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Time-Resolved Center

Solution-phase reactions

* Most reactions related with Chemlstry &Blology
occur in solution phase. oo
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X-ray Pulse Parameters

3rd Gen. Synchrotr

XFEL
on
= Temporal pulse width:) ~ ~100 ps) <~0.1 ps)
" Intensity: > <10° ph/pulse)  >10'2 ph/pulse)
* Repetiton Rate:>  ~1000 Hz)  ~100-5000 Hz)
» Bandwidth (AE/E):) ~39% ) ~0.1%)
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Time-resolved
Study

Atomic Resolution
Single Molecule Motion

Transition state &
Reaction Intermediates

IVR & Reaction products

e

o .

10-3 10 10° 101© 140" 1012 1013 1014 10-1°
Mili Nano Pico Femto
Radiative decay Rotational Motion Vibrational Motion
: ; Vibrational || Collisions
Internal Conversion & Intersystem Crossing Relaxafith in Liquid
S
Predissociation || Harpoon Norrish Dissociation
Reaction Reactions | Reactions Reactions
Proton Abstraction & Diels-alder
Transfer Elimination Cage Recomb

Protein Motions

Photosynthesis (ET)
Vision (isom)
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Time-Resolved
Diffraction (Sca
ttering)

O

Time-Resolve Theory,

d Optical Spe Modeling,
ctroscopy Calculation
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Outline

Background & Introduction
= Optical Spectroscopy vs Scattering (Diffraction).)>

= Crystal Diffraction vs Liquid Scattering)
Data Analysis

Application Examples (Small Molecules)

= Optical Spectroscopy vs Scattering (Diffraction).)>

= Fingerprinting the reaction intermediates, Structural Sensitivity.)
= Gas phase vs Solution phase)

= Pushing the time resolution.)>

TR Protein Solution Scattering

= Quaternary and Tertiary structural transition of Hemoglobin, Myoglobin)
= Protein folding dynamics of cytochrome-c)
» Photocycle of photoactive yellow protein (PYP))
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Optical Spectroscopy versus Diffraction

Optical Spectroscopy

 Optical Resonances * Elastic Scattering
« Change in populations of » Change in molecular
energy states structures
« Signal does not have « Signal is directly
direct relationship with related with molecular
molecular structure structure
 Signals are not easily » Scattering patterns are
predictable by a simple easily and accurately
equation, and often not predictable from a
accurate enough structure model by a

scattering equation
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Optical Spectroscopy

S

0.\’\)
 Sensitive only to specific
energy state or species

« Signals from different
species can be well
resolved in the
wavelength space

— high sensitivity

e or x-ray

» Sensitive to all species
and energy states

« Signals from different
species are mixed in all
diffraction angles

— low sensitivity
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Optical Spectroscopy

« Sensitive only to specific
energy state or species

« Can be sensitive to only
specific location in the
potential energy space

* Scale is not maintained

— high sensitivity
but, may not be global

<O 95%)

» Sensitive to all species
and energy states

» Sensitive to major
channel
 Scale is maintained
(Branching ratio)

— low sensitivity
but, global
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Crystal Diffraction vs Liquid Scattering

Single Crystal

= [ aue Conditions:
Only hkl)>

o(xyz) = %Z Z Z F(hkl) exp(=27 { hx+ ky+ I2))

_ %Z Z 2 [F kD) expli(hkD)exp(-2i(x+ ky+ I2)

= |sotropic Averaging:
All g range is important
= Huge background)  Photon-hungry)

4rr’ p[g(r) -1] fm (I(q) Ly (q))smqra’q q=47ﬂsin6
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Scattering from Solutions

Solvent-only
Solute-only term term

l,/methanol solution

4x10° - total

o A 3x1 05: —— solvent-only
Solute-solvent : solute-solvent cross term x 10
cross term T 2x10° - solute-only x 10
S(q) 1x10° -
of ~———=

: /

Ax10°
0 2 4 6 8
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Net Signal (Difference) is even smaller

N,
N,

“Open Jet system

vy, '& TN S
« Q ¥y
o = 7
\ wele
(N ¢ v\g .
= o
® Or 5

1kHz, 2psh "I - |

1kHz, 100ps = .

CCD Detector

/\\/ x100
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Scattering from Solutions

a) A ASthe (q’ t)
B:I——E————ﬁ— ¥ Q, heaU’ = ASsolute—only (q’ t) + ASsolute—solvent (q’ t) + A‘S'solvent—only (q’ t)
. o= N N
S 2, =| 2N OS@=S, @R N, [+| | ATW+| 2| Ap()
LGCJ iog é P solute—only term + solute—solvent cross term solvent— only\;erm
2 e
o i m
5 Solvent-only
R > Solute-only term term
Progress of reactions g
b) Energy
Solute |Conservation| gglvent
Dynamics Property
R (t=0) (To, Po) SO . o0
i @ 57 Solute-solvent =
1-f,., R cross term
rate = k, (t=t,) (T pi) -
Q,
> v
I(t=t,) (T2 p2)
Q,
rate = k2 v > \ 4 E ‘
P(t=t) (Ts ps) -4
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Time-Resolved X-ray Liquidography: Results

A t=-100ps t= 1.00_'p$

t=10ns t=1ps

Difference Diffraction Intensity, gAS(q)

Experiment

Theory t=-100 pPsS

t=100 ps

P t=1ns
N P ) t=3ns
1=_1-E)—ns

WFSQ%
t=50ns |
t=70ns

Difference Radial Intensity, rAS(r)"

+ AS(qat)solvent

0 2 4 6 8 10 12 14

r AS(r) = - 5 / g AS(q) sin(qr) exp(—q¢°a) dg
Jo

} solute

}solvent
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Data Analysis (Global Fitting Analysis)

2

= Y
Global fitting analysis j=time delays
2 _ (AS(gi, 7)) — ASerplain 75) 2
a v Final results X5 = Z( o )
g g Yes i
9 3 9 ------------
E 1 3P AS(9.D)exp AS(G, Dineory
N ~— NO¢ ‘:,‘l“
Fitting parameters i i
: o
W L
MD simulation Japlr)

Scattering

[

I

Population

J |

Solute-related

1‘ Structures patterns changes - terms
Quantum calculation SKa) e
Energy levels 5 +
Solventheating (8S(g)laT), AT(t) .| Solvent-only
experiments (3S(q)/9p)+ Ap(t) Terms
AS(Q9t)thwW = AS(q’t)solute—only + AS(q’t)solute—solvent + AS(q’ t)solvent—only

=AS(q,1)
]

solute—related

+AS(q,1)

solvent—only

F [cha)Sk(q)—Sg<q>2ck<0>] +(35/0T) AT(0)+(35/9p ), Ap(2)
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Time-Resolved X-ray Liquidography: Results

A t=-100ps t= 1.00_'p$

t=10ns t=1ps

Difference Diffraction Intensity, gAS(q)

Experiment

Theory t=-100 pPsS

t=100 ps

P t=1ns
N P ) t=3ns
1=_1-E)—ns

WFSQ%
t=50ns |
t=70ns

Difference Radial Intensity, rAS(r)"

+ AS(qat)solvent

0 2 4 6 8 10 12 14

r AS(r) = - 5 / g AS(q) sin(qr) exp(—q¢°a) dg
Jo

} solute

}solvent
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Difference Diffraction Intensity, gAS(q)

Difference Diffraction Intensity, gAS(q)

Time-Resolved X-ray Liquidography:

Analysis

100 ps

Science, 309, 1223-1227 (2005)

C,H.1,->C,H,I-I

4.0
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Molecule Gallery

o

CBr@

c Ru,(CO),,

Lll} *

C12H10N2
(Azobenzene))

o o o CHI
|,
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Water (H,0)) Cyclohexane (CH,,))

2
9

Tetralchloro Methane(CCl,) )  Acetonitrile (CH;CN)) Methanol (CH,OH))

2990 O

J
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Outline

Application Examples (Small Molecules)

= Optical Spectroscopy vs Scattering (Diffraction).)>

= Fingerprinting the reaction intermediates, Structural Sensitivity.)
= Gas phase vs Solution phase)

= Pushing the time resolution.)>
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qAS(q,1)

—
E
o

4

Photochemistry of CHI; (lodoform) in methanol

- Exberi?nen’t
—— Theory

14}
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hyy( ﬁ @ 95%)
a) CHl, radical channel b) isomer channel (®) ;} w—; L] 4%)D
) - = @ 0.01%)
P o ) 0

qAS(g, +10 ns)

qAS(q.t) |

28(x1)%

oo

CHI, '

CHL*
267 nm

i

CHI,

gAS(q, +10 ns)

L A
4/ /
o /\\ / \ //
1 |\ \ .
Y

'\, / l"w'_;".\"‘./'w‘ﬁw

[ v A A ’

©c 2 4 6 8

q/A" —

X. M. Zheng, D. L. Phillips, Chem. Phys. Lett. 2000, 324, 175.
M. Wall, A. N. Tarnovsky, T. Pascher, V. Sundstrom, E. Akesson,
J. Phys. Chem. A 2003, 107, 211.
Y. L. Li, D. M. Chen, D. Q. Wang, D. L. Phillips, /. Org. Chem.
2002, 67, 4228.

\<=3. 1(20.5)x10" M"'s™
o ©

I,
ACIE, 47, 1047-1050 (2008))
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J. L. Graff et al, JACS 101, 273 (1979))

Previous Spectroscopic Studies
E.A. Glascoe et al, Organomet. 25, 775 (2006))

Ru(CO),,(u-CO)) Ru,(CO),,(p-CO)D
Intermediate 1D Intermediate zp
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Ce

Ru,(C0O),, 2C0O loss Intermediate 3B, 'A

Ru CO)12 intermediate 1

\/\_\R/LCQ)” mtermedlate 1A
- R CO)12 mtermedlate 1B

...... Ru (CO),, |ntermed|ate 2+CO

Rus(CO)11 mtermedlate 2A+CO

» mtermedlate 3 +2CO

U,(CO),+Ru(CO

—~Ru,(CO)+Ru+3CO
~RU,(CQL+Ru+4CO
riF’.Q.ﬁ*Ru'_iCO)sﬂ:o

............

.......

S Iipse+Ru CO),+CO

& o8¢ o®
x
Ru,(CO),. 'A

o (o

Ru,(CO),Eclipsed

b

O
o

Ru(CO)., 'A

»‘*Vu
°

Ru(CO),, A,
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Determination of the Photoproduct

Intermediate 1
. Ru,(CO),,(u-CO)D

ORI ROES
OORE

¢ Intermediate 2
?=2.903

7y

Ru,(CO),,(1-CO)D

2 ” v L oy ;_'._."‘,5‘;,"..: b o B s

) Intermediate 3

)Y Ty ® ¥y 0P 0
c oS o 0

qAS(q)

At = 30 ng) Ru3(CO)1OP
6 8

0 2

4
q (A7)
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Photochemical Reaction Pathway

k=336 (+3.38) X 107s"!
Ru,(CO),,(u-CO)
hv ? k = 6.53 (£0.38)
_CO - _ X 1010 M—ls—l 7 )
S
+CO
Ru;(CO),,(M- CO
Ru,(CO),, = Ruy(CO).x
=3.75 (20.16) X 10° M"!s
0.8 ' '
1 — Parent

uy(CO),, S 0.7 — Intermediate 1
0.6 — Intermediate 2
05] Intermediate 3
0.41
0.3—_
0.2—_
0.1

0.0

hv <>

®:>D

=1

Concentration (mM)

10" 10" 10° 10° 107 10"
Time delay (s)
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Outline

Application Examples (Small Molecules)

= Optical Spectroscopv vs Scatterina (Diffraction))

= Fingerprinting the reaction intermediates, Structural Sensitivity.>
= Gas phase vs Solution phase)

= Pushing the time resolution.)>
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Structure Refinement

Species)

Experiment (A)——DFT (A))
X 0.983
Ru;(CO),,) “%‘ Ru-Ru: 2.88) 2.93)

Intermediate |, Ru1-Ru2: 2.86) 2.91)
Ru,(CO),(u-CQ Ru1-Ru3: 5.05) 5.14)
(b u2-Ru3: 3.12) 3.17)
Intermediate |l Ru1-Ru2: 2.76) 2.81)
Ru,(CO);(u-CO¥ %«»Rm -Ru3: 2.89) 2.94)
(CONolb- Ru2-Ru3: 2.79) 2.84)
Intermediate II Ru1-Ru2: 2.66) 2.710
(Ru,(CO) Ru1-Ru3: 2.89) 2.94)
(CO)o)? Ru2-Ru3: 2.68) 2.73)

Angew Chemie Int Ed, 47, 5550-5553 (2008)
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1 i 1 M 1 N 1 " 1 N 1

— Experiment — Residual
—— Theory

Intermediate

Bl
A

I ermediate 3R

. Y ("

X’=1.73

Ru,(CO),, 2CO loss Intermediate 3, 'A

Ru,(C0O),, 2CO loss Intermediate 3A, 'A

A |

. oY %
~C@

Difference Scattering Intensities, gAS(q)

¢
O

Ru,(CO),, 2CO loss Intermediate 3B, 'A

KAIST H. lhee
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4

CBr+ 3Br — | ¥2Br,

L

<= C+4Br | +—| CBry |—*| CBr;+ Br |[—| CBr;-Br (isomer) | —| CBr,

4

CBI':)_'*' ZBI' — l/ZC*_)Br() — I/ZC'_)BI'4+ I/ZBI':
’ NV
ote o
PAAVEE & —
O
CBr, CBr,+Br 08" By,
- ~ ¥Y \/4\1).\‘)
N4, Y Sl 1
(a8, ¢ d
) “—ﬁ ’ —
n) R \: T CzBre CzBr4+Br2
{,:_ sl NI »/}E 0 v

I & s YISO N ) { & =
- I -
aha 7 RSN .y
>3, —> % 3t .Qx
X\ ]:; :
Vaa'd }\( (=) \:L. ) M,\)\é
- o i

i
[\L.\ v \‘ N an
O ke
") Signal Reference Difference

Signal Signal

\
Y Detector
Liquid sample — —
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A —— Experiment
N —— CBr3+Br
—— CBr;*'+ Br

q4S(q)

1241 B ~—— CBr3+Br
—— CBr;*+Br

Concentration (mM)

4- 107 10°¢ 10° 107 10°

2 W‘\ time delay (s)

107 10° 10° 107 10
time delay (s)

Sjﬁé\CS, 129, 13584-13591 (2007
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B
k=1.58(+0.69) S k=8.8(£2.5)x 10" M's”
1 -1 >
J hv xlO M S 1 ,j1 _> M
“ C,F.l C,F,
N —>

C.H,l C,H,I-I

k=6.53(£1.02)x10° s”
k=3.98(+5.5)x10° s
/

g
| 1,

-+ =0
C,H, I,
C Experiment D Experiment
—Theory —Theory

rAR(r,100 ps)
rAR(r,100 ps)

r(A)

Science, 309, 1223-1227 (2005) JACS, 130, 5834-5835 (2008)
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Outline

Application Examples (Small Molecules)

= Optical Spectroscopy vs Scattering (Diffraction).)>

= Fingerprinting the reaction intermediates, Structural Sensitivity.)
= Gas phase vs Solution phase)

= Pushing the time resolution.)>
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Dynamics of C,F,I, in solution

-Comparison with C,F I, in gas phase (Ult

Contrast with C,H,l, rafast electron diffraction):
(@) B 30] ) —r ] ~300 ps vs. ~23 ps
W 2 % 2.5-: ~20% vs. 55%
e 5 2 for C,F,4l > C,F, + 1
P ,E 1.5—.
® £ 101
Y o 8 os]
SN T - I _
Experiment O 0'0',”” N ®) _Eﬁirr'ymem
Theory 10™ 10° 10° 107 10°
0 2 4 6 8 10 12 Time delay (s)

ce Radial Intensity {AR(r,9)

Difference Diffraction Intensityq4S(q,t)
Differen

0 2 4 6 8 10 12
r(A)

JACS, 130, 5834-5835 (2008))
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Gas Phase)
for C,F, )l = C,F, + 1

Ultrafast electron diffrac
tion

Time Scale: ~23 ps

Fraction: 55%

Solution Phase)
for C,F, )l = C,F, + 1

Time-Resolved X-ray S
olution Scattering

Time Scale: ~300 ps

Fraction: 20%
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Structural Dynamics of Hgl,

In the gas phase, both Hgl+| and

vibrational Hg + 2| are observed.)
cooling

f“+ 3

Two body dissociation

hv [ ®
(267 nm) Three body dissociation
@ —@
I, formation

. ® @

Isomerformation

= 600 |- Hg+2I -
(] = o
559.3

% 500 _‘(448.2) ( ) -_
; 400 = Hg+|2 Hgl-l -
S [ Al 316.6) (356.8)
2 300_- o 2sn3166) ]
£ 200 | ]
E L o
&’ 100- -

0 Hgl, (0) ]
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Difference diffraction intensity, g4

earimental

Difference radial intensity, rAS(r)

t=300ns

0 2 46 81012 14

r(A)

1 1 v 1 v 1
Experimental
B Theory .
Residuals

100 ps

Hgl,—Hgl+l

Hgl,—Hg+2l 1

- X12[g42[ =859 -

Difference Diffraction Intensity, gAS(q)

PNAS, 103, 9410-9415 (2006))
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Gas Phase) Solution Phase)
Photolysis of Hgl, at Photolysis of Hgl, at
267 nm 267 nm

Femtosecond Mass spe Time-Resolved X-ray S
ctrometry olution Scattering
( e—o+ ) (e—eo+ )

Two body dissociation Two body dissociation

hv < ‘ hv
(267 nm) Three body dissociation . ¢ . (267 nm)
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Reaction in the solvent &
Non-geminate recombination

'ﬁg‘. A

ALY,

25 5 Ny 1
:‘,‘.Cfﬁraj:q hv (267 nm)) 5
l“.‘:‘faf'-'; ‘ﬁ‘@"' :T/'br tional li
4'.7.\," » g ibrational cooli

TS ng (<1ps))

S
VL

-
vl N

y-‘ - \
oA -
_’ eﬂ\\.’l &

nongeminate re nongeminate re
combination (68 combination (22

ns)) ns))

Two body dissociation

AR LY ]
hv C ‘ )k‘ 1 ﬁ\"‘)v '
(267 nm) Three body dissociation ‘ , 1! :.,/ » ,." .
C —@

1, formation

. ¢ 0 @ A | s‘.ﬁii;
e B D
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Outline

TR Protein Solution Scattering

= Quaternary and Tertiary structural transition of Hemoglobin, Myoglobin)
= Protein folding dynamics of cytochrome-c)
» Photocycle of photoactive yellow protein (PYP))
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Protein Gallery

Photoactive Yellow Protein Cytochrome C (CytC) &
(PYP) Bacteriorhodopsin (bR

) KAIST H. Ihee
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Hemoglobin (Hb) is a tetrameric liand-binding heme

Oxy and Deoxy states have a different qu
aternary conformation.

Displacement of Fe from plane of heme
(~ 0.5 A) triggers change of quaternary co
nformation: ab dimers rotate ~ 15° and tra
nslate ~ 0.8 A

F helix

From Balakrishnan et al. J Mol Biol (2004) 340

KAIST H. Ihee
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Plausibility of TR-WAXS

HbCO ——

deoxyHb ——

| (ez/protein)

104 1 1 lllllll 1 L lllllll 1 ] - |
10~ 107! 102
q(A™)
b deoxyHb-HbCO
10 —

Al/l(18BB+H,0) (%)
o

_10 1 1 1 IIIIIl1 1 1 L IIIIII 1 L 1]
1072 10” 10°
q (AT

Hbco  d -0
3 -
roy
i
3
deoxyHb  3[ | | |
0 05 1 15
q(A™
10*
c
3 —
0 —
s -3 ”
= 10'“ph ——
)
= 10" ph ——
3 exp. data
water b
€
——————————————————————————————
_3 1 I 1 I 1 I J
~ 60 Angstrom 0 0.5 1 15
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TR-WAXS of Hemolgobin

a Mb 10ns
g . R-like ©
& T-lke ©
o
~ e o : 200ns o 987 o
8 " © oo
o g_ 06 o 9f%70a
S 1.0 us g = 8]
) o< u]
I e 32 ms (x2) % o =
I — 100 ps © - o £
. ) \ ) 1 L 1 L ) 10 us 02t = <o % =
0O 02 04 06 08 1 12 14 16 1.8 o o
q(A™" 0 . a] o o i
< (B o~ <><><><><><><> """" -
bo 100 ps 107  10® 105  10*  10® 102
- t(s)
R-like
P 1.0ms £ U]
= \ Qi
2 5 X T T-like
3 hy d:'
10.0 ms %
— static deoxyHb-HbCO ”~ E
I time-resolved: 100 ps =

CcO

0 02 04 06 08 1 12 14 16 18 0 0.5 1 1.5 2 ) 88
q(A™ q (AT
HbCO

Nature Methods, 5, 881-887 (2008) (COVER in the October issue)
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C(mM)

€% 40 10 10

t(s)
Nature Methods, (2008), in press (COVER in the October issue)
KAIST H. lhee
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Previous Optical Spectroscopy

TR Raman Spectroscopy
Balakrishnan et al. J Mol Biol (2004) 340

Table 1. Time constants, 7, of successive exponential

phases fit to Soret absorption changes upon HbCO N\

hotolysis : :

PROYY®™  Transient Absorption Spectroscopy . | ™ & &~ &
T T T2 T3 T4 T5

Study (ns) (ns) (ps) (ps)  (ps)  (ms)

Balakrishnan et al. 85 1.3 53 276 15 \_ /

Goldbeck et al.* 22 109 2.1 B 183 3.9

Hofrichter et al.*® 40 0.83 20 190 3.8
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Summary

* TR X-ray Solution Scattering Resolves Structural Dynamics: Mo
lecular structures of and the rebindi
ng kinetics of such intermediates can be visualized by Time-Re

solved X-ray Diffraction in Solution for various small molecules
and proteins.

* TR X-ray Solution Scattering: A versatile tool to investigate sol
ution-phase reaction dynamics, complementary to spectrosco
pYy.

"Visualizing Solution-Phase Reaction Dynamics with Time-Resolved X-ray

Liquidography”, Hyotcherl lhee, Acc. Chem. Res. Publication Date (Web): Dec
ember 31 (2008).>
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