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Supramolecular chemistry

Supramolecular chemistry

« Supramolecular chemistry is chemistry ‘beyond the molecule’, the
science of non-covalent, intermolecular interactions »

« Just as there is a field of molecular chemistry based on the
covalent bond, there is a field of supramolecular chemistry, the
chemistry of molecular assemblies and of the intermolecular bond. »

1987
Nobel Prize for J.-M. Lehn, D. J. Cram, C. J. Pedersen



Supramolecular chemistry

covalent non-covalent
bonds interactions

Supermolecules

Atoms ——> Molecules — 2 Assemblies

inorganic, organic supramolecular
and polymer chemistry chemistry
Single components Supramolecular system

Supramolecular systems display (new) additional properties



Supramolecular chemistry

Two “sub-domains”

Supermolecules Supermolecular Assemblies

» well-defined, discrete species formed  polymolecular entities from

from a defined, finite number of spontaneous, but defined association
molecules of many molecules

* the equivalent of low molecular weight * the equivalent of high molecular
organic molecules weight polymers and macromolecules

host-guest chemistry supramolecular self-assembly



Supramolecular chemistry

I covalent
—_—

I synthesis

Small
blocks Large host molecule

Guest

(a) Host—guest complexes

I covalent self-

—_— —_—

I synthesis assembly

Small
blocks Large molecule

(¢) Self-complementary assembly

Host—guest complex

Self-assembled motif

Supermolecules

Host-guest:

The study of large ‘host’ molecules that
are capable of enclosing smaller ‘guest
molecules via non-covalent interactions.

Supermolecular Assemblies

Self-assembly:

A dynamic equilibrium between two or
more molecular species to produce a
larger aggregate based on non covalent
interactions



Supramolecular chemistry

Supermolecules Supermolecular Assemblies

. o H
O N_O._ LON_O. O _N__0O
J T LA AN T L N__N
HYHL Y TH HOH
X N|)§N s N|)§N I
H’Tl N Wt H\N NN H
H @ H H © H
LW LW
LOLN_O O _N_0O

RgP PRg
1
TfO—PIt Fl’t—OTf
R4P /. PRs
R=Etn=1 [60+]
R=Ph,n=2
mmmmm  CH,Cly, acetone
—_—
RT

OH
+ ] """'(§\N
Ny 4 \\j
—N

I~ g P 6




Supramolecular chemistry

Irreversiblity leads to « glasses » (disorder)

B B B
B
Reversiblity leads to « crystals » (ordered phases)

9 9
s-3=0PF=PFP-B=-8

Individual non-covalent interactions may be weak, but many of them will still
yield “stable” structures while allowing for “self-healing” (error correction)



Supramolecular interactions

Interaction Strength (kJ mol-1)
on-lon 100-400

on-Dipole 50-200
Dipole-Dipole 10-50

Hydrogen bonding 2-120

Cation-nt 5-80

T-TC 5-50



Supramolecular interactions

* Coulomb Interactions (lon-lon Interactions)
« strong (100—-400 kJ/mol)
* long range (~d-)

* non directional

Salt bridges Acid-base pairs



Supramolecular interactions

* lon-Dipole Interactions
» moderately strong (50—-200 kJ/mol)

« moderate range (~d—2)

HH.~-H
0, .0 o 7 Ha
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0 9 Y oaH
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cation-binding hosts solvation metal complexes (partially covalent)
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Supramolecular interactions

* Dipole-Dipole Interactions (Keesom)

* relatively weak (10-50 kJ/mol)

* short range (~d-9)

Me\SK“‘O”Q. ’Me
Me’™ ™ q*>"Me
/A - ]
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Me” ™ Me Me’@’Me_

Dimethylsulfoxide
Poly(vinylidene difluoride) PVDF
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Supramolecular interactions

- Hydrogen Bonding

Occurs when a covalently bound hydrogen atom forms a second bond to another atom

H-bond

bond energy
D—H---A angle
H---A distance
bond character

» Mmoderately strong

Do—Hot+, A
weak o

2—20 kJ mol 20—-60 kJ mol

90-150° 120-180°

2.2-3.2A 1.5-2.2A
electrostatic >
C-H...A Alcohols
D-H...n Amides

Biomolecules

60—120 kJ mol
~180°
1.1-1.5A

covalent

HF,

12



Supramolecular interactions

- Hydrogen Bonding
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Supramolecular interactions

 Cation-nt Interactions

* relatively weak (5—80 kJ/mol)

* relatively short range (~d—)

Fe ér
> N
ferrocene bis(benzene)chromium

mainly covalent  covalent (no charges)

14



Supramolecular interactions

-1 Interactions (n-n stacking)
« weak (5-50 kd/mol)

* short range (~d-9)

H
H
H H H
S H
: H
H i H H
v\
H_ﬁ—?_H H i _H
H H o HQH
H H

Face-to-face Parallel displaced Edge-to-face ;



Supramolecular interactions

-1 Interactions (n-n stacking)

« weak (5-50 kd/mol)

* short range (~d-9)

16



Supramolecular interactions

* Other (very weak) interactions

Dipole - induced dipole (Debye interactions)
Instantaneous dipole - induced dipole (Dispersion/London interactions)

« What about Van der Waals interactions?

They take into account all interactions excluding those
involving a permanently charged species.

VdW = Keesom + Debye + London

17



Supramolecular interactions

* Hydrophobic effects

Hydrophobic effects are entropy driven.
Water around a hydrophobic molecule is more ordered than in the bulk
liquid. Aggregation releases water, which is entropically very favorable.

Examples: phospholipid bilayer cell wall, cyclodextrin inclusion

complexes,... .



Supramolecular interactions

Binding constants

K
Host + Guest ¢ > Host - Guest
Ky
[HG] ka
Binding constant: K=—— =
[H][G]  «
d
H-G] ]
[H-Gyl [H-Gj]
N K. = N B. =
nar@——"%  “THaqel T Mese RS Bt Tep
[H-Gal By = K; x K, x K
HG2+C:‘|T;H.G.3 K3=[H-G2][G] 3= R4 X Ry X Rg
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Supramolecular interactions

Binding constants

mmmmm

Fe?* 13.8 20.9 1049 1022 1070 1068
Ni2* 10.7 11.1 21.8 1031 1076 10°3 108
Co?* 8.4 9.9 18.3 1044 1049 1087 10732
Zn?* 6.0 5.2 11.2 1061 1001 - « fast »

In water at 25° C
20



Supramolecular interactions

Importance for supramolecular polymers:

Degree of polymerization
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Supramolecular interactions

Pre-organization and chelate effects:
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Supramolecular polymers

General strategies:

From small molecule building blocks

From polymeric building blocks

@ + Py = VLD AB Ve
TN - PN — )
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Supramolecular polymers

Side chains:

Combination of different (orthogonal) interaction types:

00—
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Supramolecular polymers

Different “dimensions”;

linear supramolecular cross-linking, self-assembled dendrimers,...
* Two-dimensional ¢ Two-dimensional units
¢ Rigid rods
-<HIEHSHEH -

e Three-dimensional

G....E
e Three-dimensional units
> ey
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Supramolecular polymers

To keep in mind...

Phase
Segregation

26



Supramolecular polymers

Metal-ligand coordination
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Optically healable supramolecular polymers (UV: 320-390nm)

Nature 2011, 472, 334 27



Supramolecular polymers

Metal-ligand coordination

1. MCl, .xXDMF
0 \ N
2. DMF/ RT
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Langmuir 2012, 28, 3018 28



Supramolecular polymers

Metal-ligand coordination
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Adv. Polym. Sci. 2015, 268
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Supramolecular polymers

Metal-ligand coordination

Polymer networks

) ( Ditopic ) Multitopic Monotopic ligand
ligand ligand with associating moiety
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Supramolecular polymers

Metal-ligand coordination

Type 1

JACS. 2014, 136, 10493 31



Supramolecular polymers

Metal-ligand coordination

Type 2
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Macromol. Chem. Phys. 2013, 214, 2534 32



Supramolecular polymers

Metal-ligand coordination

Type 3

self-organization l high concentration

W

competitive ligand ﬂ metal ion =

O’\"O\@f"‘o\@f"w
O NG NGgTRGgT A
O NG TG A

Adv. Mater. 2012, 24, 362 Macromolecules 2013, 46, 19134 33



Supramolecular polymers

Metal-ligand coordination

v/ Strength tunable in very broad range
Strength tuned simply by changing ions
Not sensitive to water (moisture)
Potential added properties of metal ions (catalytic, magnetic, redox...)

= Most complexes are charged = possible phase separation/aggregation

® Heterocomplementarity "difficult" to introduce
Potential toxicity of metal ions

34



Supramolecular polymers
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Hydrogen bonding
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Hydrogen bonding
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Supramolecular polymers

Hydrogen bonding
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Small molecule assembly
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Polymer assembly
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Supramolecular polymers

Hydrogen bonding

Two-phase nanostructure

A4

Collapse into Supramolecular
core—shell assembly

nanostructure
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Brush polymer with polystyrene
backbone and PA-amide
brushes

‘Molecular velcro’

Healing

—

Damage Hard polystyrene

domain

interface

Dynamic soft brushes

polymer

Nature Chem. 2012, 4, 467 JACS 2013, 135, 7288 38



Supramolecular polymers

Hydrogen bonding

v Strength finely tunable
Heterocomplementarity easy to introduce
Full organic (no need to add metal ions)
Cooperative effect very important

= Highly polar groups = possible phase separation/aggregation

® Sensitive to solvents and water (moisture)
Tuning interaction strength requires changing binding motifs

39



Supramolecular polymers

nt interactions
SELBB B St

copolyimide 1 (Mn = 16 000, Mw = 27000)
with

pyrenyl end-capped polyamide 2 (Mn = 6000, Mw =
10000).

Chem. Commun. 2009, 6717 40



Supramolecular polymers

Host-guest interactions
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Supramolecular polymers

To learn more

Chem. Rev. 2015, 115, 7196
Chem. Soc. Rev. 2012, 41, 5950
Chem. Soc. Rev. 2012, 41, 5922
Chem. Rev. 2009, 109, 5687
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