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ABSTRACT: Different pyridine dipyrrolate cages including cage-based [ 2 Chaet

dimers and polymers may be fabricated in a controlled manner from the pifferant | Cage-3 SASSSTORS particles
same two starting materialsmelyan angular ligand 1 and Zn(agac) Cations LA
by changingthe counter cation source.With tetrabutylammonium | { 3 ) ; [k | Self-Assemble
(TBA*) and dimethyl viologen (DM\2*), Cage-3 and Cage-5 are,_$+ " »{ 7 ™ i Ve
produced.In these cagestwo ligands act as bridgesand serve to HaMY T T

connect together two cage subunits to produce higher order ensembles. Lt

In Cage-3 and Cage-5, the TBAd DM\#* counter cations lie outside

the cavities of the respective cabeis. stands in contrast to what is seen with a previously reported Ggsferiywherein
dimethylammonium (DM#A counter cations reside within the cage ciVitgn the counter cations are tetraethylammonium

(TEA") and bis(cyclopentadienyl) cobalt(lll) (@po*), polymeric cage materidC-1 and PC-2are formedrespectively.

The counter cations thus serve not only to balance charge but also to tune the structural features as a whole. The organic catic
used in the present study also act to modulate the further assembly of individual cages. The present cation-based tuning emer:
as a new method for a fine-tuning of the multidimensiomaphology of self-assembled inorganic materials.

-INTRODUCTION is provided by the zinc ions, which are present in

stoichiometric excess relative to the acetate anions present in

the starting zinc salt (i.&n(OAc),). Howeverijn the case of

Cage-1where Zn(acag)was used as the Zhcation source,

: . o charge balance is provided by dimethylammonium (DWA

},Bﬁ dL;I;?:;![);IQCQiSr?::%r;nrlgaan;§ﬁecljmepnc;ritr?g;r]ci?grp?e?sogt)gc’:ir:/is cations trapped inside the structure of Cage-1. These structural
" differences led us to consider that the DiHion in Cage-1

Not surprisingly, explorationsof efficient morphological could be replacelf by other organic cationsand that this
control methods have been the focus of considerable acade 'Blacemen’might provide a meansof tuning not only

effortin recentyears. Seif-assembBljnas received particular i et res of the Zn(ll)-based cages but also how they interact
attention in this regard. This latter approach has been used, Ih one anotherunder conditions ofself-assemblo the

|rlstart10ei% (;rgat? r(?_lxed lnargialplﬁ—grgt}r?nlc Zl_Jpram_olecluIar extentthis proved true,it would allow differentinorganic—
structures,” Including metal-linked three-dimensiona organic supramolecular produets,wellas various morpho-

cage§”® that have attracted attention for their ability to logical nanomaterialsp be accessed from the same exact
recognize both neutfaind chargeld guests and to function precursorsyamelyligand 1 and Zn(acag)

as nanoscale reaction vess€lddere, 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.RESULTS AND DISCUSSION

Structureand morphologyplay key roles in defining the
properties of nanomateriasid controbver these features is
essential for effective manufacturing pro¢éssesrstanding

pyridine dipyrrolate and Zn(acagchs wellas the morpholo- Spectra Studies and Preparation of ~ Metal lon-
gies ofvarious self-assembled constructs fadicleslinear ~ directed Assemblies. To test the above possibility,we
structuresand layers) formed from these cages. chose to mix ligand 1 with Zn(acac), in DMF-methanol

We recently reported the preparationzific-directed self- ~ solution (1/4, v/v) in the presence ofrepresentative organic
assembled pyridine-dipyrro|ate cages (Cage-‘] and Cage-Z) g?tIOI'ISWIth different sizesand chargespamely,tetraethy-
using an inherently nonlinear ligapsiridine-dipyrrolate 1 in  lammonium (TEA™), tetrabutylammonium (TBA), bis-
conjunction with a Z# cation sourcé’ In both Cage-1 and  (cyclopentadienyl) cobalt(lll) (Cp,Co), and dimethyl
Cage-2 (Scheme 1§ hydroxide anion serves to bridge two
constituentzinc dimers.The presenceof thesehydroxide Received: January 28019
bridges requires charge baldnc@age-2this charge balance Published: February 272019
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Scheme 1. Structural Formulas of Pyridine-dipyrrolate 1, Zn(@Aicgcted Cage-2, Zn(acaajirected Cage Dimers Cage-1,
Cage-3, and Cage-5, Charge Balanced with DMBA', and DM\?*, Respectively, and Zn(acaairected Polymeric Cages
PC-1 and PC-2Charge Balanced with TERAand Cp,Co’, Respectively

N | B Different Cations
Cage-2 E————— YN 2 Cage-1/3/5
Zn(OAc), NH HN Zn(acac),
rt HOOC COOH rt
Ligand 1 - > Pc1/2
chAH TN gt = = o =4
Cations= c‘ﬂ‘H SN _@_@“_ — = =
3!
+ TBA* TEA*
. DMA DMV2* Cpics®
n

Cage-1/3/5 PC-1/2

#The different subunits of 1 in the chemigtalicture are labeled in blued,grey,and blackrespectively.

viologen (DMY*, Scheme 1). All cations were studied as theicrystallographic analyses, cage-like architectures, namely, Cage-
PF; salts; howevethe TEA and TBA cations were further 3 and Cage-5 (Figure 1),were obtained when saltef the
studied in the form ofother salts (i.e.containing a range of  relatively bulky cation§BA* and DM\?*, were usedThese
different counteranionsgf. Table S1). Upon mixing, an cagesystemsbear superficialstructuralanalogy to Cage-1
immediate change from colorles® pink was seen in the (Figure S4). For instance, two molecules of compound 1 act as
solutions containing DMV?*, ligand 1, and Zn(acac). bridging units to connecttwo individual cage subunits.
Furthermoregcompared to a pure solution 6fand 1 in this However,n contrastto what is seen in Cage-twherein an
same solvenimixture, blue shifts in the so-called R band encapsulated DMAsation is observeith Cage-3 (Figure S5)
(around 270-300 nm) in the UV spectrum (Figure Sted and Cage-5 (Figure S6) the TBA and DMV?* cationssit
shifts in the emission maxima in the fluorescent spectra (Figotgside of the central cage-like cavities. Additionally, one molar
S2), and upfield shifts in the pyridine proton resonances of equivalent of DM¥ is present in the case of Cagetfereas
ligand 1 in the '"H NMR spectra (Figure S3) are seen upon two molar equivalents 6FBA" and DMA" are found in the
exposure to Zn(ll). This was taken as preliminary evidence case ofCage-3 and Cage-flespectivelylhis reflects charge
that metal ion-directed assembliemre being formed upon balance.
mixing. Further studies of these single crystalline structures indicate
To obtain detailed structuraiformationthe self-assembly that Cages-1;3, and -5 differ interms of their metric
reactions were carried out under conditions analogous to thqsarameters (Table Sahese differences include the spacings
used previously to produce single crystals of Cage-1 but in tbetween the zinc dimers (Figure S7), the dihedral angle
presencedf variouscation salts.Specificallyhexaneswvere between the two opposing pyridines (e Figure S8),the
allowed to vapordiffuse into mixed solution®f DMF and distance between these two pyridinesHidfre S9)and the
methanol(1/4, v/v) containingligand 1, Zn(acac), and distance between two zinc atoms contained within two parallel
different cationic salts at room temperatureTable S1 and  zinc dimers (g, Figure S10).

the X-ray ExperimentaBection in the Supporting Informa- Solventmoleculesare preseninside and outside oboth
tion). Cage-3 (Figure S11) and Cage-5 (Figure S1Rjesumably,
Cation-based Structural Tuning of Dimeric and these solvents play an important role in stabilizing and shaping

Polymeric Cages. As inferred from single crystal X-ray these dimeric cage architectur¢sigure S13),e.g.,solvent

4750 DOI: 10.1021/jacs.9b01042
J.Am.Chem.Soc.2019,141,4749-4755



Journal of the American Chemical Society

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 I
using bluered,magentaand CPK codingespectivel{Hydrogen atoms are omitted for clarity.

moleculesoccupy the centratavitiesand are held in place intrusion of the DM¥ cation into the caghn the solid state,
through presumed hydrogen bonding interactibhe.DMF solvent molecules outside the dimeric Cages-1, -3, and -5 act as
moleculesnside Cage-5 appeavound to the zinc centers “lids” that trap cations in gaps between the cages (Figure S14),
(Figure S7 and Table S3) and likely serve to preventhe as has been seen previously in other sysfems.
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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 t
solid state. Three-dimensional assemblies of Cage-3 driven by presumed -1t interactions are shown in truncated form (i.e., three repeat uni
and in wireframe representatio(2 repeatunits; right) in space-filling representatiof@ne-dimensionassembliesf Cage-5 driven by

presumed 11T interactions, as well as further solvent-driven 2D assemblies of Cage-5 shown in wireframe representations (three repeat unit:
and space-filling representations (nine repeat unitsreggieytivelyndividual units of ligand 1 are labeled immadentehlue,and standard

CPK codingCrystal 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 representdtiendifferent subunits of 1 in the structure are labeled usimgdylmagentaand

CPK codingrespectivelfCations labeled in CPK coding are shown in space-filling represehtgdioogen atoms are omitted for clarity.

By design the relatively smaltations CpCo" and TEA' analysesThese polymericcagessharethe samechemical
were selected to provide a range of sizes intermediate betwetnucture, and both contain individual zinc dimer cage subunits
those provided by DMA™ and TBA". When ligand 1 and wherein ligand 1 acts as linker (subunits of ligand 1 are labeled
Zn(acac) were mixed in the presence BEA" and CpCd', in black in Scheme 1).However their crystalline structural
one-dimensionabacus-like cage polymeRC-1 and PC-2 arrangements are totally differepérticularly with regard to
(Figure 1), were obtained as inferred from X-ray diffraction the location ofthe various cationg-or exampletwo molar
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400nm

Figure 3. SEM images (th,scale bar = 400 nmjH,scale bar = 1 pm) obtained from solution samples prepared from comgogacht),
and TBA (1 mM), DM\Z* (1 mM), TEA (1 mM), or CpCo' (1 mM). All samples were prepared in a 1/4 (v/v) mixture of DMF and methanol.

equivalents TEZare localized near the bridging ligands 1 andcontainingDMA*. The TBA" cation is even largerthan

provide charge balance in the casepofymer PC-1 (Figure =~ TEA'; howeverits alkyl“arms” can intrude slightly into the

S15).In contrast,in PC-2 the Cp,Co" cations slip into the cavity of Cage-3,which servesto orient the nearbycage

cavities formed betweentwo neighboring cage subunits subunits Finally, DMV?* is not only relatively largeit also

(Figure S16). bears two positive charges, and as mentioned above, this cation
Further studies o€ation effects led to the conclusion that residesbetween two neighboring cage dimernd remains

relatively smattationssuch as DMA and CpCa', not only outside the cavity of Cage-5.

actas templates buthen remain inside the cavities thate Morphological Control over the Self-assembly of
produced upon cage formation (Figure STHis leads to a Cages Based on Ligand 1. The choice ofancillary organic
face-to-face orientation between nearby cage subuypits., cations not only determinesthe chemicaland crystalline

subunits AB, and C in Figure 2)as wells the possibility of  structures of the cages produced from pyridine dipyrrolate and
forming either infinite polymeric cage-containing structures aZn(acac) but also affectstheir higher order self-assembly
discrete dimeric cagéshe addition ofCp,Co" whose size is  behavior. As originally produced, Cage-1 displays little
roughly at the limit ofthe open cavities results not only in a evidence ofeither cage—cage interactions the solid state
drastic change in the structupdrameters (Table S2) dfe (Figure S4) or significant further self-assembly in s&fution.
constituentcagesn comparison to Cage-1 bufalso to the contrast, Cage-3,producedin the presenceof TBA', is
formation of polymeric cages.The crystalline structural characterized by larger vdid§igure S18 and Table S4) and
differences between PC-1 and PC-2 are also ascribed to thea greater level of presumedT—Tr interactions between
slight variations in the size and shape of these two cations (ireeighboring cage unit his leads to the formation ofself-
Cp,Co" vs TEA"; cf. Table S2). TEA" is too large to fit assembled particles with an average siaeoohd 40 nmas
completely inside the open cavity and its alkyl substituents airgferred from SEM observations (Figure 3a). Different
too smallto intrude appreciably into the voids in PCAls a behavior is seen in the case@dge-5this system forms 1D
result,the two face-to-face subunitsl@fand 1 (i.e.,colored assemblies thare apparently stabilized by -1t interactions
the same in cage subunits A and B in Figure 2c) lie parallel toetween the electron-deficientDMV?* cations and the
one another.The open cavity is also slightly compressed  electron-rich ligand bridgebetween two neighboringcage
compared to that in PC-2 (Table S4). dimers (Figure S19). These 1D assemblies interact further with
The largerTBA" and DMV?* cations are too large to be  surroundingsolvent molecules(i.e., DMF and H,0) to
retained within the cage dimers and are found to lie outside thr®duce2D layered assemblief-iguresS12 and S14) as
cavity This change necessarily leads to a different location fanferred from the SEM analyses (Figure Bljen TEA and
the counter cations within the crystal structure Cage-1 Cp,Cao" are usedhe polymeric cages PC-1 and PC-2 that are

4753 DOI: 10.1021/jacs.9b01042
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presumablyformed initially aggregateinto 1D fiber-like

assemblies (Figure 3c,dhus,both the size and the charge

nanomaterials with various architectidesio Today 2017, 448.
(c) Khalil, M.; Jan,B. M.; Tong,C. W.; BerawiM. A. Advanced

play key roles in determining the initial cage structure and thBanomaterialsn oil and gas industry: design,applicationand

morphologies of the assembled superstructures.

.CONCLUSIONS
In conclusiona set ofvery different cage producisgluding

challenge#é\ppl.Energy 2017,91,287.

(2) (@) Guo, D.; Xie, G.; Luo, J. Mechanicalpropertiesof
nanoparticlesasics and applicationlsPhysD: Appl.Phys2014,
47,013001(b) Xie, W.; Guo,Z.; GaoQ.; WangD.; Liaw,B.; Cai,

Q.; Sun, X.; Wang, X.; Zhao, Li. Shape-, size- and structure-controlled

dimers (Cage-3 and Cage-5) and polymeric assemblies (madgnthesisand biocompatibility of iron oxide nanoparticlesfor
up of PC-1 and PC-2)have been successfully produced in a magnetic theranostidheranostics 2083,3284.

controlled mannerfrom the sametwo starting materials,

namelythe angular ligand 1 and Zn(aggic) the presence of

differentancillary organic cationse., TBA", DMV?*, TEA',
and Cp,Cao*, respectivelyWith the involvementof solvent

molecules, these organic cations can serve as specific tempw

(3) (a) Charitidis, C. A.; Georgiou, P.; Koklioti, M. A.; Trompeta, A.
F.; Markakis,V. Manufacturingnanomaterialsirom research to
industryManufacturing R20.14,1, 11.(b) WangK.; Qi, D.; Li)Y.;
WangT.; Liu,H.; Jiang, Jetrapyrrole macrocycle based conjugated

P%-(gimensionahesoporous polymers and covataganic frame-
works: from synthesigo material applicationsCoord.ChemRev.

to control the cage structure. They also act to modulate furthes o 375 185

the assemblyof individual cages,allowing formation of
multidimensionalensemblesFor instance,the polymeric

(4) (a) Kim, Y.; Koo, J.;Hwang).; Mukhopadhyay.; Hong,S.;
Yoo0,J.; DarA. A.; Kim,l.; Moon,D.; Shin,T. J.; KoY.H.; Kim,K.

cages PC-1 and PC-2 aggregate into 1D linear asserblies. Rational design and construction of hierarchical superstructures using

contrastthe dimeric cagesCage-3 and Cage-Ppack in an

shape-persistent organic cages: porphyrin box-based metallosupramo-

orderly fashion to form particles and 2D layered assemblies,lecular assemblidsAm.ChemSoc2018,140,14547 (b) Sun,Y.;
respectivelylhe finding that formally nonconstituent species, ZhangF.; JiangS.;Wang/Z.; Ni, R.; WangH.; Zhou,W.; Li, X.;

added organic cations in the present instacere be used to
fine-tunethe multidimensionamorphologiesof assembled
inorganic cagegoints the way toward a new approach to
controlling the features of nanomaterials.
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