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Three-Component Self-Assembly Changes its Course: A Leap from
Simple Polymers to 3D Networks of Spherical Host—Guest Assemblies
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Jan Hilgert, Wolfgang Tremel, and Manfred Scheer*
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Abstract: One-pot self-assembly reactions of the polyphos-
phorus complex [Cp*Fe(n’-Ps)] (A), a coinage metal salt
AgSbF,, and flexible aliphatic dinitriles NC(CH,),CN (x=1-
10) yield 1D, 2D, and 3D coordination polymers. The seven-
membered backbone of the dinitrile was experimentally found
as the borderline for the self-assembly system furnishing
products of different kinds. At x <7, various rather simple
polymers are exclusively formed possessing either 0D or 1D
Ag/A structural motifs connected by dinitrile spacers, while at
x >7, the self-assembly switches to unprecedented extraordi-
nary 3D networks of nano-sized host-guest assemblies
(SbE,)@[(A)sAg ] (x=7) or (A)@[(A)Agn]™" (x=8-
10) linked by dinitriles. The polycationic nodes represent the
first superspheres based on A and silver and are host-guest
able. All products are characterized by NMR spectroscopy,
mass spectrometry, and single-crystal X-ray diffraction. The
assemblies [(A) ,Agp]”" were visualized by transmission
electron microscopy.

Introduction
In supramolecular chemistry the understanding of self-

assembly processes is a challenge, and controlling such
processes for practical purposes is an even more ingenious
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and skillful task. Such is the design of matrices for guest
encapsulation and storage applicable in chemo sensing, drug
delivery, and controlled absorption.!! The manifold ap-
proaches in this research area investigated over the past
years are conceptually based on either guest-oriented or host-
oriented strategies. The first concept implies the fitting of the
local environment to the guest molecules and therefore
utilizes supramolecular host cages® and capsules”® which are
structurally tailored for the size and shapell of the guest or
expediently functionalized® to facilitate host—guest interac-
tions.’) The second concept suggests furnishing extended
space for guest molecules within the pores of the host and
therefore uses microporous polymeric matrices,”) or meso-
porous materials.”! To rationalize the design of infinite
networks with the desired structure and function from pre-
organized or self-assembled building blocks and linking units
even new fields of research have emerged.”’ A combination of
these approaches could have the best of both worlds, and the
materials combining advantageous properties of finite capsu-
les and of bulk porous materials could close this conceptual
gap.

First approaches in this direction were demonstrated by
the Atwood group.'” Using self-assembly of pyrogallol-
[4]arenes (L) as polydentate ligands with M" salts (M" =
Cu, Ni, Mg), a series of crystalline 1D and 2D supramolecular
coordination polymers (CPs) was obtained in which large
metal-organic polyhedra [M,,Ls] (MOP) represented the
nodes, while the terminal groups of the same ligands L
additionally join MOPs as linkers to give supramolecular
CPs.' This elegant one-pot two-component self-assembly
approach is however restricted to the ligands capable of such
dual function. A straightforward one-pot reaction of a metal
salt,a MOP-building ligand, and a spacer would be a desirable
simplification on the synthetic route. However, to the best of
our knowledge, no supramolecular CPs obtained in this way
are reported. In many cases the polyhedral metal complexes
have to be isolated first. Apparently, coordination polymers
with nodes consisting of single metal cations or small compact
metal complexes are formed instead or together with the
desired supramolecular product. The pre-formed supramolec-
ular nodes"! are required to be activated for further direct
polymerization,"* or spacing ligands have to be introduced
in the second step."'“!?l Besides inconvenient two-stage
synthesis, their further polymerization often leads to amor-
phous products, a property which significantly complicates
characterization of the product. Additionally, metal-organic
polyhedra incorporated in supramolecular CPs could be
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enhanced if the MOPs possessed a functionality as for
instance the targeted encapsulation of a guest, which is still
a rare phenomenon in this area of supramolecular chemis-
try.101

We have been successfully examining the host-guest
properties of various spherical aggregates based on the
polyphosphorus complexes [CpRFe(n’-Ps)] (Cp®=Cp*(A),
Cp®" = (Cp(CH,Ph);)) and CuX or CuX, (X=CI, Br, I, or
triflate)."*! Their nano-sized inorganic scaffolds can contain
eight to 24 cyclo-Ps units and dozens of copper atoms or
{Cu,X,,} fragments.!"! To use these supramolecular aggregates
as hosting nodes joined in a polymeric structure it is necessary
to provide coordination sites at the metal cations for the
additional linkers, which should be longer than the van der
Waals contact of the supramolecules. Moreover, the desired
polymer of supramolecules should be accessible via a one-pot
self-assembly. For this purpose we have chosen the silver salt
with the non-coordinating anion SbF,~, which in the reaction
with polyphosphorus ligand A would be able to form full-
erene-like host—guest able supramolecules bearing free coor-
dination sites at the silver centers. To link these in situ
generated supramolecules, the flexible aliphatic dinitriles
NC(CH,),CN (DNx, x =1-10) were selected as their coordi-
nation chemistry with silver salts has already been inves-
tigated.['”

Herein we report on a controllable three-component self-
assembly system, leading either to CPs or to supramolecular
CPs containing host-guest able nodes. During this study
a phenomenon of the dramatic change of the self-assembly
course from CP to supramolecular CP was discovered: For
DNx with x=1-6, the self-assembly leads to simple CPs,
while starting from x >7, the self-assembly suddenly leaps
towards the formation of supramolecular CPs, only sporadi-
cally accompanied by CPs as minor products. The resulting
supramolecular CPs are obtained in one-pot reactions in high
yields and the supramolecular nodes are convenient for
further implementation in host-guest chemistry.

Results and Discussion
Two-Component Self-Assembly

To prove that free coordination sites at silver cations can
be generated, the two-component self-assembly of A and
AgSbF in both coordinating and non-coordinating solvents
was investigated beforehand (Scheme 1). A solution of
AgSbF, in CH,Cl, was first layered with a mixture of CH,Cl,
and toluene (2:1) to prevent the formation of powder and
then with a solution of A in toluene. After one day, dark-
brown crystals of the 1D polymer [(A),Ag],(SbFy), (I) had
formed. By changing the solvent of the Ag-containing layer to
a mixture of CH,Cl, and CH;CN (2:1) and layering the fully
diffused reaction solution with n-pentane, green plates of
a dimeric [(A)Ag(CH;CN),],(SbFs), complex (II) were
obtained. The compounds I and II with 1:1 and 1:2 stoichio-
metric ratios of A:AgSbFy, respectively, could be isolated in
excellent crystalline yields.
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I: [(A);Ag](SbFe),
1D polymer (91%)

Ag]
CHiCN O: D

[Ag]

II: [(A)AQ(CH3CN),]2(SbFg),
dimer (93%)

Fe
: AgSbFg

P——P
7 D —
P\@/P CH,CI, / toluene

A
O = Cp*Fe(n’-Ps)

[Ag] = Ag(CH3CN),

Scheme 1. Reactions of A with AgSbF; in different solvents. Isolated
crystalline yields are given in parentheses.

According to the X-ray structure analysis, the cyclo-Ps
ligands in the 1D polymer I coordinate in a 1,2,3-mode to
Ag atoms, which are pseudo-tetrahedrally coordinated by six
P atoms of four cyclo-Ps ligands of the units A (Figure 1a).
The analogous cationic parts of I and of the earlier described
1D polymer [(A),Ag],[A{OC(CF;);},],!® together with the
related mass spectrometric and NMR spectroscopic features
also suggest a monomer—oligomer equilibrium in solution."”!

Figure 1. Structure of the cationic a) 1D polymer | and b) dimer II.
H atoms are omitted for clarity.

Three-Component Self-Assembly

For three-component self-assembly reactions, a solution
of AgSbF, in CH,CI, was layered with a mixture of CH,Cl,
and toluene and then with a toluene solution of A and the
flexible DNx (x =1-10). The selectivity of the reaction was
controlled by using a reduced concentration of 2 mmolL ™" in
the respective layers and an equimolar ratio of Ag:A. The
corresponding dinitrile was added in a 10-fold excess with
respect to A. Increasing the concentration of the Ag salt and
A or decreasing the excess of dinitrile both yielded a 1D po-
lymeric byproduct I. Combining the DNx and complex A in
the toluene layer turned out to be decisive, because flexible
aliphatic dinitriles readily react with Ag* to give insoluble
polymeric products.'*T However, these products turned out to
be unavoidable in the case of shorter DNx (x < 4) even when
using this precaution (see SI). Using the shortest dinitrile,
dicyanomethane NC(CH,)CN, a 2D polymer [(A),Ags
(DN1),(C;Hy)],(SbFy)3, (1) is isolated selectively irrespective
of the used stoichiometric ratios of A:AgSbF,, which only
influences the amount of the colorless byproduct [Ag(DN1)]-
(SbFy), which can be separated manually (Scheme 2). For the
dinitrile DN2, two polymeric products are formed as a mixture
of 1D [(A)Ag,(DN2),],(SbFy),, (2a: plates) and
2D [(A),Ag,(DN2)],(SbF),, (2b: needles) polymers accom-
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2D polymer X =1 x=6 2D polymer (57%)
[(A)AG,(DN2)51,(SbFe)an ’s
1D polymer (main product) x=2 (SbFe)@I(A)9Ag11(DNT)e]1(SbFe)10n 7a
+ 39 mg 3D interconnected spheres (43%)
[(A)2Ag2(DN2)],(SbFg)2, 2 &
2D polymer (minor product) - x=7 [(A)Ag(DN7)],(SbFe), b
Fie — 2D polymer (minor byproduct)
' +
[(A)Ag2(DN3)](SbFg)2n P==R
0 3 [(A)Ag2(DN7),]n(SbFg)2n 7c
" ponTer (50%) ° <« X=3 ] F,\P/P 3D polymer (minor byproduct)
[(A)Ag2(DN3)],(SbFg)2n 3b A
2D polymer (minor product) x=8
‘ ——— > (A)@I(A)12Ag12(DN8)g](SbFg)12n 8
[(A)Ag,(DN4)],(SbFg)an 3D connected spheres (66%)
1D polymer (main product) da _— AgSbFg
i 56 mg
[(A),Ags(DN4),],(SbFg)sn 45 ne T hen x=9 (RA)@[(A)12Ag12(DN9)g](SbF6)12n 9
3D polymer (minor byproduct) (DN>)(() 3D connected spheres (41%)
[(A)4Ag4(DN5),]n(SbFg)4n 5a CH,Cl, / toluene (A)@I[(A)12Ag12(DN10)6],(SbFe)12n 404
1D polymer x=5 x=10 3D connected spheres (93%)
+ — +
[(A)Ag2(DN5)]n(SbFg)2n 5b [(A)2Ag2(DN10)],(SbFe)2, 1ob

3D polymer (86%)

2D polymer (minor byproduct)

Scheme 2. One-pot self-assembly reactions of A, AgSbF,, and flexible dinitriles DNx. Isolated crystalline yields are given in parentheses.

panied by small amounts of the A-free product [Ag(DN2)]-
(SbFy). Using DN3 gives 1D [(A)Ag,(DN3),],(SbF),, (3a:
plates) and a smaller amount of a 2D polymer [(A)Ag,-
(DN3)],(SbF),, (3b: prisms). The main product 3a can be
isolated selectively, while only few crystals of 3b occur. Going
further to DN4, a 2D polymer [(A)Ag,(DN4)],(SbFy),, (4a)
is accompanied by a few crystals of the first 3D polymer in the
system A/AgSbF¢/DNx [(A),Ag;(DN4),],(SbF);, (4b) and
by a small unavoidable impurity of [Ag(DN4)](SbF,). With
DNS5, a 1D [(A),Ag,(DNS5),],.(SbF),, (5a) and a 3D [(A)Ag,-
(DNS5),],(SbFy),, (5b) polymer are obtained at 1:2 (mixture
5aand 5b) and at 1:1 (5b) stoichiometric ratios of A:AgSbF,.
Extending the linking unit to x=6, a 2D polymer [(A)Ag-
(DNG6)],(SbFy), (6) is formed selectively, irrespective of the
used stoichiometric ratios of A:AgSbF,. No phase trans-
formation between major and minor products was observed
when keeping under mother liquor solution (or freshly
prepared solvent mixture of the same composition) for at
least six months.

Going further to DN7, the system becomes versatile
enough to form the unique representative of an unprece-
dented class of 3D supramolecular coordination polymers
[(SbFy)@[(A)yAgi1(DNT)e]],.(SbFg)1, (7a) in which unique
spherical aggregates, metal-organometallic polyhedra, act as
nodes. This major product is accompanied by the 2D [(A)Ag-
(DN7)],(SbFy), (7b) and 3D [(A)Ag,(DN7),],(SbFy),, (7¢)
CPs as minor byproducts. Though the stoichiometric ratios in
7a to 7c differ, they could not be isolated selectively, not even
by using different stoichiometric ratios or different concen-
trations of the starting materials. For longer dinitriles with x =
8 and 9, the formation of simple CPs was not observed.

Instead, unprecedented 3D supramolecular CPs, the poly-
meric networks of supramolecular spherical aggregates
[(A)@{(A),Ag,(DNX)c}],(SbFe)1, (x=8 (8), 9 (9), and 10
(10a)) were obtained in moderate to excellent crystalline
yields (Scheme 2). Note that, in the case of DNI10, the
formation of the 1D CP I could not be impeded completely,
along with the occasional formation of a few crystals of
a 2D CP [(A),Ag,(DN10)],(SbFy),, (10b) as the second
minor byproduct. All crystalline compounds are differently
tinted green-brown; the 2D polymeric compounds are often
dichroic green-to-brown.

Simple Polymers Based on DNx with x=1-7 and 10b

According to the X-ray diffraction, the simple polymers
based on A, AgSbF,, and flexible dinitriles possess 1D to
3D dimensionalities, with the variety arising from only two
types of Ag/cyclo-Ps subunits, finite (Figure2a,b) and
1D chains (Figure 3-5), whereas 1D polymeric structural
motifs can be additionally augmented by DNx (Figure 6).
The types of the 0D nodes and 1D subunits are summarized in
Table 1. The 0D motifs are only found for the DN5-DN7 in
case of a medium-length aliphatic chain, while 1D motifs
occur for any DNx linker lengths. The overall dimensionality
of the resulting structures seems to be governed by the ratio of
the building blocks in the product rather than by the linker
length as no clear tendency shows except that, with longer
linkers, 3D structures (DN4-DN7) gradually outnumber the
1D polymeric motifs (DN2-DNS5). However, 2D motifs
dominate for all dinitriles with the exception of DNS, and
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6 and 7b

6 (x=6)

7b (x=7)

Figure 2. Structure of the cationic networks based on finite Ag—P
fragments: a) tetrameric node of the 1D polymer in 5a and b) dimeric
node in the isotypic 2D networks 6 and 7b including the intramolecu-
lar N--N contacts in dinitrile linkers. {Cp*Fe} fragments and H atoms
are not shown.

RS DU S-S N N
og ¥ °3b,4aand5b

! ‘5\(’5“‘“

Pl

4a (x=4)
3b (x=3): Ne-N6.14 A

5b (x=5)

Figure 3. Structure of the cationic networks based on 1D Ag—P frag-
ments: a,b) [(A),Ag;(C,H3)],>"" in 1; ¢) 1D strand [(A)Ag,],”"" in the
isotypic 2D layers of d) 3b and 4a as well as €) in a 3D network of 5b
including the intramolecular N---N contacts in linkers. {Cp*Fe} frag-
ments and H atoms are not shown.

isotypic motifs occur quite at random (see below). The
structures with the same ratio of A:Ag:DNx can demonstrate
both similar and different connectivity depending on the
various coordination modes of the pentaphosphaferrocene A.

The 2D network in 1 consists of parallel 1D strands
[(A),Ag,]," with cyclo-Ps ligands of the units A coordinating
Ag atoms in alternating 1,2,3- and 1,2,4-coordination modes
(Table 1, Figure 3a). The strands are bridged by two angular
dinitriles coordinating the same Agatoms of the strand
(Figure 3b). Interestingly, a toluene molecule is additionally

Angew. Chem. Int. Ed. 2021, 60, 1213212142
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Table 1: Coordination modes and motifs in simple polymers.

Polymer?  Node®! A:Ag:DNx cyclo-P, CN(Ag)“
coordination
1(@2D)  [(A)Ag]>" 2:3:2 1,23;1,24  2P42N,
2P+2C
2a (1D)  [(A)Ag,(DN2),,""  1:2:2 1,2,3,4 2P 42N
2b (2D)  [(A)Ag], " 2:2:1 1234;12  3P+IN
3a(1D)  [(A)Ag(DN3),™  1:2:2 1,2,3,4 2P+2N
3b (2D)  [(A)Ag,] " 1201 1,2,3,4 2P+ 1N
4a (2D)  [(A)Ag)],>" 1201 1,2,3,4 2P+ 1N
4b (3D)  [(A)Ag],"" 2:3:2 1,2,4 2P+1N,
2P+2N
5a (1D)  [(A).Agy" 2:2:1 1,2 2P+ 1N,
3P+1N
5b (3D)  [(A)Ag) 2" 1:2:2 12,34 2P 42N
6(2D)  [(A)Ag]" 1100 12 2P+2N
7b (2D)  [(A),Ag,*" 1110 12 2P+2N
7c 3D)  [(A)Ag,(DN7)o5, 2" 1:2:2 12,34 3P4+1IN
10b (2D) [(A)Agl,"" 2:2:1 1,23,4;12  3P+IN

[a] Dimensionality is given in parentheses. [b] n always corresponds to
1D motifs. [c] Coordination environment.

coordinated to a two-coordinate silver atom with Ag-C
distances of 2.44(1)-2.62(1) A. This feature makes 1 unique as
all other compounds in the family possess no such interactions
despite the fact that toluene is also used as a solvent and is
often present in the crystal structures of these compounds as
a solvate molecule. For the dinitrile DN2, the 1D polymer
(2a) furnishes a chain of the cyclo-Ps ligands coordinating Ag
atoms in a 1,2,3,4-mode. The Ag ions are in turn tetrahedrally
coordinated by pairs of dinitriles chelating neighboring Ag
atoms of the same chain (Table S29, Figure 6a). Also a 2D
motif (2b) is possible for this linker, which is based on the 1D
polymeric bands [(A)Ag], of cyclo-Ps ligands in a 1,2,3,4-
mode similar to the chains in 2a, but, instead of two
augmenting linkers, the neighboring Ag atoms are decorated
additionally by a molecule A in a 1,2-coordination mode. The
dinitriles connect the bands in a 2D network with identical
trapezoidal meshes (Figure 4a,b).

wou
¥ ) ¥ 2b und 10b

10b (x = 10)

2b (x=2)

Figure 4. Structure of a) a 1D cationic motif [(A)Ag],"", b) a 2D poly-
mer of isotypic 2b, and c) 10b including the intramolecular N---N
contacts in dinitrile linkers. {Cp*Fe} and H atoms are omitted.
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For the dinitrile DN3, the major product is a 1D polymer
(3a) whose structure is similar to that in 2a (Figure 6a), as the
dinitrile ligands are only long enough to chelate Ag atoms
coordinated to the positions 1 and 2 of the unit A within the
strand giving rise to this augmented motif, which disappears
for longer dinitriles. A 2D polymer (3b), a minor product in
this reaction, is based on [(A)Ag,],>"* strands in which cyclo-
P ligands of A coordinate in a 1,2,3,4-mode to Ag atoms
being in a triangular environment.

For the linker DN4, a 2D polymer (4a) repeating the
motif of 3b is formed (Figure 3d) accompanied by a few
crystals of a 3D polymer (4b). The latter shows a unique
structure within its family being built up by puckered chains
[(A),Ag,],>"" with tetrameric repeating units (Figure 5). In
each repeating unit, two opposed cyclo-Ps ligands coordinate
to Ag atoms in a 1,2,4-mode. The other two cyclo-P;s ligands
coordinate Ag atoms in a 1,2-mode and additionally form two
longer mt-contacts (2.83-2.93 A). The Ag atoms possess either
a trigonal or a distorted pseudo-tetrahedral coordination, the
latter also including two m-contacts (Figure 5a). The dinitrile
ligands connect parallel chains in a 3D polymeric structure
(Figure 5¢).

a)

Fe ./Ag

BRI NN NN

6.94 A

. 6.97 AT
4 8.05A

D anevee
NS asese

Figure 5. a) Repeating tetrameric unit; b) a 1D polymeric motif

[(A),Ag;],>"" connected in c) a 3D network in 4b. {Cp*Fe} and H atoms
are omitted.

4b (x=4)

The ladder-like 1D polymer in Sa is built up by tetrameric
units [(A),Ag]*" (Figure 2a). The Ag atoms show either
a trigonal or a distorted pseudo-tetrahedral coordination. Two
cyclo-Ps ligands coordinate to Ag atoms in a 1,2-mode. The
other two cyclo-Ps ligands coordinate Ag atoms in a 1,3-mode
and additionally form two longer m-contacts (2.80, 3.09 A)
with the opposing Ag atom similar to those in 4b and
[(A),Ag],[AI{OC(CF3)s}4], (2.80-2.81 A).I"

Another 3D network in the series is 5b representing
parallel 1D strands [(A)Ag,],*"", the same as in 4a, connected
by dinitriles (Figure 3 c,e). The strands are built up by 1,2,3,4-
coordinated cyclo-Ps ligands and Ag atoms, but, in contrast to
4a, in a tetrahedral environment. The linkers connect each 1D
strand to four other ones resulting in a 3D structure.

For the dinitrile DNG6, the resulting 2D polymer 6 is built
up by dimeric nodes [(A),Ag,]*" (cf. dimer II), which are
connected via the flexible linkers to give a square net
(Figure 2b). Each cyclo-Ps ligand coordinates in a 1,2-mode
to tetrahedrally coordinated Ag atoms. A similar 2D frame-
work is also formed in 7b, a byproduct of the self-assembly of

Research Articles

An dte

Chemie

Internatic

A, AgSbF,, and DN7. In contrast to 6, the dimeric nodes in 7b
are not parallel, but alternately turned about (Figure 2b). The
3D polymer 7¢ is the other minor byproduct of the reaction
with DN7. The 1D strands [(A)Ag,],”*" are similar to those in
4a and Sb, but form alternating stacks. Moreover, the dinitrile
ligands are sufficiently long to chelate Ag atoms coordinated
to the positions 1 and 4 of the unit A belonging to the same
strand thus forming another augmented motif than that for
the shorter dinitriles DN2 and DN3. Thereby, only half of the
linkers connect the strands in a 3D network of 7c¢ (Fig-
ure 6b,c).

X e ) N s
@2h; Y cugt)\\ cul

2a(x=2)
3a(x=3): NN 343 379A

By,

7c (x=7)

Figure 6. Structure of the cationic networks based on 1D Ag—P frag-
ments augmented by dinitriles: a chain [(A)Ag,(DNx),],"" in isotypic
a) 2a and 3a; b) a strand [(A)Ag,(DN7),:],>""; c) 3D network of 7¢
including the intramolecular N---N contacts within the linkers. {Cp*Fe}
and H atoms are not shown.

The self-assembly with DNx (x =8, 9) furnished no simple
CPs (see below). In the minor byproduct 10b of the self-
assembly involving the DN10, a 2D polymeric framework of
interconnected 1D strands [(A)Ag],"", unexpectedly repeats
the structural motif previously observed for the 2b structure,
based on one of the shortest linkers, DN2 (Figure 4).

3D Supramolecular Coordination Polymers

The discontinuous switch in the one-pot self-assembly of
A, AgSbF,, and flexible DNx starts at x > 7. The main product
7a of the self-assembly between A, AgSbF,, and DN7 is the
first representative of a novel class of 3D supramolecular CPs
based on polyphosphorus ligands, being also the first example
of a supersphere based on A and Ag (Figure 7). Here,
unprecedented 56-vertex polycationic assemblies
[(A)yAg;]''" act as nodes. These nodes of C, point symmetry
possess the shape of a tricapped trigonal prism outlined by the
centers of the Ps rings. Nine cyclo-Ps ligands show four
different coordination modes (Figure 7¢). The Ag atoms are
tetrahedrally or pseudo-tetrahedrally coordinated (Table 2).
The Ag—N bond lengths for the end-on coordination mode of
the dinitriles amount to 2.19-2.34 A, whereas the Ag—N
bonds for the less common 1-coordination are significantly
elongated (2.95 and 3.20 A), but still in agreement with
literature data."®!

The outer diameter of the spherical cationic assembly
amounts to 2.21 nm,? which, to date, makes it the smallest
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Figure 7. Polymer 7a with supramolecular assemblies as nodes. a) The (SbFs) @[(A)sAgy]'"®" node; b) tricapped trigonal prism formed by the
centers of the Py rings. Different coordination modes of c) the cyclo-Ps ligands and d) the Ag atoms highlighted by color; e) the node with
outgoing linkers; f) section of the 3D cationic network, also shown in yellow in g) simplified 10-connected overall network.

Table 2: Selected structural characteristics of 7a-10a.

DNx

Compound  Node Ag—Pt! 3,0 oM linear

DNx*

7a [(A)oAg ]t 2.40-2.61(c) 221 056 8.95-10.82  11.94
2.72-2.88 ()

8 [(A)rAgo]'* 2.44-2.60 244 080 9.99-10.58  13.38

9 [(A),Ag,]'* 2.42-2.63 243 074 10.44-10.87 14.50

10a [(A),Agy,]'*"  2.48-2.55 240 083 10.75-11.99 15.90

[a] Range of bond distances (in A). [b] Outer and inner diameter of the node, nm.
[c] A range of the lengths of the DNx linkers in the respective crystal structure.
[d] Calculated length of the DNx linkers in a linear conformation.!"”

spherical assembly based on the five-fold symmetric building
block A along with the 80-vertex scaffold [(A);,(CuX),] (X =

Figure 8. Supramolecular assemblies as nodes in the 3D networks 8-10a. a) [(A) @ (A),Ag:]

Cl, Br) of 229 nm.'" Each supramolecular node
acts also as a molecular container for an SbF,~
counter-anion. The anion is ordered in a void of
0.56x0.60 nm with Fatoms pointing in-between
cyclo-Ps ligands to avoid short intermolecular con-
tacts. As a result, numerous F--P van der Waals
contacts are formed in a range of 3.21-3.36 A. The
encapsulation of SbF;~ shows that the nodes are
capable of host—guest chemistry. The single-crystal
X-ray structure analysis of 8-10a also revealed the
3D supramolecular CPs of unique spherical poly-
cationic nodes connected by dinitriles (Figure 8,
Figure 9). However, in comparison to 7a, the nodes

show a completely different structure: The larger 72-vertex
node [(A)@(A);,Ag;,]"" consists of 12 units of A, which are

{Ag,P,}

'2* as nodes with the coordination mode of the cyclo-

Ps ligands and the Ag atoms; b) inorganic core based on 6- and 12-membered rings; c) icosahedron formed by centers of the P; rings and its

variations with Ag and Cu caps.""!
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Figure 9. 3D Networks of supramolecular assemblies in 8-10a. Node with 12 bridging linkers in a) 9 and e) 10a; the lengths N---N at 100 K
(black) and 10 K or 30 K (blue); a section of the 3D cationic network in b) 8 and f) 10a; c) 8-connected underlying net in 8 and 9; and g) 6-
connected underlying net in 10a; d) *'P MAS NMR spectrum of 8; and h) TEM record of 8 dispersed in CH,Cl,.

arranged in an icosahedron of 12 Ag atoms systematically
capping 12 of the 20 available trigonal faces. The remaining
eight faces give rise to 12-membered {Ag;Po} rings in the
inorganic scaffold (Figure 8b,c). Every cyclo-Ps ligand coor-
dinates to Ag atoms in a 1,2,4-mode, presenting the first
spherical aggregate exclusively composed of three-coordinat-
ed units of A. The Ag atoms are tetrahedrally coordinated by
three units of A and one dinitrile linker bridging two
neighboring spheres (Figure 8a).

An icosahedral arrangement of 12 cyclo-Ps units was also
observed for the spherical supramolecules based on the cyclo-
P; complexes and Cu halides [(CpRFe(n’-Ps));,{CuX}y_,]
(CpR=Cp* (A), Cp®" (B); X=Cl, Br; n=0-4.8)[1%c1
Unlike Ag-based cationic nodes, the Cu-containing nodes
are neutral, and all trigonal faces of an icosahedron are
statistically capped with (20—n) CuX units (Figure 8c).
However, in 8-10a, owing to the coordination of dinitrile
linkers, the 12 silver and exactly eight vacant positions in the
cationic nodes are ordered. In addition, Ag-based cationic
scaffolds are more flexible due to the more deformable
coordination sphere of Ag as compared to Cu.”!l The Ag—P
bond lengths vary in a wide range (Table 2). For this reason,
the cationic nodes are geometrically distorted causing crys-
tallographic disorder (see Supporting Information for de-
tails).

The IR spectra of crystals of 7a-10a confirm the
coordination of dinitriles to the Ag atoms, as the observed
stretching mode of the nitrile group at 7 =2270 (7a), 2264 (8),
2269 (9), 2268 cm ™' (10a) is slightly blue-shifted compared to
that of the free dinitriles at 7 =2247 cm™".

Each spherical node in 8-10a of 2.07 x 2.44 nm encapsu-
lates a molecule of A in the inner cavity of 0.79x0.97 nm

(Figure 8a,c). Interestingly, similar Cu-based supramolecules
[(A),Cuyy_,] are slightly smaller (2.31 nm) due to shorter M—
P bonds (Cu-P: 2.24-2.31 A) and cannot incorporate a non-
spherical molecule of A in their spherical cavity of @ =
0.81 nm.l"*! Therefore, the encapsulation must be realized
directly during the formation of this sphere. The guest
molecule A in the cavity of the nodes is disordered over six
positions so that the cyclo-Ps unit in every orientation of the
guest is opposite to the one of the six cyclo-Ps rings of the
node scaffold. The flexibility of the Ag coordination environ-
ment®! allows the scaffold to adjust to the shape of the guest
molecule: It is slightly elongated in the direction of the axis of
the guest molecule A to 2.44 nm and narrowed to 2.07 nm in
other directions (cf. SI for details).”” Such adjustability of the
core is also favored by the lower denticity of the pentaphos-
phaferrocene units, showing that the encapsulation of the
guest occurs simultaneously during the formation process of
the sphere and the linkage to other units.

Depending on the orientation of the guest A, different
host—guest interactions occur. In two of the six orientations,
the Ps ring of the guest is parallel to two of the P rings of the
host (8: 0.1(2)° and 9: 0.3(2)°). The corresponding interplanar
cyclo-Ps(guest)---cyclo-Ps(host) distances of 3.79(1) (8) and
3.80(1) A (9) point to rather weak - interactions (cf. SI). In
other orientations of the guest molecule A, the cyclo-P;
planes are inclined by 3.2(5)-8.5(1)° (8) and 3.3(2)-9.5(1)°
(9), suggesting only van der Waals host—guest interactions. In
all positions of the guest in 10a, one can suggest only slightly
inclined orientations of the Ps rings of the guest and the host
(1.8(5)-4.6(5)°) with interplanar distances of 3.68(2)-3.82-
1) A.
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Remarkably, the supramolecular CPs do not show decom-
position being stored in a glovebox, and can be kept under
mother liquor solution for six months or longer. Only if
exposed to the air, or upon changes of mother liquor solution
composition, a degradation of 7-10a takes place to give I and
presumably corresponding colorless A-free compound of
silver and dinitrile.

Solid State NMR Study for the Supramolecular CP 8

To additionally investigate host-guest interactions in the
solid state, a *'P MAS NMR measurement was exemplified
for one of the two isotypic compounds, namely 8 (Figure 9d),
with a broad signal at 125 ppm with an integral intensity of 60
being observed (half width @& = 5800 Hz), which can most
likely be attributed to the P atoms of the core.

The width of the signal agrees with the deformable
coordination sphere of Ag. Two respective sharp signals at
150 ppm and 169 ppm with integral intensities of approx-
imately 2.5 can be attributed to the different orientations of
the guest molecules A in the host scaffold. The signal at
150 ppm being close to the signal of the free complex A
(149 ppm) can be assigned to the guest molecule A partic-
ipating in weak van der Waals interactions with the host. The
signal at 169 ppm, downfield shifted to the signal of the free
complex A, resembles the chemical shift in the
3P MAS NMR spectrum of the molecule A encapsulated in
a 90-vertex supramolecule [(A);,(CuCl),s(CH;CN),)] (X=
Cl, Br) (160 ppm) featuring weak m—m interactions between
cyclo-Ps ligands of the host and the guest.”? The correspond-
ing geometry of the Ps--Ps interactions with interplanar
distances of 3.86-4.03 A and angles < 0.9° is in good agree-
ment with the one observed in 8.2 The same should be valid
for 9 due to its close crystallographic similarity with 8.

The 3D Supramolecular CP Network Topologies in 7a—10a

The 10-connected network of [(A),Ag;;]'"'" assemblies in
7a can be topologically classified®! as beu-r-10-Fmmm."
Each supramolecular node is linked to ten others via
12 dinitrile ligands: single connections with eight neighbors
and double connections with two neighbors (Figure 7e,f).
Two additional m’-coordinated dinitrile linkers per node
facilitate these double connections.

The polymeric networks formed by [(A);,Ag,]*" assem-
blies are isotypic for 8 and 9, but differ for 10a. Each sphere in
8 or 9 is connected via 12 dinitrile ligands to eight neighboring
spheres: six of them are 1- and two are 3-connected (Fig-
ure 9a—c). The triple connections form parallel layers, which
are spanned and joined together by the single connections to
give the 8-connected nets assigned™! to the ben'”! topology
(body-centred cubic, Figure 9¢). In contrast, each sphere in
10a is connected to six others via 12 of the longest linkers,
each pair of nodes being 2-connected. The respective top-
ology of the underlying net is primitive cubic (peu, Fig-
ure 9g).’o>
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In the crystal, the dinitrile linkers are folded by 9-20%
(7a), 21-25% (8), 25-29% (9), and 28-33 % (10a) which is
illustrated by shortened intramolecular N--N distances com-
pared to the corresponding linear conformation of the DNx
molecules (Figure 9a,e, Table 2). This fact demonstrates the
increasing folding of the higher homologs of the DNx.

To understand the nature of the crystallographic disorder
in these highly disordered structures, X-ray diffraction studies
at 100 and 10 K were performed for 9, as well as at 90 and
30 K for 10a. The guest molecules, the scaffold, linkers, and
SbF,~ anions stay positionally disordered even at temper-
atures as low as 10 K, pointing out the static nature of the
disorder. The cooling to 10-30 K leads to the additional non-
uniform shortening of the dinitrile units only by 0.06-0.09 A
(see SI, Table S28).

Transmission Electron Microscopy (TEM) Studies

TEM studies for compound 8 were conducted (Fig-
ure 9h). As the solid 8 is not soluble, but only dispersable in
polar solvents such as CH,Cl, after ultrasonication, it is not
expected to give an isotropic distribution of the individual
spherical nodes. 8 contains 12-fold positively charged organ-
ometallic cores and SbF;~ counterions, held together by weak
electrostatic interactions due to their low charge densities.
Unlike neutral metal or metal oxide nanoparticles (e.g. Ag or
Fe;0,), the cores of 8 are not protected by capping ligands
and, hence, the building units of 8 are prone to aggregation,
and therefore the TEM images show smaller and larger
aggregates. The smallest aggregates have mean diameters
between 3.1 (red bars) and 4.5 nm (white bars), each of them
larger than the maximal dimension of 2.44nm for the
individual spherical node. Larger aggregates were observed
by scanning probe microscopy (SPM). As the small aggre-
gates, which are formed by evaporation of the dispersion
medium during TEM sample preparation, are not well
defined, “irregular spheres” appear in the projected view of
a TEM image. EDX analysis of the particles gives an Ag:Fe
ratio of approx. 1:1 as expected from the experimentally
found metal ratio.

The Effect of the Linker Length

The length variation of the DNx linker (x = 1-10) does not
significantly influence the connectivity of the resulting CPs
but, at x =7, discontinuously switches the three-component
self-assembly of A, the coinage metal salt of a weakly
coordinating anion AgSbF, and aliphatic dinitrile, from
simple CPs at 1 <x < 6 to the unprecedented 3D supramolec-
ular CPs 7a, 8,9, and 10a at x > 7. Remarkably, the tendency
to form supramolecular CPs is so strong that it requires no
change to the self-assembly system such as the delivery of
a special template molecule,”™ since the templating ion
(SbF™ in 7a) or a molecule (A in 8-10a) are always present in
the system and therefore cannot be the driving force behind
such an unusual behavior in self-assembly.
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Although the simple CPs still occur with DN7 and DN10
as minor products, the main pathway of the self-assembly is
dominated by the formation of supramolecular CPs, the novel
class of organometallic compounds. After the borderline x =
7, the simple CPs 7b, 7¢, and 10b suddenly become minor
products despite their structural similarities to 6, 4a (and Sb),
and 2b, respectively, being major products in the respective
reactions. This fact can be explained by the conformation of
the flexible linkers and their effective lengths (specified by
the intramolecular distances N---N). In the 3D polymers 5b
and 6c¢ based on similar infinite strands [(A)Ag,)]*", the
crosslinking dinitriles possess comparable effective N--N
lengths of 8.06-8.50 A for 5b and 8.76 A for 7¢, though their
aliphatic backbone differs by two CH, groups. In the similar
2D networks § and 6b, the actual lengths of the linkers with
the respective DN6 and DN7 are even closer-spaced, namely
10.43 A (6) and 10.66 A (7b). The formation of simple CPs at
x > 7 might be hindered as the folding of the aliphatic chains is
unfavorable for x smaller than 11-17.2* However, one can see
from Table 2 that the effective linker length for x=7-10
grows slower than the calculated length of the linear DNx
molecules (see SI for more details).

For the 3D supramolecular CP 7a (Figure 7e), eight of the
12 DNx linkers are longer than or comparable in length
(10.81-10.82 A) to any of the lower homologs DNx in a linear
conformation (9.39 (x=>5) and 10.88 A (x = 6)). Similar linker
lengths are observed for 3D networks connected with the
DNx, x =8, 9, and 10, which are not effectively longer than in
7a. Such linker lengths (>10.4-10.5 A as compared with the
effective linker length 10.44 A in the last simple CP 6) might
be necessary for accommodating ten SbF, anions that
compensate the charge of a polycationic node in the outer
sphere, which is not the case for the CPs with simple mono- to
tetracationic nodes. Moreover, the longer length ensures
reasonable van der Waals contacts between the spheres.
Interestingly, for the 3D supramolecular CPs (x >7), a ten-
dency to a lower connectivity of the network with the
elongation of the flexible dinitrile linker becomes evident:
a 10-connected network in 7a, an 8-connected network in 8
and 9, and a 6-connected network in 10a.

As DN8 and DN9 do not afford simple polymers, only
linker lengths in the supramolecular CP 10a and the CP 10b
can be compared (Table 2). On average, the linkers in CP 10b
(11.41 A) are longer than in the supramolecular CP 10a (av.
11.19 A), the latter showing a wider range of 10.75-11.99 A
DN10 length variation (Table 2). However, DN10 linkers are
significantly folded (cf. 15.9 A in linear conformation, Ta-
ble S28).

Obviously, some architectures are realized due to more
specific tendencies. In this way, the augmented motifs in 2a,
3a, and suddenly again in 7¢ occur when linker length and
conformation become complementary to the Ag--Ag distance
between coordinated Ag atoms first at 1,2-positions at the
cyclo-Ps ligands of A (5.0-5.3 A for DN2 and DN3) or at the
1,4-positions (8.1-8.2 A for DN7). The most striking similarity
of the networks is in 2b and 10b despite the difference of
eight CH,-groups in the linker backbones, demonstrating
almost twice the expansion of the resulting 2D layers. This
exemplifies that the simple expansion of the 2D network is
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irrelevant to the DNx folding and is stabilized by it. However,
the CP 10b is obtained in much lower yields than 2b,
overruled by the preferred formation of the supramolecular
CP10a.

Characterization of 110 in Solution

While the compounds I and II are moderately soluble in
CH,Cl,, the polymers 1-10b are insoluble in hexane, toluene,
CH,(l,, thf, and Et,0. Yet, all compounds readily dissolve in
CH;CN or pyridine at the cost of the degradation of the
coordination network as well as of the supramolecular
architecture and nodes. Therefore, in the 'H, °C, 3P, and
SP{'H} NMR spectra of the polymers treated by CD,Cly/
pyridine, only signals attributed to the free complex A and the
dinitriles are detectable (cf. SI for details).

The peaks in the positive- and negative-ion mode of the
ESI MS spectra correspond to various oligomeric fragments.
The largest three-component fragments in the positive-ion
mode for I or 1 can be assigned at m/z =798.9 to a monocation
[(A),Ag]". The peak at m/z=2869.1 corresponds to
[(A)sAg4(SbFy)s]" for IL, at m/z =2176 to [(A);Ags(SbFe);]*
for 2, at m/z =2519.8 to [(A);Ags(SbFy),]" for 3a, and at m/
7=2178.2 to [(A),Agsy(SbF;),]" for 4. The largest three-
component fragments at m/z =2077.0 and m/z =2426.0 were
identified as [(A);Ag;(SbFs),(DN5),]" and [(A);Ags(SbFy)4-
(DN5)]™ (5a), m/z=2418.2 and m/z=2772.0 to [(A);Ag,-
(SbFe);(DNS),]" and [(A),Ags(SbF),(DNS)]™ (5b), m/z=
1622.4 to [(A),Ags(SbF,),(DN6)]* (6). In the ESI MS spectra
of 7a, 810, oligomeric fragments can be detected and
assigned at m/z=1636.6 as [(A),Ag;(SbF,),(DN7)]" (7a),
m/z =3729 for [(A),Ag,(DN8)(SbFy)]* (8) and m/z =2521.98
or 2522.0 for [(A),Ag,(SbF¢);]" for 9 or for 10a.

Conclusion

For the first time, 3D supramolecular CP networks built
up by nano-sized organometallic Ag-based spherical aggre-
gates, ready for host-guest interactions, were systematically
obtained using the control of linker lengths. Utilizing the
weakly coordinating anion SbF,~ along with the five-fold
symmetric building block pentaphosphaferrocene [Cp*Fe(n’-
P5)] (A), and Ag*, the predesigned free coordination sites on
the Ag ion make the coordination by N-donor linkers
possible. A detailed and systematic study on the three-
component self-assembly of these building blocks and flexible
linkers NC(CH,),CN (DNx, x=1-10) showed that the
variability of the conformations and thus the adjustable
lengths of the linkers lead to the formation of diverse 1D to
3D coordination polymers. As a result, with DNx (x =1-6),
rather simple CPs are observed. With x =7, the flexibility of
the system brings it to a qualitatively novel level of
aggregation and allows the formation of the first representa-
tive of an unprecedented spherical host scaffold, the 56-vertex
polycationic host-guest assembly (SbF;")@[(A),Agy;]"'™, con-
nected in a 3D supramolecular coordination polymer 7a.
When even longer linkers (DN8-10) are used, the self-
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assembly system again switches to larger nano-sized supra-
molecular 72-vertex nodes of supramolecular CPs (A)@-
[(A),Ag,]"" serving as containers for the host molecules of
A. Thus, two isotypic and one unique 3D supramolecular CPs
[(A)@{(A)1,Ag,(DNX)g}],(SbFy) 15, (x=8 (8), 9 (9), and 10
(10a)) were selectively isolated and structurally character-
ized. Moreover, for the first time, despite the insolubility of
the supramolecular networks, by using TEM techniques, the
visualization of giant spherical subunits was possible.

The ability of the three-component system to self-
assemble in spherical polyphosphorus supramolecules over
simple polymers in the absence of additional stimuli reveals
immense perspectives arising from the combination of the
assemblies readily offering host-guest chemistry with the
advantages of 3D networks and their use in diverse applica-
tions. Based on our previous experience, targeted guest
encapsulation seems also feasible, which offers the next step
in this research and opens wide perspectives in tailoring the
structure and property of the supramolecular nodes.
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