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Figure 17 (A) Supramolecular polymer formation from ditopic ureidopyrimidine 25.
(B) A ditopic siloxane polymer 26 and a trifunctionalized copolymer 27 (PEO ! polyeth-
ylene oxide, PPO ! polypropylene) containing ureidopyrimidine 6.



tropic, columnar, discotic liquid crystal. In this way the lactim-
lactam hydrogen-bonded trimer joins established systems28 in
the effort to control supramolecular architecture.

Results and Discussion

(i) Self-Assembly in Solution. To study the self-assembly
of phthalhydrazides in nonpolar media, compound 4 was
synthesized (Scheme 1). The branched substituents29 were
incorporated to ensure high solubility in solvents such as
chloroform and toluene. The self-assembly in solution was
studied by NMR and size exclusion chromatography (SEC).
Characterization of the Lactim-Lactam Trimeric Disk

by NMR Spectroscopy. The 1H NMR signals at low fields
(12-15 ppm) are good reporters of the environment around
hydrogen-bonded protons. They have been used successfully
in determining association constants,30 aggregation state,31 and
symmetry of hydrogen-bonded aggregates.32 The 1H NMR

spectrum of 4 in chloroform-d shows two peaks in this region
(14.2 and 13.5 ppm). Two signals for hydrogen-bonded protons
and only one signal for the aromatic protons in the phthalhy-
drazide core are consistent with a lactim-lactam trimeric disk
4T in which the N-H-N protons are different from the
O-H-O protons and the exchange is slow on the NMR time
scale (Figure 2). A similar type of hydrogen-bonded motif as
the one postulated is found in the crystal structure of Luminol
(Figure 3).33
Dilution Studies. Dilution over 3 orders of magnitude (100

to 0.1 mM) of a solution of 4 in chloroform-d does not change
the chemical shift of the low-field signals. Dilution studies of
the lactam-lactam dimer 5 and trimer 634 showed that these
shifts are dependent on dilution for the dimer 5, whereas this is
not the case for the trimer 6. The downfield chemical shifts
observed for the N-H and O-H protons of 4 and their
concentration independence is consistent with the formation of
a highly stable cyclic trimer similar to that found with 6. The
high stability of this species may involve positive cooperativity.
Competitive Solvents. Adding a polar solvent (i.e., DMSO)

decreased the stability of the aggregate. At a concentration of
122 mM in 9:1 chloroform-d/DMSO-d6 one observes a broad
peak at 12.0 ppm. Upon dilution the peak moves upfield
approaching 10.5 ppm at infinite dilution. As expected, adding
a solvent that competes for the hydrogen-bonding sites decreases

(28) (a) For relevant reviews, see: Moore, J. S. Curr. Opin. Solid State
Mater. Sci. 1996, 1, 777. Imrie, C. T. Trends Polym. Sci. 1995, 3, 22. Paleos,
C. M.; Tsiourvas, D. Angew. Chem., Int. Ed. Engl. 1995, 34, 1696. (b) For
some examples of hydrogen bonds in mesophase design, see: Reference
18. Palmans. A. R. A.; Vekemans, J. A. J. M.; Fischer, H.; Hikmet, R. A.;
Meijer, E. W. Chem. Eur. J. 1997, 3, 300. Kleppinger, R.; Lillya, C.P.;
Yang, C. Angew. Chem., Int. Ed. Engl. 1995, 34, 1637. Albouy, P. A.;
Guillon, D.; Heinrich, B.; Levelut, A.-M., Malthête, J. J. Phys. II Fr. 1995,
5, 1617. Koh, K.N.; Araki, K.; Komori, T.; Shinkai, S. Tetrahedron Lett.
1995, 36, 5191. Kato, T.; Kihara, H.; Kumar, U.; Uryu, T.; Fréchet, J. M.
Angew. Chem., Int. Ed. Engl. 1994, 33, 1644. Malthête, J.; Davidson, P.
Bull. Soc. Chim. Fr. 1994, 131, 812. Festag, R.; Kleppinger, R.; Soliman,
M.; Wendorff, J. H.; Latterman, G.; Staufer. G. Liq. Cryst. 1992, 11, 699.
Malthête, J.; Levelut, A.-M.; Liébert, L. AdV. Mater. 1992, 4, 37. Tomazos,
D.; Out, G.; Heck, J. A.; Johansson, G.; Percec, V.; Möller, M. Mol. Cryst.
Liq. Cryst. 1991, 16, 509. Ebert, M.; Kleppinger, R.; Soliman, M.; Wolf,
M.; Wendorf, J. H.; Latterman, G.; Staufer. G. Liq. Cryst. 1990, 7, 553.
Praefcke, K.; Levelut, A.-M.; Kohne, B.; Eckert. A. Liq. Cryst. 1989, 6,
263. Kawada, H.; Matsunaga, Y.; Takamura, T.; Terada, M. Can. J. Chem.
1988, 66, 1867. Matsunaga, Y.; Terada, M.; Mol. Cryst. Liq. Cryst. 1986,
141, 321. (c) For some examples of charge-transfer complexes in mesophase
design, see: Praefcke, K.; Singer, D.; Kohne, B.; Ebert, M.; Liebmann,
A.; Wendorff. J. H. Liq. Cryst. 1991, 10, 147. Bengs, H.; Karthaus, O.;
Ringsdorf, H.; Baehr, C.; Ebert, M.; Wendorff, J. H. Liq. Cryst. 1991, 10,
161. Gionis, V.; Strzelecka, H.; Veber, M.; Korman, R.; Zuppiroli, L. Mol.
Cryst. Liq. Cryst. 1986, 137, 365. (d) For examples in fluorocarbon-
hydrocarbon interactions in mesophase design, see: Dahn. U.; Erdelen. C.;
Ringsdorf. H.; Festag, R.; Wendorff, J. H.; Heiney, P. A.; Maliszewskyj.
N. C. Liq. Cryst. 1995, 19, 759. Wilson, L. M.; Griffin, A. C. Polym. Prepr.
1993, 34, 407. Nguyen, H.T; Sigaud, G.; Achard, M. F.; Hardouin, F.;
Twieg, R. J.; Betterton, K. Liq. Cryst. 1991, 10, 389. Chiang, Y. H.; Ames,
A. E.; Guandiana, R. A.; Adams, T. G. Mol. Cryst. Liq. Cryst. 1991, 208,
85. Mahler, W.; Guillon, D.; Skoulios, A. Liq. Cryst. 1985, 2, 111. (e) For
some examples of ionic interactions in mesophase design, see: Artzner,
F.; Veber, M.; Clerk, M.; Levelut A.-M. Liq. Cryst. 1997, 23, 27. Arkas,
M.; Yannakopoulou, K.; Paleos, C. M.; Weber, P.; Skoulios, A. Liq. Cryst.
1995, 18, 563. Veber, M.; Jallabert, C.; Strzelecka, H.; Jullien, O.; Davidson,
P. Liq. Cryst. 1990, 8, 775. Strzelecka, H.; Jallabert, C.; Veber, M.;
Davidson, P.; Levelut, A.-M. Malthête, J.; Sigaud, G.; Skoulios, A.; Weber,
P.Mol. Cryst. Liq. Cryst. 1988, 161, 403. (f) For some examples of dendritic
liquid crystals, see: Meier. H.; Lehmann, M. Angew. Chem., Int. Ed. 1998,
37, 643. Pesak, D. J.; Moore, J. S. Angew. Chem., Int. Ed. Engl. 1997, 36,
1636. Deb, S. K.; Maddux, T. M.; Yu, L. J. Am. Chem. Soc. 1997, 119,
9079. Hudson, S. D.; Jung, H. T.; Percec. V.; Cho, W. D.; Johansson, G.;
Ungar, G.; Balagurusamy, V. S. K. Science 1997, 278, 449. Reference 3c.
Percec, V.; Johansson, G.; Ungar, G.; Zhou, J. J. Am. Chem. Soc. 1996,
118, 9855. Cameron, J. H.; Facher, A.; Lattermann, G.; Diele, S. AdV. Mater.
1997, 9, 398. Lorenz, K.; Holter, D.; Stuhn, B.; Mülhaupt, R.; Frey, H.
AdV. Mater. 1996, 8, 414. Stebani, U.; Latterman, G.; Wittenberg, M.;
Wendorff, J. H. Angew. Chem., Int. Ed. Engl. 1996, 35, 1858. Percec, V.;
Chu, P.; Ungar, G.; Zhou, J. J. Am. Chem. Soc. 1995, 117, 11441. Stebani,
U.; Latterman, G. AdV. Mater. 1995. 7, 578.
(29) Hawker, C. J.; Fréchet, J. M. J. J. Am. Chem. Soc. 1990, 112, 7638.
(30) (a) For an example see: Williams, K.; Askew, B.; Ballester, P.;

Buhr, C.; Jeong, K. S.; Jones, S.; Rebek, J., Jr. J. Am. Chem. Soc. 1989,
111, 1090.
(31) (a) Saunders, M.; Hyne, J. B. J. Chem. Phys. 1958, 29, 1319. (b)

Marcus, S. H.; Miller, S. I. J. Am. Chem. Soc. 1966, 88, 3719.
(32) Chin, D. N.; Simanek, E. E.; Li, X.; Wazeer, M. I. M.; Whitesides,

G. M. J. Org. Chem. 1997, 62, 1891.
(33) Paradies, H. H. Ber. Bunsen-Ges. Phys. Chem. 1992, 96, 1027.
(34) Zimmerman, S. C.; Duerr, B. F. J. Org. Chem. 1992, 57, 2215.

Figure 2. Self-assembly of the phthalhydrazide lactim-lactam cyclic
trimer of compound 4.

Figure 3. Lactim-lactam trimer found in the X-ray structure of
luminol.32
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tropic, columnar, discotic liquid crystal. In this way the lactim-
lactam hydrogen-bonded trimer joins established systems28 in
the effort to control supramolecular architecture.

Results and Discussion

(i) Self-Assembly in Solution. To study the self-assembly
of phthalhydrazides in nonpolar media, compound 4 was
synthesized (Scheme 1). The branched substituents29 were
incorporated to ensure high solubility in solvents such as
chloroform and toluene. The self-assembly in solution was
studied by NMR and size exclusion chromatography (SEC).
Characterization of the Lactim-Lactam Trimeric Disk

by NMR Spectroscopy. The 1H NMR signals at low fields
(12-15 ppm) are good reporters of the environment around
hydrogen-bonded protons. They have been used successfully
in determining association constants,30 aggregation state,31 and
symmetry of hydrogen-bonded aggregates.32 The 1H NMR

spectrum of 4 in chloroform-d shows two peaks in this region
(14.2 and 13.5 ppm). Two signals for hydrogen-bonded protons
and only one signal for the aromatic protons in the phthalhy-
drazide core are consistent with a lactim-lactam trimeric disk
4T in which the N-H-N protons are different from the
O-H-O protons and the exchange is slow on the NMR time
scale (Figure 2). A similar type of hydrogen-bonded motif as
the one postulated is found in the crystal structure of Luminol
(Figure 3).33
Dilution Studies. Dilution over 3 orders of magnitude (100

to 0.1 mM) of a solution of 4 in chloroform-d does not change
the chemical shift of the low-field signals. Dilution studies of
the lactam-lactam dimer 5 and trimer 634 showed that these
shifts are dependent on dilution for the dimer 5, whereas this is
not the case for the trimer 6. The downfield chemical shifts
observed for the N-H and O-H protons of 4 and their
concentration independence is consistent with the formation of
a highly stable cyclic trimer similar to that found with 6. The
high stability of this species may involve positive cooperativity.
Competitive Solvents. Adding a polar solvent (i.e., DMSO)

decreased the stability of the aggregate. At a concentration of
122 mM in 9:1 chloroform-d/DMSO-d6 one observes a broad
peak at 12.0 ppm. Upon dilution the peak moves upfield
approaching 10.5 ppm at infinite dilution. As expected, adding
a solvent that competes for the hydrogen-bonding sites decreases
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Mater. Sci. 1996, 1, 777. Imrie, C. T. Trends Polym. Sci. 1995, 3, 22. Paleos,
C. M.; Tsiourvas, D. Angew. Chem., Int. Ed. Engl. 1995, 34, 1696. (b) For
some examples of hydrogen bonds in mesophase design, see: Reference
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141, 321. (c) For some examples of charge-transfer complexes in mesophase
design, see: Praefcke, K.; Singer, D.; Kohne, B.; Ebert, M.; Liebmann,
A.; Wendorff. J. H. Liq. Cryst. 1991, 10, 147. Bengs, H.; Karthaus, O.;
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Figure 2. Self-assembly of the phthalhydrazide lactim-lactam cyclic
trimer of compound 4.

Figure 3. Lactim-lactam trimer found in the X-ray structure of
luminol.32
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Figure 25 Schematic representation of the formation of a bilayer membrane. (Adapted
from Refs. 79, 80.)

Figure 26 Schematic representation of monolayer formation from a substituted mela-
mine and barbituric acid. (From Ref. 83.)
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Figure 3. Schemetic illustration of conceivable supramolecular structures 

chromism is reported for soluble oligomers of complementary 
hydrogen-bond pairs,q and broadening of absorption bands is 
often associated with stacked aromatic chromophores."' Thus, 
the latter spectral characteristics are attributable to the aromatic 
stacking of the diimide subunit in the mesoscopic strand. 
Addition of ethanol to a methylcyclohexane dispersion of 
melamine-lldiimide (up to 50 vol %) caused precipitation of 
the diimide component together with appearance of structured 
absorption of the unstacked diimide. This must be related to 
partial disruption of the hydrogen-bonded aggregate. 

The formation of extended hydrogen-bond networks between 
the melamine and imide moieties as probed by F M R  spectros- 
copy requires aggregate geometries that are compatible with 
either a cyclic structure (Figure 3a). a helically grown structure 
(Figure 3b), or a linearly extended structure (Figure 3c). In 
Figure 3a. the tublar structure is generated by columnar stacking 
of a cyclic heterododecamer of melamine-I (or -2) and diimide. 
The cyclic unit contains the circular combination of the two 
components via complementary hydrogen bonds. In Figure 3b, 
the diimide and melamine components give a helically wound 
tape that is extended in the normal direction. These structures 
would possess a diameter of ca. 80 A. and this is consistent 
with the electron microscopic observation. In contrast, aromatic 
stacking of linear tapes of Figure 3c would form a sheet-like 
structure with a SO-A width by assuming parallel stacking. 

We cannot give a definite supramolecular structure at this 
stage, but it is clear that the following structural features are 
responsible for the surprising aggregation stability. First, the 
extended hydrogen-bond network is indispensable. This is 
readily confirmed by the absence of observable supramolecular 
architectures when an equimolar mixture of melamine-1 and 
1.8-naphthalenedicarboximide (monoimide) was dispersed in 
methylcyclohexane. Monoimide is not capable of producing 

(Y)Seto. C. T.: Whitesides. C. M. J .  A m  Clicni. So<. 1993. 115. YOS- 
0 t h  

(10)Sielcken. 0. E.: Tilhorp. M. M.: Rocks. M. F. M.: Hendriks. R.; 
Drenth. W.: Nolle. R. J. M. J. A m  Cltrm. Soc. 1987. I O Y .  4261-426s. 

the extended network, and the equimolar mixture appears to 
yield smaller, if any, hydrogen-bonded complexes." Similarly, 
the 1.2 complex of melamine-1 and monoimide as prepared 
in ethanol could not be stably dispersed in methylcyclohexane. 
Second, the regular molecular alignment and the consequent 
zomatic stacking improve the aggregation stability. as has been 
found for some hydrogen-bonded complexes.'-2 This effect is 
also crucial for aqueous bilayers formed from amphiphilic 
hydrogen-bond networks? Third, the hydrogen-bonded aro- 
matic moiety is quite solvophobic in nonpolar solvents such as 
methylcyclohexane. Therefore, impartment of the amphiphilic 
nature by alkyl substitution is essential for stabilized mesoscopic 
dispersion. It is noteworthy that these soluble nanostructures 
are stable at remarkably low concentrations (ca. 2.5 x 
M), which are 2 orders of magnitude lower than those required 
for the soluble cyclic hydrogen-bonded "rosette" formed from 
melamine and cyanuric acid derivatives (ca. 4 x 

It is important to point out the architectural analogy between 
our mesoscopic structures and tobacco mosaic virus." The 
fibrous assembly via molecular recognition and the three- 
dimensional growth via molecular stacking are common features 
in both systems. The general strategy described in this paper 
would be extended to the design and synthesis of a wide range 
of mesoscopic superstructures with specified internal organiza- 
tions and surface characteristics. Detailed structural analysis 
of the present mesoscopic superstructure is currently in progress. 

JA9418hOM 

M).2c 

( i l l  When an ethanolic solution (I mM. 1OOpL) of monohide was 
injected to methylcyclohexane (final monoimide concentration. 2 . 5  x IO-' 
MI, a broad absolption peak around 330 nm was observed. indicating the 
presence of the stacked monoimide specie?. This peak was replaced hy a 
structured monomeric ahsorption with maxima at 321 and 342 nm upon 
addition of an equimolar ilniount of melamine-I. Apparently helf- 
aggregated monoimide in methylcyclohexane i\ convened to II molecularly 
dispersed melamine-llmonnimide complex. 

(12) Durham. A. C. H.: Finch. J. T.: Klug. A. Nutwe. Nua' R i d  1971. 
229. 37-42. 
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MOFs

Metal-Organic 
Frameworks



MOFs – what is it ?

 „Metallorganic networks“ 
   frames of a metal center (Atom or Cluster), which are connected 

coordinative by an organic linker
  one-, two- or three-dimensional networks 
  often porous materials, sometimes exchange of guest molecules 

possible (adsorption of gases)
  alternative name: „hybrid frameworks“ or „coordination 

 polymers“



MOF-5: THE example
Zn4O(BDC)3•(DMF)8-(C6H5Cl)

metall center: Zn2+

linker: 1,4-
benzenedicarboxylate

guest molecules can be  
removed without the 
loss of stability

 Adsorption of gases



ligands = linker
2 functions

3 functions 4 functions



ligands = linker



SBU          organic bridges
dimer

Zn2(COO)4

tetramer
Zn4(COO)6

trimer
Zn3(COO)6



module chemistry
expanded networks:

 a structure will be 
recreated by SBU 
(example diamand 
structure)

very large pores 
possible

disadvantage: 
interpenetration of 
networks 



module chemistry
decorated networks:

 a given basic 
structure will be 
decorated by SBU

 stable networks 
without „interpenetration“

combination with 
expansion possible



MOF-5

Zn4O
terephthalic aid

IRMOF-8

Zn4O
2,6-naphtalene dicarboxylic acid

Cu2-BTC

Zn2O
terephthalic acid

MOF-2



expansion and decoration 
shown at the example 
MOF-5

a) octahederic SBU with 
octahedral coordination 
of the carboxylate-
carbons

b) cubic-primitive lattice 
with decorating SBUs 

c) porous crystal 

MOF-5



MOF-4

Zn2(BTC)(NO3)(EtOH)5(H2O)



MOF-5

mineral Zn4 organic 
bridge

d = 18,5 Å    	
  S = 2900 m2/g



MOF-5 MOF-6 MOF-8

[Zn4O] - bridged carboxylates 



crystal sponges

CH4 - CO2 - H2

MOF-177

one container of MOF-177 
can uptake up to 9 containers of gas



terephthalic acid



terephthalic acid

BDC

+



terephthalic acid

USO-1-Al 
(MIL-53)

AlCl3     +  

1300 m2/g

USO-2-Ni

+

Ni(NO3)2  +  

1925 m2/g

USO-3-In 
(MIL-68)

InCl3     +  

930 m2/g



terephthalic acid

initial N,O-hetero-chelating moiety and an additional N,O-hetero-chelate. The
H3ImDC molecules are doubly deprotonated in situ and three HImDC2! anions
coordinate each Ni2þ cation in a facial (fac) manner to complete the Ni(II) octahedral
coordination sphere (Figure 10.10). Each ligand chelates two metal ions at a large
angle, which allows the ligand to function as the edges of the cube while the
fac-NiN3(CO2)3 MBB occupies the vertices. As the metal–organic cube consists of
12 doubly deprotonated ligands and only eight divalent nickel ions, cationic amines
used in the solvothermal synthesis conditions fill the inter-cube space and neutralize
the anionic polyhedra, [Ni8(HImDC)12]

8!#[(H2TMDP)4]
8þ#(DMF)4#(EtOH)4#(H2O)6.

The versatility of this approach was realized when we were able to synthesize
supramolecular isomers using 2,5-pyridinedicarboxylic acid (H2PDC) [63]. H2PDC
possesses concurrently the initial N,O-hetero-chelating moiety and an additional
carboxylic acid in the 5-position, which can provide a 120$ angle upon coordination.
The angularity of this ligand can then be used to target discrete metal–organic
octahedra or 2D metal–organic frameworks with Kagomé lattice topology, which
are based on 4-connected vertices (Figure 10.11). Indeed, the H2PDCmolecules can
be doubly deprotonated in situ and four PDC2! anions can coordinate each metal
cation [MN2(CO2)4 MBB] to generate the 4-connected nodes necessary [MN2(CO2)2

Figure 10.11 H2PDC and In(NO3)3#2H2O were reacted in the
presence of different SDAs to give a MOF with Kagomé lattice or
metal–organic octahedra.

Figure 10.10 The metal–organic cube is constructed from 12
ImDC ligands and eight octahedral single-indium ion MBBs.
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Imidazole dicarboxylic acid

was confirmed by similarities between the experimental and simulated XRPDs
(Figure 10.14).
Again, the presence of four HImDC2! ligands around each trivalent indium

ion results in the formation of an anionic framework that is neutralized by
the SDA molecules, in this case 24 doubly protonated HPP molecules per
unit cell, [In48(HImDC)96]n

48!"[(H0
2HPP)24]

48þ"(DMF)36"(H2O)192. The H0
2HPP

Figure 10.13 (a) The angle in the ImDC ligand.
(b) rho-ZMOF is composed of 8-coordinated
MBBs, which can be viewed as 4-connected
TBUs. (c) A fragment of rho-ZMOF, where the
large light-gray spheres represent the largest
sphere that would fit in the a-cavities without

touching the van der Waals atoms of the
framework and the a-cages of the rho network
connect through double eight-membered rings.
Hydrogen atoms have been omitted for clarity;
In¼ black, C¼ dark gray, O¼ gray, N¼ light
gray.
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rho-ZMOF

The extra-large cavities and the anionic nature of rho-ZMOF make it ideal for
applications involving cationic exchange, interesting considering that there are
very few examples of anionic MOFs and the encapsulation of large molecules, an
areawhere previous anionic porousmaterials, such as inorganic zeolites, have been
limited [3].

Cation Exchange As stated previously, rho-ZMOF is an anionic framework; each a-
cage is neutralized by 24 doubly protonated HPP molecules. In addition, the large
apertures and robust nature (stable up to !260 "C) of this material, suggest the
potential to perform cationic exchange readily. Naþ exchange can be achieved at

Figure 10.16 Optical images obtained on an Olympus MIC-D
optical microscope of as-synthesized rho-ZMOF crystals (light
gray¼ colorless) and rho-ZMOF crystals after AO exchange (dark
gray¼ red) through the D8R windows. UV/Vis spectra of rho-
ZMOF exchange derivatives.
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interpenetration

lvt - 42 ·84 
4·4·84·84·88·88

[Cu(4,4’-bipy)2(CF3SO3)2]·2CH2Cl2·H2O
lvt- 2f   

L. Carlucci, N. Cozzi, G. Ciani, M. Moret, D.M. Proserpio, S. Rizzato, Chem. Commun, 1354 (2002)



interpenetration

63

  

[Cd2(bpethy)3](NO3)4 
2D // 2D ⇒ 2D-3f



interpenetration

  

 [Ni6(bpe)10(H2O)16](SO4)6
.nH2O

(2D ⊥ 2D ⊥ 2D ) ⇒ 3D polycatenation

44Voids 20% 



interpenetration
[Cu2(MeCN)2L3](PF6)2 

Schröder group, 1997

Parallel
⇒ 2D

2D3D
[Cd(L)1.5](NO3)2 

Fujita group, 1995

Inclined
⇒ 3D

polycatenation 
of 1D ladders



Nano-capsules



the concept

coordination [4,18–20]. Hence, the system in question offers a unique perspective on
how the hydrophobic effect drives assembly and may shed light on biologically
relevant assemblies such as protein quaternary structure.

12.2
Synthesis of a Water-soluble, Deep-cavity Cavitand

The structure of the water-soluble cavitand used to form the dimeric nano-capsules
(1) is shown in Scheme 12.1. The synthesis is accomplished in seven steps, only two
of which require purification by chromatography [21]. It begins with formation of the
resorcinarene 2, a reaction that can be performed easily on the hundreds of grams
scale [22]. This resorcinarene is then converted to cavitand 3 by bridging using 3,5-
dibromobenzal bromide; a compound available in near quantitative yields by treating
the commercially available 3,5-dibromobenzaldehyde with BBr3. Cavitand 3 is
awkward to purify so without purification it is protected as its tetrabenzyl ether 4.
The 40% yield for the two steps understates the efficiency of the initial stereoselective
bridging that forms four stereogenic centers and eight covalent bonds. Thus,
assuming quantitative protection, a 40% yield corresponds to an average 89% yield
for each bond formed and an average diastereoselectivity of 80% for each stereogenic
center. Subsequently, octabromide 4 is treated with commercially available 3,5-
dihydroxybenzyl alcohol to yield, after an eight-fold Ullmann ether reaction, cavitand
5. Again, the 40% yield for this reaction understates the efficiency of this process;
each aryl ether bond is formed in an average 89%. Finally, removal of the benzyl
groups and oxidation give octa-acid cavitand 1 in quantitative yield.

12.2.1
Structure of the Cavitand (What It Is and What It Is Not)

A space-filling model of cavitand 1 is shown in Figure 12.2a. The molecule is in
essence a curved amphiphile. It has a hydrophobic concave surface and a hydrophilic
convex surface. The former defines a pseudo-conical cavity approximately 1 nm in
diameter and 1 nm in depth, whereas the latter is decorated with eight carboxylic acid

Figure 12.1 Cartoon of the dimerization of two cavitand molecules around a guest.
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synthesis
resorcinarene macrocycle: condensation of resorcinol and an aldehyde in concentrated acid solution
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encapsulation

�trigger happy� – to undergo assembly. It surpassed our initial expectations with
consummate ease.
Our first encapsulation targets were steroids, primarily becausemolecules such as

estradiol (6, Figure 12.4) appeared to be complementary in shape to the capsule, in
addition to being hydrophobic. Additionally, however, their low symmetry (C1) would
help in confirming assembly [21]. As expected then, when estradiol was sonicated
with a solution of cavitand 1, the steroid was quickly taken up into solution.

Figure 12.4 Self-assembly of 1 and encapsulation of estradiol (6).

Figure 12.5 Selected region of the 1H NMR spectrum of cavitand
1 (lower trace) and its 2:1 complex with estradiol 6 (upper trace).
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C-hexylpyrogallol[4]arene 

butyric acid functionality of the PBA and the capsule seam hydroxyl groups due to
extensive disorder within the large assembly. This was also impeded by the fact that
single crystals of these materials are typically small and weakly diffracting. However,
both analytical techniques support the retention of the guest-containing assembly
and other polyaromatic probes were examined for similar behavior. Perylene, benzo
[a]pyrene and pentacene have also been successfully encapsulated, although without
appropriate side-chain functionality it appears that these probes are not retained even
in non-polar media [31]. This feature may also be responsible for lower capsule
population that precludes structural characterization due to weak diffraction and
high levels of disorder. Through computational studies on a �half-capsule� in the
presence of a guest, we believe these guest species to be too large to form the favorable
interactions described above for PBA and initial spectrofluorimetry studies appear to
show that the probes are rapidly released upon crystal dissolution [32]. In this regard,

Figure 14.10 Schematic of the formation of C-hexylpyrogallol[4]
arene assemblies with the probe ADMA residing either endo and
exo to the nanocapsule motif [33,34]. In the exo case, the probe
forms channels within the structure, pushing neighboring
nanocapsules apart.
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C-hexylpyrogallol[4]arene 

With respect to crystal packing, the caseswhenR¼ pentyl and heptyl afford simple
hexagonal and hexagonal-closest packing arrays, respectively, with capsules separat-
ed by their lipophilic tails. However, for R¼hexyl the nanocapsules are not forced
away from one another by the hexyl tails, but rather congregate to form hydrogen-
bonded nanorods (Figure 14.7). Four OH groups on opposite sides of each capsule
form hydrogen bonds with two adjacent capsules. Consequently, the walls of the
individual nanocapsules are disrupted, which translates through to the packing of the
guest species within the capsule.
The distorted intermolecular hydrogen bonding within the host walls enables four

of the ethyl acetate guestmolecules to undergo hydrogen bonding to the nanocapsule
wall through their carbonyl functionalities. The nanocapsules for R¼ pentyl and
heptyl feature ordered arrays of ethyl acetate molecules enshrouding a water
molecule [21]. The methyl groups are orientated towards the base of the pyrogal-
lol[4]arene macrocycles and the single water molecule resides at the center of the
enclosed space. When the neighboring nanocapsules communicate with each other
through the hydrogen bonding interactions observed in the R¼hexyl nanocapsule
(Figure 14.7), the four ethyl acetate guestmolecules hydrogen bonded to the inside of
the nanocapsule wall reorient with their ethyl groups in the base of the macrocycle
(Figure 14.8). The two remaining ethyl acetate guests position their methyl groups
down into the cleft of themacrocycle. It was not possible to locate the exact position of
the water molecule inside the nanocapsules owing to extensive disorder. However,
the difference in guest interactions is clearly a consequence of communication or
lack thereof between the host walls of neighboring nanocapsules. This initial
result opens the way to control guest orientation by forces external to the capsules.
In an extension to this work, we have been examining the encapsulation of probe

molecules in these large assemblies with a view to reporting on the nature of the
�inner phase� of these large assemblies [30–34]. We found that sonication of a hot
saturated acetonitrile solution of C-hexylpyrogallol[4]arene and excess pyrenebutyric
acid (PBA) [30] afforded dark single crystals (crystals of solvent containing capsules
are colorless) [24] that were studied using X-ray crystallography. These studies
showed the capsule to encase two pyrene butyric acid molecules that were �bound�

Figure 14.7 Some of the hydrogen bonding interactions found
between nanocapsule walls when C-hexylpyrogallol[4]arene is
crystallized from ethyl acetate [21].
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C-hexylpyrogallol[4]arene 
to the capsule wall by p-stacking and CH! ! !p interactions (Figure 14.9). In order to
examine whether the assembly was stable in solution, single crystals were dissolved
in a non-polar medium (hexane) and the stability of the assembly was followed by
spectrofluorimetry in the presence of an appropriate quencher (dimethylaniline).
Unfortunately, it was not possible to deconvolute fully the interactions between the

Figure 14.8 Guest molecules within nanocapsules orient
differently depending on the environment external to the overall
assembly [21]. In (a) the methyl group of the ethyl acetate is
inserted into the pyrogallol[4]arene cavity, whereas in (b) the
orientation is reversed, with methyl group insertion observed.

Figure 14.9 Part of the single crystal X-ray structure of the
C-hexylpyrogallol[4]arene hexameric nanocapsule shrouding two
pyrene butyric acidmolecules [30]. The guests are found to stick to
the wall through p-stacking and CH! ! !p interactions and are well
separated (by around 8Å) by the butyric acid side-chains and co-
encapsulated acetonitrile molecules.
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C-hexylpyrogallol[4]arene 

formation of a copper–cyclodextrin complex [36]. In this regard, the hydrogen-
bonded hexamer was considered for complexation (or retro-insertion) with copper
and gallium centers and the results of these complexation studies are outlined below,
with remarkable results.
Initial results were obtained from the combination of C-propan-3-olpyrogallol[4]

arene with 4 equivalents of Cu(NO3)2 in an acetone–water solution which gave, on
standing, single red crystals of [Cu24(H2O)x(C40H40O16)6(acetone)n] [37]. Charac-
terization by single-crystal X-ray diffraction and MALDI-TOF MS revealed that the
metal–organic analogue was a combination of 30 components, where six cavitands
had all of their available 48 upper rim phenoxy protons replaced with a concomitant
square-planar coordination of 24 Cu2þ ions to form 96 new Cu–O bonds and the
remaining 24 phenoxy protons involved in intramolecular hydrogen bonding
(Figure 14.13).
The distances between the oxygens of the hydrogen-bonded capsule and those of

the copper capsule are equitable (differing by only 0.002Å, Figure 14.13), as are the
overall size, shape, symmetry andhence volume for these comparative nanocapsules.
This clearly showed that the hydrogen-bonded template as a whole was an excellent
example of predictingmetal–organic analogues. Although this was the case, we were
unable to say whether themetal–organic capsule formation process was due to either
a templation effect of the metal centers or perhaps a pre-assembled system prior to
metal addition.
Our recent studies in this area have given further insight into the mechanism of

formation of these nanocapsules. Reaction of C-alkylpyrogallol[4]arenes (C2–C13

alkyl chains) with excess Cu(NO3)2 in methanol resulted in the instantaneous
formation of fine brown precipitates [38]. These precipitates were readily soluble
in most organic solvents, however, and it was possible to obtain the single-crystal
structure of the C-propylpyrogallol[4]arene metal capsule by crystal growth from an
acetone solution (although the crystals were weakly diffracting, it was possible to

Figure 14.13 Comparison between the hydrogen-bonded (left)
and copper bound (right) nanocapsules showing similarities in
structure, shape and size of each assembly. Distances shown are
in ångstroms [37].
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C-hexylpyrogallol[4]arene 

As mentioned in the section on second generation capsules, it was shown that
deviation from the typical anti-parallel bilayer arrangement of p-sulfonatocalix[4]
arene (Figure 14.2) to form a nanoscale icosahedral arrangement (Figure 14.3)
could be achieved through variation of the stoichiometries of the calixarene, pyridine
N-oxide and metal cation [15]. In addition to forming a near-spheroidal icosahedral
arrangement, theC-shaped dimer used to form this assembly can also be tailored into
nanotubules which contain additional PNO as a spacer molecule. The diameter of
these tubules is similar to that of the icosahedral arrangement and the core is
composed of hydrated sodium and lanthanum cations.
More recently, and in relation to the first generation of capsules, Rissanen and

co-workers showed that C-methylresorcin[4]arene can be co-crystallized such that

Figure 14.23 The conditions required to form either
nanocapsules or nanotubular arrays of C-hexylpyrogallol[4]arene.
In the latter, pyrene or 1-bromopyrene acts as a type of molecular
glue on the exterior of the nanotubular assembly, interacting
through many van der Waals interactions [56].
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