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Filming molecular reactions with short X-ray pulses

Michael Wulff ( wulff@esrf.fr)

European Synchrotron Radiation Facility, Grenoble

Synchrotron emits intense 100 ps X-ray pulses
with up to ~101° ph per pulse

Here used to capture atomic motions of
molecules in the making.
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Pump-probe set-ups at
ESRF, KEK, APS, SPring8, SLS, ALS
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Pump-probe method

Diffraction and scattering

Goal:
Observe transient structures in molecules
Ultimately design molecules with specific properties

CCD camera
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laser pulse
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ESRF modes for single-pulse experiments run 80% of the time
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Overview of ID09

Synchrotron wall

Electron beam

Control hutches
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New: Frelon CCD



High-speed rotor for single-pulse selection.
Rotates at f = 1000 Hz

X-ray pulse

h =140 um

Open time(base-line) :
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High-speed chopper rotates at 986.3
Hz(600m/s)
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Three choppers control the pulse structure of the pink beam
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Pulse lengths: 50 ps to 50 us, Pulse frequency: 0-1000 Hz



Lasers for pump-probe experiments

Oscillator (Halcyon),
780nm, 100 fs, nd, 88MHz

Nanosecond OPO (Vibrant)
355-640nm,
5ns, 20mJ, 10Hz

SHG and THG
390nm/260nm
150fs-5ps
<0.5mJ,
1-3kHz
Optical Parametric Amplifie
(Topas)
300-2000nm,
150 fs, < 0.5 mJ, 1-3kHz




New FReLoN Camera gives 5-10 times more images per hours .

More averaging, more time delays , more samples per day.
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Measuring the time delay with a GaAs photodetector.

Laser delay shifted electronically.
150 ps resolution leads to an uncertainty in t of 15-30 ps
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Chemical reactions in solution

scattering experiments
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CCD images from a liquid sample (I,CCl,)

laser on (7) laser off
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Images are scaled to 1 at the edge of CCD and then subtracted.

Difference images: laser on (7) — laser off




Debye equation for gas scattering:

S(a)=2_ fi(a) f;(a)
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Fourier transform of AS(q, 1) is a measure of the change in radial electron density

1
27°r

AS[r,7]= quq AS(q,7)sin(qr)
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The difference in radial electron density is obtained from the FT of AS(q, t)
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The solvent structure around new molecules is measured! Can be simulated by MD.



Candidate photo products are predicted by DFT calculations(Q. Kong)
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Structure of the C,H,I intermediate

bridged structure -

bridged structure
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The bridged structure C,H,l is formed!
Ihee, Science, 309, 1223-1225, (2005)




Transient structures of C,H,l, and C,F,I, in methanol

a) Red curve = exp b)

Bridged
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Molecular dynamics movie of |, dissociation

Film by Rodolphe Vuilleumier




. . . . . . ESRF June 27, 2007
Watching the formation of a diatomic molecule with 100 picosecond X-ray pulses

1. 8t = 0 ps (time zero): the molecule explodes after being hit by a laser flash. 2. 8t = 0.3 ps. lodine atoms collide with the nearest liquid molecules

Laser flash

4. 8t= 100ps. The molecule is cooling down, becoming smaller.
Energy is transferred to the solvent.




= photo molecules are highly diluted > weak signals
= 1012 photo molecules in sample - high laser intensity(ph/s)
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=Radiation damage from short laser pulse: 102 ph, 100 fs, 400 nm - 8.3 x 101° W/cm?

=Multi-photon effects above 1 x 101 W/cm?
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Laser dissociation of a diatomic molecule in a liquid (1,)
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CCD counts/ss

Recombination of I, in CCl,(1:500) probed with 100 ps resolution
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How to subtract the heat from the data
CCl, curve measured by exciting the C-CI bond
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Time-delay (ps)

Filming the birth of I, inside a cage of CCl,:
(measured by deconvoluting laser-sliced data)
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Expected motions of hemoglobin — upon photolysis - from static crystal
structures

Conformational changes inhibited by crystal constraints
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AS [arb. units]

Flash photolysis of Hemoglobin probed by SAXS/WAXS

Cammarata et al, Nature Methods, 5, 2009
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Protein dynamics in solution probed by time resolved SAXS/WAXS(ID09B, Cammarata et al. )
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Filming the dissociation of CO from MbCO by Laue diffraction(L29F mutant)

Phe29

distal
His64

CO

Fes*

proximal
His93

Ribbon presentation Van-der-Waals presentation
CO seemingly trapped in protein

MbCO : C823 H1045 Fe N222 0221 S3, 2305 atoms, 153 amino acids



Laue diffraction from myoglobin (resolutiond_. =1.

min

(Ef= 15.0 keV, delta E/E = 3%, 16 single-pulse images accumulated ona CCD d





































Dissociation pathways for Hgl, in methanol

Dissociation(267nm)

N
>

Recombination(< 1ps)

Non geminate recombination 68 ns Non geminate recombination 22 ns
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Difference Intensity, gAS(q)

Structure of Hgl," in methanol 100 ps after dissociation(267nm)

(solvent: 6T = 1.2 K, 8P = 14 atm)
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Structural Dynamics of Hgl, in methanol(CH;OH)

Derisity (kg/m?)

3.0 1.8
. ' 1.6
25 - .
1.4
2.0 1o 12 i -0.
— Hgl, (parent) 1< 1.0 4
1.5 [ - 4 Q2 o
. Hgl (transient) | 3 0.8 )
| © J
1.0 | —_ & o 0.6 -
o o
i Hgl. (hon-geminated -
os L | gl, (non-g ) i E 0.4 - )
" f 0.2
0.0 = — 0.0 -
s [
10" 10™ 10™ 10" 10™ 10" 10° 10® 107 10° 10™ 10™ 10™ 10™ 10™ 10" 10° 10® 107 10°
Time delay (s) Time delay (s)
140 20
120 181
I 16
100 14
i — 12 |
80 c [
! 8 10
60 &) 8 I
5 a 5
40 @ 61
L — 4
20 o -
i 2
0
10" 10™ 10™ 10" 10™ 10™ 10° 10° 107 10° 10" 10™ 10™ 10" 10™ 10" 10° 10® 10" 10°

Time delay (s) Time delay (s)

(&)



Liquid jet

laser
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IR excitation of C-H and O-H bonds
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Solvent hydrodynamics (Cammarata, Pontecorvo et al)
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Model: interaction between experiment and theory

Excited-state structures
DFT

Solvation cage
MD

A 4

AS(q, t)

pump-probe

A 4

Hydrodynamics
IR pump-probe

Global fitting of AS(q, t)

Structures(t)
Concentration(t)
p(t)

T(t)

P(t)
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