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Steps involved in energy transfer in solution

EnT in Solution

Isolated Molecules  Encounter Complex Collision Complex Encounter Complex Isolated Molecules
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Scenario A: Scenario B:
fast energy transfer slow energy transfer

Kent >> Kpif

diffusion-limited overall rate
Kobs = Kpif

Kent << kpif
u

energy-transfer-limited overall rate
Kops = KenT
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Diffusion

_ 8RT
3000n

kDIF

n is the viscosity of the solvent (in units of Poise, P)

R is the gas constant (8.31 x 107 erg/mol or 1.99 cal mol! K1).

For typical non-viscous organic solvents (benzene,

acetonitrile, hexane) at room temperature ) is ~ 1-10 cP

koir has a value of around 10°-101° M-1s1,

Possibilities

D*+A —> D+ 1A

— DA DA

—E A DA —

D*+A —> D +3A*

Energy Requirement

A*

T AEp, <0
Endothermic
transfer

pr I j; s

T ?  Eo
P n 2

No overlapping
transition if D*
starts in ¢ = 0.

Allowed Forbidden
ED > EA ED < Ea

Mechanisms

* Radiative Energy Transfer
* Trivial ET

* Non-Radiative Energy Transfer
+ Resonance ET

+ Exchange ET
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Trivial Energy Transfer

Do

hy + A ——

Depends On:

D + hv
*A

+ The quantum yield (®.P) of emission of *D

+ The number of A molecules (concentration) in the path of photons

emitted by *D

+ The light absorbing ability (extinction coefficient, £,) of A

+ The overlap of the emission spectrum of *D and the absorption
spectrum of A, with consideration given to the extinction coefficient,

ea, of A at the wavelength of overlap.

Trivial energy transfer (radiative energy transfer)

D —— > D + hv

A+hy —>» A

+ no electronic interaction between D*

- I and A
ﬂ ® 8 + D* emits a quantum of light which is

! absorbed by A

A physical encounter between A and D* is not required, the photon must only
be emitted in an appropriate direction and the medium must be transparent in
order to allow transmission.

Criteria for Trivial Energy Transfer: Spectral Overlap
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Overlap J = [Iedv
integral

extinction coefficient of A

AT

emitted light intensity

This overlap integral also can be
used for energy transfer.

Non-Radiative Energy Transfer

Exchange Energy Transfer
Dexter Energy Transfer
Collisional Energy Transfer

Electron transfer

/\ Electron exchange /\
[©)

Wy — R [ MO
Hole transfer —
/—\ /\
Ho @ [ 1O) [ J&) [ ]
D A D *A

ket (exchange) = KJ exp(-2 rpa/L)
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S-S and T-T Exchange Energy Transfer

X

i singlet-singlet

/—\ energy transfer

1p* 1A 1D

_k
i
L

| triplet-triplet

/—\ energy transfer

Rt W

3p* 1A 1D

+ o+

Criteria for Exchange Energy Transfer
ket (exchange) = KJ exp(—2rp, /L)

Spin

Energy matching
Distance
Orientation

where K'is related to the specific orbital interactions such as the dependence
of orbital overlap to the instantaneous orientations of *D and A.

J is the normalized spectral overlap integral, where normalized means that both
the emission intensity (Ip) and extinction coefficient (ea) have been adjusted to
unit area on the wavenumber scale. It is important that J, by being normalized
does not depend on the actual magnitude of ea.

roa is the donor-acceptor separation relative to their van der Waals radii, £

Triplet-Triplet Energy Transfer

3D*+A —> D +3A*
AT — 4
U Y

ket (exchange) = KJ exp(—2 rp/L)

Criteria for T-T Energy Transfer: Energy Criterion

T, f
IAET
T,

Er(A)

Er (D)

Spectral Overlap Integral J

—

Coupled Transitions
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S
ISC
S1 = T
————— energy transfer
T1 >
D*
= T1
A
So — - So
benzophenone (n-1*) 370 nm naphtalene (m-7%) 290 nm
Sensitized Phosphorescence in Rigid Solution at 77°K
Donor Acceptor R(A)
Benzaldehyde Naphthalene 12 :
[-Chloronaphthalene 12 Organic Glass
1-Bromonaphthalene 12 at77° K
Benzophenone Naphthalene 13
1-Chloronaphthalene 13
1-Bromonaphthalene 13
1-Iodonaphthalene 13
m-lodobenzaldehyde Naphthalene 1
1-Bromonaphthalene 11
Triphenylamine Naphthalene 13
Carbazole Naphthalene 15
Phenanthrene Naphthalene 13
[-Chloronaphthalene 14
1-Bromonaphthalene 14

Sensitized Phosphorescence at 77 ° K

A. Terenin and V. Ermolaev,
Doklady, Acad. Sc., U.S.S.R., 85, 547, 1952;
Trans. Faraday Soc., 52, 1042, 1956

A. Terenin V. L. Ermolaev

7

§

L . 2 3 4
15000 20000 25000 er 10 mote/t
’ Fic. 3.—Phosphorescence intensity of
naphthalene, sensitized by benzophenone
against naphthalene concentration.

Energy Transfer in the Absence of Diffusion

The Perrin Formulation of Quenching. The Quenching Sphere

There exists a volume in space, termed a
"quenching sphere", about *D whose radius is
R: if a quencher molecule, A, is within this
quenching sphere, then *D is deactivated
with 100% efficiency.

If A molecule is outside of the quenching
sphere, it does not quench *D at all.

According to the Perrin model, the measured
lifetime of *D molecules that are not in the
quenching sphere will be the same as the

lifetime for *D in the absence of A.

A bit of history: Glass at 77° K to Solution at RT

Sensitized phosphorescence of aromatic compounds
A.N. Terenin and V. Ermolaev, Doklady, Acad. Sc., U.5.5.R., 85,547,1952

Sensitized phosphorescence in organic solutions at low femperature: Energy transfer

between triplet states
A.N. Terenin and V. Ermolaev, Trans. Faraday Soc., 52,1042, 1956

Quenching of biacetyl fluorescence in solution
H. L. J. Backstrom and K. Sandros, J. Chem. Phys. 1955, 2197

The quenching of long-lived fluorescence of biacetyl in solution
H. L. J. Backstrom and K. Sandros, Acta Chemica Scand. 1958, 12, 823

Transfer of triplet state energy in fluid solution: Sensitized Phopshorescence and its

application to the determination of triplet state lifetimes
H. L. J. Backstrom and K. Sandros, Acta Chemica Scand. 1960, 14, 48

Energy transfer from the triplet state
G. Porter and F. Wilkinson, Proc. Royal Soc. A, 1961, 264, 1
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Triplet-Triplet ET in Solution

H. L. J. Backstrom and K. Sandros, Acta Chemica Scand. 12, 823 (1958)
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Triplet-Triplet ET in Solution
Correlation of rate with triplet
energy gap

G. Porter and F. Wilkinson,
Proc. Royal Soc. A, 264, 1 (1961)

G. Porter
TABLE 6.5. Rate Constants for Triplet-Triplet Energy Transfer®®
AE, Kot
Donor Acceptor Solvent kcal/mole M ~sec™?
Triphenylene  Naphthalene Hexane 6.30 1.3 + 0.8 x 10°
Phenanthrene 1-Iodonaphthalene Hexane 3.15 7+ 2 x 10°
Phenanthrene  1-Todonaphthalene Ethylene glycol 3.15 2.1 + 02 x 10°
Phenanthrene  1-Bromonaphthalene  Hexane 2.57 1.5 + 0.8 x 10°
Naphthalene  1-Iodonaphthalene Ethylene glycol 229 2.8 + 0.3 x 10°
Phenanthrene Naphthalene Hexane 0.86 29 + 0.7 x 10°
Naphthalene ~ Phenanthrene Hexane —0.86 <2 x 10*
Naphthalene B ) B —8.90 <1 x 10*

Similarity between energy and electron transfer

Exchange Energy Transfer

Dexter Energy Transfer
Collisional Energy Transfer

N
transfer . .
w = J— - i} — J—
Electron transfer - Electron transfer
— Hole _—
['R(eD)] ﬁ\sl} [REA)]
HO —* oo ) 2ol o e .o .o .
i M R M- ‘R M R m
Electron
| transfer
w - —_ — .
Energy transfer
Hole\ e,
transfer
Ho —* .o .o .
R M R M

Ph Collisional?

| -

C=0 S-S I;;V 51
excite S _‘T
350 nm & W: ET

(CH;), n=1,2,3 a T,
emission cl |b

OO —_ — G. S. Hammond
460 nm
10

Ketone Naphthaler

Mixture of B & N
B phos | i '
. LBl e
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Relotive ntansity

L L
. o = £ £
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‘ Figure 9. Total emission spectrum of 1.
Figure 7. Emission spectrum of an equimolar (5 X 10- M) mix-
ture of I-methylnaphthalene and &-methylbenzophenone in EPA
glass under 3130-A. irradiation.

Intramolecular Electronic Energy Transfer between Nonconjugated Chromophores
in Some Model Compounds, G. S. Hammond et. al, JACS, 1965, 87, 2322




Collisional?

Ph.__~ O = Excitation (350 nm)

(. % triplet-triplet energy

~7A transferred = 100%,

OO ———> Phosphorescence (460 nm)
-«

PhCO

X 25
O

Electron and Energy Transfer---
H. E. Zimmerman et. al., JACS, 1971, 93,
3638

“For TT -ET close approach is not
invariably required”

Recorded in methylcyclohexane-isopentane
glassat77° K

L 1 L I TR
350 400 450 500 S50 600 nm

T-T Energy transfer at a distance: Need not be collisional

 [Ru(bpy)s-(Ph)n-Ru(bpy)al**
+ [Os(bpy)s-(Ph)-Os(bpy)al**
=0s : [Ru(bpy)s-(Ph)-Os(bpy)al**

Photonic Wires of N ric Di i El ic Energy Transfer in Rigid ---- B. Schlicke, P. Belser, L.
De Cola, E. Sabbioni and V. Balzani, J. Am. Chem. Soc. 1999, 121, 4207

T-T Energy transfer at a distance: Need not be collisional

at298 K at77K
[Ru(bpy)s-(ph)s-Os(bpy)s]** 6.7 x 108 4.5 x 108
[Ru(bpy)s-(ph)s-Os(bpy)s]** 1.0 x 107 1.1 x 107
[Ru(bpy)s-(ph)7-Os(bpy)s]** 1.3 x 106 1.4 x 108
e *MWT
n=3
| T =5
[ ®
v - n=7
[ 30 A 40 50
ol ¥y v
Ru(opy)2" (Pl Osfopy)2-

tog (0

Marcus inverted curve in triplet-triplet energy transfer

TABLE I: Experimental Intramolecular Triplet Energy Transfer Rates’

donor acoeptor "AG, eV —AG, keal/mol Ko 5 Keom 8

4 99 0026 06 182E+06 & 49E+05 W=

4-benzophenonyl  9-spirofluorenyl 0.026 06 226E+07 % 2.3E+06

4-benzophenonyl 4-biphenylyl 0.07 1.6 1.83E+05 + 1.17E+05 4.0E+07 + 4.0E+06
4-benzophenonyl 2-naphthyl 0.33 17 4.00E+07 + 4.0E+06 1.3E+09 + 2.6E+08
4-acetophenonyl 4-biphenylyl 0347 80 6.30E+07  6.3E+06

4-acetophenonyl 2-naphthyl 0.556 128 1.48E+08 £ 1.5E+07

4-benzophenonyl 2-benzoquinonyl 0.808 18.6 2.20E+06 % 4.3E+05

M. Sigman and G. Closs,
J. Phys. Chem. 1991, 95,
5012-5017
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Marcus relationship during T-T energy transfer

TABLE 1: Complexes and Quenchers®

label complex label quencher
1 Os(bpy)* a anthracene (An)

Os(bpy)a(pyz):?* b 2,3-benzanthracene (tet)

Os(bpy)a(das)>*

Os(bpy)a(dppm)**

Os(bpy):(dppe)**

Os(bpy)2(CO)(pyr)**

Os(bpy)(das),*™

Os(bpy)(CO)(MeCNy**

Os(bpy)(dppy)**

Structures are shown in Figure 1.

\ Q —
Q—Q (PP e,
bpy

MenAs” s (M
das dppy

— Ne=
@by ppn), Py p/\p Py <\ N/> <\ —N>
dope dpom e pyz

anthracene 23 benzunthracene

f NN MEWN

Os(bpy)32+* + An— Os(bpy)f* +3An

s v s o os|
AG®
fac-(b)Re!(CO)-! C}-cu,
(b)ReAn

Triplet Energy Transfer through the Walls of Hemicarcerands:
Temperature Dependence and the Role of Internal
Reorganization Energy,

P. Piotrowiak et. al. J. Am. Chem. Soc. 1998, 120, 12626.

(An) (ewracene. te)

T. J. Meyer et. al., J. Am. Chem. Soc. 1991, 113, 5113
K. Schanze et. al., J. Am. Chem. Soc. 1992, 114, 1897

log kq

0.0

triplet energy —AG°? E; comected,” :
acceptor ‘keal/mol kcal/mol keal/mol T-biacetyl [biacetyl]
Aryl Acceptors
naphthalene* * (NAP) 610 31 46 11 x 108 2.0 x 106}
2-phenylnaphthalene* (PNAP) 586 =07 30 24 x10° [65 x 10°]
fluoranthene* (FLA) 528 51 —02 10 x 107 [52 x 10
pyrene* (PYR) 486 93 —09 22 %107 [6.0 x 1057
acridine* (ACR) 454 125 —14 86 x 10° [90 x 10°¢
anthracene (ANT) 05 154 -20 40 x 105 [8.0 x 107
9-bromoanthracene (BANT) 414 165 —49 18 x 10 [6.6 x 10°]°
9,10-dibromoanthracene (DBA) 402 177 —44 42 x 10° [12 x 10%)¢
Alkene Acceptors
cis-piperylene/ (PP) 590 —11 52 10 % 10* [1.6 x 107]¢
1,3-cyclohexadiene (CHD)) 524 55 42 20 x 10* 2.9 x 105
triphenylethylene (TPP) 500 79 20 11x 105 [1.6 x 10%¢
1 4-diphenyl-1 3-butadiene (DPB) 425 154 09 53 x10° [90 x 10°]¢
cycloheptatriene (CHP) 380 199 50 34 x 10* [30 x 10°]
1,6-diphenyl-1 3 5-hexatriene* (DPH) 356 23 17 82 x 10° [9.0 x 108)
all-E-retinol* T) 335 244 11 10 x 10° [48 x 107
1.8-diphenyl-13 5,7-octatetraene* (DPO) 316 263 17 22 x 108 [43 x 10
oxygen z 375 204 -19 17 x 10* [43 x 105

Free energy dependence of energy transfer between
incarcerated biacetyl and acceptors in solution

10° F

10°

15 20 25 30 35

-AGo [kcal/mol]

Value of triplet-triplet energy transfer
in organic photochemistry

Sensitizers: Generation of reactive triplets

Quenchers: Identification of reactive triplet
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Need for Triplet Sensitization

E (S,): 125 kcal mol™!

E (S;): 120 kcal mol~!

Tt S,
N Sy = A T, nn*
74 keal mol- ~10 100%
T, nm*
15 =0.03 ns 69 kcal mol-!
Tr ~ 7 pus at room temp
1r ~0.001 sus at 77K
D ~4x1078
Dp ~0.84at77 K
o
.

S, E (S,): 100 kcal mol™ S, ——
dsc~0
disc ~ 0 S LL‘\'\‘SC
Oisc ~ 0 T
T, E (T,): 80 kcal mol™'
T
o -1
E (T): 60 keal mol E (T,): 54 keal mol-'
- O /
Sensitizers

> Should be able to excite the sensitizer alone even in presence of

acceptor.

> Sensitizer should have high intersystem crossing efficiency (S:

to T1).

> Sensitizer should have triplet energy higher than the acceptor.

> Sensitizer should be photostable.

AR '\\'\\ \\N s 1 g lignt filter

S H energy trarjsfer
T e
N
v N
Sp e —— S

donor acceptor

1 T

Examples of Triplet Sensitizers

3) Literature-known Photosensitizers.

E:L\?;@b

oo,
Methylene blue Dr(py)(atopy)l” foctipon s Kaona r.omurwy),;
@20 war @ ©0 s
1 1 1 1 1
T T T T T
» w© © ® n
[Ru(bpy)sl® Riboftavine [H(dF(CF:
1) o)

w0 00 ©18)

ol b | B o™

S N
Thioxanthone
A8 rtet onergies are

R NN

cco w0
w26 0 20
[
2 ?
o pn NP N v f/
- e N L \=/ N O N s,
@9 @54 “o) sy 3 [CON Y 2R 58)
Il Il IR yo S5y !
T T T 1 T
» © © -3 n

F. Glorius et. al., Chem. Soc. Rev., 2018, 47, 7190
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Table 10.3 P: for Triplet P
Es Ey Ts Tr

Compound (kcal mol ™) (s) Conf. T} &gt
Benzene 10 8 ~107 10 mx* 02
Acetone ~85 ~78 10-° 10-3 n,* 1.0
Xanthone 74 w* 1.0
Acetophenone ~79 74 10710 107*  nx* 1.0
4-CF3Acetophenone 71 n,* 1.0
Benzophenone ~175 69 101 1074 n,m* 1.0
Triphenylene 83 67 ~5x107° 107* &z 0.9
Thioxanthone 78 ~65
Anthraquinone 62 n,m* 1.0
4-Ph-benzophenone 77 61 107% 77t 10
Michler’s ketone 61 1.0
Napthalene 92 61 1077 1074 w,m* 0.7
2-Acetonaphthalene 78 59 1074 w,r* 1.0
1-Acctonaphthalene 76 57 1074 mm* 1.0
Chrysene 79 57 5x 1078 ,T* 0.8
Biacetyl ~60 55 107* 107 a7t 10
Benzil ~59 54 ~10%  10* nn* 1.0
Camphorquinone ~55 50 ~107% n,* 1.0
Pyrene 77 49 ~107° .t 03
Anthracene 76 47 ~5x107° 10* w7t 07
9.10-Dichloroanthracene  ~ 74 40 ~5x107° 107* w* 0.5
Perylene 66 ~35 5x107° m* 0005

HANDBOOK OF
PHOTOCHEMISTRY

{IRC N

-

-

Marco Montalti
Alberto Credi
Luca Prodi

M. Teresa Gandolfi

Photochemistry

'PhaCO*

SIOW\SI_ —~ Product A
T é —— Product B
Reactant

G. S. Hammond

JACS, JPC, 1959-1970
Review: Deactivation of excited states
L. M. Stephenson and G. S. Hammond,
Angew. Chem. Int. Ed., 1969, 8, 261.

A
Q.
W

3

Myrcene

Pi

\,
H

PIAhhav

sens 3

\ 7
o

I

T

Turro, 61
. Saltiel, 62
e @
Lk Liu, 64

85%
gil o,
83% 14%

Cole, 65
Y + s
Ph PR Ph
ee=6.7%

Gyclooctateiraene Bancione Semiouvaiene
00 h
Ciganek, DuPont, 1966 “ -
o Benzobaralene s
Kellog, DuPont, 1969 s - g -
TR~
Benzonorbomadiene
. oy — o
=
Q
e G - Py
l:g: 2] o I o
%E o sens O } ﬁ @( 3ens
2 o) { o o
o
<I>=O 3sens hv ( ti>< ~ 3gens
na 1.3 o o =~ o
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K
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o

1

4J3

&«

H. E. Zimmerman

JACS, 1973, 95,3977 &
4606; 1970, 92, 4366.

. .
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OH o
= O
.
OH o
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Zimmerman at ?
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Cis and trans
should not be excited

0 More trans excited

9ut "

) Cis and trans excited

{80

= 3

i§.7C ne, Lha 3

s R Q‘ s 3

OF 6 e ST

) et
W 4 48 52 55 60 B 68 72 76

o) Ey [keat/mole) ——=

Fig. 4. Photostationary states for the stilbenes, measured (O) and pre-

dicted from kg measurements (®).

Er = triplet energy of sensitizer.

Sensitizers: 1, cyclopropyl phenyl ketone. 2, acetophenone. 3, benzo-
phenone. 4, thioxanthone. 5, anthraguinone. 6, favone. 7, Michler's

ketone. 8, 2-naphthyl phenyl ketone.

9. 2-naphthaldchyde. 10, 2-aceto-

naphthone. 11, I-naphthyl phenyl ketone. 12, chrysenc. 13, 1-naphth-
aldehyde. 14, biacetyl. 15, 2,3-pentadione. 16, fuorenome. 17,

18, dibenzl

19, 20. benzil.

21, dibenzla,clanthracene. 22. pyrene. 23, benzlalanthracene. 24, benz-
anthrone. 25, 3-acetylpyrene. 26, acridine. 27, 9,10-dimethylbenz(al-
28,

19,

G. S. Hammond et. al, J. Amer. Chem. Soc. 1964, 86, 3197

3 57 kcal/mol

T

49 k

cal/mol

Energy (kcal mol-)
o
o
1

254

So

T T T
0 90 180

Angle of twist degree
(€=0)

Photostationary State

trans Ke'; Ko trans
cis ket Ko cis

60 kcal/mol

N\ 7

53 kcal/mol

Peraraies

e E— 60%
30%

~8%

\ y jsens

o/

+ P — L

—

§ 20
£
3 80
H
2
g
)
2
H
3
8 60
H X
2 | Regibn 3
50 55 60 65 70
Triplet energy of sensitizer (kcal mol-') —

GS Hammond, RSH Liu & NJ Turro, JACS, 1963, 85, 477, 1965, 87, 3406

7-trans-p-ionol

Er = 60 kcal/mol

Table I Photostationary State (PsS)
Sensitized Irradiation®

7-cis-B-ionol

Er =75 kcal/mol

Compositions of 8-Tonol by

Sensitizer % cis

Sensitizer® concn, M at PSS
Acetone 05 650
Propiophenone 05 654
0.01 65.4
Acetophenone 01 718
p-Methylacetophenone 01 739
3,&-Dimethylacetophenone 0.1 794
4,4"-Dimethoxybenzophenone 01 841
4,4/-Dimethylbenzophenone 05 864
01 865

001 865

0.1¢ 86.6¢

014 86.47

Benzophenone 0l 910
Triphenylene 001 946
2-Acetonaphthone 01 100
001 100
1-Naphthyl pheny! ketone 0.1 100

PERCENT gis

RSH Liu

Only trans excited

PHDTntATIUNARV STATE COMPOSITIONS OF f-10NOL
T

T .
Cls and trans excited |

B ) B 75 Genirmeier

TRIPLET STATE ENERGY OF SENSITIZERS

RSH Liu et.al., J. Org. Chem., 1973, 38, 1247;
RSH Liu et.al., JACS, 1976, 98,2935
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7-cis 7-cis, 9-cis 7-cis, 9-cis, 13-cis 7-cis, 13-cis

— CHO — (K/(=>_/=>:\ — —.  CHO
W WCHO ‘ CHO W

7-cis, 11-cis 7-cis, 11-cis, 13-cis 7-cis, 9-cis, 11-cis all-cis

Doubly Hindered 7,11-Dicis Isomers of Retinal. Synthesis, Properties, and Interaction with Cattle Opsin, RSH
Liu etal., J. Am. Chem. Soc., 1979, 101, 5078.

Vitamin A Isomers 12. 7-cis,9-cis,11-cis-Retinal, all-cis-Vitamin A, and 7-cis,9-cis,11-cis-12-Fluororetinal,

RSH Liu et.al., J. Am. Chem. Soc., 1983, 105, 2923.
Ph hemi and Synthesis of Ster s of Vitamin A, RSH Liu et.al., Tetrahedron, 1984, 40, 1931.

R

o 0.31(0.34)
—

-—
0.009 (0.014) Yo F

HO

7-dehydrocholestrol

R = C¢Hy; Ergosterol
R = CgHy; 7-dehydrocholestrol

Pre-vitamin - D A

Hydrogen
migration

(Sens. 0.15)
Tachysterol (Tch) _~ —l
(Sens. 0.58) HO

Pre-vitamin - D (P-D)

""OH
Er
Sensitizer KJ Mol! (P-D/Tch)
Benzopheonone 286.3 2.6
Anthraquinone 260.8 2.1
2-Naphthylphenylketone 2478 1.5
Benzil 2250 1.8
9-Fluorenone 2228 44
Benzanthrone 196.5 56
7,12-Dimethylbenzanhracene 1852 16.3

Initial ratio (P-D/Tch)= 0.5; solvent=ethyl ether.

Photosensitized Isomerization of Previtamin D2 and Tachysterol------.
RSH Liu et. al., Nouv. J. Chim., 1978, 2, 637, 1978.

L . R A
within paranthesis HO'
Vitamin - D
Tachysterol
"OH
United States Patent (s [u]  Patent Number: 4,551,214
Hansen et al. 1#5)_Date of Patent: _ Nov. 5, 1985
[54). PHOTOCHEMICAL PREPARATION OF 1 ABSTRACT
PREVITAMIND ‘Compounds of the formula
[5] Inventors: Hans-Jirgen Hansen, Richen;
Karlheins Procetner, Basl, both of o ®
Switzerland . .
(73] Assignee: Hoffmann-La Roche Inc., Nutley, h
NI, . ;
[21] Appl. No.: 620,418 b ®
[22] Filed: Jun, 14, 1984
[30]  Foreign Application Priority Data N
o1, 1983 (CH) - SWErd e 657/53 o x o

51 It QL

Bow 19/12
204/159 1R® is hydrogen or chlorine, R
204159 or —SOaMe, Me is an alkali metal cation

- and X is oxygen, sulfur or selenium, photosensitizers for

References Cited the conversion of tachysterol into previtamin D are

US. PATENT DOCUMENTS described. The tachysterol content in mixtures of previ-

ind tachysterol can be greatly reduced by

wherein R!
—COOMe

ISTSESL 419 Ploeriner e al v /19 Gl Pt it i SO sueh phote.
Primary Examiner—Howard S. Williams sensitizers.

Attorney, Agent, or Firm—Jon S. Saxe; Bernard S. Leon;

William G. lsgro 5 Claims, No Drawings
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Identifying the reactive state

g—_t I
o &
hv T -~
H&MCHS — Sll . Tl] eo——!— “
|
1I(BR) 3[(BR) 5
| | -
CH;COCH; + CH,=CHCH;
Norrish Type II products i
formed from both S, and T, __v_sn
CH,

Quenchers
% Quencher should have absorption away from that of the reactant
(donor).

< Quencher should have the triplet energy lower and the singlet
energy higher than the reactant.

% Quencher should quench the reactant only be TT transfer, not by
any other process.

> Quencher should be photostable.

Qs
As, As,
Qg a5;
QT
.Y
Ar, Ar,
. a5 Qi
As, —]— Q5 As; Qs ag;

T1 quenching Siand T; quenching S quenching

Stern-Volmer Equation

:kft(, Inabsence of quencher

f _
(I)f In presence of quencher

ks
D° L
f_ T _ - .
— = =1+k 7,[Q] Dividing these equations
o,k o
I f

The Photochemistry Portal
photochemistry.wordpress.com

Types of quenching: Static and dynamic

Qu---- @
» O‘*‘Q © " J¥e)
\ @
/O @ © ©
->
Q P%| |0 @ o
Y 6 e ©
Dynamic Quenching Static Quenching (Association)
Dynamic Pmbab""vv';v”‘ﬂo" The Photochemistry Portal Static

hotochemistrywordpress.com

6/11/20

Dynamic Quenching

S

Slope=Ksy=kyo

Static (Association) Quenching
.

oo

ot R

Slope= K,

a/m

[Q/m
The Photochemistry Portal
photochemistrywordpress.com
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Identification of the reactive state (Ti) Identification of the reactive state (T1)
Stern-Volmer plot

‘o CHy Energy o */ CHy
transfer
2 >
I hv I triplet ground state ground state triplet
CgH;CCH,CH,CH, — C,H.CCH, + CH,=CH, (~420 nm sbworption)
3.0 s,
s 91 kcal mol™"
T @ = Experimental points ——87 keal mol"!
T80 keal mor
g ey =
% 2.0 g

T
~~—— 60 keal mol"!

Triplet state with a
characteristic signature

N

Slope = kot = (®°/® - 1)[1,3-Diene] v

1.09 Experimental slope = 700 M~ é Solvent: Methanol
H
0 1.0 20 3.0 g
[1,3-Pentadiene] (x10° M)
320 360 400 440 480
Wavelength (nm)
PJ. Wagner and GS Hammond, JACS, 1966, 88, 1245

JC Scaiano

Probing the mechanism through quenching Sensitization from upper triplet (T2)
FD Lewis et.al., JACS, 1974, 96, 6090
8 RSH Liu et. al., J. Am. Chem. Soc., 1969, 91, 1492.
—_
4.0- I ok,
CeHlg A4 e, cr c
c4 0 Rﬁ Py 7 ]
1055 o 764 | @_
(Axial) oS (Equatorial) H R L l — - ol
HC CgH; CH, o | ] R s FiC CRy
9 10 | 42,5 keal/mole
30 | l Sensitizer 1
8 —— - e e T Xanthone +
° Figure 1. Energy diagram of anthracene. Acctophenone 0.9
B Benzophenone 103
6’ Michler’s ketone
H 2-Acctonaphthone 0.037
H 9 Fluorenone 0.0001
Benzanthrone .
CH, 2.0+ Acridine .
wok Anthracene (An) &
I 9,10-Dibromo-An 0.0081
k, cleavage = 2.5 x 107 s | INTERCEPT = | 9,10-Dichloro-An 0.0035
| siore e za / 9,10-Dimethyl-An ? 0.0006
o CeH. , 9-Bromo-10-methyl-An ? 0.0068
oHs
CH °
‘6Hs OH \7 ‘HQC. 1.04 ﬁgcm
Table IV. Comparison of Quantum Yields of Reaction of 1
HC CH, H . . . from Single and Double Sensitizer Experiments*
0.005 0.01 0015
Sensitizers (concn, M) Concn of 1 Quantum yield
[Naphthalene] M
9-Fluorenone (0.0167) 0.033 0.0001"
CH. OH ° 9,10-Dibromo-An (6.67 x 107%) 0.033 0.0038
oHs HC 9-Fluorenone (0.0167) +
HC )-H + 3 \O 9,10-dibromo-An (667 x 107 0.033 0.002
e e 2. A StrmVomer plot of the § 9,10-Dibromo-An (200 x 10-%) 0.033 0.0037
sensitized reaction of 1. ! “In n-hexane. ® Limit of detection. © Approximately 80% light
absorbed by fluorenone.
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Sensitization from upper triplets (T2)

RSH Liu et. al., J. Am. Chem. Soc., 1969, 91, 250.

0.6|-PHOSPHORESCENCE
1
32,480 cm .
....... s, 31500 0§
32,3000m™" S
04
26700 g .‘
76,050 2 2a900em 0.2l
22,840¢m™!
21,100 %
I B 7
FLUORESCENCE
14,850 DIBENZOFURAN

T r 0.1% ANTHRACENE

| % NAPHTHALENE-d,

@
o

EXCITATION AT 366 mu

ARBITRARY INTENSITY SCALE
@
o

401

— —_— —_—
ANTHRACENE BIPHENYL (SOLID LINE) NAPHTHALENE ~© | ,
DIBENZOFURAN (DOTTED)

400 500 600
WAVELENGTH IN MILLIMICRONS

Figure 2. Phosphorescence and fluorescence at 77°K of a 0.1-
mm dibenzofuran crystal doped with 0.1% anthracene and 17
naphthalene-ds using 366-mu excitation. The dotted line is the
phosphorescence of a similar DBF crystal doped only with naph-
thalene-ds. While the absolute intensity units are arbitrary, the
relative units have meaning.

Importance of T2 recognized in photoreactions

Qa b e QO OQ.vO

Q 3sens
} Q

Qe \ ssens
)

H. E. Zimmerman et.al, JACS, 1970, 92, 4366,
1973, 95,3977 & 4606.

References

Deactivation of excited states, L. M. Stephenson and G. S. Hammond, Angew.
Chem. Int. Ed., 1969, 8, 261.

Energy Transfer and Organic Photocehmistry, A. Lamola & N. J. Turro, Wiley, 1969

Dual catalysis strategies in photochemical synthesis, T. P. Yoon et.al., Chem. Rev.,
2016, 116, 10011

Energy transfer catalysis mediated by visible light: Principles, applications and
directions, F. Glorius et. al., Chem. Soc. Rev., 2018, 47, 7190

Visible-light induced organic photochemical reactions through energy transfer
pathways, Q-Q. Zhou-----W-J. Xiao, Angew. Chem. Int. Ed., 2019, 58, 1586.

Delayed Fluorescence

Triplet—Triplet Annihilation
Up-conversion
Triplet Fusion

Antistokes delayed fluorescence

Sensitized antistokes delayed fluorescence

6/11/20
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Beginnings of Delayed Fluorescence

B. Stevens & E. Hutton, Nature, 1960, /86, 1046

PLATE DENSITY

Lifetime: 1.8 = 0.2 ms

cm™
Fig. 1. Spectr f sl luorescence of pyre
""?Mm“‘»cc um of slow fluoresconcs of pyr

hrough phiospharoscopo (1), and of (i
eonklsting of vlolot (wonomor) and e (b

Origin unclear

Origin of delayed fluorescence identified
CA Parker & CG Hatchard, Trans. Faraday Soc., 1963, 59, 284

2x106M

intensity of emission (uncorrected)

intensity of cmzmd)

%0 00 o W6 50
wavelengih, mi wavelength, mu

i Fig. 19. Delayed fuorescence of pyrono in ethancl.¢ (1) 3 X 10-3M, (2) 10-2)1,
AT 1% ol Sinmonttol AIILSIASSLO ) 8 26 000, L1 (3)3 X 10-9, (4) 2 X 10~4M. The instrumental senitivity settings were approxi-
(3)3 X 10740, (4) 2 X 1094 The instrumental sensitivity settings for curves 1 i ‘those for the corresponding curves in Figure 18. The
and 4 were approximately 0.0 and 3.7 time that for curves 2 and 3. The short wavo- mately 1000 ina gsitior 11in Shoms S .o O o cohathics ore diskeries
length ends of the spectrs in the more concentrated solutions are distortad by soll- s 3
absorption. by self-absorption.

Tatio of Band Intensities of Dimer and Monomer

for Normal and Delayed Fluorescences®

Ratio for Ratio for
Concentration  normal delayed
of fluorescence, K, = fluorescence, K =
pyrene, ¢ én/dn én/éuc O0/0x (6p/6x — K2)/c
3 X 10M  5.20 1.73 X 10° 9.35 2.88 X 108
liter mole~ liter mole !
10~ 1.80 1.80 4.18 3.47
3 X107t 0.514 1.71 1.69 3.28
104 0.157 1.57 0.970 2.64
2 X 107 0.031 (1.5) 0.777 3.55
2 X 1070 — — 0.706 —
(= K

Delayed Fluorescence

Anthracene, Phenanthrene, Naphthalene, Benzpyrene etc.
CA Parker & CG Hatchard, Proc. Chem. Soc., 1962, 147
CA Parker & CG Hatchard, Proc. R. Soc. London. Ser.A. 1962, 269, 574
CA Parker & CG Hatchard, Nature, 1963, 200, 331

“The intensity of the emission is proportional to the square of the rate of
light absorption.”

Pyrene CA Parker & CG Hatchard, Trans. Faraday Soc., 1963, 59, 284

“The delayed fluorescence produced by triplet-triplet quenching is sharply
different from that form eosin. To facilitate distinction between the two
types we suggest the one be called E-type (esoin) and the other P-type
(pyrene).”

6/11/20
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Sensitized Anti-Stokes Delayed Fluorescence Two types of delayed fluorescence

Sensitized Anti-Stokes Delayed Fluorescence, CA Parker, CG Hatchard,
Proc. Chem. Soc.: Lond. 1962, 386. / E and P mechanisms \
Bmit  Excit Excite
Emit A \(IN j:/j/wzc

Perylene Eosin

NN )
\\ﬁ) Proflavine.HCI

P type E type
delayed fluorescence delayed fluorescence

Intensity

TN L\h\qL L/
L

A

|- 58

I e

|l b S—
M | Py

3 A \
il A ‘ A
HE . 2 A
H I ' | Donor Acceptor [

| H 1 1 \

2| I N

L Tt
400 440 480 520
Wavelength (mp)

* no thermal activation

+ spin allowed
+ mobllity required

* usual observation in s
under laser excitation
high sensitivity

+ energy of TWO triplet exceeds
requirements for one singlet

- thermally activated

* requires only one triplet

* mobllity not essentlal

* usual observation in room
temperature inert medium

olution
or very

./

P-type delayed fluorescence

The process in which the first excited singlet state is
populated by interaction of two molecules in the triplet state
(triplet-triplet annihilation) thus producing one molecule in

the excited singlet state

In this biphotonic process the lifetime of delayed
fluorescence is half the value of the concomitant

phosphorescence.

Triplet-Triplet Annihilation

*D(T4) + "D(T4)

Twice the
energy of Ty |~ mmmmmn

$1

Esinglet

So

krTa
*D(S4) + D(So)

with- AH<O

T
! 2X Eqplet

Etriplet
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Photochemical Upconversion: Sensitized
TTA (Sensitized Triplet Fusion)

Capturing and Converting Sub-Bandgap Solar Photons

) (nm)

Not every collision leads to energy transfer

Spin statistics for the interactions of two triplets

Total spin Arrow Multipilicity | Name of final

T K S=T,+T, [notation |=(2S+1) state, Symbol
Case I [ T,(t1) [ T, 0 it ! Singlet, $
Case2 [ T, (1H [ T,4h +1 Tt 3 Triplet, T
Case3 [T, (11 | T, (11 +2 Tt 5 Quintet, Q

Exchange Energy Transfer

k-
"D(Ty) + *D(Ty) — 3 *D(Sy) + D(So)

with  AH<O0

Initial states Final states

+
%
%

=t ot
+

%
%

“D(T) D(Ty) D(S1) D(So

Properties of TTA in Solution
Direct light absorption

The rate constants for TTA, krra, are generally very large.

With laser light excitation, triplet state concentrations in excess of 10-5 M
can be readily achieved. Typical products krra[D*(T1)] may then be

around or over 10° s,

Thus, any triplet with lifetime of a few
microseconds (a common situation) will undergo at least some TTA in

fluid solution.

The high sensitivity with which fluorescence can be detected makes TTA
an easily observable process even when it is not the major mechanism for

triplet decay.

6/11/20
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Red Light to Blue Light

Er NN\

N\ ET

sensitiser emitter

Sequential energy transfer upconversion

Goal: Go as much red and as much blue

Sensitized up-conversion
Red Light to Blue Light

S\ S\
S, m— 1SC NN lsC s ——S.
T T T T
=T TTA
ET ET
S m—— So So S,
sensitiser emitter emitter sensitiser

Sensitized triplet-triplet annihilation up-conversion

MLCT Sensitized Up-conversion
Newer examples

Low Power CW Photon Upconversion using

5 LaserPoder (miW) ¢

Agx =514.5 nm
[Ru(dmb),J>* @ 3.0 X105 M
Anthracene @1.3x 104 M
CH,CN

Chem. Commun. 2004, 2860-2861.

Anti-Stokes delayed fluorescencefrom metal-organic bichromophores, DV. Kozlov and FN.

Castellano, Chem. Commun., 2004, 2860-2861

Sensitized upconversion: Red Light to Blue Light
Newer examples

SR "V\\ 1An
lsc
& .. TTA SAy
=T —
3AD* 3 376 nm
2 480 nm BN . o 3RnT 33eV
2.58eV :
600 nm E
207 eV ;
¢ i ~18eV *An
|
FN. Castellano et. al., Photon upconversion sensitized

by a Ru(Il)-pyrenyl chromophore.
Phil. Trans. R. Soc. A, 2015, 373: 20140322,
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Ru(py-phen)3* anthracene

<
2z
]
g

1y~ ~EmRutpy-phen)i

300 400 500 600 700

wavelength (nm)

(b)

1x105 power denslty | T 106

2 3.5x 106
g sx10* 3.0x 106
§6><10“ 2.5% 106
= 2.0x 100
2 ax10t 15%10°
5 0 1.0x 10°
= 50109
0 0

360 380 400 420 440 460
wavelength (nm)

0.5 1.0 15 20 25
power density (mW cm™2)

Goal: Control the loss of energy, Keep the S1-T1 gap small

(a) Conventional triplet sensitization routes

—__S1_ Energy Gain

TIA _—
EnergyLoss S, _ISC

t _‘f\/)T TTET /

. — )T T
I E— UC emission

Excitation
S, Sq
Sensitizer Emitter

Direct Sy to T

(b) New triplet sensitization routes Larger absorption saves

— Energy Gain
Smaller/ No R gi/ energy loss.
Energy Loss ET
Triplet /
—) : f‘ﬁL L
! UC emission
Excitation
SU
Sensitizer Emitter

New Triplet Sensitization Routes for Photon Upconversion: Thermally Activated Delayed Fluorescence
Molecules, Inorganic Nanocrystals, and Singlet-to-Triplet Absorption, N. Yanai, and N. Kimizuka, Acc.
Chem. Res. 2017, 50, 2487-2495

NIR-to-blue TTA-UC

Os(bptpy),?*

Sensitizer: S, to Ty absorption, NIR, 724 nm

o Rl
o %!
TTBP

Emitter: Visible, Blue light, 450-600 nm

B © o, [Os(bptpy),”'] = 20 uM, [TTBP) = 20 mM
0.97 eV | PiPY), M,
5 ! o [Os(bptpy),”'] = 20 uM, [TTBP] =2 mM
A ) 34
2 1 _ Lot e e
3 ! S ot e @ =2.7%
= | S
0
& = A= 1<I D' =0.7%
S - P 2 . . .
462 nm 724 nm I L A e * A
r 0 L
400 500 600 700 1000 2000 3000 4000

Wavelength (nm)

Excitation intensity (mW cm?)

Goal: Control the loss of energy, Keep the T1-T1 gap small

1 s1
@ :
I
Sl & !
3 S % < ! <¥
E T é I A T
! < : |
| < : .
I 1 1
1 1 1
I 1 1
1 1 !
1 1 1
1 1 1
Soe—r— L A2 S
0 Sensitizer Annihilator Annihilator™?0
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Endothermic and Exothermic Energy Transfer Made
Equally Efficient for Triplet-Triplet Annihilation
Upconversion, Nikita A. Durandin et. al.,

J. Phys. Chem. Lett. 2020, 11, 1,318

PATAPIP ~

1.0 08000, 10
~ 2
PEAP N2os ——PEAP fluo los
N - PATAPIP abs. 4 -
- 1S --- ZNTAPIP abs. ! ! 8
206 y J0.6 ¢
£ : g
g ! 2
204 ' 042
Q il <
N '
© 4 . |
E 0.2 ’ ! 0.2
§ ’
0.04+= . e ; 0.0
400 450 500 550 600 650 700

Wavelength, nm

Visible light catalyzed dimerization of anthracene

An disappearance

Excite

Aex = 457.9 nm)

Photochemical Upconversion: Anthracene Dimerization Sensitized to Visible Light by a Ru (IT) Chromophore,

RR Islangulov and FN Castellano, Angew. Chem. Int. Ed. 2006, 45, 5957

ANTI-STOKES PHOTOSENSITIZATION.
CONCEPT AND DEMONSTRATION
OF A “RED LIGHT” TO “BLUE LIGHT” TRANSFORMATION

N. J. Turro, D. Brewer, W. Farneth and V. Ramamurthy, Nou. J. de Chimie, 2, 85, 1978.

TRARY UNITS

40
1

4

i
BLUE

&

Cec RIS S U &

Selected Reviews

C. A. Parker, Phosphorescence and Delayed Fluorescence from Solutions,
Adv. Photochem., 1964, 2, 305

Photon upconversion based on sensitized triplet—triplet annihilation, T. N.
Singh-Rachford, F. N. Castellano, Coordination Chemistry Reviews, 2010,
254, 2560-2573

C. E. McCusker, F. N. Castellano, Materials Integrating Photochemical
Upconversion, Top Curr Chem (Z) 2016, 374, 19

Upconversion Luminescent Materials: Advances and Applications
J. Zhou, Q. Liu, W. Feng, Y. Sun, and F. Li, Chem. Rev. 2015, /15, 395

New perspectives for triplet-triplet annihilation based photon upconversion
using all-organic energy donor & acceptor chromophores, A. Jean-Luc
Ayitou et. al., Chem. Commun., 2018, 54, 5809.
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Singlet Oxygen

(015)2(0 15 *)2(625)H(025%) (0 2p2) (Tapy ) (Tapx ) (T2px ™) (T2py *)'!

762 nm

] |
ol
3| S
g N
fir
1270 nm
] T

3% Ty =(n")'(n")" 0 kcal mol™!

S8, =(w)'(x")' 37.5 keal mol!

A S, = (TP 22.4 keal mol!

[*R(S) + %02 > *R(Ty) + '0:('n) |
1RO, R+ 0, (S;;na%:? :
¥R + 20, «14’ 8[R-++Og]* R+ %0, (Tgsgﬁt
R (S

)

)

)

Representative rate constants and singlet oxygen efficiencies for the quenching
of excited singlets by oxygen in acetonitrile at room temperature

Substrate
Naphthalene
Phenanthrene
Triphenylene
Pyrene
Fluoranthene
Perylene
Tetracene

Anthracene

Solvent

Acetonitrile
Acetonitrile
Acetonitrile
Acetonitrile
Acetonitrile
Acetonitrile
Acetonitrile

Acetonitrile

(SAS)a
<0.09
0
<0.02
0.30
0.30
0.27
0.25
<0.02

kS, 10° (M-15-1)
31
33
37
29
6.6
38
4
30

For the ET to be effective the singlet-triplet (S;—T;) energy gap of the donor must be greater
than the energy gap between the ground and singlet state of oxygen (22.4 kcal/mol), the

acceptor.

The m,m* triplet states of polynuclear aromatics are generally highly efficient at producing singlet oxygen,
frequently with SA>0.8. The n,n* triplet states of ketones have low values of SA, for example for
benzophenone SA is in the 0.3-0.4 range. Depends on the S,-T, gap.

Energy Gap Law for Electronic Energy Transfer to O:

R. Schmidt, J. Phys. Chem. A 2006, 110, 8, 2622

T T T T
TET/B CHCI; CD,.CN

K o e
% kv«m A A
k™ @ =

N
N\ =]

10 T
9 KA g
"o
E s
<
>
o
7+
0 50

Marcus type relationship. Larger the excess energy (more than

100 150 20 250
AE/kJmol™

needed to generate singlet oxygen) slower the rate constant.

6/11/20

22



Common !0; sensitizers (triplet)

\
N Ny N
Porphyrins 8

Phthalocyanines

Eosin Blue

(CH),N. S. N+(CH,),
L
N

A Compilation of Singlet Oxygen Yields from Biologically Relevant Molecules,

R W. Redmond and JN. Gamlin, Photochemistry and Photobiology, 1999, 70, 391.
Photosensitized singlet oxygen and its applications, MC. DeRosa, RJ. Crutchley, Coordination
Chemistry Reviews, 2002, 233/234, 351.

Physical Mechanisms of Generation and Deactivation of Singlet Oxygen, C. Schweitzer and R.
Schmidt, Chem. Rev. 2003, 703, 1685.

History of Research on Singlet Oxygen
+19th Century

- 1800s biologists discover: Dyes, oxygen, and light toxic to organisms
* Unknowns: =

Viability of intermediates
Mechanism of oxygen uptake
Chemistry underlying toxicity

Spin state property of O,

15 +

37— Zg
= fast Excited singlet states
§ A
- 22 9 Early mechanistic explanation
2 of photooxidation chemistry
H slow floundered
w

e 3%4” Ground state triplet

Mulliken, R. S. Nature 1928, 122, 505; Rev. Mod. Phys. 1932, 4, 54

Hans Kautsky

* 1931, brilliant experiments

* Dye and acceptor adsorbed on SiO; gel beads

« Oxidation of acceptor

* Suggested: diffusible '0; ('Z4")

* Found himself challenged on this interpretation

10,
through
space sio
2
gmall (1891-1966)
N ® &
. _hv + HOS
O % 2T
NH; Me;N NMe, Me,N NMe,
trypaflavine leuco malachite green malachite green

hv¢ trypaflavine, O,

o 1 -0
® g . cleavage o
MeN NMe, Mezc;? ‘ G NMe,

dioxetane

g
{)

Kautsky, H.; de Bruijn, H. Naturwiss. 1931, 19, 1043

Contemporary skepticism:
Hans Gaffron

OH k
(1902-1979)
J or ( hv

H

N_N
HO,C CO.H He o (820 nm)  acceptor
hematoporphyrin 0, oxidation

allyl thiourea
(acceptor)

Chlorophyll a, R=CH;
Chlorophyll b, R=CHO

*Argued the 'Z," state (37 kcal/mol) could not form by energy
transfer from a dye emitting at 820 nm (35 kcal/mol)

Gaffron, H. Ber. 1935, 68B, 1409; Biochem. Z. 1936, 287, 130
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Contemporary Skepticism _
60 Schenck 1940-1963

‘Sens--O0°  (moloxide)

Papers on photooxidation were one-sided
Photooxidation attributed to sensitizer—oxygen adduct
Many discounted the contribution of 10, (A)

-S€NS porn

Sens!t?,
SenS.oem+A el

+A

Senspums0; X

A0s #8675 papm G. O. Schenck
References: (1913-2003)
Schenck, G. O. Naturwiss. 1948, 35, 28
Blum, H. F. Physiol. Rev. 1945, 25, 483
Bowen, E. J. Discussions Faraday Soc. 1953, 14, 143
Terenin, A. N. Akad. Nauk S.S.S.R. 1955, 85
Livingston, R. S. Conf. Biol. Antioxidants Trans. 1950, 5, 17

Singlet Oxygen

4% Singlet Oxygen as the reactive species

H. Kautsky et. al., Naturwissenschaften, 1931, 19,1043
H.Kautsky, et. al., Dtsch. Chem. Ges., 1933, 66, 1588.
H. Kautsky, Biochem. Z, 1937, 291,271(1937)
H. Kautsky, Trans. Faraday Soc., 1939, 35, 216.

H. Kautsky G. O. Schenck
*Sens--00°  (moloxide)

GO. Schenck, G. O. Naturwiss. 1948, 35, 28

Singlet Oxygen

Foote, C. S.; Wexler, S. J. Am. Chem. Soc. 1964, 86, 3879

Foote, C. S.; Wexler, S. J. Am. Chem. Soc. 1964, 86, 3880

S Wolf, CS Foote, J Rebek Jr. J. Am. Chem. Soc. 1978, 100, 7770

C. S. Foote

Plants that commonly grow in the shade benefit from having a variety of light-absorbing
pigments. Each pigment can absorb different wavelengths of light, which allows the
plant to absorb any light that passes through the taller trees.

LH1, light-harvesting 1 complex;
LH2, light harvesting 2 complex RC, reaction center.
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All photosynthetic processes involve absorption of photons and the transfer of this
excitation to the RC, where ET takes place. This transfer of energy from the
absorption site to the reaction site is known as light harvesting and is highly
efficient; at low light intensity, more than 99% of the absorbed photons lead to
charge separation at the RC.

Nelson N, Junge W. 2015.
Annu. Rev. Biochem. 84:659-83

Excitation transfer from light-harvesting 2 complex to the
reaction center of photosynthetic bacteria. It is primarily
the intercomplex, and not the intracomplex exciton
transfer, that is criticalfor overall efficiency.

Non-Radiative Energy Transfer

Dipole-Dipole Energy Transfer Resonance Energy Transfer

Coulombic Energy Transfer Férster Energy Transfer

Férster Resonance Energy Transfer (FRET)

Initial state Final state
Dipole—-dipole

w 2 _—
9%,

04
PN
RN
'60&6@0/8 —
7L

Resonance Energy Transfer

i singlet-singlet

energy transfer

Lo

1D 1A*

+ 4

very rare in solution!

| triplet-singlet
energy transfer
JD* 1A

1D 1A*

+ 4
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Exchange vs Resonance (Triplet-Triplet)

X

| triplet-triplet |

h energy transfer

4‘7 AH» Exchange 4H’ +
D S

JD’
Triplet-Triplet
—

Resonance

+ -~ =

History singlet-singlet energy transfer

Hg vapor to Na vapor
G. Cario and J. Franck, Z. Physik, 17, 202 (1923).

Hg vapor to H»
Xe vapor to H»
H. Calvert, Z. Physik, 78, 479 (1932)

Anthracene to Naphthalene crystals
A. Winterstein and K. Schon, Naturwiss., 22, 237 (1934)
E. J. Bowen, Nature, 142, 108 (1938)

Tryptaflavin to Rhodamine B in solution (> 70A)
T. Forster, Z. Elektrochem., 63, 93 (1949)

1-Chloroanthracene to perylene
E. Bowen and B. Brocklehurst, Trans. Faraday Soc., 49,1131 (1953)

Milestones in the Theory of Resonance Energy Transfer

1918 J. Perrin proposed the mechanism of resonance energy transfer. A
theoretical interpretation of energy transfer between molecules, involved

fluorescence polarization in a solution of a single chemical species of fluorophore.

1922 6. Cario and J. Franck demonstrate that excitation of a mixture of
mercury and thallium atomic vapors with 254nm (the mercury resonance line)
also displayed thallium (sensitized) emission at 535nm.

1928 H. Kallmann and F. London developed the quantum theory of resonance
energy transfer between various atoms in the gas phase. The dipole-dipole
interaction and the parameter Ro were used for the first time.

1932 F. Perrin published a quantum mechanical theory of energy transfer
between molecules of the same specie in solution. Qualitative discussion of the
effect of the spectral overlap between the emission spectrum of the donor
and the absorption spectrum of the acceptor.

1941 W. Arnold and J.R. Oppenheimer, an abstract on FRET in photosynthesis
and full article in 1950

1946-1949 T. Férster developed the first quantitative theory of molecular
resonance energy transfer.

Férster Resonance Energy Transfer (FRET)

A Transmitter-Antenna Receiver-Antenna Mechanism

Initial state Final state
Dipole-dipole

Beginning ! e : End
Ho & el { Toy “—/
2
kgp <1PD*‘IJ (P28 1 (o *IIDIP A*>
r
1 o
o — perator
7'6

Interaction energy (E) between two dipoles pa, up at a separation r is given by

— %
Transition dipole moment E o Uqlp f(@)
3
VN  — ]istance
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AE (*D— D) = AE (A — *A)

E % £(0) == Operator
r

kg [e,
R:)A

kET (dipole - dipole) —

k__(dipole-dipole) = a'(l;ﬁ J(e,)

DA

Energy —

B j F,(A)e, (MAdA
C [Fy(da

2 ko
k., (dipole-dipole) = @ ==t 7 (e)

DA

o=n®

03
0.2
0,1
0,0

il
o

0.2

0.1
0,0

cane

0 A

Emission Absorption

*D D SN . ASTA
N WY N
A ~ Spectral Overlap Integral J S

1/A=v

Overiap J=[redv
integral

’ [ tral overlap integral
J;] FD(l’)éA(V)E Spectral overlap mtegra.

Triplet-Triplet Energy Transfer
Sensitizers and Quenchers

Organic Chemistry

Qg
As, As, As,
Qs Qs
Qy,
Ar, Ar, A,
Qs Qn
As J_ QT Agy Qs Asy Qsy

Siand T; quenching

T: quenching Not specific,not useful S, quenching

Sensitizer Quencher

Singlet-Singlet Energy Transfer
FRET as a "Spectroscopic Ruler"

Biochemistry and Biology

Lubert Stryer
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Forster formulation

hmhﬂﬁf

r

dpk> 90001n10
T 1287°N n* o)

kET =

(7o) 03

¢p : Fluorescence quantum yield of donor in absence of acceptor
K2 : Orientation factor

Tp : Lifetime of donor in absence of acceptor

r : Donor — acceptor distance

Na: Avogadro number

n : Refractive index of the medium

Fp(A) : Normalized fluorescence spectrum of donor

€a(A) : Normalized absorption spectrum of acceptor

Ro+Ra
&) (@D CMD O ®OOOG)
4
In the absence of acceptor: k[D*]
E 05 4====
1
In the presence of acceptor: k[D*] + kgt [D*][A] 1 v
0 1
1
‘We make an assumption that when r =R, 0 /111 2
/Rg

Definition of Ry

k[D*] =ker [D*][A]

At rpa=Ropa:

The deactivation of excited state would be
ker [D*] + k[D*] [A] =2 k[D*]

What happens to Forster formulation at R,

¢D:<2 90001n10
8 1287°N 4n

7 fFD (A}, (ptdr

ET_

When r =R, the rate of energy transfer equals the rate of deactivation.

kET =k = T
D D
A $pk? 9000110 s
w Fp( ), (WA
Kor = T op ) 1287°N 4 4f by
Ro

Replacing r with R, and rearranging the above eqn.

Ry can be calculated
using this eqn.

dpk> 9000In10
1287° N 4n*

Ret = fFD (A} 4GP an

For each D-A pair the
#is fixed

ko = 1 [ppx? 9000110
o1 1287°N 0t

f%@hﬁwﬁ

_gpk” 90001010
287°N n

fFD () (A nar

r Ry = Forster distance

()2

R, is constant for a particular donor — acceptor pair in a given solvent
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What one needs to estimate 'r'?

kET(r)= L(&r

Tp r

One can get ‘r’, if we can measure
* kgr (Rate constant of energy transfer)
* 1p (Lifetime of donor in absence of acceptor)

* Ry is calculated.

What is kET

hv
D — D*
Follow the fluorescence
k of the donor
D* — D
k
D* Ke D h o=
— + v kF + k
k
DF + A —e D o4 A% O, F= ke _
kr + k + Kgr
Ky
AY S A
- kg +k+kgp kg
D, kg kg +k
Oy, ker _ l+1@
D,F kp +k

Singlet-Singlet Energy Transfer

Rise of acceptor (R6G)

Decay of donor (C1)

Forster radius - examples

Some typical donor-acceptor pairs commonly used in structural
mapping of proteins, and their values of Ry:

0

20 4 [
Time ( ps)

LNmo (Donor)
|

Coumarin-1

Hoc. _cty
h ase

NH

PN
HiC L /L)\cm
A ° o~on, (Acceptor

Rhodamine 6 (R6G )

),So.z

0.0"

0 20 40 60

Time ( ps)
Inverse rise time of acceptor 6
. 1 (R, 1 1
fluorescence is: ket kg =—| — kpr =——-—
Tp\ ’r Tpa Tp
System ™ rise ' R, Ry,
C480@O0A, +R6G 1.5ps 4900 ps 488 A 13x1 A
C153@O0A, +R6G 1.0 ps 7400 ps 55.7A 13x1 A
C1@OA, +R6G 3.5ps 4300 ps 425A 13¢1 A

Donor

Acceptor R, [A]

Fluorescein wo

Tetmethylrhodamine 55

SO
g
§

soH

IAEDANS ooty | FlUOrescein 46

Tryptophan i |DPH ) 40
Oy OO

Fluorescein Fluorescein 44

BODIPY BODIPY 57

6/11/20

29



Ro® =

¢DK g

90001n10
1287°N 4n

g fFD(m(A)A da

Tab. 9.1. Examples of Forster critical radii

Donor Acceptor Ro (A)
Naphthalene Dansyl ~22
Anthracene Perylene ~31
Pyrene Perylene ~36
Phenanthrene Rhodamine B ~47
Fluorescein Tetramethylrhodamine ~55
Fluorescein-S-isothiocyanate Eosin maleimide ~60
Rhodamine 6G Malachite green ~61
Tryptophan Dansyl ~21
Tryptophan ANS ~23
Tryptophan Anthroyl ~25
Tryptophan Pyrene ~28

Spectral Overlap

T3 i3 5
S A NN
SN 2 — = 2 4
N+ N N+
R R R

Excitation

Excitation/Emission signal (a.u.)
uoissiwg

T T T T T T T T T
450 475 500 525 550 575 600 625 650 675 700 725 750

Wavelength (nm)

T
775 800

The Orientation Factor

> =(cos b,

GMAP in 3-6MAP

FAD,y in Photolyase

Acceptor

—3cosé, cosd,)’

Or: £ mp, my
. Zmp, Ips

042 £ my, Tpy

Case 1: _*’ _;’ 0,=0
T

GD:O
GT:0

K2 = (cosO—Z»cosOcosO)2 =4

Case 2: * 0,=90 -
GD =90 AI'"

r 0r=0 al

K2 = (cosO—3cos9OCos90)z =1

Case 3: _*' 0,=90
GD = 90
r GT = 90

k%= (cos90—3cos9Ocos90)2 =0
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Case 4:
FRET b Spectral overlap
When the transition moment of donor and acceptor are normalized _
The value of k? can be taken as an average s 3—? ERET R No FRET FRET
1 @
o
” é é S, Overlap
f(cos@r ~3cos0p cosB , ¥ dOrd6pd6 gl 8
< 2> 0 2 gl 3
K= =— [y
T 3 lk
S,
fdereDdeA S, —— ° Wavelength Wavelength
0 Donor Acceptor
The rate of energy transfer between a donor and acceptor is given by where k is C Distance d orientation
taken to be 2/3; this is an assumption, need not be true all the time. No FRET ERET No FRET FRET
400 nm 400 nm
o 400 nm 400 nm
1 ¢pik? 9000In10 4 Y N~ ~ S
kpr = Fp(A) (A ntda
ET 6 5 4 D A
Tpr 1 1287° N AN 0 O:)
_v_l -
e e
> 10m <10m <10nm <10 nm
C Distance b Homo-FRET Exchange vs Resonance (Singlet-Singlet)

No FRET FRET No FRET Homo-FRET

400 nm 400 o 400 nm 400 nm 0 X

N N~ haY N~
10 a0 1w

>10 nm <10 nm

singlet-singlet 1

h energy transfer

} | Exchange 1 I

d BRET D A D

|A'
singlet-singlet 1
1A%

i
|
|

>10 nm <10 nm

+

a Dark quenching
No FRET FRET No BRET BRET

N N~ P P
) )
8 8 8080 % 0O #C

>10 nm <10 nm >10nm <10nm

energy transfer

} | Resonance 1 I

D* A D

I
o
S
>
3
S
o
S
=)
3
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Differences between Férster (dipole-dipole interaction) and
Dexter (electron exchange) energy transfer processes

¢ The rate of dipole-induced energy transfer decreases as R whereas
the rate of exchange-induced transfer decreases as e—(2r/L).
Quantitatively, this means that kgr (exchange) drops to negligibly
small values (relative to the donor lifetime) as the intermolecular
(edge-to-edge) distance increases more than on the order of one or
two molecular diameters (5-10A)

*  The rate of dipole-induced transfer depends on the oscillator
strength of the *D — D and A — *A radiative transitions, but the rate
of the exchange-induced transfer is independent of the oscillator
strength of the *D — D and A — *A transitions

keT (exchange) = KJ exp(=2 rpa/L)

D* + A =3 D +A*
k,, (total) = [u<‘]’(D*)‘I’(A)‘ H, | w(D)w(a%))

Electron exchange

+B(w(D¥)w(A)| 1. w(D)w(a¥) ]

Electron dipole-dipole interactions

u-u 2 HZHZ

K - (Dipole-dipotey & E* = | ZRZA | £2DA
R RS

DA DA

Size of aromatic

hydrocarbons Distance dependence, when it can

be measured accurately, is a basis
N In ker/ky < 6 In Ry, (Dipole—dipole) for distinguishing

energy transfer that occurs by
dipole—dipole interactions from

electron exchange

o ko 2R I (Exch interactions, since the latter
n o xchange)
eT" "D oa/Floa ge) generally falls off exponentially

L with the separation Ry,
20 40

Roa ()

Dipole-dipole mechanism will be most favored for *D and A
pairs such that:

e The *D —» D and A — *A processes correspond to a
large (spectral) overlap integral, J.

e The radiative rate constant, k* p, is as large as possible.
e The magnitude of ¢4 is as large as possible.
* There is a small spatial separation between *D and A.

e There will be a preferred orientation for which energy
transfer is most favorable.

ATheory of Sensitized Luminescence in Solids, D. L. Dexter,
J. Chem. Phys. 21, 836 (1953)

Transfer mechanisms of electronic excitation, Th. Forster,
Discussions Faraday Soc. 27, 7, (1959)

6/11/20

32



FRET as a "Spectroscopic Ruler'

Method 1 Based on emission intensity

Conformational change

7

AP

Gain of FRET

Tp

6
LR (&g) .
kET(’)=*(*0 7 b=
A S

Ro(A)= 0211x (x"n"*¢,J)"°

Experimental verification of Férster formulation

An Experimental Study of the Transfer of Energy of Excitation between Unlike
Molecules in Liquid Solutions!

By EpMUND J. BOWEN AND ROBERT LIVINGSTON

J. Am. Chem. Soc, 76, 6300, 1954

SUMMARY OF THE RATE CONSTANTS AND RELATED QUANTITIES

A Chloroanthracene CI Cl Ci
B perylene perylene perylene rubrene rubrene
Solvent benzene chloroform liquid paraffin benzene benzene
Ry A 41 (42) (39) 38(2) 84

An Experimental Study of Energy Transfer between Unlike Molecules in Solution
By Wrriam R. Ware  J. Am. Chem. Soc, 83, 4374, 1961
Paic e Rud R
Authracene*-perylene 1.2 X 101 31 54
Perylene*-rubrene 1.3 X 101 38 65
9,10-Dichloroanthracene*-perylene g g x 10w 40 67
Anthracene*-rubrene 3.7 X 109 23 30
9,10-Dichloroanthracene*-rubrene 3.1 X 10 32 49

Rigid bis-steroid
— —
HsCO

9 ?
C=0 C=0

N(Sp)A OOO

k——— Rpy~20A |

Naphthyl Anthracyl
energy donor energy acceptor

E. R. Blout et. al., JACS, 1965, 87, 995.

.
Dansyl Naphthy!
(Energy acceptor) (Energy donor) al .

9 9
emission —— () SOQ{U%WPLW O — ete
(CHIN— ) . ‘P
n-1-2
Eney

Transter

InE-1)

R=12forn=1

N
F—{fgen }— Sope =6

n = Number of L-proline groups

In Energy-transfer efficiency

Energy Transfer: A Spectroscopic Ruler
L. Stryer and R. Hauhland, 3.0 32 3.4 36 38 2.0

PNAS, 58, 719 (1967) In Ao
These results suggest that under suitable

conditions the energy transfer process
can serve as a spectroscopic ruler in the
10-to-60 A range.
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5y«
84.9 kcal mol-!

62.1 kcal mol~!

Fluorescence

_—
k>3 x 1010 St
o 96.6 kcal mol-1

X 108

PR B
T,,//' 64.2 keal mol-! ‘\\‘ T

_k>3 x 1010

Si
91.4 keal mol-!

61.6 kcal mol~1

UV | | Fluorescence
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Phe to Naph distance
Calculated by FRET: 15.7A

Estimated by modeling: 14.3A
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Fluorescein Rhodamine
A l
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400 500 600 700
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R
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2
R B N
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3 R
Ho. ) DABCYL Qsy
9 9
3 R R K
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" - e - ..-.._O_./
R S
x x BHQ R? R R R’
Fluorescein Rhodamine sial R' R R RS RS RE
1| cH, No, cH, A H OCH,
2 | No, H H OCH OCH, H
10 |NaOS H H NaOS H  H
. |
Cyanine R*
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NN N
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CraHar
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~COOH
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_ NoFRET

Acceptor- labeled

Donor- labeled
micelle

o} No FRET

o1 =

micelle

FRET

20 &
Exchange of unimer _ ' '
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Dynamic assemblies
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\ 7y
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T e ema
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ey N Emission
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=2 DNA
]
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J@[i
Z
HN N o
[ sensitizer
>
N.
N—co;

Chelator
Vam\
N [§

N o LRET
Lt I
g N e NP Y i W

Vil
Linker 4

* CONFORMATIONAL CHANGES

© ® ®
—
| ®

Ly
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Making Use of Forster Resonance Energy Transfer
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Protein Hydrolysis
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The Nobel Prize in Chemistry 2008

"for the discovery and development of the green fluorescent protein, GFP"

Aequorea victoria

Fluorescence  Tungsten Cooled
Resonance Halogen Widefield
Energy Transfer Lamphouse CCD Camera

RE’ pom

icroscope
Configuration Arc-Discharge
Lamphouse

Ar-Kr Laser
System

Cooled Gen Iil
Intensified with AOTF

Inverted
Tissue Culture Figure 7

Nipkow Confocal
Scan Head Microscope

Mitochrondrial Protein-Protein Association with FRET

Donor Acceptor
Emission Emission FRET
(a)

(b) Figure 8 (c)

Light absorption

RRRE
Apman

g, A W g i 4

A

L

X
- S &
K /&
A
&

/4

Artificial Photosystem

Natural Photosystem

Light-harvesting dendrimers, V. Balzani et. al., Current Opinion in Chemical
Biology 2003, 7, 657-665

Materials for Fluorescence Resonance Energy Transfer

Emission Y
685 nm Q=
VA

S/

Seaicl 2\

Coumarin donor

V ° Acceptor core
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2H,0

0,+ 4H"

light-harvesting antenna

alnoryﬂoln
energy
electron transfer electron
transfer transfer H,
&

S
electron 2H*
transfer

g

Absorption (a.u.)

Photon flux /10" s m™ nm

0 <
200 400 600 800 1000 1200

Fig. 5 Incident photon flux solar spectrum (ASTM 1.5 solar output spectra) and
UV-Vis spectra of commonly selected chromophores plotted with normalized
absorption to help visualize spectral overlap. See Table 1 for extinction coefficients.

View Articie Online

Chem Soc Rev Tutorial Review

[N
N (L
‘/
Ir(ppy)2(bpy)”
e
X x
I
P - FareTer
2O
d
% X
oo W=z Pors X
MgTPP : M =Mg MgPc: M =Mg PBICI =]
2HTPP:M=2H ! 2HPc:M=2H o

Fig.4 A selection of chromophores that have been utized in energy transfer systems

Chem. Soc. Rev.,, 2013, 42,1847-1870

6/11/20

37



Ru-Dyes For Dye-Sensitized Solar Cells

Michael Gratzel,
Solar Energy Conversion by Dye-Sensitized Photovoltaic Cells,
Inorg. Chem., 44 (20), 6841-6851, 2005

DSC application - Portable electronics

Consumer
electronics

Sensors &
Actuators

Retail | |

)

— |

PECCell - flexi DSC

(L

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

DSC-based Portable Powerpack
from G24i

cy

Laboratory for Photonics and Interfaces (LPl)
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Large area DSC panels for
outdoor and building integration

Long distance energy

Time

A AR

O-0-0-0-0-0-0-0-0-00eQ
O-O-O-0-0-00-00000e

Ground state Excited

Main group O [ )
Trap group Q [ ]

Energy ftransfer
through space

and electron migration

Initial

Hopping

Transfer
to trap

Energy
on trap

Electron transfer
through bond

Some Reflections on the Work of Theodor Forster
George Porter, Naturwissenschaften, 1976, 63, 207-211

THE HISTORY OF FRET: From conception through the labors of birth
R. M. Clegg, Reviews in Fluorescence, 2006, 1-45

Materials for Fluorescence Resonance Energy Transfer Analysis: Beyond Traditional
Donor—Acceptor Combinations
K.E. Sapsford, L. Berti, and I. L. Medintz, Angew. Chem. Int. Ed. 2006, 45,4562 — 4588

Structure and Energy Transfer in Photosystems of Oxygenic Photosynthesis N.
Nelson and W. Junge, Annu. Rev. Biochem. 2015. 84, 659-83

Investigating supramolecular systems using Forster resonance energy transfer
A. J. P. Teunissen, C, Pealrez-Medina, A. Meijerink and W. J. M. Mulder,
Chem. Soc. Rev., 2018, 47, 7027

Fluorescence Resonance Energy Transfer (FRET): A Powerful Tool for Probing
Amphiphilic Polymer Aggregates and Supramolecular Polymers,
P. Rajdev, and S. Ghosh, J. Phys. Chem. B 2019, 123, 327-342
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https://link.springer.com/book/10.1007/0-387-33016-X

