CHM 535/635
Molecular and Supramolecular Photochemistry

Energy Transfer

Chapter 7
Principles of Molecular Photochemistry: An Introduction
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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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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! K!).

For typical non-viscous organic solvents (benzene,

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

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

Possibilities

D*+A —> D+ 1A

— DA = DA

— DA+ A — DA

D*+A —> D +3A*

Energy Requirement

=T

it

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

D D + hv

hy + A —— *A

Depends On:

+ 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
A+hy —>» A"
X + no electronic & physical interaction
- between D* 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

D 0 3 c—
2 ——e
+ o . At extinction coefficient of A
QNS
ololo|lo *
: - (V)ea (v)av
8 y alal-e J = I IL(v)e,lv)dv
1 > ‘ 4
D —(1) 0 ] A emitted light intensity
Emission Absorption
D-D o A=A ) .
‘ ¥ NN/, . This overlap integral also can be
SN * A used for energy transfer.
! : 1/A=¥
Overlap J = [ledv
integral s

Non-Radiative Energy Transfer

Exchange Energy Transfer
Dexter Energy Transfer
Collisional Energy Transfer

Electron transfer
< Electron exchange
‘

1 ~ i

W — _ — —
Hole transfer - -
»

o @ (1 (16 °

‘D A D ‘A

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

l singlet-singlet l
energy transfer
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| triplet-triplet
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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

Sy
SC
] P -
energy transfer
Ty
D i
—F T X
A |
X—L
So. — So
benzophenone (n-1t*) 370 nm naphtalene (n-1*) 290 nm
Sensitized Phosphorescence in Rigid Solution at 77°K
Donor Acceptor RAA)
Benzaldehyde Naphthalene 12 .
1-Chloronaphthalene 12 Organic Glass
1-Bromonaphthalene 12 o
Benzophenone Naphthalene 13 at77 K
1-Chloronaphthalene 13

m-lodobenzaldchyde

Triphenylamine
Carbazole
Phenanthrene

1-Bromonaphthalene 13

Naphthalene 13
Naphthalene 15
Naphthalene 13
I-Chloronaphthalene 14
1-Bromonaphthalenc 14

Criteria for T-T Energy Transfer: Energy Criterion

]

I\E.

E¢ (D)
Er (A)

So

[

Coupled Transitions
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Sensitized Phosphorescence in organic glass 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
wp
.
b
o tom
I
osf
v i Y .
Cuio metest
Fio. 3—Phosphorescence inteesity of
naphthalene, sensitized by

against naphthalene concentration.

Energy Transfer in solids and glass
Under restricted 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 hot 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

Phosphorescence and the triplet state
6. N. Lewis and M. Kasha, J. Am. Chem. Soc., 63,3005, 1941

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 temperature: 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

Triplet-Triplet ET in Solution

H. L. J. Backstrom and K. Sandros, Acta Chemica Scand. 12, 823 (1958)

4 y/You . R 4
Er € 3 —
| 1 - —
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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
Nobel Prize, 1967

TaBLE 6.5. Rate Constants for Triplet-Triplet Energy Transfer®®

AL, Kata
Donor Acceptor Solvent kcal/mole M~ sec™?
Triphenylene  Naphthalene Hexane 630 13408 x 10°
Ph h 1-Tod: hthal Hexane 315 74+2x10°
Phi h 1-Tod: hthals glycol 3.15 21 %02 x 10*
Ph h 1 Hexane 2.57 1.5 £ 0.8 x 10°
N 1-lod hthal Ethylene glycol 229 28 + 0.3 x 10°
Phenanthrene  Naphthalene Hexane 0.86 29 £ 07 x 10°
Naphthalene  Phenanthrene Hexane -0.86 =2 x 10*

—8.90 <1 x 10*

I"h Collisional - Really?

C=0 s-$ I;;V - 5
excite Sy 7 EZ
350 nm T W‘* ET

(CH,), n=1,2,3 . T,

el c b
_emission | G. S. Hammond

460 nm

Ketone Naphthglene

Mixture of B & N

£ = = = by
Figare 9. Toul emissicn spectrum of 1
Figure 7. Emission spectram of an equimolar (§ X 107 ) mix.
tare of 1-meshylnahibalene and SmethyBersopbesoos i EPA
lass under 31 XA, iraciacion

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

Collisional - Really?

Ph 20~ Excitation (350 nm)

Yo triplet-triplet energy
transferred = 1007,

s

| —— Phosphorescence (460 nm)

T T Thco 4~

H. E. Zimmerman

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

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

e : et —

¢ Phos Me-Np CH,
@b Recorded in methylcyclohexane-isopentane
glassat 77° K

T W V—— —_
350 400 450 500 550 600 nm

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

o0 . Q ‘ED Ru a
Forodd
.—u-z‘i—‘ 20
d=3254
dadzk =
M=M= Ru [Rubpy)-(ph)n-Rulbpy)al**

M=M=0s '(Oslbw)r(ﬂ')n-oslbwhllr:'
M =Ru; M'= Os : [Ru(bpy)s-(ph)y-Osdpy)al* .
aca :7 FREeY i Note: as the distance decreases the donor

R = rhexyl emission decreases

Photonic Wires of Nanometric Dimensions. Electronic Energy Transfer in Rigid ---- B. Schlicke, P. Belser, L. De
Cola, E. Sabbioni and V. Balzani, J. Am. Chem. Soc. 1999, 121, 4207
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T-T Energy transfer at a distance: Need not be collisional

[Ru(bpy)s-(ph)s-Os(bpy)al**
[Ru(bpy)s-(ph)s-Os(bpy)al**
[Ru(bpy)s-(ph)7-Os(bpy)s]**

o

i
[
-
le

f

at298 K

6.7 x 108
1.0 x 107
1.3 x 106

at77K

4.5 x 108
1.1 x 107
1.4 x 106

Value of triplet-triplet energy transfer
in organic photochemistry

Sensitizers: Generation of reactive triplets

Quenchers: Identification of reactive triplet

Need for Triplet Sensitization

E (S,): 125 keal mol™!

S, \51
9sc - 0
kY
T
E (T,): 60 kcal mol™
OF

E (S,): 100 kcal mol™'
Sy

‘H::SC_D

X

T

E(S,): 120 kcal mot!
S,

" -0
.Y
E (T,): 80 kcal mol*!

E (T,): 54 kcal mol*!

TR S,
NI" S, =——— ~nrnre T, ax
74 kcal mol™! ®»~1.0 100%
T, nx
s =0.03ns 69 keal mol-*
Ty ~ 7 pus at room temp
1~ 0.001 susat 77K
O ~4x10°¢
®p~084at77K
||
s — SA®
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> 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.

Sensitizers

> Sensitizer should be photostable.

s‘_1_ )
A light filter

Examples of Triplet Sensitizers
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F. Glorius et. al., Chem. Soc. Rev., 2018, 47, 7190

Sy energy trarjsfer
T i i3
LT
v ™
So —— S
donor acceptor
Table 103 I Pa for Triplet Ph
Eg Ey s T

Compound (keal mol ™) (s) Conf. Ty ®st
Benzene 110 84 ~107 10* ax* 02
Acctone ~85 ~78 10 100 ax* 10
Xanthone 74 b % o 1.0
Acctophenone ~79 74 10719 104 ox 10
4-CF;Acetophenone ! nx* 1.0
Benzophenone ~75 6 0., 107t ax* 10
Triphenylene 83 67 ~5x10%* 107 ' 09
Thioxanthone 78 ~65

Anthraquinone 62 nx* 1.0
4-Ph-benzophenone 7 61 107 ax* 10
Michler’s ketone 61 1.0
Napthalene 92 6l 107 10 ax* 07
2-Acetonaphthalene 78 59 0% ax* 10
1-Acetonaphthalene 7% 57 104 ax* 10
Chrysene 9 57 5x10°% axt 08
Biacetyl ~60 55 107% 107 ax* 10
Benzil ~59 54 ~10% 10* o2t 10
Camphorquinone ~55 50 ~107% nx* 1.0
Pyrenc 7 49 ~10° ot 03
Anthracene 76 47 ~5x10° 10* aax* 07
9,10-Dichloroanthracene  ~ 74 40 ~5x107° 10* ax* 0S5
Perylene 66 ~35 5x107° a* 0005

HANDBOOK OF
PHOTOCHEMISTRY

-

Marco Monlaltl
Mberto Credi

Uica Prodi ’
M. Teresa Gandolli

of
Photochemistry

2P,
L
R
3
)
STEVEN L MOV
B L_
Phco
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S|OW\Sl —— Product A
é Turro, 61
T —— Product B
Saltiel, 62
Reactant
Liu, 64
CH,
)"v
V)
1
14%

G. S. Hammond A hv N /A

+
¥ o
=)
k2
N
W

JACS, JPC, 1959-1970 Ph Ph Ph Ph Ph
Review: Deactivation of excited states H
L. M. Stephenson and G. S. Hammond, #N-ac
Angew. Chem. Int. Ed., 1969, 8, 261. ee=6.7%

Ciganek, DuPont, 1966

. :7 |l
Kellog, DuPont, 1969 H. E. Zimmerman

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

p— = =PV 3
So=c] 5 (=hv) c
H H g —
. 3 £ 57 keal/mol
Cis and trans £ 50Ty~
should not be excited . L
More trans excited 5 49 ktal/mol
]
c
1]
25
0 R
T T T
5 5 0 20 180
[FE) E; lkeal/mole) ——= Angle of twist degree
Fig. 4. Photostationary states for the stilbenes, measured (O) and pre- (=0
dicted from ko measurements (@), Ey = triplet energy of sensitizer.
Sensitizers: 1, eyclopropyl phenyl ketone. 2, acetophenone. 3, benzo- :
pheaone. 4, thioxanthone. 5, anthraquinone. 6, favone. 7, Michler's Photostationary State
ketone. 8, 2-naphthyl phenyl ketone. 9. 2-naphthaldehyde. 10, 2-aceto-
naphthone. 11, 1-naphthyl pheny) ketone. 12, chrysene. 13, I-naphth- trans Kete Kio trans
aldehyde. 14, biacetyl. 1S, 2,3-pentadione. 16, Ruorenone. 17, _
18, dibenzla, 19, i 20. benzil. - -
21, dibenzla,clanthracene. 22. pyrene. 23, benz[ajanthracene. 24, benz- cis ket Kio cis
anthrone. 25, 3-acetylpyrene. 26, acridine. 27, 9,10-dimethylbenz(al-
28, 9,

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

o
. oot Y N@n!
\.‘& ] o Y I
o - o
Y m- . '-
\ ° )
R
R
o 031 (0.34)
—
—
0.009 (0014) o F Hydrogen
HO o migration
Pre-vitamin - D AN R

7-dehydrocholestrol

R = CyHy; Ergosterol
R = CgHy; 7-dehydrocholestrol
within paranthesis

R
HO x

Vitamin - D

Tachysterol

""OH
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Tachysterol (Tch)

P

“IOH

Sensitizer
Benzopheonone
Anthraquinone
2-Naphthylphenylketone
Benzil
9-Fluorenone
Benzanthrone

7,12-Dimethylbenzanhracene

(Sens. 0.15)
—

(Sens. 0.58) HO

Er

KJ Mol!

286.3
260.8
2478
2250
2228
196.5
1852

Pre-vitamin - D (P-D)

(P-D/Tch)
26
2.1
15
18
44
56
163

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.

United States Patent (1] Patest Nember: 4,551,214
Hansen et al. ~ (4] Date of Pateat: _ Nov. §, 1985
[34) PHOTOCHEMICAL FREPARATION OF i ABSTRACT

PREVITAMIN D Compounds o @

D3] vestor: Hase-Jiegn Hasen, Riehen:
Kartoins Pearner, B, 5o o€
Swisernd

(73] Amignee  Holtmane La Rocke loc., Nuddey,
NJ
D] Ap Nos €418

3] Foed  Jem 14 14

6] Porelon Appicusion Priveity Dess ’\/L
PR pr— i o x TN

{1 Qs ot 13

3] V. wam R-R* b Mydroges or chiocme, R' b
e BT TC00he o SO bt s e caon
2 X b oy e, slfur ce sebmie, irer foe
1 Referonces Oed e convernon of tachyserct im0 peeviumia D we
US PATENT DOCUMENTS ;Ulﬂ'iad '\t‘llyﬂnﬁw‘:l-u::u:.::n;
AT 4191 Poerieer o BB T, D iraterios I the poessace of woch
Primary Examinar—Heomart S, Wiliam Ry
Arncy. Agoat ¢ Firm—3cn S Saxe; Bermacd 3. Looes
Witam O ngro 5 Claim, No Desvings

Triplet-Triplet Energy Transfer

Sensitizers and Quenchers

Qg

| ay,
As, _L Qs Asy
Q = Reactant
Selective

sensitization of the
reactant triplet

N
Q7

Qg
Both Syand Ty
quenched
Not a good
sensitizer and
quencher

Q = Reactant
Selective quenching of
triplet

Identifying the reactive state: Value of quenchers

r— s,
T ——s7
PR
7 T
o L
CHy  hv, — o ~
HJC)K/\/ Sll Tll
v
'I(BR) I(BR)
| | .
A\
CH;COCH; + CH,=CHCH;
Norrish Type II products
formed from both S, and T, P —_—
S S,
CH, )(L/
AN, R
,C
\VI// "

Use band-pass filters or laser to selectively excite the ketone
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Quenchers Stern-Volmer Equation
% Quencher should have absorption away from that of the reactant
(donor). : k; k,
o) = : ===k, Inab: f h
% Quencher should have the triplet energy lower and the singlet ’s ki +k, + Fo il
energy higher than the reactant.
k k

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

In presence of quencher

» Quencher should be photostable.

k
EN
e % _ widingth ;
our 3 y _ D —k, 1+ kq ,[Q] Dividing these equations
+k

Cut-off filter

The Photochemistry Portal
photochemistrywordpress.com

Identification of the reactive state (T1)
Stern-Volmer plot

Types of quenching: Static and dynamic

Q----O
Qb d"‘o
Il hv [
0 0"6 C,H,CCH,CH,CH, —» C,H,CCH, + CH,=CH,
d-: p () 3‘0«
‘ O ‘b @ = Experimental points
Dynamic Quenching
. Increasingquencher@) . ag
Dynamic ety Static s 20

AN

Slope = k.t = (®°/® - 1){1,3-Diene]

Dynamic Quenching

fam

Experimental slope = 700 M~

T T T
0 1.0 20 3.0
[1,3-Pentadiene] (x10° M)

PJ. Wagner and GS Hammond, JACS, 1966, 88, 1245

1



Identification of the reactive state (T1)

o =0 Energy ° o
transter
o - on,
Butyrophencne  1-Memrynapnmnak Butyrophencne  1-Methyinaphthalene
o ground state grouna state o

ripet
(~420 nm absorption)

91 heat ot
87 keal mot

T

Tt 80 kcal mot!

£
0y 1, T
Wm0 it mot*
Tegtet state wah &
chaacterasc soretse
. )
§
&
2
H
a e 2o | %0 a0 40 40
o CH. Wavelergth jrm)
A
HC
JC Scaiano
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Delayed Fluorescence

Triplet—Triplet Annihilation
Up-conversion
Triplet Fusion

Antistokes delayed fluorescence

Sensitized antistokes delayed fluorescence

Delayed Fluorescence-Thermally activated

. Infersystem
crossing
}" ““““““ Thermal
Sy equilibration
Delayed thermal
fiuorescence T
So So

Fig. 1.1 Illustrating production of delayed thermal fluorescence
(DTF).
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wt Delayed Fluorescence

20 T1QO e A 12
69" S
b B. (o EosinY
o o 0\ o
o &

More Fluo

———— S —

In [delayed Ruorescence] /[phosphorescence)

——ww T eow T c04

High Temp Low Temp

Another type of delayed fluorescence (Triplet-Triplet annihilation)

B. Stevens & E. Hutton, Nature, 1960, 186, 1046

PLATE DENSITY

Y. 1. Spectrum of sdow 4
Rrap 4ed Ehronah phoaphon weo
umietiag of Vil (mononier)

Lifetime: 1.8 = 0.2 ms

Origin unclear

Origin of P-type delayed fluorescence identified

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

2x10%M

2% 10 0.1

E and P-Type 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 of eosin. To facilitate distinction between the two types
we suggest the one be called E-type (eosin) and the other P-type (pyrene).”

4/23/21
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Sensitized Delayed Fluorescence

Sensitized Anti-Stokes Delayed Fluorescence, CA Parker, CG Hatchard,

Emit Excite
Perylene Eosin

Proc. Chem. Soc.: Lond. 1962, 386.

Emit e \[/\[/Nm AN

Intensity

Excite

NN

Proflavine.HCI

400 440 480
Wavelength (mp)

Two types of delayed fluorescence

-

E and P mechanisms \
Triplet State

P type
delayed fluorescence

* no thermal activation

E type
delayed fluorescence

+ thermally activated
* requires only one triplet
* mobllity not essentlal

* usual observation in room
temperature inert medium

+ energy of TWO triplet exceeds
requirements for one singlet

+ spin allowed
+ mobllity required

* usual observation in solution
under laser excitation or very

high sensitivity

./

Triplet-Triplet Annihilation

k-
"D(Ty) + *D(T;) — = *D(Sy) + D(So)

Twice the
energy of Ty |~ M

St

So

T

Esinglet

Etriplet

with AH <O

2 Etiplet

Photochemical Upconversion: Sensitized

TTA (Sensitized Triplet Fusion)

Capturing and Converting Sub-Bandgap Solar Photons

. (nm)

4/23/21
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Not every collision leads to energy transfer

Spin statistics for the interactions of two triplets

Total spin Arrow Multipilicity | Name of final
T, T,
S=T,+T, notation | =(2S+ 1) state, Symbol
Case 1 T,(tH | T,db 0 titd | Singlet, S
Case2 [T, (1| T, (0D +1 it 3 Triplet, T
Case3 [T, (1| T,,(4D +2 Tttt 5 Quintet, Q

Exchange Energy Transfer

k-
"D(Ty) + *D(T) — % *D(S;) + D(So)

with AH <O

Initial states Final states

%
%

+
ot
ot

B(Ty) DTy

*D(S1) *D(So

Properties of TTA in Solution
Direct light absorption

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

With laser light excitation, triplet state concentrations in excess of 105 M

can be readily achieved. Typical products krra[D*(T1)] may then be

around or over 10° s\,

~1

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.

Red Light to Blue Light

NS ‘_IET |

sensitiser emitter

Sequential energy transfer upconversion

Goal: Go as much red and as much blue

4/23/21
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Sensitized up-conversion
Red Light to Blue Light

S S
VAVA VA Isc 3
T T, T
TTA
ET ET
So Sy
_— S
sensitiser emitter emitter sensitiser

Sensitized triplet-triplet annihilation up-conversion

MLCT Sensitized Up-conversion
Newer examples

Low Power CW Photon Upconversion using
[Ru(dmb),]?*/Anthracene

Upcanverted
Fhurescance intensiy

EIEE)

3
-
§ e
g .

i
i
%

= 514.5 nm
[Ru(dmb),]* @ 3.0 x105 M
Anthracene @ 1.3 x 104 M
CH,CN

Chem. Commun. 2004, 2860-2861

Anti-Stokes delayed fluorescence from metal—organic bichromophores, DV. Kozlov and FN.
Castellano, Chem. Commun., 2004, 2860-2861

Visible light catalyzed dimerization of anthracene

An disappearance

225 Excite

Smn
1 min

17 min

IS min

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

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
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Generation of Singlet Oxygen via Triplet Sensitization

[R+O,]* R + '0, (S;)r;gzlhet)
1/3 i
¥R + %0, === J[R--0Oy R + %0, (ngtlﬁt)
5/9
Quintet
5[R.-O.]*
[R--O,] ( path )

Common !0; sensitizers (triplet)

] 1
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Porphyrins

Phthalocyanines
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A s Matiors B

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.

Generation of Singlet Oxygen via Singlet Sensitization

[*R(S) + 30, - *R(T)) + '0,('a) |

IS

Sensitizer Oxygen
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10, sensitizers (singlet)

Rate constants and singlet oxygen efficiencies from excited singlets by oxygen

Substrate Solvent (SAS)a K¢S, 10° (M-1s-1)
Naphthalene Acetonitrile <0.09 31
Phenanthrene Acetonitrile 0 33
Triphenylene Acetonitrile <0.02 37
Pyrene Acetonitrile 0.30 29
Fluoranthene Acetonitrile 0.30 6.6
Perylene Acetonitrile 0.27 38
Tetracene Acetonitrile 0.25 42
Anthracene Acetonitrile <0.02 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.

History of Research on Singlet Oxygen

- 19th Century

- 1800s biologists discover: A combination of dyes, oxygen, and light is toxic to organisms

« Unknowns: =» Reactive species
Viability of intermediates
Chemistry underlying toxicity

Early mechanistic explanation of photooxidation chemistry floundered

Spin state property of O,

15 +

37— 4
= fast Excited singlet states
©
131 1
< 22 Aq
>
2
2 slow
]

0o 3%4” Ground state triplet

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

* 1931, brilliant experiments Hans Kaufsky
* Dye and acceptor adsorbed on SiO, gel beads

* Oxidation of acceptor

* Suggested: diffusible '0, ('Z,")

* Found himself challenged on this interpretation

10,

through

space
(1891-1966)
N, ® z
+ %» P + O
NH, Me,N OO NMe, Me;}? Gae NMe,

trypaflavine leuco malachite green malachite green

th trypaflavine, O,

o )

Me,N NMe,
dioxetane

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

Contemporary skepticism:
Hans Gaffron

OH k
(1902-1979)
or HzNYH\/\ hv
S

HO,C CO.H (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
6. O. Schenck

‘Sens--O0°  (moloxide)

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

Sens 0

¥,
oA

SenSpume0y X
Ay ¢ Se50urm 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--O0°  (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
Wolf, ; Foote, C. S,; Rebek, J. J. Am. Chem. Soc. 1978,

100, 7770 C. S. Foote

Photosynthesis

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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i Nelson N, Junge W. 2015,
[V 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 critical for 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
O) )
L _t ) — — 1?_
M C
oy, ., b\Qo\ 78
o, Dop .~ & o
Zr P

! n < 09‘: &
[ ] ec [ 1O) [ ]

Exchange vs Resonance (Singlet-Singlet)
V.

l singlet-singlet

{———\ energy transfer
| —

47 % Exchange %
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—

i singlet-singlet

energy transfer

{ } l Resonance f |

o+ 4

Exchange vs Resonance (Triplet-Triplet)

'
+ - mp!gi;! ;rlplefl - +
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+
|
|
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History singlet-singlet energy transfer

Hg vapor to Na or T1 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. J. 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 fransfer. 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, published an abstract on FRET during
photosynthesis process and full article in 1950

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

Forster Resonance Energy Transfer (FRET)
During the IAfe.f'une of thy exc1t onor g enctey | eXI'# created»kg tke oscillation of the

excited statd elebToR e accep NSt throug 0% nanes AN energy field.
Initial state Dipole-dipole Final state
Yirtge T -
oy o
Beginning | e —— v’f‘.** End

Ho & o o .—/
2

u .
kgp <11!D*111A %‘A j(@iwaA*>

Operator

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

%
Transition dipole moment E Uqlp f(@)
3
V < —— Distance

Forster formulation

k. (dipole-dipole) = o KI; ZB J (5A)

dpk? 90001n10
T 1287° N yn

f&@h@wﬂ

kET =

op : 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

€x(A) : Normalized absorption spectrum of acceptor
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Forster Resonance Energy Transfer from
excited donor to ground state acceptor
depends on:

Spectral overlap

Distance

Alignment (Orientation)

j F, ()&, (AD)A'dA
N [Fp(A)dz
o’ 0 3=

Sor——

} alaj=lo “’:‘_I'A'
g 1 ala ,101
3 111l ol o| 5| 8|
e 1]

D -0 0 A

Overlap J=[redv
integral 1% '

k_ (dipole-dipole) = a " k” i)

Spectral Overlap Integral / i

A :
Fu{") 70 - spectral overlap integral

Spectral Overlap

Excitation/Emission signal (a.u.)

T T ) T T T T T T T T
450 475 500 525 550 6575 600 625 650 675 700 725 750 775 800

Wavelength (nm)

FRET:

Isolated donor

©

Distance dependence

Donor distance too great

—©

g

~

Donor distance correct

Effective between 10-100 A only
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The Orientation Factor

Kk’ =(cos@, —3cosb, cosd,)’

Sk D \, ,L/’( ma
e _/ 2 Ipa YA
< a N\ HyC? \ /oo

OMAP in 3-6MAP FAD,y in Phoolyase

Or: £ mp, my

Op: Zmp, rpa

A s 04 £ my, Tpp

The Orientation Factor

Orientation seldom known; assume k2 = 2/3 (random assortment)

T
f(cos@r ~3cos0)p cosb , Y dOrdpd6
_0

) 2

[dordopdo,
0

The rate of energy transfer between a donor and acceptor is given by where k is
taken to be 2/3; this is an assumption, need not be true all the time.

oo}

2
1 ¢DK 9000111104 fFD(}\,)EA()\,)A4d)L
0

kpr =
r pr® 1 1287°N n

Case 1: _'>' _" 0,=0
— O =0
T eT
K2 = ((:050—30050c050)2 =4
A
; 1 =4
Case 2: t * 04=90 TS
9]3 =90 A/
8 0r=0 i s e 4
K? = (acosO—i%cos90(:os90)2 =1 THA
Case 3: _*' 0,=90
L GD =90
r e'r = 90
k%= (cos 90 -3cos90cos 90)2 =0
FRET b Spectral overlap
s, 3—5‘* FRET, _ No FRET FRET

Excitation
Fluorescence:

1 Overlap
s, —= __m —ﬂ

S, —— ° Wavelength Wavelength
Donor Acceptor

C Distance d  Orientation

No FRET FRET No FRET FRET
400 nm 400 nm

400 nm 400 nm

8 0 80| | 0 00
—— — —
>10 nm j1dnm <10 nm <10 nm
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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.
e There is a small spatial separation between *D and A.

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

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

Biochemistry and Biology

Lubert Stryer

ENERGY TRANSFER: A SPECTROSCOPIC RULER, L. Stryer and R. P. Haugland, PNAS,
1967, 58, 719.

Definition of r and R,

Ro+Ra Roa Roa
; . | 1 |
o* A D* A D* A

In the absence of acceptor: k[D*]

In the presence of acceptor: k[D*] + kgt [D*][A]

We make an assumption that whenr =R,
K[D*] =ker [D¥][A]

At rpp=Rop,:
Deactivation of the excited state would be

ker [D¥] + k[D*] [A] = 2 k[D*]

10 . ®OO0®
> g \ 4
2 os s 1 —
c . =
(9] S
S o0s s
= 5
e G 05 4====
- c
L [ 1
oy 02 l; 1
w L
00 = 0 ’
20 40 60 B0 100 0 1

Distance in Angstroms t/Ro

Ceees
!

,_,}'m% Y J

EI“"‘”II ® O AL

Donor Acceptor
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What happens to Férster formulation at R,

¢D:<2 90001n10
8 1287°N 4n

fFD(}‘}:A()”);” dA

ET =

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

kET=k = T
D D

gpk> 9000In10
" 1p)0 1287°N
R

Replacing r with R, and rearranging the above eqn.

w! [, =

fFD ), (an

Ry can be calculated
using this eqn.

dpk> 9000In10
1287° N 4n*

RS =

fFD AN

# is fixed

For each D-A pair the

1 ¢DK2

90001n10

kET - 6 1

1287° N 4n

fFD AN

)= (2o

7’

R, is constant for a particular donor — acceptor pair in a given solvent

_ gpK”

90001n10
287°N 4n

fFD () (A nar

Ry = Forster distance

What is kET

Forster radius - examples

b Me
Follow the fluorescence
k of the donor
D* — D
k
. kF N oF = —F
D — D + v kF + k
k
DF+ A —e Doy Ax ®,r= K
kg + k + Kgr
Ky
A* — A
Dr kg +k +kgr « kp
o kg kg +k
Dr k
— = 1+ EL = 14 thkey
D, kp +k @

Some typical donor-acceptor pairs commonly used in structural

mapping of proteins, and their values of Ry:

Donor Acceptor R, [A]
Fluoresceinwm‘ Tetmethylrhodamine 55
‘ L x
TAEDANS [ Fluorescein 46
C
Tryptophan .DPH P! Pa 40
L% s % 4
Fluorescein Fluorescein 44
BODIPY BODIPY 57
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¢DK2 90001n10

Rq6 = S fFD(}"):A()")}" dh.
: (287 ° N 4n

Tab. 9.1. E:amples of Forster critical radii B B B
Donor Acceptor Ro (A)
Naphthalene Dansyl ~22
Anthracene Perylene ~31
Pyrene Perylene ~36
Phenanthrene Rhodamine B ~47
Fluorescein Tetramethylrhodamine ~55
Fluorescein-5-isothiocyanate Fosin maleimide ~60
Rhodamine 6G Malachite green ~61
Tryptophan Dansyl ~21
Tryptophan ANS ~23
Tryptophan Anthroyl ~25
Tryptophan Pyrene ~28

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 kgt (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

D* + A =3 D +A*

k,, (total) o [a<‘l’(D*)‘IJ(A)‘ H, | ‘I’(D)‘I’(A*)y
Electron exchange
+B(w(D*)w(A)|H | w(D)w(a%))]

Electron dipole-dipole interactions

2 2 2
KET (exchange) = KJ exp(-2 rpa/L) K 7 (Dipole-dipole) E> =~ M) Bty

3 6
RDA RDA

Size of aromatic . .
hydrocarbons Distance dependence, when it can

be measured accurately, is a basis
In ker/ky < 6 In Ry, (Dipole-dipole) for distinguishing
energy transfer that occurs by

< dipole—dipole interactions from
:“ 0 electron exchange
5 & interactions, since the latter
Inkey/ky o< 2R, /R, (Exchar .
Ll oa/Rlon ngo) generally falls off exponentially
-10 with the separation Rp,
0 20 40

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)
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CHM 535/635
Molecular and Supramolecular Photochemistry

Energy Transfer

Chapter 7
Principles of Molecular Photochemistry: An Introduction
NJT, VR and JCS

What is FRET?

» Forster Resonance Energy Transfer

» Radiationless energy transfer between a
donor (D) and an acceptor (A) with finite
probability based on proximity

» Energy is transferred through the resonant

coupling of the dipole moments of D and A

Ideal conditions for FRET

* Donor has a high quantum yield
» There is substantial spectral overlap

* The dipoles of the donor and acceptor can
align properly

» The donor and acceptor are at a proper
distance

Determination of FRET efficiency

Intensity based:
* Sensitized emission of the acceptor (provided it is fluorescent)
* Decrease in intensity (quenching) of donor fluorescence

Kinetic based:
* Decrease in lifetime (quenching) of donor fluorescence
* Fluorescence decay of acceptor - It contains a rise in the initial phase

corresponding to the kinetics of donor deexcitation by FRET (a component
with “negative amplitude” in the fitted decay)

The use of donor fluorescence is usually preferred, because the acceptor is usually
to some extent excitable by the excitation wavelength of the donor — only a part of
acceptor fluorescence is a result of FRET
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Based on lifetime

D+A
E 2
=
=
=1
5 - A
3 D
E =
s g
Zz | D+a 5
z
Jl 777777 L ,; O - T T
0 .5 0 5
Time (ns) Time (ns) 10
From Donor decay From the rise of acceptor
fluorescence

Applications of FRET (biological perspectives)

FRET can be used to obtain structural maps of complex biological structures,
primarily proteins or other macromolecular assemblies.

Measurements of energy transfer can provide intra- or intermolecular distances for
proteins and their ligands in the range of 10-100 A.

FRET can detect change in distance (1-2 A) between loci in proteins, hence it is a
sensitive measure of conformational changes.

The donor and acceptor must be within 0.5 Ry - 1.5 Ry from each other.

These measurements give the average distance between the two fluorophores. When
measuring a change in distance, the result gives no indication of which fluorophore
moves.

Experiments can be done with different donor-acceptor pairs. If the same distance is
obtained, the result is very likely correct.

Quantitative analysis is restricted to the cases where only a few donors and acceptors
are present

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

Biochemistry and Biology

a

Lubert Stryer

ENERGY TRANSFER: A SPECTROSCOPIC RULER, L. Stryer and R. P. Haugland, PNAS,
1967, 58, 719.

The use of 'r'?

kgr (r)= L(&)G

TD r

One can get ‘r’, if we can measure
* kg7 (Rate constant of energy transfer)
* 1p (Lifetime of donor in absence of acceptor)

* Ry is calculated.
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Conformational change

~

FRET is useful to measure conformational
changes

@ BV

7 ‘ Q\ (g'a)

Galn of FRET

5

FRET useful to measure r in the range of 20-100A

First step in experimental verification of Forster formulation

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

By EpMuND J. BOWEN aNp Roserr LIvINGSTON

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

SuMMARY oF THE RATE CONSTANTS AND RELATED QUANTITIES
c

Chloroanthracene C Chl C,
B perylene perylene perylene rubrene rubrese
Solvent benzene ehloroform liquid para%n benrene benzene
(39) 38(2) 84

R A 41 (42)

An Experimental Study of Energy Transfer between Unlike Molecules in Solution
By WitLtay R, Ware  J. Am. Chem. Soc., 83, 4374, 1961

. ks (exp.), Ro, A. Ro, A.
Pair M i a6, 1 (th.) (exp.)

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 10w 23 39
9,10-Dichloroanthracene*-rubrene 3.1 X 10w 32 49

-~y Oo W

Rigid bis-steroid

~— N
H,CO
T ?
c=0 c=0
N eee
J« Rpp~20A ——|
Naphthyl Anthracyl

energy donor energy acceptor

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

In Energy-transfer efficiency
nE"-1

These results suggest that under suitable
conditions the energy transfer process
can serve as a spectroscopic ruler in the
10-to-60 A range.

Energy Transfer: A Spectroscopic Ruler
L. Stryer and R. Hauhland,
PNAS, 58, 719 (1967)
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FRET pairs
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0 cn NO, o-, W W oou,
2 NO, " H  OCH, OCH, H
10 |N0S W H NOS H M
Donors Acceptors

FRET between Alexa dyes incorporated in a helical proteins

Structure of polyproline 6 labeled with Alexa 488 and Alexa 594 chromophores in
open (left part) and closed (right part) conformations

T T T

.
08 e PTI © experiment _
* calculation
Pl4 — Forster theory N (R) (A) B
061 i 6 253 093
k P20
o 1 347 086

$ 14 425 081
20 568 061

Theory of FRET “Spectroscopic Ruler” for
Short Dls(ances Appllcatlon to Po]yprolme, B

FRET pairs

o At
o [-2a
8 N N
Cuby ooy G
A2
e =
", N 0 NG,
cr
coon
A
NN
o
FE
A
coon <oOH
o5 As

' ' s M.S. Busch and T, Renger J.
20 40 60 80 Phvs. Chom 3018 1951 54 67
RIA
Use of FRET
NoFRET FRET
NI
Exdunge of unimer
’ A
Dymxmc assemblies
Donor- labeled Acceptor- labeled Mixed D-A micelle
micelle micelle
OO,
c No FRET FRET MBP
o0
. Y / .\/-/i\ ?
g +maltose N
O-L’\ CFP YFP
FRET
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Use of FRET Structural Analysis Proteins

Phosphoglycerate Kinase = The labeling of cysteine residues with donors and
acceptors can be exploited to assess the three-dimensional structure of

. - ; phosphoglycerate kinase
&= =
135
¢

Conformational ‘ a Protein Hydrolysis /

Changes

Acceptor e

Donor a a 202++412
b 135e+412
0.8 * 4124275
> b | 290412
H ’ e 135 - 290
, o y 2 os 75 - 290
- [
—_ 5 + — 0.100 | floein ]
E ‘ D-POK~A -
— w 0.2 by
Ligand-Receptor L 0078 | 3
nteractions Figur = Fusion of Lipid Vesicles = |
& qoso} ns-1% 0
/ saciia 0 10 20 30
0025 - = N TIME (s]
NS
daas
% ) 60 80
OISTANCE (A)
FRET dYeS The Nobel Prize in Chemistry 2008
", H : "
- Brilliant Violet 421™ ™ Brilliant Violet 421™ o Brilliant Violet 850™ Brilliant Violet 850™ for‘ the dISCOVeI"Y and developmenf Of the green fluorescen‘r profem, GFP
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Osamu Shimomura Martin Chalfie Roger Y. Tsien
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GFP - Green Fluorescent Protein

— GFP is from the chemiluminescent jellyfish
(Aequorea Victoria)

— excitation maxima at 395 and 470 nm
(quantum efficiency is 0.8) leads to
emission at 509 nm

— contains a para-hydroxybenzylidene-
imidazolone chromophore generated by
oxidation of the Ser-Tyr-Gly at positions 65-
67 of the primary sequence

— Major application is as a reporter gene for
assay of promoter activity

— requires no added substrates

Emission spectrum of GFP
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0.9

Fluorescence excitation (full-line curve) and emission (dashed curve)
spectra of native GFP from Aequorea victoria (Tsien et al., 1998).
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Mice expressing GFP
under UV light (left &
right), compared to

A palette of
variants of GFP
normal mouse (center)

Natural Photosystem
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Spectral Irradiance (W/m2/nm)

Solar Radiation Spectrum
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Fig. 5 Incident photon fux solar spectrum (ASTM 1.5 solar output spectra) and
UVVis spectra of commonly selected chvomaphores plotted with normalized
abrorption to help visuakze spectral overlap. See Table 1 for extinction coefficients.

Artificial Photosystem

Light-harvesting dendrimers, V. Balzani et. al., Current Opinion in Chemical
Biology 2003, 7, 657665

Materials for Fluorescence Resonance Energy Transfer

Emission
685 nm ﬁ

Excntatlon "
345 nm

ou“o

p d 1 Coumarin donor

Acceptor core
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Dye Sensitized Solar Cells (Dssc) MRl

Gritzel cell

Michael Grétzel

Laboratory for Photonics and Interfaces, Swiss Federal Institute of Technology,
CH-1015 Lausanne, Switzerland

- T
® Gratzel —cells based on:

— Nano-particles of TiO2

— Dyes g‘v/s - g
¢ “Dye-sensitized Solar Cells” 5 % § §§

— Dye absorps light and
transfers electron to TiO2

— I3 transports e-back

.
v : i The standard photosensitizer for light driven water
@ oxidation / photoanode in photoelectrochemical Cell
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L.Sun, Chem. Commun., 2010, 46, 7307 L.Sun, J. Am. Chem. Soc., 2013, 135 4219 L. Spiccia, J. Am. Chem. Soc., 2010, 132,2892

Ru-Dyes For Dye-Sensitized Solar Cells
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M. Gratzel, Solar Energy Conversion by Dye-Sensitized Photovoltaic Cells, Inorg. Chem., 44, 6841, 2005
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Chem. Soc. Rev., 2013, 42, 1847-1870

PECCell - flexi DSC

. DSC-based Portable Powerpack
-(Ifl. from G24i

G

T NNOWRTIONS

Laboratory for Photonics and Interfaces (LPI)

Large area DSC panels for
outdoor and building integration
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Sunshine to supply Uni. Miami's main
source of power

News@TheU, 04-16-2021
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