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Natural Photosynthetic Reaction Center: Motivation

Chl + H_--- > Chl* + H.~
Ho+ Qa--->HL+ Qo
Qi+ Qe-—->Qa+Qs~ (I)e-r =1
> Not a single step electron transfer, but multi step
> Donor - acceptors are embedded at optimized distance
> Protein has very less reorganization energy
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DNA and
Crystalline Organic
Structures
i) Pump-Probe Spectroscopy (fs & ns)
ii) Single Molecule Confocal Microscopy/Spectroscopy
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Physical Organic Chemistry Group@IISER-Thiruvananthapuram

i) Strategies to reduce the rate of charge recombination
ii) Strategies to populate the triplet excited states in organic chromophores
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Is it possible to generate long-lived charge
separated states from (bio)-organic donor-
acceptor structures???
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Donor-Triptycene-Acceptor: Varying the Strength of Acceptor

Wasielewski and coworkers,
J. Am. Chem. Soc. 1991, 113, 719 /

Distance Between Donor and Acceptor Matters?

Guldi and coworkers , Chem. Eur. J., 2005, 11, 1267
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Electron transfer in Complex Donor-Acceptor Systems

Gust and coworkers, Mullen and coworkers,
J. Phys. Chem. B, 2009, 113, 7147 J. Am. Chem. Soc. 2001, 123, 8101

9

Energy/Electron Transfer in D-A Systems

D. Gust, T. A. Moore and A. L. Moore, Acc. Chem. Res., 1993, 26, 198 — 205
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Disordered Donor-Acceptor Pairs

; B e Voorhis and coworkers,

' 4a&>{95L» Acc. Chem. Res. 2010, 43, 995
@ PC.BM ik PCDTET
15
Films (100 ps) Devices (CW)
== 100:0 EA
10 -O-90:10 -

== 60:40

550 600 650 700 750 800
Acceptor Wavelength (nm) Friend and coworkers,
Science 2014, 343,512 12
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Contiguous Donor Acceptor Heterojunction

Aida and coworkers, Science, 2011, 334, 340 '3

Strategies to Reduce Rate of Charge Recombination

Disordered Parallel

‘"'E ,A:\A satds
a'\,,

AOD
a

o |

w me  em
Wavelength / nm

Guldi and coworkers, Mullen and coworkers,
Angew. Chem., 2015, 54, 8292 J. Am. Chem. Soc. 2012, 134, 5876
Co-axial

Aida and coworkers, Science, 2006, 314, 1761

Matile and coworkers

J. Am. Chem. Soc. 2013, 135, 12082
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Slip-sandwich

Supramelecular  Complex

Double helical

LME/(220 ),

Fukuzumi and coworkers,
Chem. Sci., 2014, 5, 3888

Braunschweig and coworkers,
J. Am. Chem. Soc. 2014, 136, 7809

nPC
Columnar T
C
@ Bridge Acceptor (0) o0
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Wasielewski and coworkers,
J. Am. Chem. Soc. 2013, 135, 13322

Imahori and coworkers,
J. Am. Chem. Soc. 2011, 133, 10736

Rate of Charge Recombination in Aggregate vs. Monomer

Contributed by Supramolecular D-A structure T T 74

(Reference) T

1 Wiirthner, Meijer Chiral OPV-PDI 300 ps 60 ps 0.2
and coworkers (JACS 2002, 124,10252)

2 Wasielewski and Cylindrical Melamine-PDI 110ps 164 ps 1.5

coworkers

3 Wasielewski and
coworkers

4 Wasielewski and
coworkers

(Chem. Mater. 2005, 17, 6295)

Foldameric Melamine-PMI <110fs 26lps >2300
(JPC Lett. 2012, 3, 3798)

Guanine-PDI G-Quadruplex 13 ps 1.2 ns ~100
(JACS 2013, 135, 13322)

5 Braunshweig and Helical Diketopyrrolopyrole-PDI <200 fs 30 ps >150

coworkers

(JACS 2014, 136, 7809)

m - monomeric state; - aggregated state; ©- lifetime of the naphthalene dimer radical cation
could not be measured due to the lack of NIR detector coupled to our nanosecond transient

absorption spectrometer
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Representative Strategies Adopted for Emergent Properties

h .
(h) =gy (i} —=—

(a) & (b) ' (c) (L -
=R . 8 e
P o= \ Q"

Iverson and Aidaand  Fukuzumi and
coworkers coworkers coworkers
(e) () - (9)
\ .
Imahoriand Wuerthner,
coworkers  Meijer and
coworkers
Aida and Wasielewski and 27?
coworkers coworkers

Crystal Engineering to Optimize n-ways

I @ @ 0 O o @ [¢] @ oo 0 0 O @ 0
cHycocy + e i + ¥
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IAP 2AP
24 J 3 . - 8
v . .'I'. = . .,5- e

P 1AP AP
Sandwich herringbone Herringbone Lamellar 2-D w-m stack/ Herringbone
(p=3.40) {p=19.54) -motif [ Brickwork (p =2.56) p=1197)
2"AP AP 4A)
Lamellar 2-D -1 stack/ Columnar 2-D m-m stack/ Columnar 2-D v-m stack/
y-motif / Brickwork (p =2.73) B-motif (p =0,89) P-motif (p =0.46)

Fig. 2 Close packing arrangement in 1-4AP indicating the values of
pl%C. - -H)/(%C- - -C)1.3* Herringbone (p > 4.5), sandwich herringbone
32 <p<40),y(12<p<27), (046 < p < 1.0).
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Can Nonparallel Donor and Acceptor Chromophores Stack???

2N

J. Phys. Chem. Lett., 2012, 3 (17), pp 24052408
Chemical Reviews 2018 118 (7), 3447-3507
Chemical Reviews 2016 116 (23), 14675-14725
Chemical Reviews 2016 116 (21), 12920-12955
Chemical Reviews 2016 116 (3), 962-1052

19

Can we predict which out of the two structures will be formed???

Self-Sort ed Assembly
(D-on-Dand A-on-A St ack)

Nonplanar D-A
Conjugat e

Mixed Assembly
(Alt ernat ing D-A St ack)

20
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Structure-Packing-Property Correlation

Chem. Eur. J., 2018, 24, 18089-18096 (Young Chemists Issue 2018)

Reducing the Rate of Back Electron Transfer!!!

OO

k. and k: Fast

O "D

k. and k. Slow

Verhoewen
Schryver,
Harriman,

NP Wasielewski,

Fukuzumi
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Ongoing Research Activities

520-585nm intense red luminescent [~ Crystal

Self-wave-gulded

Energy from imide to pery
connected ata distance of 1.49 A

Hariharan and coworkers, Hariharan and coworkers,
J. Phys. Chem. C, 2012, 116, 12489 J. Phys. Chem. C, 2013, 117, 3240

Hariharan and coworkers,

Phys. Chem. Chem. Phys., 2012, 14, 15282 -

Challenges in Artificial Photosynthesis

Photoinduced Energy Followed by Electron Transfer
Resulting in Long-Lived Charge Separated States

o _N_oO Br
+Q Stille coupling
— U
O”°N"~0
lj/OH

SnBuj HO

Fluorescence ‘ON’

e

Fluorescence ‘OFF

HO

(R/5)-NP(OH)2

Gel

Co-Gel

24
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Concentration Dependent DLS and Morphological Analyses

T " 0.05 mM

100 1000
d (nm) —

Fluorescence of the Vesicle is 'OFF' in the Presence of Indole
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Bimolecular quenching rate constant kq = 7.2 x 10°M's"!
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Intermolecular Electron Transfer in Solution:
Femtosecond Transient Absorption

Increasing concentration of indole
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Lifetime of perylenimide radical anion is 6 ps

27

Intermolecular Electron Transfer in Co-Vesicle
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p
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1 oD o e o .
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& N T e —— . .
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—— | G UL .
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NB=1 ™ i hv |k ; ;
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Cheriya, R. T.; Mallia, A. R.; Hariharan, M. Energy Environ. Sci., 2014,7, 1661 28
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Design Strategy

Can Nonparallel Stacks of Donor and Acceptor
Chromophores Evade Onsager Charge Recombination???

Synthesized: 116 D-A Pairs
Crystallized: 74 D-A Pairs
Nonparallel D-on-D and A-on-
A Arrangement: 2 D-A Pairs

pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Impact of Molecular Packing on Electronic Polarization in Organic
Crystals: The Case of Pentacene vs TIPS-Pentacene

Sean M. Ryno, Chad Risko,* and Jean-Luc Brédas™* 30
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Femtosecond Transient Absorption Spectroscopic Measurements

CHCl3
(b) 0.14
012
. 010
= 0.08
oo
< 0.06
0.04
0.0z =
= 0.00 k
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0.30 0.09
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3 0.15
i © 003
0.00 —
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0.03 W3
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-0.1 06
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Crespo-Hernandez and coworkers, J. Phys. Chem. A 2013, 117, 6580.
Fukuzumi and coworkers, Faraday Discuss. 2012, 155, 89.

Majima and coworke

rs, J. Phys. Chem. A 2006, 110, 9319.

Wavelength, nm

31

Triplet Formation via Charge Recombination: Monomeric DA in ACN
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Can Nonparallel Stacks of Donor and Acceptor
Chromophores Evade Onsager Charge Recombination???
Yes, it can!!!

TCR< 110 fs TCR> 1.2 ns
Approximately 4.5 us

33
Contributed by Supramolecular D-A Structure ™ T r,_,‘
(Reference) T
1 Wiirthner, Meijer Chiral OPV-PDI 3ps  6GOps 02
and coworkers (JACS 2002, 124.10252)
2 Wasiclewski and Cylindrical Melamine-PDI 10ps  164ps 1.5
coworkers ( Chem. Mater. 2005, 17, 6295)
3 Wasiclewski and Foldameric Melamine-PMI <110fs  261ps  =2300
coworkers (JPC Lert 2012, 3, 3798)
4  Wasiclewskiand  Tetrameric Chlorophyll-PI-NDI 10 ns 30 ns 3
coworkers (JACS2012, 134, 4363)
5 Wasiclewski and Guanine-PDI G-Quadruplex 13 ps 1.2 ns ~100
coworkers (JACS 2013, 135.13322)
6 Braunshweig and  Helical Diketopyrrolopyrole-PDl  <200fs 30 ps =150
coworkers (JACS2014, 136, 7809)
7 Wasiclewski and PDI-Diketopyrrolopyrole-PDI 340 ps™ 6 ns ~18Y/
coworkers {Chem. Sci., 2015, 6, 402) 4 ust 11765
8 Braunshweig and Diketopyrrolopyrole-PDI Wips 32ns ~1000
coworkers (J. Phys. Chem. C 2015, 179, 19584)
9 Our data Non-Parallel Naphthalene- <110fs =12ns' =10000

MNaphthalimide
"monomeric state; ‘aggregated state; “unanncaled aggregated state in thin film; ‘CH,CI,
anncaled aggregated state in thin film; “lifetime of the naphthalene dimer radical cation cqyld
not be measured due to due to the lack of NIR detector coupled to our nTA spectrometer

5/17/21
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Can D-D-A Triad Create Long-Lived CS State Upon Assembly???

870
/B\
(D oo CO) o
—_— HO”" “OH
Pd (PPhy),, K,CO3, 70 °C >

P NN X0 Ao Pd (PPhs),, K,CO3, 70 °C

NBr

i,AN (R = H)
ii,ANBr (R = Br)

35

Long-Lived Charge Separated States and Structural Heterogeneity

enhancement
in the lifetime
of charge
transfer
intermediates
is obtained

Tr= 151 ns Tern 11 ps
36

5/17/21
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Anthracene-Adenine Dyad

Ay : o THE JOURNAL OF

PHYSICAL

Ter < 110 fs

ENERGY CONVERSION AND STORAGE, OPTICAL AND FRECTRONK DEVICES,
FACES, MANOMATIRIALS, AND WARD NATTER

300 400 500 600 700
Wavelength, nm 37

Is it possible to arrange the aromatic
chromophores in cross stacked geometry???

If yes, how does it respond to light???

46

5/17/21

19



Greek Cross (+) Aggregate

Monomer J-A H-Aggregate (+)-Aggregate
EEEﬁEEEEE- -EEESEEB-‘:“ = ------EEEEEE?EE
6 b i
= ]
E ¥
=
X-Aggregate “;,
£
%-
®

Side view! Top view
0°  20° 40°  60°  80° 0°  20°  40°  60°  80° 90°
Slip Angle Rotational Angle

Scheme 1. Exciton splitting diagram for a molecular dimer with staggered (J-
aggregate), co-facial (H-aggregate), and Greek cross ((+)-aggregate) configura-
tions.

47

Kasha, M. Discussions of the Faraday Society, 1950, 9, 14-19

Exciton Isolation in Greek Cross (+) Architecture Gree(':)cmss

('Observable

A A=8 A A A+8A

Monomer H-Aggregate J-Aggregate (+)-Aggregate

Rotational angle of 90° between the transition dipole moments of the chromophores resulting in monomer-
like optical characteristics in crystalline state mediated by the null exciton coupling

Xie and Coworkers, J. Phys. Chem. Lett. 2018, 9 (3), 596-600.

5/17/21
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Null exciton splitting in chromophoric Greek cross aggregate

mmm—mmm—=====IIID
bl’ :jj‘ ( Greek Cross (o»}aggragate"ﬁ'~-~~
<t “~n

B 83 g

o~
~—

F i J-aggregate k|

S e o] e s (
Jou |

2 Or

Sebastian, E.; Philip, A. M.; Benny, A.; Hariharan, M., Angew. Chem., Int. Ed. 2018

300

400

Greek Cross

(+)

- Solution
L - Crystal

- Solution|
Crystal

~ Solution
_ Crystal

10 20 30

5/17/21

21



. . . Greek Cross
Pentacene centric Kasha’s ideal null exciton )

peak No-P 0.099
M2-P -0.019
P2-P 12.348

state directed by noncovalent C-H---C interactions

@")3
/s_é\% S,
3

absorption { -
0.07X10* DN o
-4.7x10°

Crystal (Exc)
" Crystal (Emi)
Solution (Exc)
Solution (Emi)

Normalized Intensity

-2.214 Wavelength (nm)

> Greek cross (+) architecture with appreciable interchromophoric separation (d; = 4.74-5.99 A) in the crystalline

» Negligible contributions from long-range Coulombic (J¢,.1) and short-range charge-transfer exciton (Jcr)-mediated

couplings

Lijina, M. P.; Benny, A.; Ramakrishnan, R.; Nair, N. G.; Hariharan, M., J. Am. Chem. Soc., 2020

Variation of Coulombic an

Variation of Coulombic coupling

1 :
s T
3 LAX

a (degree) mmlp

1 fulleel
Jcou __41t£0K R

to/t,

. Greek Cross
nsfer couplings )

t./ty, at various rotational angles

130

Zoomed in
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Greek Cross (+) Aggregate

4 Null Exciton Splitting in Chromophoric Greek
N b ', Abbey M. Philip®, Alfy Beuny, and Mavesh Harilaran®

Kasha, M. Discussions of the Faraday Society, 1950, 9, 14-19 >/
0
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Hariharan and Coworkers, Angew. Chem. Int. Ed. 2018, 57, 15696-15701 58
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Symmetry Breaking Charge Separation
In Perfectly Orthogonal PDI Dimer

o, N O O, N (o]

COLCC
O‘0.0‘O

[e) N [eJe) N o

(+) PDI,

*Optimized using CAM-B3LYP/6-31G*

Jiang, Wei, et al. Chemistry—A European Journal 18.22 (2012): 6764-6775.

59
Femtosecond Transient Absorption
@ 470 nm excitation
Toluene Acetonitrile
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Can we achieve
radial arrangement of chromophores???

oY e, ey

0,

0,=0, 0,= 0, 0,=180°, 0,= 90
Type-l trans X, Type-l cis X, Type-ll X;

(d) ),
—_az':._‘.“ ::::‘ _
0, n‘\ 0 6,

0,=180°, 6,= 120 0,=0,= 150
X, synthon X synthon

(e)

If yes, how does it respond to light???

J. Am. Chem. Soc. 2019, 141, 4536 o

Radial Arrangement and Ultrafast ISC: Dual Role of Bromines

(a)
a
%@,{ ( )1 0 = solution (abs)
- = crystal (abs)
O, O ‘%‘ 0.8 Fi ~—solution (ems)
% i 004, = = crystal (ems)
OO X 0.6 ‘_f 008
g | fou
= 044 i/ 5
E N =00}
S 024/ 000f
z : 550 600 650 700
: Wavelength, nm
0.0

300 350 400 450 500 550 600 650 700
Wavelength, nm

= W50 5% %0 60 e 7100 750
dey-c=2.99A Wavelength, nm o
H
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Thank You!!l
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