Supramolecular Photochemistry

Chapter 13, Turro book

Examples of Common Organic Chromophores

Carbonyls j\
Olefins S NF

Enones L e ©=° @ZO
Aromatics ©

How does ‘light energy’' compare

with chemical bonds?

Dissociation Wavelength
Bond energy nm
kcal/mol
O-H 104 275
C-H 95 300
C-C 82 350
C-Br 66 435
O-0O 38 750

Photochemistry: Common Photoreactions

- Hydrogen atom -
transfer

- Electron transfer
- Addition to C=C bond -
(non- concerted)

- a- Cleavage )
Olefins Carbonyls
(en*) \ - p-Cleavage R (D)

- Geometric | somerization
Pyramidalization -———
 —~ Proton transfer

- Di- n- methane
(Zimmerman) rearrangement

\— Pericyclic reactions: Sigmatropic shifts
Electrocylisations
Cycloadditions &
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Photochemistry: Primary Photoreactions (1)

a-Cleavage

hv ] :
& ——» CH3CO + C(CH3); —— Products

hv

_\I . +1 1 —— = Products

9
&< v Q —— Products

: hv
©/ © + |  ———— Products
&

Photochemistry: Primary Photoreactions (2)

p-Cleavage

0] 0 i
é\ e é Products 8
H Ph “Ph
b b e
Z——N hv —
Ph 0— Ph o '<\o Products
o

@:{) hv @:@ ————— Products

H_CH0H
H,_CH,0H yAasis
j hv
S it & Product
roducts

Products

Photochemistry: Primary Photoreactions (3)

N0
-
Hydrogen Abstraction :

(o] . H @
JL + >—-OH k gi ~—==—= Products
: R
CeHs hy . ~CeHs
+ CH3OH + CH;OH —— Products

Sens. H

H
hv . OH
™ >_0H S ——— = /k —— Products

Photochemistry: Primary Photoreactions (4)

)@i%

Electron Transfer 9

hv =
ArCO + RNCH; —  Ar,CO + R,NCHz Products >y | =2

h i B
PhCH==CHPh + Me;NCH;R —- » PnCH=—CHPh + Me,NCH,R Products

(o}

07-
hv o
+ Me,NCHR e + MesNCH,R
sRieE
+ _ -

Products

Products

-Z
+
=4 |
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Photochemistry: Primary Photoreactions (5)

Addition to C=C bond, triplet, non concerted :%%

- ;
)OI\ + I _\’ i | Products :g%

Products

hv & + é—@ —= Products
& T e &O -

Cl —

Cl 3
hv
DOORS ol — Fouos
Cl

Sens
(@]

Photochemistry often yields multiple products

I < P2
P3
ho

R ——>3 R

xﬂﬁ -

Controlling Photochemical Reactions
Through Conventional Means

* Nature of the excited state, nn* and nn*
* Nature of the spin state, S; and T,

* Level of the excited state, S; and S,. T; and T,

Controlling Photochemical Reactions

¢ Electronic barrier: Electronic configuration (nn* vs. nn*)

* Spin barrier: Spin configuration (S! vs. T!)

AG* = AH*-TAS*
* Enthalpic barrier: Presence of activation energy

¢ Entropic barrier: Changes in conformational, rotational and
translational freedom

@, = k./Zk

® Competition: Radiative, radiationless and other reactive
modes
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Controlling nature of reactive state with solvents

§2— qu* —~ Product A

St n* —~ Product B

Reactant

° o o
hv + %
— i Ph
T Ph
Ph 1
nm*
S

Benzene 100
Acetonitrile 58
Formamide 38

ni*

) o o
+ +
Qe Qe O
“Ph
Ph
Tt

\—Y—J

0
42
62

[

hv hv
| =—— —_—
N CH;CH,0H CF;CH,0OH

¥

Controlling nature of reactive state with additives

(0] (‘) ?j\ j) 1)
0 o N o -
] v CER @ . © .
\ ;‘;‘* Y
None 20 71 10
In presence of BF; 0 10 90

Large energy gap and violation of Kasha's Rule

Product A -

Product B

ok

e
SL—_——

T —
Reactant

Product C

Product D

Controlling nature of reactive state with wavelength of irradiation
Reaction from upper excited states
Large

K
0,
o
§2——— —— Product A Eﬁ? L s 7“?
0
energy

gap S|

H
St —~ Product B @:"jo_\ + ﬁoj

Reactant

SO/\
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Controlling nature of reactive state with wavelength of
irradiation: Reaction from upper excited triplet states

- &
e Lol 2 e
e i

gap

sls =

s g i
77K =
O £

Controlling chemistry with wavelength of excitation

=O—=0Owm

il

313 nm

# :

Overcoming the enthalpic barrier with temperature
control

Smaller or no
energy barrier

Energy barrier

P1*

Overcoming the enthalpic barrier with temperature of reaction

hv
Room temp. @ E @ ’ I:j +©
1 3

5 1
Temperature °C 4 1 2 3 5
22 30 45 6 11 8
0 30 34 8] S 31
-35 20 5 = & 75
- 78 10 = s o 90

Enthalpic control
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(210)
A =366 nm — s
Pentane (187)
108 —_—
g N 25 hr EULEYCH 0
N
(~142)
=L
@ (128) %2 ™
110) S w20
1 s —m
3
s (~90)
s (84) T — (So)
67)
/| D e
© o
L , L L L L L L
8 12 16 20
Time (minutes) —» (a) Benzene  (b) Dewar Benzene  (c) Benzvalene  (d) Prismane

Turro, N. J.; Ramamurthy, V. Rec. Trav. Chim. 1979, 98, 173- 178
Turro, N. J.; Ramamurthy, V.; Katz, T. J. Nouv. J. Chim. 1977, 1, 363 365

21

Overcoming the spin barrier with triplet sensitization

hv hv
— / 7 —
Direct

Sens.

CH,
Slow st ——~ Product A 7
\é k hv hv
T —~ Product B Sens. Direct &2
Aycsm o Ab/cms o t oy
Reactant GHAOH =

Sens. CHaOH “CeHs

CQ
hy m hv =
sensitized 0
o

Spin control

Controlling products during asymmetric photoreactions

R*O,C. COzR*
sens: .o L o
H./\H  hvSens' Ar /\H H./ \ Ar G10-URgCO:R
I ee: 10.4% R* = (-)-menthyl
Ar Ar H Ar Ar H
Ar=Ph

. R‘OZCOCOQR R*: ('l‘
hviSens* | | R*0,C CO,R* 5
H —— I g T ee: 49% o

hviSens* N\ 7] b R*0,C CO.R*
O =L S o el s

ee: 4.4% R - (R)-1-methylheptyl

Because of very little difference in rates of formation of the two
enantiomeric products normally there is ‘zero’ selectivity; ee: 0.

The best chiral induction in photoreactions are obtained in solid state.

Overcoming the spin barrier with heavy atom solvent

5
GO = ‘6@
=t <R

S1i 100:0
T 1:9
Solvent Cis/trans dimer
Cyclohexane 497
n-Butyl chloride 2.37
n-Propyl bromide 041
Ethyl iodide 0.25

(10% mole %)

Spin control
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Cutting cut down competition with choice of solvent:
reduction of mobility-beginning of entropy control

HTO‘é

(CW

0 _h Benzene j\ Me
H . P~ "Me T HC=C{
H H

HIPEDE  in ter-butanol:

Hy ¢ @ in benzene:

- I
1.0
0.4

Cutting cut down competition with choice of solvent:
reduction of mobility-beginning of entropy control

o /

Ph

Hexy o
O
o \k() @ in hexane 0.5
)K | “(x. ® in acetonitrile 0.001
of O ¢ —= (A*D=—A +D")

] ) Acetonitrile o Moy =X NEE,)

A* D

Cutting cut down competition with choice of solvent:

Conformational control

o EQ

o EQ |
~o
| OH
Me
OSiEty

EtO,
Q =0

o
‘ H
"OSiEt;

hu/Hexane

does not exist

Hexanes Joiek

100%
CH;0H 1:5

Preorganization with an additive

Cfi 8
toluene

In the absence of template; e.e.: 0
In the presenceof template; e.e.: 82%

0
4
N—H N
O
\
N Free I
o\ L

Template

Blocked

One mode of approach blocked

6/30/20



Preorganization with an additive

X X
M;O\ R_ R Ar Ar
o
N X /O/\/COOMe oj)ﬁfo o "
N HN<__NH AN NS
HN N)\N i METYT e X
H o
o
A B (R = hexyl) c X
Ar Ar
Quantum yields of photodimers (x 0.001) E
dimers A A+0.5equivofB A +0.5equivof C
D 0.7 23 0.7 B
E 0.1 0.6 0.1 W
F <0.1 0.8 <0.1
Ar
F
COOMe COOMe
COOMe (- B
Ve © JCOOMe
D/ D/ )
At Ar

D

Entropic control: isomerization slowed; dimerization enhanced

Medium Matters

Solution

6Gas phase (solvent + solute) Rhodopsin

Increasing selectivity

How do biological media enforce selectivity?

30

Highly selective geometric isomerization occurs within a protein medium

-

\

Photoactive Green fluorescent
Rhodopsin Bacteriorhodopsin yellow protein protein

How do a biological media enforce selectivity?

% by restricting the rotational and translational motions

% by pre-organizing the reactants

% by controlling the extent and the location of free space
within a reaction cavity

31

Molecular and Supramolecular Organic Photochemistry

Molecular organic photochemistry

hv
R *R | P

Supramolecular organic photochemistry

® —— @ ® ®

R represents a guest molecule. The circle represents a host molecule.

32
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The beginnings of supramolecular organic chemistry: Cram, Lehn, Pedersen

% The Nobel Prize in Chemistry
1987

“for their development and use of molecules with

structure-specifi 1s of high

Donald J. Cram Jean-Marie Lehn Charles J.
Pedersen cryptand comples
= cryprate
®1/3 of the prize ®1/3 of the prize ®1/3 of the prize. cceding to1.ehe
UsA France usA
University of California Université Louis Pasteur DU Pont.
Los Angeles, CA, USA rasbourg, France; Wilmington, DE, USA

b.1919
4.2001 (in Fusan, Korea)

33

The Nobel Prize in Chemistry 2016

“for the design and synthesis of molecular machines"

Jean-Pierre J. Fraser Bernard L.
Sauvage Stoddart Feringa

34

Supramolecular Photochemistry

"R. Breslow "N. J. Turro

Reference books

- PHOTOCHEMISTRY

~ ORGANIZED

© CONSTRAINED
VIEDIA

MODERN MOLECULAR
PHOTOCHEMISTRY OF
ORGANIC MOLECULES

Supramolecular
Photochemistry

Controlling Photochemical Processes.

Nicholas J. Turro
V. Ramamurthy

Edied by
V. Ramamurthy snd Yoshihisa Inoue

BWILEY

J.C. Scaiano

2010
Chapter 13

2011
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Container Store

37

Chemistry in bowls, baskets, cages and cavities

Cyclodextrins Cucurbiturils Octa acid(OA) Calixarenes

The guest@host paradigm

‘G —

Host Guest Guest@Host

We' ll be using this paradigm to
discuss supramolecular systems

39

A Sy
Dendrimers Zeolites Micelles Crystals
Supramolecular Containers
Reaction cavity
Boundary
Free Space 40

6/30/20
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Role of Weak Interactions Role of Free Space: Product Must Fit the Reaction Cavity
< <
Cation---m n---T /
CEH Hydrogen bond X
S o
van der Waals Charge transfer
41
i) Ky
@ e (b) © XX XY X Y
R c®e
st ede /
Iy Py
VIIQ Weak interactions preserved
XY
‘!JJ‘& L‘)JJ ;"s “‘)G 0 ‘ R \H\
P (R (B ome ofrje
cee o ‘ “ ' J ' ” ” R ——
Soft reaction cavity Moderately soft reaction cavity Rigid reaction cavity
e.g., solvent, micelles e.g., cyclodextrins, cucurbiturils, e.g., crystals
Zeolites
I, Py
Weak interactions destroyed

11



Conformational Control and Rotational Restriction

Pre-organization Through Weak Interactions

Hydrogen bond

NS,
~@

Energy diagram representation of supramolecular control of a reaction

P, B
P (50%) ~—— R—— P (50%)

(@)

The top reaction (a) is indiscriminate
since the activation energies for R
going to Py or P2 are identical

AGY

The “circle” (host) can accelerate
©  Acceleration (b) or inhibit (c) the rate of a

a6ty reaction
AGH | e
= |
© h!
AG*
hv
R P

47

An exemplar of supramolecular control of a
photoreaction with two competing paths

(0] CeHs
G i
H\ro H)\ prmiypzcts
(Py)
R 1,(RP)

Typel Typell

AGH j
. O —— Typel
CeHs cfH products
PG - ®)
AGY = AGH \or h(®P)
Ca”s)gY HO .
CeHs 5 O(
. CoHz —— Typell
products
Catls P;)

L(BR)

48

6/30/20
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Acceleration and inhibition of the Type IT photoreaction

(a) Supramolecular acceleration of Type Il reaction

o H
Acceleration M. O —— Typel
CH products
.{'H CeHs Py
)(;/\( 1,(RP)
o}
CeHs HO .
CeHs O Type l
N N CoH. — lype
AGY > AGY R o CH products
oHs P,
1.(BR)

(b) Supramolecular inhbition of Type Il reaction
Inhibition ? CeHs

CH " o — Typel
products

CH H)\ (Py)
oHs

1,(RP)

HO (

CqHs 0 — Tvze ll‘
roducts
Cotte e

1,(BR)

AGY < AGYH

49

Supramolecular Hosts

Micelle structure

"""""""""""""" ‘Water molecule
g . Br
RN
N

; i i
% §Core (2-3 nmj
H

i Stern Layer g i
up to a few

-
Gouy-Chapman Layerx
(up to several hundred A)

v

g8

2 &
AN

Sa

s

Copyright 1999 John Wikey and Sons, Inc. Al rights reserved.

Micelles

..-- Carboxylate anions from fatty
acid salts form a micelle with the
nonpolar tails on the interior and
ionic head groups on the exterior.

& - Water molecules
solvate the micelle

through ion-dipole

interactions.

6/30/20
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The critical micelle concentration phenomenon: Sudden break in
properties near a certain concentration of surfactant

Monomers only Monomers plus

-
'
S
M e
(%2]
3
= ~
2
=
© /
=)
©
f=
o
]

Critical Micelle Concentration
(CMC)

Concentration / mmol - kg-1

Structures formed from surfactants in aqueous

solution
sotere a8he
8 S ENZINENS
L7 BN
B
il
LLLLLLLL L J4ser
Sagacanssaiiity
14300080840
e e s
g :
81220383388 880 p0p, Sle
LF‘\;;éff,;!”ﬁf'
AN

Cholic acid micelles--Bile salts

Secondary aggregates

Primary ag ate
ryggreg\ A

OH

cholic acid

. 4
Guests bound to Guests bound to
primary binding secondary binding
site sites

bl T;&w’;«;w A dendrimer: a
.y hyperbranched
1

. polymer

6/30/20
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Generations of dendrimers

s o
generation| surface groups  diameter zig:zi;‘ozge surface groups ;\8::
(A) A)
05 6 27.9 12.4 8 %—%
15 12 36.2 12.8 16
25 24 483 12.7 32
35 48 66.1 12.6 64
45 96 87.9 1.5 128
55 192 103.9 10.3 256
65 384 126.8 9.8 512
75 768 147.3 AT 1024

Surfactants gather at interfaces: the air/water
interface and the water/solid interface

- HOTMA monomers
nsolaton 0

= B &9 009 ®
CE m, = oF3eEses

Micellization (‘ ‘. «_/ fg \e ﬁ:;‘:, -

\.o

®

Zeolite Surface

Water soluble organic hosts: Cyclodextrins

m)g OH HO
0 uo

[}
OH\ OH

, connected into a cycle via o

: d D—glucopymnoside units ;o J¢ 7A oK on

Ho OH
a-Cyclodextrin

1,4- glycosadac linkages %b /4%
wo HO

OHO
HO OH N
HO- ()ﬁ()ﬂ

O OH HO\ OH
0
HO,
0.
HO' OH Of OH

(&) O HO
HO! o

OH
¥-Cyclodextrin 59

Water soluble organic hosts: Cyclodextrins

~5A

6/30/20
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Water soluble organic hosts: Cucurbiturils

> Easily prepared by the
condensation of glycoluril
in acidic medium.

> Hexamer [CB6] known since
early 1900's, first characterized
in 1981.

> Kim and coworkers pioneered the

synthesis and isolation of the

higher CBs [n = 7, 8, 10] in 2000.

61

Water soluble organic hosts: Cucurbiturils

CB[5] CB[6] CB[7] CB[8]
FIGURE 1. X-ray crystal structures of CB[n] (n = 5—8). Color codes: carbon, gray; nitrogen, biue; oxygen, red.

Cavity a(A°) b (A°) c(A) d(A°)  Volume (A%)
CB[6P 144 58 39 91 164
a-CD? 146 52 47 80 174
CB[7P 160 73 54 91 2
p-CD? 154 64 60 80 2682
CB[8P 175 88 69 a1 479
y-CD? 174 83 75 80 an
a) Szejti, J. Chem Rev., 1998, 98(5), 1743-1754, 63

b) Lee J.W.,Samd, S.; Kim K., Acc. Chem Res. (2003), 36(8), 621-63C

51.365 s

/E(Té{*\

07 0H 07 OH Ho” So HO S0

C. L. D. Gibb, and B. C. Gibb, J. Am. Chem. Soc., 2004, 126, 11408. 5.46 A

d)

<— Bottom —

Wider middle
region

= —— Boflomi——>

1373 A

6/30/20
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Octa acid (OA), Cucubituril (CB) and Cyclodextrin (CD)
A comparison

Octa acid (OA) Cucurbit[8]uril (CB) B-Cyclodextrin (CD)

— carton
or representation

66

Water soluble inorganic host: Fujita’s Pd host

'P‘! _I 12+

18.7 A°

\\V/ 120"

Discovery of zeolites

A zeolite, as found in Nature

Baron Cronstedt 1722-1765

Cronstedt discovered “boiling stones ”which he called “Zeolites " from the Greek:
zeo (boil) and lithos (stone).

6/30/20
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Zeolites: Synthetic

More than 65% of the earth’s crust consists of 3D crystalline
polyaluminosilicates (3D-CPAS): feldspar, zeolite, and ultramarine.
Zeolite is a class of 3D-CPAS having nanochannels and
nanocavities.

Zeolite-A ZSM-5 Zeolite-X or Y Zeolite-L

Characteristics of Faujasites (Zeolites)

M,(AlO,), (SiOy)y.ZH,0

Type I (X)

Typel (X,Y)

Type Il (X,Y)

*  Microporous solid

+  Large surface area

+  Well defined channels/cages

+  Si/Al ratio = 2.4

- Type I - 4 cations /supercage

+  Type II- 4 cations /supercage =

HEaLTHF ORCE

VR 7 o e |
ORG
Ao

THE POLLUTION SOLUTION g
=
HEWTS ENYALP?LL oY

N Tines
$-17-00

ZEOLITE
Natures answer to toxic
and radioactive environments

VICTOR INDUSTRIES, INC. (VICI)
Stock Symbol: VICI-NASDAQ OTCBB
From Radiation to Sewage
"Zeolite absorbs it all”

Nuclear Waste, Radioactive Environments,
Human Waste, Animal Waste, Water Softening

WE SHIP WORLDWIDE

71

Photodimerization of frans-Cinnamic acids

COOH
a - form Ar
Double bond separation: 3.6 - 4.1A
Nearest neighbour relation; Centric Ar
COOH

a - truxillic acid

Ar,
\=\ hv Ar
Ar
COOH Solid B - form (3.9 - 4.1A; Translation) ——
COOH

COOH
hv Solution
B - truxinic acid
Ar/ \COOH y - form (4.7 - 5.1A; Translation) Py Db reactids

Topochemical principle: Reactions in the solid state take
place with minimum atomic movements.

G. M. J. Schmidt et al. ‘Solid State Photochemitsry, A Collection of Papers’, Verlag Chemie, 1976.

72

6/30/20
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Ph
B
COOH

OOH

Ph
COOH
a - TRUXILLIC ACID

a-form
Double bond separation: 3.6 - 4.1A°
Nearest neighbour relation; Centric

PhPh

p - form (3.9 - 4.1A°; Translation) l—.
OOH
COOH

B - TRUXINIC ACID

Solid
NO REACTION

|y - form (4.7 - 5.1A°; Translation) I——

6/30/20
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Topochemical principle: Reactions in the solid state take
place with minimum atomic movements.

Supramolecular Weak
Interactions

with A ic Rings in Ch I and

1

Biological Recognition
[Emmanuel A. Meyer, Ronald K. Castellano,* and Francois Diederich*
Dedicatd 10 Profsor Dier Seebach

s
e - hdrogen bonds - molecular
oncoulers

rcognitir
nteractions - receptors

g Chom. b 203, 0.1

Angewandte
Chemie

o

76
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(0]
MeO.

X
-

iz
MeO” ¢

nt-x stacking
07w

W279

F330

: cation-n

’\5‘+

N b e
N/ n-n stacking
Q H
H--Q" O-H/x

H

77

Role of Weak Interactions

<=
Cation---7 T---T
S X
(& 2 s Hydrogen bond

<Z>—eD

e

mtﬂ eA
=\

Charge transfer

78

van der Waals

Relevant Weak Interactions in Supramolecular Chemistry

Examples of weak intermolecular interactions (typical energies vary from
<1 kcal mol-! to ~10 kcal mol-1)

o
; v. H
o oz
X
Cation---7 bond Hydrogen bond
<=
N
== <A
TN
- bond Charge

transfer bond

ED = electron donor

&
[ e
H gl XH
Z7T !
van der Waals @
CH--—-x bond bonds

cl FS= E:ZI
Cl@ W=
Chlorine-—-Chlorine

Quadrupole-—-Quadrupole

EA = electron acceptor

Covalent vs non-covalent interactions

Strong interactions

lonic

25-100 kcal/mol higher in
gas phase or in crystals

Covalent bonds 40-190
kcal/mol

‘Weak’ interactions

Electrostatic type:
Ion-Dipole

Dipole-Dipole

Cation-7

Hydrogen bonds

Halogen bonds

Aryl Stacking

London Dispersion Forces
Van der Waals
Hydrophobic Effects

6/30/20
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Electrostatic defined

Ion-Ion

Coulomic attraction or repulsion between charges
or partial charges that exists prior to the interaction
and remain unchanged in the interaction

(1Q2 «— The two charges

E=4nee.r

Dielectric
constant of the
medium

lonic bonds
25 - 100 kcal/mols

comparable in
strength to
covalent bonds

Lattice energy
Yet these compounds

Dissolve in water and
other polar solvents!

NaCl mp =800° C

Solvation

Note the shape of the

NaCl mp = 2 solvent can affect the
aC P 800" C solubility. Water can

arrange itself well around
Na+ and ClI-.

Ion-Dipole

Quite useful for molecular recognition and sensing
~ 10 - 50 kcal/mol (50-200 kJ/mol)

e o0 o0

o o ) ! (o] 0. O:O D (o] 0.
o Oj <\O 0/7 [O Oj (e] (o) [O Oj
/ (Lo o/ N

g o P g

J ; i Water like interior
H” MOH Alkane exterior
H\? - 3 w,\g,H

H_ _O_H

H H

hydration of a metal ion

18-crown-6 K*

6/30/20
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Dipole-Dipole Forces

Dipole-Dipole

Dipole—dipole interactions result from the approach of two
polar molecules.

If their positive and negative ends approach, the interaction
is an attractive one.

If two negative ends or two positive ends approach, the
interaction is repulsive.

In a liquid or a solid, the molecules are mostly oriented with
the positive and negative ends together, and the net force is
attractive.

Interaction between molecules with permanent dipoles
~ 1-15 kcal/mol (5-50 kd/mol)

b+ &~ o+ &
] = F=Clz

Ketones are a good

example but their low

bp shows this is a
relatively weak
interaction

or
£
‘ b "O K
by=o 77777777 b
Bp ~56° C

London Dispersion Forces

One of the Van der Waal forces

A temporary dipole moment in a molecule can induce a
temporary dipole moment in a nearby molecule.

An attractive dipole—dipole interaction results for a fraction
of a second.

Main force in nonpolar molecules

Larger atoms are more polarizable.

87

London Dispersion Forces

<2

-

random temporary dipoles when separated

correlated temporary dipoles when in contact

88

6/30/20
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London Dispersion Forces

* The greater the surface area
of a molecule, the more
temporary dipole attractions
are possible

Consider the feet of Gecko.
They have many flexible hairs
on their feet that maximize
surface contact

The resulting London
dispersion forces are strong
enough to support the weight
of the Gecko

Geckos can climb effortlessly on almost every surface. Their ability to do so
is attributed to ultrafine hairs on their feet, which give rise to a very large
contact surface area. This allows for rather strong dispersion forces, one of
the intermolecular interactions we will examine in this chapter.

Cation-n and Anion-n

a) b)

®
||||/I>

Sa—
sy
fes]
-

~ 25% of
Tryptophan residues
in proteins make
cation-pi interactions

Hydrogen Bonding

» Hydrogen bonding occurs between a hydrogen-bond donor
and a hydrogen-bond acceptor.

Hydrogen-bond donor Hydrogen-bond acceptor
(D=N, O, orF) (A=N,O,orF)
SO 5,
*D—H----- A

A hydrogen bond

H
A hydrogen \C:O
bond _ /
Hydrogen-bond A
acceptor i

Ahydrogen H W o
bond _ |, 5
-, (.

-,
- B o
[ CH,

Hydrogen-bond

(@ (b)

proton donor  proton acceptor

Highly directional (180); Specific lengths

length A
et 2770 A
i/ [
R H o R 3.0
N—H-----0""
O—H----0 28 / 'L
i i 4
O P
. i N_”""'N/\\:\q 3.1
N—H----0, 2.83 / “H
L &y
/N_HMS\ 37
293
*\”@*“ e
¢ ,

6/30/20
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Aryl stacking interactions

0 - 15 kcal/mol

e)

- @ 'y "1@

Interaction often depend on one ring being more electron rich
and the other electron poor. In this case only the face to
face orientation b is favored. In other cases it is the edge-to
face or T-shaped.

---T

- b) <)
o
> O

For review see: Angew. Chem. Int. Ed. 2003, 42, 1210-1250

Aryl stacking between e-rich and e-poor aromatics

Acceptor ‘
e- poor = acceptor
F F

Donor

[ Acceptor |
© e- rich = donor

Donor

-

Hydrophobic Effects

The hydrophobic interaction is mostly an entropic effect
originating from the disruption of highly dynamic hydrogen
bonds between molecules of liquid water by the nonpolar solute.

Hydrophilic
‘g “head group”
o p
H =@ o \=r
f

g B g

4 o BBA T

-9 ;3;, S % Hydrophobic
7o R __talkyl group
Q “4. \\\

“Flickering clusters” of H,0 Uy
molecules in bulk phase  / 5
Highly ordered H,0 molecules form
“cages” around the hydrophobic alkyl chains

Why do micelles form at all?

Ordered (“clathrate”) water

H H H H H H
< o [¢] o} Q jo}
H H H H H H
H H H H H H
Q o o o] Q o}
H H H H o ——= H H
H H " “ H H +8H,0
g o d o e o
H H H H H H  molecules released
H =more particles in the system
H H H H ) H  =favourable entropy
g o g o e o
H H H H H
H H
P H \ H
wO-H.,, 7 O-H.,
Ham, I
H~0 HoooHd o
f ot o <
joi H jo) H
H e N
Q"'H'O‘H H p"'H'O‘H
H H
Interfacial water is limited in its possible orientations Lower interfacial surface area means fewer

water molecules are restricted
96
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https://en.wikipedia.org/wiki/Entropy
https://en.wikipedia.org/wiki/Hydrogen_bond

Supramolecular Photochemistry
Introduction and Photophysics

Supramolecular Photophysics

* Manipulating photophysics of organic molecules
through weak interactions and confinement

+ Use of organic photophysics in understanding
supramolecular structures

+ Supramolecular organic photohysics: Sensors,
molecular motors, etc.

Relative ntensity (uncorrected)

Fluorescence Phosphorescence

350 400 450 500 550

A(nm)
Fluorescence:
- High radiative rate constant, 10-10 to 10-8 s-!
+ Precursor state (Si) has a short lifetime
+ Not susceptible to quenching

Phosphorescence:
+ Low radiative rate constant, 10-6 to 10 s-!
* Precursor state (T1) has long lifetime
+ Very much susceptible to quenching
- Emission quantum yield depends on S; to T; crossing

P

— =
T
ke K;[Q]
“hv
5o Y
. kst . ke
RS) —— "R(M) —— |[Sp+hve
l K l k(]
not *R(T,) not hvp

6/30/20

25



The heavy atom effect on spin transitions

The “heavy atom” effect is an “atomic number” effect
that is related to the coupling of the electron spin and
electron orbit motions (spin-orbit coupling, SOC).

Most commonly, the HAE refers to the rate
enhancement of a spin forbidden photophysical radiative
or radiationless transition that is due to the presence
of an atom of high atomic number, Z.

The heavy atom may be either internal to a molecule
(molecular) or external (supramolecular).

Strategy to record phosphorescence at room

temperature through supramolecular approach

Stage 1

ker Heavy atom effect
@ e @ mainly on kg so that
kst > Ky
e

R(So)

Stage 2

ke Heavy atom effect
@ —_— @ + hvp  mainly on kp so that
kp > ko [Q]
%kg @l

R(So)

Make more triplets through
the heavy atom effect

Make triplets emit faster
in competition with
quenching processes

Cyclodextrins as hosts

Phenanthrene@Cyclodextrin: effect of CH:Br; as co-guest

Fluorescence

Phenanthrene T Phos'f)horescence Phenanthrene
O CH.Br.
0 Ol 006 l LBl
00O fol Z .
©) () 2 | o
CP. 10 2 .
o £
009 o0 o
Oo OO (@) N\ A
Solvent 325.0 487.5 650.0

molecules Wavelength (nm)

Induced Intersystem Crossing Depends on the SOC:
Cations as the heavy atom pertuber

Atom Tonic
Radius of
the Cation (A)

Spin-Orbit
Coupling § cm™

1

Li 0.86 (+)
Na 1.12
K 1.44
Rb 1.58
Cs 1.84
Tl 1.40
Pb 1.33 2+)

0.23
11.5
38
160
370
3410
5089
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Crown ethers, micelles and zeolites
contain cations

Type Il (X)

Typel (XY]

Typell (X.Y)

External heavy atom effect: Crown ether approach

Table IL. Estimates®? of Rate Constants for Excited-State
Processes of 1,5-Naphtho-22-crown-6 (1) in Alcohol Glass< at 77
K with Alkali Metal Chloride Salts Added in 5:1 Molar Excess
(Crown at 1,00 X 10-4 F)

Salt —\
added 10~6k; 106k, | 102,94 | ket (0 E
None 1 25 87 | 037 (° o)
NaCl 2.6 32 6.7 0.41 0 >
KCl 23 35 5.8 0.39 o>
RbCl 1e 52 12. 0.50

CsCl 1¢ 670 81. 1.57 1

@ All rate constants ins=!. & ke = gere 1 ke = (1 = )7~ hp =
@p(1 = dp)~l7p~hi kar = 1! = kp. © See note 4. With ¢p + ¢y =
1.0 assumed. ¢ Estimated from 77 K UV absorption spectra.

Micelles as hosts

Naphthalene@SDS micelle: effect of heavy atom
counterions

Fluorescence

560
Na:Z=11 Wavelength (nm)

Heavy atom produces more triplets and the triplets produced
phosphoresce at a faster rate

Emission Spectra of Naphthalene Included in MY Zeolites

1.0
LiX
Intensity o4\
(A "¢ i‘l \ i A RbX
| l' \
hi /
[ ‘!I}"“ II" '\/ et
I e e o ey
300 400 500 600 70(

Wavelength (nm)
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External Heavy Atom Effect on
Triplet Decay Rates of Naphthalene

Intensity {cps)

Room temperature phosphorescence

®)
(FLUO) /

fi Exchanged Zeo|
16 | .
o/‘/
M
"*' o 00
k0 °
(s) 10} o
3 £
10 ¢ / o MY
* . o
10" Lo : :
10 16 16 10 16
g2 (cm?
Phosphorescence from Diphenyl Polyenes
Phosphorescence
| o
0 o
O 0
T NP
2 TIX
2 |
]
£

SN

T T T T T
700 900 1100 1300 1500
Wavelength (hnm) —>

a)

1.6x10"

1.2x10"

Intensity

4.0x10°

0.0

b)

8.0x10°-

Counts
2

350 400 450 500 550 600 650 o 200 400 600 800 1000

Wavelength (nm) Time (ns)

580 600 620
A/nm

112
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Diffusion controlled self-quenching and oxygen-quenching in solution

ks k

T P

RS) ——> RT) ——>  Sp+hve
l!« lkg [l

not *R(Ty) not hvp

w
o

- Kaif
kdiﬂ‘ 30,

+ 0,

w

12

ARNEN
S

Fenchthione,@OA, Camphorthione,@0A,  Adamantanethione,@0A,

Prevention of self quenching and oxygen quenching with
the help of containers

Slow ¥ 362

+ 102

SO W

(i} Fenchthione (i) Camphorthione (iii) Adamantanethione
10
5 2.0
>4 8 1.5
3 6 -
5, i 4 1.0
c i in PFDMCH 2 0.5
L 7 7 T T 7 0 F T 7 T 7 0.0 T 7 ]
500 550 600 650 700 750 500 550 600 650 700 750 500 600 700 800
wavelength {nm) wavelength {nm) wavelength (nm)
114
(i) Fenchthione (i) Camphorthione (iii)  Adamantanethione
7 in CB7 4 CB7 4
6 , CB8
zs 3
24 in CB8 2
g3
£, 2 CB8
s U cB7

T T T T 1 T T T T 1 0
500 550 600 650 700 750 550 600 650 700 750 550 600 650 700 750 800

wavelength (nm) wavelength (nm) wavelength (nm)

Fenchthione@CB7 Adamantanethione@CB7

(i) : \/\Al:)‘\?(\ (“@‘j ”
¥ Rig)

Fenchthione@CB8 Adamantanethione@CB8 116

(i)
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Pyrene Excimer

=}
1

.- 5mM

normalized fluorescence intensity

o
3
1

0.0 -

in methylcyclohexane solution

wavelength (nm)

T T T I
350 400 450 500 550

600 650

(Py)2@Cyclodextrin: Enhanced excimer formation due to

preorganization of two pyrenes in a cyclodextrin cavity

Solvent
molecules

Monomer fluorescence 2 Pyrenes

Excimer fluorescence
Py
N

S

T T T
350 450 550

Wavelength (nm)

y —

Interpsit

Counts

Photophysics of OA-Anthracene Complex

70x10° o
60 |
50|
40
30|
20

Fluorescence Int.

104
[

T T T T
400 450 500 550 600

Wavelength (nm)

10*
10°
10° = 263 ns
10"
10°

0 500 1000 1500 2000
Time in ns

---- Anthracene in water
---- Anthracene in octa acid
Sandwich pair emission-

slow addition of host to
the guest in borate buffer

Zeolites as hosts

Anthracene@NaX: Cation controlled aggregation

(©
Excimer
Absorption  fluorescence (a) O”
o 378 g CX2
% E l o= water
- [0}
5 7420 T T ®) 2
= [0}
g Monomer fluorescence 8/ O”
[l
§ Absorption [ |444 ’E +
S : coo
T T T o O
300 400 500 600 700 o g
Wavelength (nm) ©o
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Fluorescence Response to Solvent Polarities

I Ratio of 1st to 3rd vibrational
\, band intensities is dependent
\“‘ ‘ on the polarity of the solvent.
H I J\
Ir i
1d4 ‘H}‘H Less Polar More Polar
i o <€ =
e it Lower ly/l3 Higher l4/15
\\K Ratio Ratio
nm

Pyrene as a polarity probe
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Stabilizing Unstable Molecules

Cram's “taming” of cyclobutadiene

For many years attempts to isolate cyclobutadiene in solution at
room temperature failed because one diene undergoes a very
rapid Diels-Alder reaction with a second diene molecule (a
dimerization)

08— [ ()

Cram's idea was to synthesize cyclobutadiene in a host
system that would provide supramolecular steric hindrance to
prevent dimerization

Cram's breakthrough publication: “The Taming of Cyclobutadiene”, Angew.
Chem. 30, 1024 (1991)

Z.%  ANGEWANDTE
CREME——==

International Edition in English 30/8
T 1991
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Stabilizing Unstable Molecules

o

) (8

O) (D
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Stabilizing Reactive Intermediates

&
8 -8

B-Cyclodextrin solid Stable for days N
N=

e
O £ am Py
CH,Cl, @
. N D
O / / Cram’s carcerand Stable for days
ZSM-5 Zeolite Stable for weeks
g \ —
ZSM-5 Zeolite Stable for months
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