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A Model for Photochemistry and Photophysics of Organic Molecules
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A fancier way of drawing the actions on excited surfaces How do molecules move on surfaces?
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Molecular Photochemistry: Recent Developments in Theory, S. Mai and L. Gonzalez,
Angew. Chem. Int. Ed. 2020, 59, 16832 — 16846




Concerted; no intermediate involved
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Visualization of Thermal Reactions

Potential energy

Reaction
coordinate

Transition state connects a single reactant to a single product and it is a saddle point
along the reaction course.

Collisions are a reservoir of continuous energy (~ 0.6 kcal/mol per impact).
»  Collisions can add or remove energy from a system.

* Concerned with a single surface.

Visualization of Thermal Reactions

Potential energy

Collisions add
and

remove energy Io

Reaction coordinate

Representation of molecules in more than
one dimension

]
\’I
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Surfaces look different when looked at
and projected on two dimensional surface

To represent molecular motion with more than three atoms one needs 3N—6

space
However, generally polyatomic molecules are represented in two or three
dimensional space. This leads to misinterpretation of dynamics.




Classification of Photoreactions

Photophysical Photochemical
R + hv *R ? P
energy
Adiabatic Diabatic Hot ground state
(a) (b) (c)

X

reaction coordinate

Models used to understand
reactions on excited surfaces

+ Adiabatic and diabatic surfaces

* Crossing and avoided crossing

* Funnel

* Conical intersection

+ Energy gap law and Fermi's golden rule

+ Wave packets vs particles (marbles)

Ground State vs. Excited State Reactions

() r (b) Cl

Thermal Photochemical

Potential Energy

Adiabatic and diabatic curves and reactions

S

S

Si S

Minimurm Energy

,,,,,,, i / Crossing Point

Products
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Nuclear Configurations

Note: the nomenclature change

Adiabatic: Change in electronic configuration as the reaction progresses
Diabatic: No change in electronic configuration as the reaction progresses

b Adiabatic ) /
aba% NS /’
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Crossing and avoided crossin
) 9 Electronic correlation diagram for a given reaction co-ordinate
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Reaction Co-ordinate

Landau-Zener-Stuecktberg equation

P = exp(-AE?/vAs)

P
Allowed crossing in higher Probability of jump from lower to upper or the reverse
Diatomic Avoided crossing dimensions (polyatomic
in two dimensions molecules); Conical * Energy gap (AE)
Product appears in ns intersection * Velocity (v)
Product appears in ps-fs « Slope difference (As)




Reaction Qoordinate

Awoided Qrossing

Avoided crossing
Real crossing
Conical intersection

Reactant

Reacton Qoordnate

Crossing (Conical Intersection)

Wave packets and Particles (De Broglie, hv = mc?)

a
0,.0,0

10-15 sec time resolution (1980s)

N

The Nobel Prize in Chemistry 1999

"for his studies of the transition
states of chemical reactions using
femtosecond spectroscopy."”

Chem. Eng. News., 1988, Nov
7,24

Physics Today, May 1990, 24

J. Phys. Chem. C., 1996, 100,
12701

Angew. Chem. Int. Ed., 2000,
39,2586

J. Chem. Edu., 2001, 78, 737
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f P
The Nobel Prize in ’
M. Eigen Chemistry 1967 was -
divided, one half

awarded to M. Eigen,
the other half jointly to
R. G. W. Norrish and G.
Porter "for their studies

of extremely fast

chemical reactions,

effected by disturbing
the equilibrium by
means of very short
pulses of energy."
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G. Porter
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The birth of high speed camera

Agzow oF TIME
IN
CHEMISTRY & BIOLOGY

Relaxation 10-5, 10-9 sec

10-5 sec

103,106 sec

10-3 sec

10-3 s8¢ Photo series by Eadweard Muybridge, 1870
«>1sec

5x10-2 to 2x109 second

Ultrafast time resolution (fs) has changed the way we visualize
reactions on excited surfaces
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The wavepacket initially created in the FC region of the excited state of the reactant rapidly evolves
along the reaction pathway towards the conical intersection, and the SE progressively shifts to the red
as the band gap between the excited and ground states narrows. Near the conical intersection region,
which is reached in ~80 fs according to both experiments and simulations, the SE signal vanishes as the
two surfaces approach each other. Following the “jump” to the hot ground state of the photoproduct, a
symmetric PA signal is formed. This PA band rapidly shifts to the blue as the surfaces move away from
each other energetically and the wavepacket relaxes to the bottom of the photoproduct well.

Photochem. Photobiol. Sci., 2015, 14,213

S

N

Isomerization coordinate

Classification of photoreactions

* Bond breaking----cleavage reactions

* Bond twisting-----geometric isomerization

* Addition at one end----abstraction, substitution

» Addition at two ends-----cycloaddition

» Concerted pericyclic reactions---electrocyclization

* Rearrangement

How do bonds break?: Stretching and twisting

-— —> b Stretch

a%:bﬂ» (- Yipadlwtindinkiatiall o)

T-bonds break upon twisting

ko~ & — kP — B

c-bond break upon stretching

@B~ B-B-




Visualizing photoreactions on surfaces
Photodissociation
A model for breaking o bond by stretching

H—H — H+H The Heitler-London model, 1927
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Homolytic photodissociation of I, ICN, IBr, CH;I etc.
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Photodissociation of o bond
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E. Schrédinger developed the famous @ equation in 1926
Based on this Heitler and London developed the concept of
bonding for H, molecule in 1927.

L. Pauling developed the concept of valence-bond theory during

W. Heitler F. London

These formed the basis of energy diagrams for photodissociation.

Exemplars for ¢ bond cleavage in the excited state

* Photodissociation of CH3 I

o Zewail et. al., J. Chem. Phys., 83, 1996, 1985 J. C. Polanyi

o Zewail et. al., Chem. Phys. Lett, 142, 426, 1987 D. Hersbach
* Photodissociation of ICN Y. T. Lee

o Zewail et. al., J. Chem. Phys., 87,2395, 1987 R. Bershon

R. Zare
James L. Kinsey

o Zewail et. al., Science, 241, 4870, 1988
o Zewail et. al., J. Chem. Phys., 89, 6128, 1988
o Zewail et. al., J. Chem. Phys., 90, 829, 1989

* Photodissociation of Nal
Pump-Probe-Detect in
o Zewalil et. al., Chem. Phys. Lett., 146, 175, 1988 fs time scale
o Zewail et. al., J. Chem. Phys., 88, 6672, 1988
o Zewail et. al., J. Chem. Phys., 91, 7415, 1989

o Zewail et. al,. Nature, 348, 225, 1990

* Photodissociation of I,
o Zewail et. al., Chem. Phys. Lett, 161,297, 1989




4/8/21

Potential energy curves for dissociation of CHsI The first study on photodissociation by Zewail (1985)
Pump-probe experi show photofrag ion of CH;| takes less than a picosecond
Posential energy
19T I Concept of a pi laser d to & ine the.
bond breaking time for mathyl iodide is shown schematical-
Iy 8t loft. The pump laser excites tha CH,l moleculs from
the ground state to a higher anargy repulsive state. lodine
80 product is detected by a delayed probe pulse using three-
5 Prote aser phu onizati Varyl the Celay lime between the
e Bt | e probe (ssars prodices the fesuls shown boow
5 60 P Analysis gives an upper limit of 0.4 ps for the time rogquired
S (I for separation of the photofragments, [Adapted from J. L.
% i i Knee, L. R. Khundkar, and A. K. Zawall, J. Chomn. Phys., 83,
o bt e 1996 (1985); L. R. Khundkar and A. H. Zewai, Chem. Phys
& a0t = B Lott., 142, 426 (1987).]
CH, +1CP) o el
a0l ST i, +1CP,) e PRI o
XA\ i Oround siste i Dissociates in
ol & CH,I i 400 fs
10 15 ZiD 215 3.0 3:5 4.0 4j5 f_-‘j
£-1 Distanea/1i0™ m
1 CH, saparazon distance L 0 0
Time, poossconds
Potential energy curves for dissociation of ICN Photodissociation of ICN

Tracing the unbound surface (1987)

Energy (eV)

18 2 2224 2628 3 32 34 36 38

R (A) _
Zewail et. al., J. Chem. Phys., 87,2395, 1987
Y. Amatatsu, S. Yabushita, and K. Morokuma, J. Chem. Phys. 100, 4894 1994 Zewail et. al., Science, 241, 4870, 1988
J. Qian, D. J. Tannor, Y. Amatatsu, and K. Morokuma, J. Chem. Phys. 101, 9597 1994 Zewail et. al., J. Chem. Phys., 89, 6128, 1988

Zewail et. al., J. Chem. Phys., 90, 829, 1989




Probe excitation wavelength dependent emission from CN*

Rise and decay of laser induced

[CNup I+ CNupp I+ CN* fluorescence signal of CN*

A N " 388.9 nm

e

os | 7 f |

|
§ R L we 389.8 nm
L’ 390.4 nm
- 391.4 nm

Tee 1000

Goal (map the surface)
Experiment (pump & probe) Time Delay (1s)

« Excited state surface of ICN is dissociative, not bound (no oscillation)

« ICN dissociates within 205 = 30 fs (~0.2 ps)

Potential energy curves for dissociation of NaCl

Linus Pauling, 1938

The Nature
of the
Chemical Bond T s e —e e

Covalent s, A0boc
==== Diabatic

lonic

13) Na*e 1

|b) Na+Cl

Experimental demonstration for curve crossing (1988)

|
|
5 1
No(3p)+ 1 | .
Can we get experimental support
for avoided crossing?
Not+1”
vo(38)+ T Zewail et. al.
Chem. Phys. Lett., 146, 175, 1988
J. Chem. Phys., 88, 6672, 1988
J. Chem. Phys., 91,7415, 1989
Nature, 348,225, 1990
P
9

Energy (X10°cm™)

Energy (cm™

Detection of crossing and avoided crossing
Resonance

Na's |I” . o
@ 1  If there is no mixing, the two
r ) curves would remain separate and

00 the excited Nal will retain covalent
character and dissociate like CH3l
10 lonic d
and ICN.
i Allowed crossing
« Ifthe two first order curves mix
the crossing will become avoided.
35000 l \ lonig_
30000 | 4~ . - -/-;—"’“ * The avoided crossing will lead to a
25000 l \_ . S Covalent ‘well” where the excited Nal will
20000 . get trapped and establish a
15000 | resonance (oscillation) between
10000 | / covalent and ionic character.
s \[/ Avoided crossing
\
0 / - * The molecule resonate between
0 2 4 [ 8 10 12 14

two electronic configuration

Internuclear Distance (A)
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Ultrafast (fs) photodissociation of NaI: Consequences of surface crossing

Il

Na* na*

| probe 1 LIF

>

o

~10%

Potential energy (e

Pump: 310-390 nm
Probe: 590-700 nm
LIF: Na emission
Free Na atom resulting
from dissociation is
detected

0 s 10 15 20

Internuclear distance (A)

[ < |
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Potential energy curves for dissociation of I
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Photodissociation on I2: A model for cleavage reactions

L T T T T T T

Detect

Probe

T I L1
3 4 s

R(A)
R. S. Mulliken, J. Chem. Phys, 55, 288, 1971

Photodissociation of Todine (1989)
Tracing the bound and unbound surface

Pump/Probe/Detec
620/390/426

520/310/

Time of oscillation
750 fs

532/310/
Time of oscillation
500 fs

Potential Energy (103 cmr)

| 650/310/
| N \ \/\ A, =650 |
| \j ' + Time of oscillation
[ Medeem | 290 s
/ vl

»,

Tiae Delay (1)

R(A)

Zewail et. al., Chem. Phys. Lett, 161,297, 1989
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Photodissociation of Iodine
Tracing the unbound and the bound surfaces (a, b & ¢)

A, = 0 s 700/310/ (a state)

" = 310

—/\/W‘\,’WVW»M

Potential Energy (103 cnr')

!" N 620/310/ (b state)
= l 1,'-)mn1 Time of oscillation
i 'r/ <k | s
- | 00
- S
b =sssem | 505/310/ (c state)
\/\M*{-m"
1]

Conclusions based on ultrafast experiments

“The study of chemical events that occur in the femtosecond time scale is
the ultimate achievement in half a century of development and, although
many future events will be run over the same course, chemists are near
the end of the race against time”

George Porter, 1993

Considering molecules as particles (classical mechanics) or wave
packets (quantum mechanics) lead to similar results. Wave packets can
leak through a barrier (tunneling) while particles cannot.

Surfaces generated based on electronic correlation diagrams help predict
reaction dynamics

Crossing of surfaces are common and these could lead to ‘real’,
‘avoided’ and conical intersections

On excited state surfaces oscillation (resonance) of electronic structures
occurs in fs time scale.

1985

Pump-probe experiments show photofragmentation of CH,| takes less than a picosecond

Posmntial ooergy

Concept of a picosecond laser experiment to determine the
bond breaking time for mathyl iodide is shown schematical-
ly 8t loft. The pump laser excites the CHal molecule from
the ground state to a higher energy repuisive s:ate. lodine
product is detected by @ delayed probe pulse using thres-
frcee e photon lonzation. Varying the delay time between the
pum and probe lasers produces the rasults shawn below.
Analysis gives an upper limit of 0.4 ps for the time required
for separation of the photofragments. [Adapted from J, L.
Knee, L. R. Knunckar, and A. H. Zowall, J. Chem. Phys.. 83,
1996 (1985); L. B. Khundikar and A. H. Zewail, Chemn. Phys.

) Lott, 142, 426 (1987).]

lodine lon 37

Repuiaers sate

1, G, separation distance
Time, picosecands

1987

Real-time femtochemistry experiment catches
excited ICN molecule in act of falling apart

-

Potontial o

4/8/21
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1988

Femtochemistry reveals fragment trapping in
alkali halide photodissociation

Models for photodissociation of covalent and ionic o bond

- Adiabatic

Covalent
U . ==== Diabatic
lonic
13) Na*e 1
1b) Na+C1
Rea R’ R
Hy NaCl

Energy surfaces generated by following the electrons as the nuclei move
along the reaction co-ordinate.

Reaction
coordinate

Types of surfaces

Reaction
coordinate
‘R »
R T P
Reaction Reaction
coordinate coordinate

R

- IeP)
7744 1'(9)
rC

R .

Reaction
coordinate

Concerted (pericyclic) reactions: Cyclization
=\ con = dis
— — < — [z
- con ~ dis
L L

R¥* oo P* R* pP*

4/8/21
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Suggested books on pericyclic (concerted) reactions

. The Conservation of Orbital Symmetry, R. B. Woodward and R. Hoffmann,
VCH, 1970; R. B. Woodward and R. Hoffmann, Angew. Chem. Engl. Ed., Int.,

. Orbital Symmetry, A Problem Solving Approach, R. E. Lehr and A. P.
Marchand, Academic Press, 1972.

. Organic Reactions and Orbital Symmetry, T. L. Gilchrist and R. C. Storr,
Cambridge University Press, 1972.

. Frontier Orbitals and Organic Chemical Reactions, I. Fleming, John Wiley,
1976.

. Molecular Orbitals and Organic Chemical Reactions, I. Fleming, Wiley, 2010.

. Pericyclic Reactions-A Textbook by S. Sankararaman, Wiley, 2005

. Lots of reviews

Nomenclature

= con = dis
Z AN

Disrotatory Conrotatory

4/8/21
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Orbitals involved in the transformation

<D

<D

= =
oo oo
B dh B
. 8 &
o oL o L

Assigning symmetry to relevant orbitals

Conrotatory

\& \"‘ Py

Clockwise Clockwise

Disrotatory

Conrotatory cyclization of 1,3-butadiene

R. B. Woodward, R. Hoffmann, JACS, 87, 396,1965

Nobel Prize 1981
H | - g ) ]
) [ “H H
ay e 3 H
C

R. B. Woodward R. Hoffmann
1917-1979 1937-

Lo
BT T
’g T A
L

Orbital correlation diagram

Orbital Correlation Diagram

Wy

w,

IIEE

Conrotatory

R. B. Woodward, R. Hoftnann, JACS, 87, 396,1965

S
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Disrotatory Cyclization of 1,3-Butadiene

A i —————dm
o A Ay,

™ A

S ¥

"7
o 8

r S

¢ Sam—o 5y

-1
!
B
- dog

Orbital correlation diagram

W

Wy

v,

IIEE

Disrotatory
Orbital Correlation Diagram

R. B. Woodward, R. Hoffmann, JACS, 87, 396,1965

Energy (qualitative)

State Correlation Diagram
i >
H R

ES-2 W\W2¥, A W A on2o*  ES-2'
ES-1 WRuwLw, A m A

Electronic Barrier

Conrotatory

H. C. Longuet-Higgins, E. W. Abrahamson, JACS, 87, 2045, 1965

Energy (qualitative)

State Correlation Diagram

R R
>
H H 4 4
ES2 W2W?2 § S o?n*2  ES-2
ES-1 W2W, Wy A ————=— A o?nat ES-1
GS w2w? s T S o’ GS

Disrotatory

H. C. Longuet-Higgins, E. W. Abrahamson, JACS, 87, 2045,1965

4/8/21
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State correlation ¢ =~ e oo
Y3 (SSSS) =S _~S=(SSHAA) i
. ioaby  (SSHAXS) « A — A = (SSKSXA) aimms
s Ty, R ._
2 A bl (SSXAA) =57 NS - (SSXSS) o'n?
R )
S S \
1x)2
1 —_—S,
A 0,0
1
NA i A
T
o -
s, A n,n"
Sl
Thermal---allowed Thermal---forbidden
Photo---forbidden 2 Photo---7?
2 - S——5’ \
R o \
S, =g — \ 2
) S,
butadiene cyclobutene

Givdde (ANSSKS) = A == = A = (SYAANA) onio*

Disrotato ﬂ
isr ry

Vb (AAXSHA) = A= %> A = (SSNAXS) atron®

W3 (AAXSS) - S ~S = (SSHAA) aln?

Frontier Orbital Approach (HOMO)

Kenichi Fukui H, c—8/8_8\8— CH,
Nobel Prize, 1981 ’ )

HOMO l
# HyG
7-system molecualr orbitals i

CH,
symmetry allowed product

/bj

-
333

.

Thermally allowed

Frontier Orbital Approach (HOMO)

H,c‘8/8_8\87w,
Hac, g 8 CHy

"

constructive orbital overlap

W.‘

hv

/

WV

3353

+=

7-system molecualr orbitals symmetry allowed product

Photochemically allowed

The photochemical reaction is facilitated by crossings of surfaces
in the excited state

butadiene cyclobutene
Y3 (SSXSS) = S ~ S~ (SS)AA) e {] D
by (SSHAXS) = A — /)(7/\ = (SSKSXA) a2zt |
N °
il (SSXAA) =S NS = (SSXSS) otm? energy
lin=~eVv.)
2
Down hi!l, YES
€
Details?
8 8
° B
90" 100" 110" w@0' 10" 100" 80"
P — —
conrotatery disrotatory

W. Th. A. M. van der Lugt and L. J. Oosterhoff, J. Am. Chem. Soc., 91, 6041, 1969
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Energy surfaces with crossings

o R § ]
&
atyTr A N b
N c
w
o2 g2 —C
Somme y2YE

Disrotat
ﬁL isrotatory A

# —Reaction co—ordinate—>
C O

* No reaction from S;
* Reaction from S, likely
* Multiple crossings involved

* Prediction in the excited state is not clear cut like thermal reaction

Number of
electrons o
Disrotatory =\ Convotatory
aN+2 —— S\ —
H H o H H H H
w [
H

hv Pathway S,

General Orbital symmetry allowed  Orbital symmetry forbidden
e ground-state reaction ground-state reaction

Turro book

Ultrafast dynamics studies
.E( \

24,

'/

2 hv =
e
@ conrotatory ‘\4 ID

Cor

Matory

xadiene Conrotatory Ring-Ope.

Cyclobutene Disrotatory Ring-Opening Cooedizate

R. Mathies et.al, Acc. Chem. Res. 28, 493, 1995

55t g1 ~60 == 20fs
G%é; .

c o / <150fs
% ¢ A

o
=
a
° hv[266 nm Time constant of
k] decay: 110 = 60 fs
&
g
&
43}
© o
S%.¢ CHD AP a!
c® ®o tZe ¢ v
© 0 tZt
g o

Reaction Coordinate

Cartoon depicting the potential energy surface for the cyclohexadiene ring-opening and the hexatriene
isomerization. The excited state undergoes an ultrafast relaxation through two conical intersections.

Femtosecond x-ray spectroscopy of an electrocyclic ring-opening reaction, A. R. Attar, A. Bhattacherjee, C. D.
Pemmaraju, K. Schnorr, K. D. Closser, D. Prendergast, S. R. Leone, Science 2017, 356, 54-59
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Femtosecond x-ray spectroscopy of an electrocyclic ring-opening reaction, A. R. Attar, A.
Bhattacherjee, C. D. Pemmaraju, K. Schnorr, K. D. Closser, D. Prendergast, S. R. Leone,
Science 2017, 356, 54-59

90-130 fs window probed for the
structure of pericyclic minimum.
The orbital natures looks like a
mixture of HOMO-LUMO (21
and 17*).

Further studies confirm the conclusions

Potential Energy

M. Minitti, T. Martinez et.al., Nature
Chemistry, 2019, 11, 504

P. M. Weber et. al., Science Advances,
2019, 5, eaax6625

B Reaction Coordinate

\8‘ —o— 20% Somae G BomEm OO0
(S T1=0e= 1xv Bxe O~ [SOOS TS A
. — =l

» —.o— 21 ———— 21 ‘g
ti; 18 (CHD) 2A 1A (HT) i

‘s B \ﬂv"] Vis

open ring isomer

B

g,

u\‘ ’_J Vs B

(] }\ . <=

20

closed ring isomer

N

~10gfs
ps
w
2A /”
4t;§/ s S
3

van der Lugt and Oosterhoff,
J. Am. Chem. Soc., 91, 6041, 1969

—

An ultrafast (100 fs) anisotropy change accounts for an initial change in electronic character from 1B to
2A. The molecule then traverses a barrier in 2A to reach a conical intersection with the ground state. Re-
excitation of the molecule after the barrier is crossed results in maximization of the quantum yield for
ring-opening.

C. L. Ward and C. G. Elles, J. Phys. Chem. Lett., 2012, 3, 2995

Desrotatory J\_
Longuet-Higgins and Abrahamson,

J. Am. Chem. Soc., 87, 2045, 1965

Ultrafast experimental studies support the original model

1965 1969

.
ey
e

« Basic features remain the same

van der Lugt and Oosterhoff,
J. Am. Chem. Soc., 91, 6041, 1969

2019

Energy (Not 0 Scale)

vq O % oo

o< @

Reaction Cocedinate

Minitti, Martinez et.al., Nature Chemistry,
2019, /1,504

‘Weber et. al., Science Advances, 2019, 5,
caax6625
Leone et. al., Science 2017, 356, 54

* Transformation occurs in subpicosecond (~200 fs) time scale
 Given the speed, all crossings are better considered as CI
* Energy surfaces developed based on orbital and state symmetry work
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High level computation supports the original model
2010 1969

eergy
(e}

van der Lugt and Oosterhoff,
J. Am. Chem. Soc., 91, 6041, 1969

The excited state symmetry preserving path reflecting the ground state isomerization (as in the van der
Lugt/Oosterhoff picture) leads to an avoided crossing with a large gap due to the electron correlation
of both A, states. The S; minimum, as well as the Coln, lie out of the drawing plane and are reached by
symmetry breaking deformations, i.e., motions independent of the ones on the S state. Acceleration in
symmetry breaking direction is observed already at the 1B,/2A,-Coln.

A Nenov, P. Kolle, M. A. Robb and R. de Vivie-Riedle, J. Org. Chem., 2010, 75, 123-129

Cyclobutene ring opening
is not stereospecific?

Cyclohexadiene ring
opening is stereospecific!

185 nm Ve
[ — 35 : 60: 10 + ||+
pentane ~
cis z
185
[ ——~  28: 26 : 10 + | + [
. pentane -~
|trans E

214-nm z = 2
—_— + +
pentane S N S
Z 254-nm Z z
—_— + +
S pentane S ~

EE EZ ZE cis
(65) (53) o)

Sz

NI

Adiabatic Photochemistry?

" Conical intersection with multiple exits?
/\_

| &l
_ds_ Y \ *

214-nm

As per ultrafast studies
the reaction is over within
100 fs.

Such a short time is not
sufficient for molecules to
jump to lower surface via
the avoided crossing as per
Fermi Golden Rule

Computations suggest the
presence of CL.

~100 fs
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Sp—+81—Sy MEP

150 My 5y e 1 N 3 leo g

183 (S5)

€ (Kealmol)

reaction coordinate

Conical intersection may connect
multiple products.

Prediction becomes impossible without
the help of computations.

Conical Intersection and Multiple Products

Deactivation
coordinate

Reaction coordinate

What is a conical intersection

Two adiabatic potential
energy surfaces cross. The
interstate coupling is large
facilitating fast radiationless
transitions between the
surfaces.

Pictorial description of conical intersection

g

» <

NON-REACTIVE '

Cl

CHEMISTRY

STRUCTURE A

GROUND STATE
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Analogy to conical intersection

To think
What triggers a reaction upon light
absorption?
On the excited surface what triggers the
reaction — electronic motion or nuclear
motion?

How do molecules jump between surfaces?

What plays a role in the jump between
surfaces — electronic or nuclear?

Why orbital symmetry matters?

Models for photoreactions

Photodissociation Photoelectrocyclization

NaCl

= Adabitic

]*m;,= Diabaric
" 2 Wa'0
> i‘o\'ulcm

®) N2 Q)

Ul

Geometric Isomerization

~c=c_ — c:c/H
H H N
©\ @ hv ©\ H
—
Jc=c( — Se=c{
H H H
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+ Opsin ——= Rhodopsin

CHO

. CcHO
LI NIRRT + Opsin

All-trans-retinal

11-cis-Retinal

(11-cis)

CHO
Bacterioopsin + EE\A\/J\A\)\/ —» Bacteriorhodopsin
| 7 9 1 13
Seontgy
Bacteriorhodopsin -

NIRRT

| . .
(13-cis) \NH/E

Ethylene excited state potential energy surfaces

H H H H
N/ i s
CH stretch c—=C C=C stretch C—=C
g\ / \
_H¥ N H H
/
H H
\
2\ Necay
CH2scissors ( Torsion C:;_C
o \
H H

Geometric Isomerization: Twisting of a C=C = Bond

Ethylene - LUMO

& 34
—

Ethylene - HOMO

' Ethylene “

- -
\TE TE) T TE)
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Correlation Diagram for Geometric Isomerization

92 H H 0.9, N N S ¢2¢2

¢1¢z N

S EE
~ ~

¢1¢'1 So S, ¢1¢1

Note the similarity between this diagram and WH diagram
for electrocyclization

Crossing becomes avoided and the point has two different electronic configurations

Sz

s,

3,

N L A_. ._B
—T"_t_‘j B: :A

Geometric Isomerization of Ethylene

Direct
photoexcitation ™

Photosensitized
excitation =

E (keal/mol)

Allowed Surface Crossing Avoided Surface Crossing = %%{ =

(AT
critical
geometry

Energy surface for the isomerization of stilbene

—
“ o= O
100 | 96% 70% 1
EXCITED
STATE
SURFACE T
g 8
K] 2
K] &
>
8
5
&
GROUND i
STATE cis § trqns
SURFACE > 90" 180°
Twisting Angle about C=C
Angle of twist degree
(=0
R. Hochstrasser, Pure & Appl. J. Saltiel, et. al., J. Photochem. T. Tahara et. al., Phys. Chem. Chem.
Chem., 1980, 52, 2683 Phobiol A, Chem. 1992, 65, 29 Phys., 2012, 4, 6225
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Sudden polarization

CD;0D @
: 5
Hy

(31)3()1)\

So= Yoo
)

L. Salem, Acc. Chem. Res., 1979, 12, 87
J. Saltiel et. al., . J. Phys. Chem. A 2018, 122,29

Intensity —>

Diagram works for most with some modifications
Adiabatic photoreaction

Absorption Fluorescence

Energy / keal mol™

s

]
T T
CgH, H 0 90 180
‘O VAL ‘O / Angle of Twist/Degree
N (C=C)

Energy / ev

Pyram. (7)

150 120

Torsion (g)

Torsion ()

For both stilbene and ethylene, the twisted geometry represents a saddle-point on So.
Accessing the minimal energy conical intersection from the purely twisted photoexcited
molecule requires displacement along the pyramidalization coordinate.

Martinez et. al., J. Phys. Chem. A 2003, 107, 829

Geometric Isomerization of Ethylene
Conical Intersection is a Possibility

¢

hv
So A
0° 90°

\
R
N
R
A
T
N

Energy [ eV
>

2 L
N
150

%0
Pyramidaiization

180°
trans cis b0

Ethylene decays with a lifetime of 20+10 fs (2 x 10-14 sec): computed

Conical intersection at a twisted, mono-pyramidalized geometry
suggested through computation.

T. J. Martinez et. al., Annu. Rev. Phys. Chem. 2007, 58, 613.
T. J. Martinez et. al., Chem. Phys., 2000, 259, 237.
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Change in electronic configuration upon twisting 0-350 fs (computed)

Snapshots of the n- and n*-like natural orbitals of an individual nuclear basis function

traveling on the excited electronic state of ethylene. The calculation begins at a planar
geometry where the excited state wave function has covalent tn*character. During the

course of the dynamics, the excited state wave function oscillates between covalent (50,
150, and 200 fs) and ionic (110, 170, 280, and 350 fs)forms.

T. J. Martinez el. al., J. Phys. Chem. 4, 2000, 104, 5161

1,3-Butadiene and higher polyenes

( N\ N\ N\ [ l )

-k o ] = n*

Mechanistic Possibilities

L
. .

R > *R - I — p

‘—> (*I or *P) _7

F = funnel from excited to ground state surface

| = ground state reactive intermediate
*| = excited state of a reactive intermediate

*P = excited state of product

Hydrogen abstraction is a common photoreaction

(o} OH b OH CeHs CgHg
S ST (-
CeHs CeHs  CgHs H CeHs CeHs CeHs CeHs CgHs
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Primary Photoreactions

Hydrogen Abstraction

4

DT+

0 H
)J\ + >—0H hv gi ——— Products

CeHs hv . CeHs
7 + CHgOH A 7 +

Sens. H

&+}OHL» &ﬂ

CH,OH —— Products

Products

Primary Photoreactions >
Addition to C=C bond, triplet, non concerted \" %

o

hv °
)]\ + j]: > )\ — .~ Products

Products

o+ NF
o Z Sens

L.oo &G Sy — oae
+ - .

cl Cl 7
hv
et 2 CLD e
Sens
cl Cl

Primary Photoreactions

a-Cleavage
hv . .
 » CH4CO + C(CHa)s
hv .
N — —. +

) "0y

Products

Products

Products

Products

Primary Photoreactions
p-Cleavage Q/

Q
hv é Products g
H Ph 7 pp
Ph B /

Ph

——~ Products

Pn/:\o{ i P Yo
% G

O

H H_CH,0H
CH,0H .
hv
Products
fo) hv o . (
©/ T ©/ I ——— Produas

Products
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Carbonyl Compounds
SRR | -
Y

. Nt "

n & N L

N 7% T = 0%

Frontier orbital view of hydrogen abstraction by carbonyl nt* triplet

Perpendicular approach In-plane approach

Less likely S e
(Large energy gap,
ot favored) o
n .
. (Smal energy gap, favored) More likely
** gHOMO . — Nt ghomo
H—& =0 H—<

First excited state {n.x")

Constructing Salem Diagram

Relevant i, P "
electronic states > . o)

Geometries of
approach

Diradical
intermediates
formed

Constructing Salem diagram for n-plane attack

Identify a symmetry >—0 — -
plane to which relevant " X
orbitals are sor a 3

Symmetry plane
(contains atoms involved in reaction)

Enumerate the relevant

i Orbi
orbitals of the reactant s’ el
and the intermediate in :
the order of their energy. On . s %on
Reo a a Pc
. . g —— 8 s Px
Build the orbital S
correlation diagram based Reo 2 8 Po
on energy and symmetry. Gox s s Son

Sal lation di . L. Salem, JACS, 1974, 96, 3486; Science, 1976, 191, 822.
alem correlation diagrams: Dauben, Salem and Turro, Acc. Chem. Res., 1975, 8, 41.

4/8/21

27



reactant ground state

/io “—°§ 4g, 2 4824
N
reactant (n,=*) excited state
ﬁ H—Cg 3¢, 3% 3S 3A
ground state of primary product
—H
K we e
excited state of primary product
oM ol
i o\ 4o, 27 4S 2A
Salem correlation diagram
reactant ground state
o oM oH CH, CH, F “_‘(, il 4S2A
A ¢ A L 2 > - HO 34~ OM N
CH TG, O oM, CH  CH, CM, CM, reactast (n, r*) excited state
! /
D e, 3¢ 3S3A
A N
ey W greund state of primary peodost
"™ W, j\’ o Yo.3e 3524
7
SYMUETRY PLANE excited state of primary peoduct
(comtors roms it i) o
}L ?{ d02e 48 2A
S,lnx s s z 0-H X 4c2
A4S2  oiH-x{ ' - : 3 A'S
Tylxx") s’ ’ o2
e I S A2s4
—— [ $,inx") A
?"\ i 75
A353N\C CHy Tiox") —— A = PR
A} I ms
0t H=X Syn) ——§
AZst A

Dauben, Salem and Turro, Acc. Chem. Res., 1975, 8, 41

) 120 40" ? O—H X 4c2
A4s? 0: H—X i . = P % % A A'S
A Tyrx") s- = mag
. A254
* 80
OIRER S,(nx") — A
A3S3 HJC)J\CHJ T,(0") —— A- %
A3S?
0: H=X Sy(n?) s
Azt
rogen abstraction alo -plane is likely from nt* state.
Hydrogen abstraction along n-plane is likely from nr* stat
Reaction from Ti(nm*) is likely to be more efficient than
from S; (n*).
1 IS T e reaction from n-face is unlikely.
If Tiis nn* th tion from n-f s unlikel
o | nxe Excitad
DR S l' 4
! e Lo.2x
o oM eec
- ~
® 30,3%

0D i
L] =
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of the location of return from photoexcited state to
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Hydrogen abstraction from wn*state is less
common and occurs at a slower rate

In-plane approach

S ceo O
* o n* electron is diffused into the
L aryl ring.
x 3 e l Leads to a less stable oxygen
Oy L1 centered radical.
3 R N e nn* state in aryl carbonyl
Y-8 wo? systems can abstract hydrogen
st Excod St e but not at high rate.

Salem diagrams for n-plane attack

1
E
™)
)|
I.ﬂhn',-.--
--------- 12Bex
S So
g — = “3-4 g
i B 1 &
R R

No reaction from nm* state Abstraction by carbon in the

nnt* state favored

Difference Between Electron Rich and Electron Poor Olefins:
Orbitals Involved in the Primary Interactions Are Different

Parallel approach Perpendicular approach

> 9
D
— & LUMO
0 LUMO
A LumMO =t — e
<00 9
_}_n_ == THOMO p \
Q Q HOMO
) HOMO = —— c=c
A
D
c=c o
A c=0"
electron-deficient alkene gt electron-rich

A-electron acceptor D - electron donor

e,

)
"3II\,K"

S
oV p v
|
)\[l.' I I
Electron rich olefin Electron poor olefin Electron poor olefin
Addition to oxygen Addition to carbon
BARRIER FAVORED
Reaction is likely to be less
efficient.

Excited States and Photochemistry of Organic Molecules, Klessinger and Michl, VCH, 1995, pp 424-432
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Electron transfer would occur independent of the
character of the triplet . . . .
Why excited singlet and triplet give
. different products?
H - - -
+ - e
4 / s How do reactive molecules in the triplet
B %E state transforms to singlet product(s) or
t . singlet intermediates?
>=o >vHNHA; >=o
an® J{ nx*
Yo - D Intersystem crossing mechanisms?

Importance of intersystem crossing

Molecular Structure and Dynamics

o "o Mo o To
I I
A)be A)Lxs-> A)LB-> A)"B-> A)"B > °
Photochemical
General Photochemical Paradigm I
hv
y v R — —= P
R +hv > R* > 1 > P oy
R *R 1 P
A
1 N hv e I1SC e 3 1SC I P
Photophysical Thermal
P =
-+
+ o+ : F
So S T rRP 'RP P
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S, (n.x") T, (n.x7)
I3
H CH,CH. H CH.
0/ .c { 23 . o/ .c / 3 *
A="CH, - A="CH,CH,
c CH, c CH,
. CH *CcH CHT eHs? It
’/ \
e
/ C,H,COCH,
H CH (l:HJ CH,
~ . AV
o (2 o H—C—CHCH, CH, :<
i “ CH,CH, | + CH,CH,
. /Kc _CH, . o ?
H. H. H, H.
e s 2 L] 2 HO CHJ

Optically active Racemic céHsﬁ CH,CH,

Diradical, Biradical

( ’ | .>
J

electron exchange
integral

r=long 2’|‘° r=short

r 1
bir;dit;al: ;f 0 diradical: J# 0
x doublet ' \
1
triplet (T) singlet (S)
mg = +1 0 -1 mg = 0
L. Salem et. al., Angew. Chem. Internat. AA / 7 /* Y A Y af
Edit. Eng.,1972, 11, 93. aa \s BB ’
Pure & Appl. Chem., 1973, 33, 317. S“ B
=1
25+1=3

What controls the singlet-triplet energy gap?

* Molecules
* Intermediates (Diradicals)

AEST = ZJ in molecules where HOMO-LUMO gap is large

AEST = .l - B in intermediates where HOMO-LUMO gap is very small

J: exchange integral, depends on the overlap of orbitals with one
electron each

B: bonding interaction, interaction between nuclei due to the presence
of two electrons in a bonding orbital

Electronic Energy Difference between Singlet and Triplet States in
Diradical Reactive Intermediates, I(D)

| l

hv
R[S (n04)] — *R[T;(ngv)] 31(D) (D) P

R_—>-L + —_
+ |+ L

S T 3Rp 'RP

HOMO-LUMO gap large ~ HOMO-LUMO gap small or equal energy

OnlyJ, no B Only J Both J and B

S >T, S >T, S <T,

Parallel

Perpendicular
orientation

oflentation
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Singlet-triplet energy gap

J will be proportional to the electron exchange integral for the (NBp)!(NBy)' configuration

B will be proportional to the contribution of the (NBL)? configuration. The latter
corresponds to the bonding contribution.

A
{(NBL)'(NBy)"}! {(NBL)'(NBy)'}® (NBL)? (NBL)?
(NBL)?
O ,
—o— —o— >§ % 2 % OO
NB,  NBy & O C
AEg=)-B

>0

Py

Good orjentation for Poor orientations for
spin-orbit coupling spin-orbit coupling

Salem's rules for ISC in diradicals-1

(1) The value of the exchange interaction, J,
between the two radical centers is less than the

strongest available magnetic coupling mechanism.

In order to mix the S and T states of (D) effectively, the two states must have

essentially the same energy, i.e., they must be very close to degenerate.
Since J causes the energy of the S and T state to “split,” the value of J must

approach zero if the energies of the S and the T state of I(D) are to become
degenerate and mix effectively.

+«—2-3A—

-

>5A

)

J large, ISC slow

>

J small, ISC fast

Salem's rules for ISC in diradicals-2

(2) The non-bonding orbitals of the diradical are in
an orbital orientation that can interact o some
extent and can create orbital angular momentum

that couples with the spin angular momentum
during the ISC step.

In order to generate angular momentum an orbital jump from a “p; — px” type

is required. The best orbital orientation for spin-orbit mixing is when the

two non-bonded orbitals of the diradical are at a 90° orientation with
respect to one another.

Er TF

Good orientation for

Poor orientation for
ISC at any separation

ISC at any separation

Salem's rules for ISC in diradicals-3

(3) The degree of electron pairing character in the

singlet can become significant during the ISC
step.

In order to effectively generate orbital angular momentum, the electron must
jump from one orbital to the other half occupied orbital which is at a 90°
orientation, as the singlet is created. This produces a situation for which
there are two electrons in a non-bonding orbital to a "zwitterionic"
structure (1(2)). Thus, for the most effective creation of angular momentum,
the singlet must possess a certain amount of spin paired character.

P, P,

Koo — g3
S S V1

o
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Conformation dependent product formation

OH
Il

R/C

Favorable conformation
for Types Il and |

Favorable conformation

HO«RP]
.
C?Soid I(BR) k
u o
7

OH
R)'\/\'

Transoid I(BR)

for Type | only

Conformation dependent ISC and its effect on product distribution

Cisoid Transoid

RC\.‘},}' /@ J\/ ) y o —

oH o  HO
=+
R— /
NS U R
Triplet
procursor
CMr\ dy \m-cs
IYvo(eU
“lsc ] Ihsc
Chan nyr\.1mvc
«smnw VAV
» Products

Not all conformations would have the same J, and orientation

of the two p-orbitals

Conformation dependent ISC and its effect on product distribution

3DR
B
C
A Fast
1 DR kisc kisc k15C
Slow Slow
P-1 P2

Excited Singlet and Triplet May Undergo
Different Reactions

hv & hv
7 —_
m Direct

Sens.

y CH,
k he m
_ .
Sens. Direct

AyCGHS Ab/csm, v OCHQ

CH,OH Sens. CH4OH CEH5

§ v |j|><ﬂ/ hv
- —_—
sensitized

(&)
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Why excited singlet and triplet give different products? Definition of cage effect

Loose and Tight Biradicals

T W Aw. B
; o —
— [

stereospecifc (¢ l

co + A+ B

CH,
+ +
H,C H,C
AA AB BB

[AB] - {[AA] + [BB]}

Cage Effect =
{[AB] + [AA] + [BB]}
)
. . . . Spin Dynamics - pictorial view
Intersystem Crossing in Radical Pairs
The system, in its T; state, slides down along the T; surface energy. This correspond to an
increased distance between the two nuclei: the bond breaking step occurs.
(0]
PLEY EAL T,
A B
Ggem ——> Cage R
lhv T reactions .
Surface jump
. - 3 i 50
O O 0] - When J is large, the spins are strongly
)J\ > )I\ > J- . — J. . > P —> Free radical coupled together. The dipole-dipole
A B A B A B A B reactions interaction overwhelms the magnetic ones.
“R(Sy) *R(Ty) 2I(RP)gem ICFR + 2FR)gem
Germinate pair $ 1
J decreases exponentially with distance
PZ—SA—»% S5A region 1 2 3 4 Joce"
¢ ; bond  |contact pair] S:gla‘::?etd free radicals and magnetic interactions, that generates

U M stretching pair torques responsible for rephasing or spin
distance oA BT oA 1A flipping (T, g So), are effective.

J large, ISC slow J small, ISC fast

1(6) ~102 | ~08-100 | ~10 ~0
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, | ~ . .
CeHeCH,CCH,CeHe 1> CiH,CH,C CH,CeHs FCC:— CeHsCH, CH,CeHe 1SS CH,CH,CH,CH,
A as!

DBK@micelle 3(RP)germ Geminate

combination
A

Scavenged
free radicals

o}

(a) Initial sample of
13C=0 enriched DBK

+— CgH,CH,?CCH,CH,
o

CoHsCH,ICCH,C Hs
(b) The degree of 13€=0
in DBK increases with
photolysis (90%
conversion)

v '
CyHsCH,CCH.C,H.

[¢]

Cage effect can be utilized for isotope enrichment

3.

12
o e
PHCH,C + CHyPh FREE RADICALS

f o
PhCH,CCHyPh —— S — T
STARTING 91% Conversica
KETONE M0
48%""C 62%"'c

escape
PhCHxC+ §  CH,Ph

— |

. PhCH,CH,Ph +CO
@PICHCCHPh = PhCH,C + CH,Ph

..o‘ DBK
'L b

ol Ve o
\L__\I’ Phcnﬁuz{ >*CII] -71».012|L!1|3><:>:CH1

PMAP

IMPOVISHED IN ¢

v
PHCH, CCHa P
‘o

ENRICHED IN "*C

The competion is between cage escape and hyperfine induced ISC

Effect of an applied magnetic field on the T splitting

T

.
Z . T l](xﬁ+[5u 5 H of - pa

|

T levels split apart, To has the same energy as S

Only To > S ISC allowed

When H = O (The earth’s magnetic field)

—_
Slow
/ Z S N Nuclear isotope effect will

T, T.T, S increase cage reactions

i
®

WhenH>a

Magnetic field effect will
decrease cage reactions
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The effect of external magnetic field on the cage effect Isotope enrichment decreases in presence of applied magnetic field
AT AT, Initial 90% photolysis 90% photolysis
gy i :“"I*‘u::)““‘ at O applied mag. field  at 15,000 G applied
o mag. field
:""—CH:—é—CH;—A’ ) 31 16 @) o ©
\_/ \
Dsg «——CgHsCH,?CCH,C¢Hs
¢ BCH;~C—13CH~ 46 2 ?
T DBK22-% [ CeHsCHz*CCH.CiHs
(s}
me— V-on, dcn, ﬁ CH, 50 31 ®
T 44Di-MeDBK
— 9 p—
HOC—  H—CH~C—CH~  )—C(CH), 95 7
S 4,4'Di-t-BuDBK
. 48% 13¢ 62% 3¢ % 13
The cage effect decreases. More exit from host cage. l J ssne
c,ﬁ5(*:+42(‘~T(:+|zcm5
o
Visualization of Thermal Reactions Visualization of Photochemical Reactions
. Smallgap & , large gap P
“ R —e 1§ —e P R—sT15, — | —= 15, — P B’ A
- AE _AE
3| 7 ; : X I X
: : 1 g \ A B 2 X A *
enovs Goury %
P s Landau-Zener-Stuecktberg equation
coordinate Reaction coondnate
P = exp(—AE?/vAs)
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