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Both electronic charge and energy flow during chemical processes




CHs cis
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Vision
(Rhodopsin)

The first step in Vi< ' the 10713 s timescale.
The overall visua" 3 on the ~10' s
timescale.

nele)c), W'q?l/i]g fast?
DY ~"Cg
YSs® Otherwise very fast competing dissipative
processes due to the surrounding protein and aqueous
environment will completely terminate the desired signal
transduction.

Nature designed this device for speed
Dynamics is central to the function




Time-Resolved Photoelectron Spectroscopy
Advances in Chemical Physics 139, 497 (2008)

= Final state is well known:

the molecular ion.

= A “universal” detection scheme:

any atom, molecule or radical may be
ionized. No ‘dark’ states.

= Charged particle detection:

electron signal may be dispersed (kinetic
energy, angular distribution).

= Sensitive to electronic symmetry of |S_>




TIME-RESOLVED
PHOTOELECTRON SPECTROSCOPY

TRPES

TOF Mass
Spectrometer

Molecular

Photoelectron
Spectrometer




THE MOLECULAR IONIZATION CONTINUUM AS FINAL STATE
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ELECTRON PARTIAL WAVE COMPOSITION
ELECTRON SPIN POLARIZATION




1. CATION ELECTRONIC/VIBRATIONAL STRUCTURE

ION ELECTRONIC STRUCTURE
ION VIBRATIONAL STRUCTURE




KOOPMANS’ THEOREM

THE CORRELATION OF ELECTRONIC CHARACTER UPON PHOTOIONIZATION

= A SINGLE ACTIVE ELECTRON PICTURE. The remaining

electrons are frozen or adjust adiabatically upon ionization.

=>ONE PHOTON OPERATES ON ONE ELECTRON. One

photon — two electron processes are less probable.




Disentangling Electronic from Vibrational Dynamics
Making use of Koopmans’ Theorem

Non-adiabatic
Pgocess

Nature 401, 52, (1999)




ELECTRONIC CONTINUA IN TRPES

Case (1): Complementary lonization Correlations

The non-adiabatically coupled electronic states a
and B correlate to different cation electronic
states.

e.g. oa—>a’ B—P*

In Case (1), this complementarity can allow for
the disentangling of the electronic population
dynamics from the nuclear dynamics.




ELECTRONIC CONTINUA IN TRPES

Case (2): Corresponding lonization Correlations

The non-adiabatically coupled electronic states
o. and B correlate to the same cation electronic
states.

e.g. o —> A" B> A"

In Case (2), this correspondence generally
hinders the disentangling. Depends on the
specific geometry changes.




Case (1): Complementary lonization Correlations

Example
Internal Conversion in a Linear Polyene

all-trans 2,4,6,8 Decatetraene

RN y

1
1'B., S» 4\5762 .
|
(0,0) 287 nm 2 Ag S

1'A,, So




Koopmans’ Correlations in Linear Polyenes

Photoionization

Adiabatic
Coupling




Disentangling Charge and Energy Flow in Dynamics

D, 12A
DO, 12Bg = .
Probe 235 nm

; At
Sz, | Bu Sl’ 21Ag 2.1 ps
1.5 ps
0.6 ps
S()a llAg 0.5 PSs

0.4 ps

0.3 ps
0.1 ps

Discerning vibronic molecular 0ps '
dynamics using time-resolved 0 1 E, (eVZ)

photoelectron spectroscopy

Valérie Blanchet, Marek Z. Zglerskl, Tamar Seldeman
& Albert Stolow

Pump 287 nm

Photoelectron Counts

Simultaneous observation of both
electronic rearrangements and
vibrational motions

NATURE(|VOL 401 |2 SEPFTEMBER 1999 | www.nature.com




Case (2): Corresponding lonization Correlations

Example:
Internal Conversion in a Polyaromatic Hydrocarbon

Phenanthrene
Cq4H10

1
"B, S, 5968 cm™!

(0,0) 282 nm

1AL, So




Case 2 Example
Internal Conversion in a Polyaromatic Hydrocarbon

Ultrafast S_,_ - 81 internal conversion in Phenanthrene

lpump =282 nm

A =207 nm
probe
(parallel pol.)




Excited State Intramolecular Proton Transfer

enol keto
Journal of Chemical Physics 114, 2519 (2001)




Time-Resolved Photoelectron Spectroscopy

Recent review: Advances in Chemical Physics (2008)

Diatomic Wavepacket Dynamics
J. Chemical Physics 102, 5566 (1995)
J. Chemical Physics 103, 4538 (1995)
Chemical Physics 207, 331 (1996)

Non-adiabatic Dynamics

J. Chemical Physics 105, 5647 (1996)

J. Chemical Physics 110, 2465, (1999)
Faraday Discussions 115, 33 (2000)

J. Elec. Spec. Relat. Phen. 112, 183 (2000)
J. Chemical Physics 114, 1206 (2001)

J. Physical Chemistry A 106, 8979 (2002)
J. Physical Chemistry A 111, 11948 (2007)

Photoisomerization
Nature 401, 52, (1999)
J. Chemical Physics 114, 1194 (2001)

Intramolecular Proton Transfer

J. Chemical Physics 114, 2519 (2001)

Molecular Electronic Switches

J. Amer. Chem. Soc. (Commun.) 125, 8098 (2003)

DNA base Photodynamics

J. Amer. Chem. Soc. (Commun.) 126, 2262 (2004)
Phys. Chem. Chem. Phys. 6, 2796 (2004)

Proc. National Acad. Sciences 103, 10196 (2006)
J. Physical Chemistry A 111, 11743 (2007)

J. Physical Chemistry A 111, 8500 (2007)
ChemPhysChem 10, 101 (2009)

Photodissociation Dynamics

J. Chemical Physics 108, 4371 (1998)
Faraday Discussions 127, 193 (2004)

J. Chemical Physics 125, 084301 (2006)
Science 311, 219 (20006)

Science 323, 1464 (2009)




Conical Intersections
The “Transition States” of the Excited State

Our intuition about dynamics at Transition States
should be a guide.

Topography: location, skew, tilt, asymmetry relative
to potential gradients.

Diabatic vs. non-adiabatic passage should depend
on direction and rapidity of approach.




What is a Conical Intersection?
A general electronic degeneracy in polyatomics

3N-8 dim hypersurface of
Intersection between two
adiabatic states.

The remaining two
dimensions linearly lift
the degeneracy in first
order and have the
topography of a double
cone.

Thétadog\ovlio @ dabimidrse citatepdiviti fgreudaszam.
The ddubtesitomestape greaming twil Wik ryaajoalg tigetsiessurtacedinate.




The Branching Space

D.R. Yarkony

Two coordinates linearly lift the degeneracy locally around a
conical intersection. Span the 2D branching (conical) space.

Define two branching space directions: ¢ and h




Conical Intersections: Local Topography
(S. Matsika, Temple Univ.)

Linear Hamiltonian: Yields eigenvalues (double cone):
(sxy—=8)x (s, +h)y 2 2 2 2
(1) _ y _ _
H _((Sy+h)y (Sx+g)x] Ex Sxxi\/(gx) +(hy)” =2hs, y" +(s,)

x and y are branching space coordinates.

otcr: IR i




Example: Ethylene Absorption Spectrum

UV Spectrum of Ethylene

Doublets

- Progression in C=C

- Resonance Raman show initial
dynamics in C=C, twist & pyramidzn
- No indications of dynamics after
the Franck-Condon region
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BEx10 64 B2 B0 58
Wavenumber (cr)

But what happens next, beyond the FC region?




Example: H, Product State Distribution
H, (v, J, E,) from Ethylene UV Photodissociation

Dynamics of ethylene photodissociation from rovibrational
and translational energy distributions of H, products

Evan F. Cromwell, Albert Stolow, Marcus J. J. Vrakking, and Yuan T. Lee

Chemical Sciences Division, Lawrence Berkeley Laboratory and Department of Chemistry, University of
California, Berkeley, California 94720

(Received 6 May 1992; accepted 2 June 1992)

- Bimodal (1,1) and (1,2) H,
; 1T ellmlnatlon
" ‘ rrelations
yvhat happened before the TS region? . dynamics
2 L - preceding the Transition
State

Bu

RELATI\NCam all ATION

012 3 4 5 678910111213 %01 456 910111213
ROTATIONAL STATE (J')




An Example: Ethylene

cis-trans isomerization about a C=C bond
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Fe{aﬁ f IAv0| ed " Conical
F@Ig'a IONIBYss ﬁ&s' Jolnl: Intersection

PictuGround staftécFdtochemistry: Picture

Levine & Martinez. Annu.Rev.Phys.Chem. 2007




An Example: S,/S, Cl in Ethylene

Gradient difference vector Nonadiabatic coupling vector
CH, twist, pyramidalization C-H stretch

MRCI Columbus calculations: M.S. Schuurman (NRC)




Ethylene: ab initio Molecular Dynamics
Multiple Spawning Trajectories
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Minimum energy gap (eV) Energy above MECI (eV)

Levine BG, Martinez TJ. 2007.
Annu. Rev. Phys. Chem. 58:613—-34




Vibrational Dynamics at Conical Intersections

The reaction coordinate is necessarily two dimensional.

a,g +ayh | K< AR C | rcgion.

g: a‘diab : inatgZ e y along g
does not c i ic chatact

h: an‘ad L . SRERERE to induce
the change i N oo molecular
frame ’




The Localization of Dynamics in Molecules

Excited State Dynamics:
At conical intersections, specific motions at certain
bonds govern the dynamics.

The critical dynamical steps often seem to be
localized around certain moieties. e.g. the C=C bond.




Butadiene: A paradigmatic molecule
SZ(1BU)
N /510

~ SO(1A0)
 Smallest conjugated linear polyene

- TU electron delocalization
- cis-trans isomerization

. . . *
« Complicated excited state dynamics 7T—TT
- close-lying 1'B,, and 2'A, excited states
- large amplitude motions, multiple configurations

 Ultrafast excited state dynamics
- estimated < 10 fs lifetime of S,
- S, never directly observed




Butadiene: UV Spectrum

UV absorption spectroscopy
82(1 Bu)
\§}_\V//S1(1Ag)
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SO(1Ag)
JPC 97, 13586 (1993)

10.D

%30T 216 200 nm 5505 Ss.0 640
5.74 6.2 eV FREQUENCY [CM-1 X 1

Strong diffuse vibronic bands broadened ~490cm-’

T('B,) ~5fs ?




Butadiene: Prior time-resolved studies

Time Resolved lon Yield

S2(1Bu)

\i?v/ S1('Ag)

SO(1Ag)

200 O 200 400 600 800 1000
--o,a 02 01 00 01 02 03 04 05 delay/fs

Radloff et al, PCCP 3, 2981 (2001) Fuss et al, CPL 342, 91 (2001)




TRPES of Butadiene

-G, streich




Butadiene TRPES

pump-probe delay, ps

0.5 1 146 2 2A
electron kinetic energ




Butadiene TPRES
First direct observation of the elusive S, state

D2(2A_q)

0.5 1 146 2 2A
electron kinetic energ




Time-Resolved PEPICO

PhotoElectron-Photolon COincidence Spectroscopy

Coincident with Coincident with
parent ion mass fragment ion mass

fraqmentation channel opens
(11 .39eV)




TRPEPICO of Butadiene

Pump-probe delay / ps
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Butadiene TPRES
Fast large amplitude motion on the S, state.

pump-probe delay, ps

electron kinetic energy, eV

Twisting on S, before the
1B-2A conical intersection




Extracting Dynamical Information from TRPES
2D Spectra: Photoelectron K.E. vs Time Delay

2D Global Fitting

W= S(E,,Af) =) A(E,)x B(A1) ® g(At)

A(E,) is the time-independent ‘decay associated
photoelectron spectrum of the ith channel.

P (At) is the time-dependent population of the i" channel

2(At) s the instrument response function.




Problems with Global Fitting
S(E,,Af) = Y A(E,)x P(A) ® g(Ar)

Excited State Dynamics are complex, with
vibrational and electronic dynamics occurring
simultaneously.

It may be unreasonable to require that the decay
associated spectrum A4 (£)) remain fixed.

But without knowing the direct dynamics, how can we
proceed?




A Multiple Spawning Approach to TRPES

Todd J. Martinez (Stanford) & Michael S. Schuurman (NRC)

« Excited state wavepacket
represented by a product of
Gaussians.

 The surface is not known
beforehand, but is
computed “on-the-fly”.

* Observables (e.g.
photoelectron spectrum)
can also be calculated “on-
the-fly”.

* Direct, no-free-parameter
comparison with
experiment.




Butadiene Theory

Michael S. Schuurman (NRC) & Todd J. Martinez (Stanford)

* |nitial motions are bond-alternation coordinate and
large amplitude torsion about terminal C=C

Delocalized
over
Molecular
Frame

Localized
on
Ethylenic
Sub-unit




Butadiene Full Multiple Spawning Theory

10

Localized

A

200 500/

53% | 45%

Delocalized
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Butadiene Experiment &Theory

On-the-fly trajectory calculation of photoelectron spectra

Not a Fit!

Zero
Adjustable
Parameters

Photoelectron kinetic energy / eV Population




Butadiene Excited State Dynamics

Conclusions
First direct observation of the dark $,(2'A,) state.
S, ('B,) goes through large structural deformation (twist) to S,.
This twist is responsible for the broadening the UV spectrum.

Ab initio on-the-fly TRPES trajectory calculations

Good agreement between experiment & theory.

Localization of Vibrational Dynamics
The n—nt* excitation is delocalized over the entire molecular frame.

Despite this, about half the excited state trajectories become
localized at single C=C bond.




Polanyi Rules

A+BC —->AB+C

« Topography of the Transition State region
* Role of translational vs. vibrational energy

Middle




Will there be Polanyi Rules
for Dynamics at Conical Intersections?

It's hard to know...

Molecules are complicated...
Calculations are difficult...

Let’'s start with a phenomenological approach.
Search for evidence of some trends before we make promises ...
Seek the important motions...




Vibrational Dynamics at Conical Intersections

Norrish Type 1 Photoreactions: Aldehydes & Ketones

A phenomenological approach:
use methyl substitution to modify dynamics

o,3-enones

H>=</-I:
Acrolein H O

(AC) H

C=C chromophore
— ultrafast internal conversion (fs)

C=0 chromophore

— ultrafast intersystem crossing (ps)
— triplet state photochemistry:
o-cleavage yielding HCO




Sy(m™) Ultrafast Photophysics

w ' of the a,3-enones

S, (nm*)

hv

ic /M

N\
> Ty

T,(nmt*)

o-cleavage

Products
(HCO or CH,CO)




TRPES R ' 2ot 4
b 200nm + 267nm 188
. . . = 150
Sequential Kinetics =
£ 375 '
T 1 Tz M \Egg |
“‘ A

Pump-Probe
Time Delay (fs)

energy range
(eV)

1

1,

0.23—0.28
0.28—1.5

1.7-2.6
2.6—5.0

0.30—0.46
0.46—1.7
1.7-2.4
24-5.0

90 £+ 20
100 £+ 20

140 4+ 40
90 £+ 20

150 £ 20
150 + 30
90 £+ 20
70 £ 20

900 £ 100

Intensity

Crotonaldehyde 75
200nm +267nm 125
175

225
350
975

O80 & 50

1080 + 80

2020 + 80

Why does S, decay so fastin CR ?

Intensity

o o5
: 1751

Pump-Probe ]

n’ i ]
Methylvinylketone Time Delay (fs) 4

200nm + 267nm 51

101

151

A 2

351

Intensity

B S i

Methacrolein Pump-Probe
200nm +267nM  Time Delay (fs)

75
150
225
350
975

1775

g 2 3 4 5
Photoelectron Kinetic Energy (eV)




Why is Crotonaldehyde IC(S,—S,) so much faster?

It's not changes in the absorption spectra:
e AC, CR, MA & MVK
have very similar absorption spectra.

It's not density of states:
eDensity of states would suggest comparable
IC rates for CR, MA and MVK.

It's not energy gaps w.r.t. Triplet states:

e The methyl group has a negligible effect on
the S, - T, energy gap.

e Both AC & MVK have a-cleavage.




Why is CR IC(S,—>S,) so much faster?

It’s not topography or energetics of the Conical Intersections
They are all very similar!

g - gradient difference vector
|I _—

MVK MA

0.82 0.82
3.23 3.16
0.12 0.12
0.065 0.089 h - nonadiabatic coupling vector
0.0001 0.0000 -
0.018 0.022
0.893 0.956
1,209 nm (f) 1080 2020

11948 J. Phys. Chem. A 2007, 111, 11948—11960

Substituent Effects on Dynamics at Conical Intersections: o,f-Enones

A. M. D. Lee,"* J. D. Coe,§ S. Ullrich,” M.-L. Ho," S.-J. Lee,! B.-M. Cheng," M. Z. Zgierski,’
I-C. Chen,' T. J. Martinez,t and Albert Stolow*"%



Vibrational Dynamics at a Tilted Cl

Role of Torsional ‘Velocity’ on Diabatic vs. Adiabatic Branching

Faster torsion. Slower torsion.
Diabatic dynamics: Adiabatic dynamics:

reduced IC(S,-S,;) enhanced IC(S,4-S,)
High triplet yield. Low triplet yield.




Conclusions so far ...

The non-adiabatic dynamics of polyatomics are complex.

We need observables which are sensitive to both electronic and
vibrational dynamics.

Theorists should calculate the time-dependence of observables in
order to directly compare with experiment.

There is a need for simple models in order to develop chemical
Intuition about excited state dynamics.




Example: DNA Photostability

Early life developed under harsh and hostile conditions:
* no significant stratospheric ozone layer
* building blocks exposed to harmful UV radiation

How did the genetic material survive this early period?
What is the self-protection mechanism?

UV photostability of biomolecules relies on ultrafast
deactivation pathways to compete over
photochemical processes that lead to destruction
of the molecule.

The main chromophores in DNA are
the aromatic bases themselves:
Adenine
Guanine
Thymine
Cytosine




Primary Photophysics of Adenine

« Strong absorption for A < 277nm

* Optically bright state is T
* VVery low fluorescence yield

 Ultrafast radiationless processes

PNAS | July5,2006 | vol. 103 | no.27 | 10197

Primary processes underlying the photostability
of isolated DNA bases: Adenine

Helmut satzger!, Dave Townsend! Marek Z. Zgierskit, Serguei Patchkovskiit, Susanne Ullrich*, and Albert Stolow's

TSteqd e Institute for Moleclar Sdences, Ottawa, ON, Canada K14 0RS and *Department of Physics and Astronomy, University of Georgia, Athens, GA 306022451




Possible Electronic Relaxation Pathways in Adenine

S,t*
bright state

S;mo* S, nm*
dark state . ' dark state

S, ground state




Comparison of Adenine with 9-Methyl Adenine
Methylation of 9-H removes nc* state

Adenine 9-Methyl Adenine

e S

i
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Discerning the Primary Photophysics of Adenine

0
21
&

Phatoglecton Signal [norm.|
tolectron Signal [nomm.]

-
O,
o
0.4
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Koopmans’ ionization correlations:
S, tn* — Dy(w!), Dy(n!) + e

S, n* — D(n!)+e

S; m6* — distorted Dy(n), Dy(nt!) + €




TRPES

2D Non-linear Levenburg-Marquardt global fitting
to extract spectra, their amplitudes and dynamics

Decay Associated Spectra
Ade & 9-Me-Ade - -

Have two similar ~ 9-M Adenine

. ] 0.07 ps
time constants: L 11ps

—t
o

o
(od

T;~ 0.1 ps
T, ~1.1ps

_ Adenine
~ 0.04 ps
_1.2ps

o
o

Amplitude [norm.]
o
~

But their

spectra are
different!

© O
o N

Electron Binding Energy [eV]




Decay Associated Spectra

1 9-M Adenine

Mind the gap  0sk — Thooy o pipi*->D: The short
Franck- f 2 OIS

lived state
is TtT*

Amplitude [norm.]

Condon gap
between
D, and D,

Amplitude Spectra

. -l Adenine

-~—— Experiment
| —— Theory: pipi* -> D)

The TG ™ state N

. c ek T Lheory: p|.8|._!n';a: -> Dg :
f|”S IN the : -+ = Theory: pisigma* -> [‘32‘\"':
Franck-Condon g

gap for adenine

8
Electron Binding Energy [eV]




Photophysics of Adenine

Adenine 9-Me Adenine

PNAS 103, 10197 (2006)
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