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1. Introduction
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Transient processes and their time scales

Vibrational/Solvent relaxation

Electronic relaxation

Electron transfer in photosynthesis
Proton transfer
Protein internal motion

Photochemical Isomerization

Energy
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Non-thermal melting and phase transitions

Strain propagation
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X-ray snapshots and movies
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Interactions of molecules with photons

Photons induce transitions
to generate energetic
species, the excited states

S, that then proceed to many
different processes.
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Transient absorption spectroscopy
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2. The principle of “pump-
probe” transient spectroscopy
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Pump - probe concept

Probe
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Pump (on/off)
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At one delay time, many pump-probe cycles are collected for sufficient S/N level in the data;
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Changing the delay time step-by-step to cover the entire kinetics trace;
Time resolution determined by the laser pulse duration (~50-100 fs);
Time window determined by the optical delay length (i.e. 1-6 ns).

t



Pump - probe concept

The probe signal at one delay time,

'|Pump-on |

> <

The probe signal at any delay time t,

AOD(A,t) = log LA, 1) ump - of =log Ly(41)
L(A,t) pump — on 1,(A,1)
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Pump excitation light sources

Direct Ti-Sapphire laser output - 800 nm
Harmonic generation - SHG 400 nm and THG 267 nm
Optical parametric amplification - 250-12000 nm

Laser probe light sources

White light continuum generation
— Advantage: Easy to use and All wavelengths are generated at once
— Disadvantage: Somewhat limited spectral range 330-1000 nm
Optical parametric amplification
— Advantage: Broad spectral range 250-12000 nm

— Disadvantage: Requires more sophisticated equipment; Only
narrow spectrum range can be used — need to scan wavelength.



The capability of optical transient absorption
method
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Three main components of an ultrafast laser system

e Oscillator
e Regenerative Amplifier
e Tunable Parametric Amplifier

Qscillator
b N

Regenerative Amplifier
808nm
FWHM 31nm
41 fs
Nd:YAG, SHG
SW, cw

Nd:YAG, Sl IG
15W,3.4kl 1z




Chirped Pulse Amplification
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o Stretch

« Amplify i l

« Recompress




Transient absorption setup
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3. Basic considerations and calculations in X-ray
transient absorption (XTA) spectroscopy



A pioneering study from the second generation synchrotron source

Time-Resolved X-ray Absorption Spectroscopy of Carbon
Monoxide-Myoglobin Recombination After Laser Photolysis
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X-ray transient absorption spectroscopy (XTA) at the APS
with Delay time sequence and Operating Fill Patterns

o 1 . ] Y
> Sihhe " 3.68 s ‘
APS Hybrid LA SRR UL DD R PN () HOH DD P JHTEDY N)l jil
Operating Mode

Laser Pump Pulse

5 ps fwhm
Ann. Rev. Phys. Chem. 56, 221-254 (2005)
Angew. Chem. Int. Ed. 43, 2886-2905 (2004).

X-ray Probe
30-100 ps

I.I : APS Standard .\.\ 154 ns
\ Operating Mode i _'| |'_
A\ Z T v



X-ray Absorption Spectroscopy (XAS)
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Element specific;

Precise local structure (0.02A);

No crystalline sample required (solution);

Sensitive to oxidation state and coordination number & geometry.




X-ray Absorption Spectroscopy (XAS)

XANES, XAFS
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Stern, Lytle and Sayers, 1970’s



X-ray Absorption Spectroscopy (XAS)
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Core level excitation (keV) vs. valence level (laser pump)
excitation (eV)
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X-ray and laser photon absorption cross sections




X-ray and laser photon absorption cross sections
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X-ray and laser photon absorption cross sections




X-ray and laser photon absorption cross sections

—o— Laser 2.21 eV (560 nm)
—o— X-ray 10,000 eV




X-ray and laser pulse repetition rates

X-ray Pulse Train | 3.68 ps (271kHz)
16mA 84mA > p—
Laser Pulse Train 1ms  (1kHz)

e

(UAY

I

(WA
\

A factor of 1,700 or more reduction of the x-ray photon flux!
L ong data acquisition hours
L ow signal/noise ratio

Solutions: Higher x-ray flux, higher repetition rate of laser.



Extracting excited state (or transient state) spectrum from XTA
Ak 1) = fos () Xas (k) + f 55 () X g5 (K, )
=[1=fos D)X as (k) + [ () 1 5 (K, 1)
= Xos (1) + f o (DL g5 (k1) = g5 (K, 1)]

Two unknowns and one equation — need to find fg via other means

A, via calculation

P-e".0 —e(D)IC(1- £, O *
_ T — 107 EDICA- £, Q¢ )

P, laser pulse energy (J);

k, rate const., (s);

t, time, s;

e (), absorption coeff. at laser wavelength A (M-'cm-7);
|, thickness (cm);

C, concentration (M);

N, total number of molecules illuminated by the laser.




Extracting excited state (or transient state) spectrum from XTA
B. via optical transient absorption (e.g. two state system)

From laser pump, laser probe transient absorption spectroscopy in a two-
State example, where the total concentration of excited and ground states
remain to be the starting ground state concentration C;s(A,t=0):

€45 (A)Cgs(4,0)
[(gGS (Z)CGS (ﬂ‘ﬁ t) + gES (ﬂ)CES (1‘9 t)]
) sCos (1,0)
: (€65 (D) Cs (AO)NN= fros D]+ €45 (D) Cis (4,0) f 5 ()}

Egs(4)

log

{(€6s (D= [ D]+ &,45(4) [ (D)}

If the extinction coefficient for the excited state at a particular detection

wavelength A, e.4(4) = 0,

AOD(A1) =log—fasP) o,
(gGS(ﬁ’)[1_fES (t)] [1_fES (t)]

(- £, ()] =e*” = f.. () =1- e

AOD(A,t) =log

== lOg[1 _ fES (t)]



Extracting excited state (or transient state) spectrum from XTA

C. via calculation (one example by Grigory Smolentsev et al.)
Multidimensional interpolation
Interpolated Calculated Calculated
spectruim spectrum coefficient@

| v e
lu!'(E’ pl +é)1 """ pﬂ +é)i‘}) =JU(E’ pl’T’pﬂ)-i_ZA (E)§)11 +z m, ”(‘E‘)%“ n +'”

mmn

Starting Small
values deviations

Non-muffin-tin FDMNES or FEFFS

Comparison Of spectra:

H i = o= )y (s () - i, ) )

L, - lEl

1111'11(

Principal component analysis

Smolentsev, G.; Soldatov, A. Journal of Synchrotron Radiation 2006, 13, 19-29.
Smolentsev, G.; Soldatov, A. V. Computational Materials Science 2007, 39, 569-574.



4. Basic experimental setup



Experimental Setup for X-ray Transient
Absorption/Scattering at 11-ID-D, APS

Scaler 1

(GS spec)

To computer

e

— Delay/QS

SCA
array

flowing
solution

X-ray chopper

Ann. Rev. Phys. Chem. 56, 221-254 (2005)
Angew. Chemie. 43, 2886-2905 (2004).



XTA — Recent Developments

Sample fluid in
Sample
fluid

Klaus Attenkofer
Guy Jennings

- sloamp &
analyzer

*,(3\1 f PMT or APD detector
\;366 — Low pass filter (z-1 filter)
— Soller slits

\
Sample fluid out
Compact and integrated sample/detector chamber
for air sensitive samples to ensure large solid

detection angle, elastic scattering removal for
dilute solution samples;

In-situ curve fitting for data acquisition

Current mode detection with fast digitizer/signal
averaging allows large dynamic range;

Fast detector system allow bunch to bunch
resolution for all x-ray bunches in the pulse chain.
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XTA — Method Development

Difference XTA spectra at Pt L ,~edge for [Pt(ppy)(1-R,pz)],

0.10 4 Difference spectra (Laser on - laser off)
2p —5d,; The oscillation lasting time
| matches with ES lifetime
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= 0.02 -
<
0.00

-0.02
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I I I I I I
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5. XTA study examples



Metalloporphyrins are important building blocks for solar

energy conversion and life S o@D

Phosynthetic

. bacterial
Photosynthetic .
L reaction center
bacterial light ,
. . protein
harvesting protein

Excited states of metalloporphyrins are:
electron donors or acceptors,
light harvesting pigments,
photocatalysis,
functional site analogs of heme proteins, .
photovoltaic materials. Myoglobin

Zn-Phthalocyanine

(J. S. Lindsey)



Excited state structural dynamics of nickelporphyrins

Structural distortion in solution ,

Q

\ \
500 600
Wavelength (nm)




Ultrafast excited state structural dynamics of nickelporphyrins

S

o Yo

/b
\ . -t ¢ g
W}*

0

(tr,1m*)—(d,d,) conversion mechanism;

Correlated structural change and
energy transfer;

MO energy levels;

Role of the solvent and ligation;
Transient oxidation state of Ni.

\ 0.4 ps
0.6 ps

AA

475 500 525 550 575 600 625
Wavelength (nm)

T Ni(Il) 3d8
Squ,gre-planar
ﬁdXZ-yZ
Porphyrin M 3d,,
Macrocycle



Ultrafast excited state structural dynamics of nickelporphyrins

1.2- 1s-4p, ,

XANES

(X-ray absorption near edge structure)

— "t=100 ps" laser-off
— "t=100 ps" Excited state

8.32 8.34

8.36 8.38 8.40

Energy (keV)



Ultrafast excited state structural dynamics of nickelporphyrins

1s - 3d

No laser S
t — IIOII pS

| ——t="100" ps

w(E)

8328 8329 8330 8331 8332 8333 8334 8335 8336
Energy (eV)

So Ni(ll) 3d® T, Ni(ll) 3d®
Severely distorted Square-planar
Square-planar

1) Singly occupied 3d,2 and 3d,2.,2 MO in the T, state:
2) Wider bandwidth for 1s—3d,, ,, transition in the S, state than T, state;
3) The d-d splitting evolves faster than one can currently resolve.

How fast is the intra-molecular electron shift and its correlation with

nuclear geometry change?



Ultrafast excited state structural dynamics of nickelporphyrins

Why does the 1s—3d,, , transition band so broad (i.e. > 1.4 eV)?

W -2 E(eV)
sad (3}1‘} //zﬁ\ —_____-—' ————— ‘__/'—2.?2
[ : ;3_ - -3 3dx2—y2 e T A 2792
™ mf {,M 3.18
/){’\7: }'ﬁ_“? _—3?1‘“ g
[ \ ‘? — . -4 i —
dom (42 o9 .
" = 3d,, 4648 -4.651 -4.659. o -4.562
__r?-E;v(x} (Eg) -5 \5 12__.———"
) (e © Lé‘.“:.i: “ :53’4 $ o K 0%':$°"."
wor }',.f iy . o : ( - @ ‘.
) < _e® N L N
= > D e @  ®  ®

-p}‘{'} (A 1)
G. Smolentsev

Conformation dependence of 3d energy levels



Ultrafast excited state structural dynamics of nickelporphyrins

21 R|EXAFS
I (Extended X-ray Absorption Fine Structure)
1.0 -
@ 0.8 -
L Nuclear
= 06- Fhsplacement
- in the ES
T
(1 044
= —"t=100 ps" no laser
024 | —"t=100 ps" Excited state
0.0
| ! | ! | ! |

8.4 8.5 8.6 8.7 8.8

Energy (keV)



Ultrafast excited state structural dynamics of nickelporphyrins

'(mt, m*) Optical TA

82 A
<0.18 ps

(7, m¥)
S; T <0.18 ps
N0s hot 3(d, d)
Vo RTTITY T (TTTTTITIIS
vibrational Laser-off
B Q relaxation i EXCited State T1
T,: <1.5ps
T,: 6 —20 ps
A 4
relaxed 3(d, d)
/fLQQ v
Q-
Sg - \0

Ground State: '(d)?

R(Angstroms)

Geometric changes in the excited state NiTMP

The Ni-N and Ni-C_ distances both increase at the T, state.
The x-ray pulses are too long to resolve the timing and time scale for the
macrocycle expansion as well as the correlations with electronic transitions.



Following photoinduced ligation of nickelporphyrins

1s — 4p, Doubly
Unligated ligated
0.4-
—NITMP
— 100 ps
—— 200 ps
031 ——4000ps
) _ 600 ps
" f — 800 ps
< 024 —— NiTMP-py,
£
2 Singly ligated?
in igated?
e, 0.1- SV
bR
. . . . . 0.0
Time sequence in photoinduced ligation 8330 8335 8340
« Generate S, state, < 100 ps to create Energy (keV)

vacancy at 3d,;
o Pyridine solvation or singly ligated NiTMP*, Absence of double peak — py
< 600 ps; surrounding changes conformation

« Pyridine double ligation, <800 ps. to have degenerate 3d,, and 3d,, ,,



A unified mechanism for axial ligation of nickelporphyrins

S1 State

_3dx2 -y2

cad'(Bz,‘) *3d22 /SC & /‘/R - ™ -..i\. )
N J\; f(B/MJ _
AT +3dx2-y2

~_7

dirs_ 0 Fast _mot_lons and %
>~ 9 the ligation 3d,, "%, o
( e E) = processes can be
o followed with Ni(ll)* 3d® (stiff)
Y shorter pulses: Square-planar
o (A
’ K,=0.035M2
Ni(Il) 38 (flexible) MNRG_—_—__3d,, . ,
+Ligand

A

Square-planar g
So State *3@2 :
- Ligand




Time-Resalved X-ray Absorption Speciroscopy of Carbon
Monoxide—Myoglobin Recombination After Laser Photolvsis

D. M. MiLLs
Cornell High Energy Synchrotron

Source, Cornell University,
Ithaca, New York 14853

A. LEwIs
A. HAROOTUNIAN
J. HuaNG
B. SMITH
School of Applied and Engineering
Physics, Cornell University

Science (1984)
223, 812.

1/20»./ \""("LMCT)

T Imp

ing<200ps

Nocera, Inorg Chem. 2003
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Preliminary results for photodissociation of CO from heme in myoglobin

1.4 -
—— MbFe(iCO
1.2 I MbFe(ll)deoxy
—— MbFe(lll)Met
1.0 -
% 0.8
<
€ 064
2
0.4
0.2
7.105 7.110 7.115
0.0 T T T T
7.10 712 714 7.16
Energy (keV) Hy
Mb-Fe(lll)Met" = MbFe(ll)deoxy — MbFe(ll)CO « MbFe(ll)*
—+ . _
+
L T (I v

4

H e

Direct electronic
configuration change of
Fe(ll) center from LS to HS;

Time evolution from 0 -1
ms are captured in a single
experiment.

Fast structural dynamics can
be investigated with fs x-ray
pulses with caution of x-ray

damage. r
J "'
=



Preliminary results for photodissociation of CO from heme in myoglobin

—— MbFe(I1)CO (No laser)
—— MbFe(Il)CO* (Laser at 100 ps)

1.4 4 —— MbFe(II)CO* (Laser 153ns - 1.6us)

1.2 -

1.0 - Anfinrud et al..
% 0.8 -
Q0
< .
£ 06- /
O
z

0.4

0.2

77105 | 7.110
0.0 . T T T T T v I !
7.10 7.12 7.14 7.16 7.18 7.20
154 ns Energy (keV)

MMHE LU,

Time




The metal-to-ligand-charge-transfer (MLCT) states

E, eV
8.5
np AN b,
7 I b, LUMO
ns MLCT m*
75 |
AN A 8
N T
n-1)d
(n-1) LMCT %A T
'gs d. _ HOMO
. d,
/O 9+ -
b d, —
95 F 4 o
Metal MLn Ligand 1 a d,—

0" Cu(dmp),*

MLCT transitions are often origins for transition metal complexes to
be used in solar energy conversion initiated by electron density shifts
between the metal and the ligands. Examples are DSSC,
photocatalysis, etc.



Structural Dynamics of the MLCT state of Cu(l) complexes

Franck-Condon

State— MLCT State— AcetSitrile

“Flattened” Solvent '-'::JEJ s
Complex m

* Toluene Toluene

Cu(ll)*

Jahn-Telle

L Cu(ll)* -
Distortion : Ground State 1 j Cu(ll)(dmp),
e Laser Excited > MLCT state
8.97 808 8.9 9.00 9.01 9.02 9.03 897 898 899 900 901 902 9.03
Strongly Weakl ! E(keV) E (keV)
hy Interactin k +k | tea 3; Cu-N Ground stat
3 i1 u- round state
kr <2ns r nr nteracling o Laser-excited
k. > 100 ns

FThx(k)*k’]

| JACS 129, 2147 (2007), Loy’
Ground 125, 7022 (2003), 124, ’ " RA)
State 10861 (2002).

XTA identified that the MLCT state is Cu(ll) species and the exciplexes
between the solute and solvent molecules can be formed in both toluene
(non-coordinating) and acetonitrile (coordinating solvent) with different

average bond distances of Cu-N.



Following flattening dynamics with fs X-rays at LCLS

‘ N Poten ﬁial surface &

Flattened tetrahedral Cu(l)
Tetrahedral Cu(l)
Penta-coordinated Cu(

)

I T I T I T I T
8980 8990 9000 9010 9020
E (eV)

Ligation coordinate etc.

e Two major structural factors for controlling the excited state properties:
dihedral angle between two ligand planes, and space for the ligation.

e The structural dependent XANES provide the dynamics for flattening and
ligation on 100-fs time scale. Proposal submitted to LCLS for coming
experiments with < 100 fs time resolution.



Transition States at Hybrid interface: RuN; anchored to TiO,
nanoparticles

O\\C/OH
XANES spectra of RUN3 on TiO2 at Ru K-edge HO-CQ | N
1.2
* —
*=0.3
0.8-

The edge energy shifts up
with higher oxidation state

Preliminary analysis shows that
Ru-N on NCS ligands are
Edge shift preferentially lengthened by

0.4+

—— laser_off (Ground State) 0.05 A while the Ru-N distances
laser_on (50 ps) on bpy ligands are not changed.
— Bxaited State Structural changes from 100 ps
o120 o1 o0 o0 Lo longer delays are observed.
Energy (ev)

[Ru'(bpy), (NCS),]** TiO, + hv - [Ru'(bpy), (NCS),]* TiO,-e



6. Future studies



2D Transient optical spectroscopy

a T=0 T=2001s
20 21 22 23 20 21 22 23

2.10
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2.00
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2D Transient optical spectroscopy

Pulse 2 ‘ulse 3 Pulse LO
Coherence Waiting ]
time 1T timeT
L Detection ]
_ }e
— ——ll—
_— I E Local
<H > — A Oscillator

Hochstrasser R M PNAS 2007;104:14190-14196

©2007 by National Academy of Sciences
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New frontiers in x-ray nonlinear spectroscopy
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Coherent ultrafast core-hole correlation spectroscopy; x-ray analogues of

multidimensional NMR, Igor V. Schweigert and Shaul Mukamel
Department of Chemistry, University of California, Irvine, California 92697-2025



New frontiers in x-ray nonlinear spectroscopy

Observation of charge
carrier dynamics in
molecular crystals,
conducting polymer
films and solutions on
nm length scale and fs
time scale.

Need to explore



Coherent Control of Chemical Reactions

« Coherent Control attempts to control a chemical

reaction with light, usually a cleverly shaped ultrashort
laser pulse.

« Using shaped pulses and an iterative approach.

Wave-
function

Potential



Coherent control: Using shaped
ultrashort pulses to control the reaction

Can an ultrashort pulse cause a molecule to vibrate in such a
way as to break the bond of our choice?

> °+0

m selectivity?
AN > ~ + @9

electric control field E(t):

which one to use?
how to generate it?




Molecules are not isotropic, so pulse
polarization shaping is important.

IE
Ao |2
E 4
folding cylindrical A1
grating mirror  mirror t%esco?\e I
input T
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Coherent polarization control of a
complex molecule in the gas phase
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Future Studies: Transient XAS-WAXS combo
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