than
TEA+; however,its alkyl “arms” can intrude slightly into the
cavity of Cage-3,which servesto orient the nearbycage
subunits.Finally,DMV2+ is not only relatively large,it also
bears two positive charges, and as mentioned above, this cation
residesbetween two neighboring cage dimersand remains
outside the cavity of Cage-5.

Morphological Control over the Self-assembly of
Cages Based on Ligand 1. The choice ofancillary organic
cations not only determinesthe chemicaland crystalline
structures of the cages produced from pyridine dipyrrolate and
Zn(acac)2 but also affectstheir higher order self-assembly
behavior. As originally produced, Cage-1 displays little
evidence ofeither cage−cage interactionsin the solid state
(Figure S4) or significant further self-assembly in solution.12 In
contrast,Cage-3,producedin the presenceof TBA+, is
characterized by larger voids15 (Figure S18 and Table S4) and
a greater level of presumedπ−π interactions between
neighboring cage units.This leads to the formation ofself-
assembled particles with an average size ofaround 40 nm,as
inferred from SEM observations (Figure 3a). Different
behavior is seen in the case ofCage-5;this system forms 1D
assemblies thatare apparently stabilized by π−π interactions
between the electron-deficientDMV2+ cations and the
electron-rich ligand bridgebetween two neighboringcage
dimers (Figure S19). These 1D assemblies interact further with
surroundingsolvent molecules(i.e., DMF and H2O) to
produce2D layered assemblies(FiguresS12 and S14) as
inferred from the SEM analyses (Figure 3b).When TEA+ and
Cp2Co+ are used,the polymeric cages PC-1 and PC-2 that are

Figure 3. SEM images (b,d, scale bar = 400 nm; f,h, scale bar = 1 μm) obtained from solution samples prepared from compound 1,Zn(acac)2,
and TBA+ (1 mM), DMV2+ (1 mM), TEA+ (1 mM), or Cp2Co+ (1 mM). All samples were prepared in a 1/4 (v/v) mixture of DMF and methanol.
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presumablyformed initially aggregateinto 1D fiber-like
assemblies (Figure 3c,d).Thus,both the size and the charge
play key roles in determining the initial cage structure and the
morphologies of the assembled superstructures.

■CONCLUSIONS
In conclusion,a set ofvery different cage products,including
dimers (Cage-3 and Cage-5) and polymeric assemblies (made
up of PC-1 and PC-2),have been successfully produced in a
controlled mannerfrom the sametwo starting materials,
namely,the angular ligand 1 and Zn(acac)2, in the presence of
differentancillary organic cations,i.e.,TBA+, DMV2+, TEA+,
and Cp2Co+, respectively.With the involvementof solvent
molecules, these organic cations can serve as specific templates
to control the cage structure. They also act to modulate further
the assemblyof individual cages,allowing formation of
multidimensionalensembles.For instance,the polymeric
cages PC-1 and PC-2 aggregate into 1D linear assemblies.In
contrast,the dimeric cages,Cage-3 and Cage-5,pack in an
orderly fashion to form particles and 2D layered assemblies,
respectively.The finding that formally nonconstituent species,
added organic cations in the present instance,can be used to
fine-tunethe multidimensionalmorphologiesof assembled
inorganic cagespoints the way toward a new approach to
controlling the features of nanomaterials.
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