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Time and Space: When? Where ?

Sun set at Shinjiko Lake. http://blogs.yahoo.co.jp/naru3075/41266684.html
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Structures of Diphenylacetylene in Different Electronic States
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Time-resolved Raman Spectroscopy of a Dividing Yeast
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Y-S Huang, T. Karashima, M. Yamamoto, H. Hamaguchi, J. Raman Spectrosc., 34, 1-3 (2003).



How Does Chemical Reaction Proceed?
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When ? Where ?

http://www.ed.kanazawa-u.ac.jp/~kashida/Chemll/chapterl/secl/c112.htm



Photophysics and Photochemistry of Molecules
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Nanosecond Transient Raman Spectrometer (1983)
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Photochemical Hydrogen Abstraction Reaction of Benzophenone
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Nanosecond Time-resolved Raman Spectroscopy of BP in CCl,

Tn
Probe: 532 nm

5 ns duration Pump + Probe
15 ns delay >
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T. Tahara, H. Hamaguchi and M. Tasumi, JPC (1987).



T, Raman Spectra of Isotopically Substituted Benzophenones
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Raman Spectrum and Structure of T, Benzophenone
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Photoisomerization of Trans-Stilbene

Why, when and how rotation occurs in the excited state?

Solvent-dependent
isomerization rate

Hexane 70 ps
Dodecane 120 ps

I I I
0 90 180
Torsional angle / deg

Probe solvent dependent structure and dynamics of S, trans-stilbene by time-
resolved Raman spectroscopy



Nanosecond Transient Raman Spectrum
of S, Trans-Stilbene (1983)
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H. Hamaguchi, C. Kato, M. Tasumi, Chem. Phys. Lett., 100, 3-7 (1983).






Picosecond Transform-limited Time-resolved Raman Spectrometer
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lwata, Yamaguchi, and Hamaguchi, Rev. Sci. Instrum. 64, 2140 (1993).



Picosecond Transform-limited Time-resolved Raman
Spectroscopy
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Picosecond Time-resolved Raman Spectra of S, trans-Stilbene in CHCI,
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The C=C Stretch Raman Band of S, trans-Stilbene in Alkanes

Hexane

Heptane
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The peak position shifts to higher wavenumbers and the band width decreases
on going from hexane to hexadecane. Why?



Peak Position vs Band Width of the C=C Stretch Raman Band of S, trans-
Stilbene In Alakne Solvents at Different Temperatures
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Peak Position of the C=C Stretch Raman Band vs the
Isomerization Rate of S1 trans-Stilbene
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Theory of Vibrational Dephasing and Band Shape

Vibrational frequency is stochastically modulated in solution

. : . )
Simulation of Acetone/Acetonitrile system
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Solvent-induced Dynamic Polarization of Acetone in
Acetonitrile

1710 cm—1
_4.280 debye

51




Formulation of Vibrational Band Shapes under Dynamic
Polarization
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Extension of the Two Frequency Exchange Model

(a) Two Frequency Exchange Model

Hamaguchi Mol. Phys.89, 463 (1997).

AQ = W, t/(1+12)

AT = W,t2/(1472)

AT TAQ =1

AQ=W,> W, /W7, /L+7,°)

k=2

AT =W, > (W, W)z, I(L+7.°)
K=2

W,[* G(r)r/(1+72)de
AQ= =

wa(z’)dr

0
W, j G(r)r? I(1+7%)dr
Al = -

fwe(r)dr

. G(t)=exp(-In2t%/t ,,?)



Peak Position vs Band Width of the C=C Stretch Raman Band of
S, trans-Stilbene In Alakne Solvents at Different Temperatures
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Peak Position of the C=C Stretch Raman Band vs the
Isomerization Rate of S; trans-Stilbene
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Peak Position of the C=C Stretch Raman Band vs the
Isomerization Rate of S, trans-Stilbene
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Peak Position of the C=C Stretch Raman Band vs the
Isomerization Rate of S, trans-Stilbene
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Fitting of the C=C Stretch Raman Band of S1 trans-
Stilbene by the Two Frequency Exchange Model

Hexane — Obs

W,=2.7x10? sect (370 (fs)?)

AQ = W, t/(1+12)

W,=1.5x10'? sec* (670 (fs)?)

Isomerization rate
B % ™ Hexane 70 ps

1640 1600 1560 1520 1480 Dodecane 120 ps
Raman shift / cm™




Dynamic Polarization Model of Isomerization

Hamaguchi, Iwata, CPL 208, 465 (1993).
Deckert, lwata, Hamaguchi, J. Photochem. Photobiol. 102, 35 (1996).
lwata, Ozawa, Hamaguchi, JCP 106, 3614 (2002).

W,
—\—O 4;2 N/ Isomeri- >
kiso: Wlp(T) zation @

Kiso=AEXP(-AE/RT) :  Arrhenius formula
AE=3.5 kcal mol (fluorecsence lifetime)
Ki,,=W,P(T): Dynamic Polarization Model
AE=3.5~3.7 kcal mol! (Raman band shape)

A new view on isomerization has come out of picosecond Raman spectroscopy !



What Are lonic Liquids ?
Liquids that are composed solely of ions
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lonic Liquids

Why are they liquids?
Green Solvents?
Liquid Structures?




Are lonic Liquids Really Liquids in the Conventional Sense?

Crystal Liquid Crystal Liquid

Known condensed phases of matter
lonic Liquid ?
7l ﬂ
7/ h \ Transparent but heterogeneous fluid
/“/ M 0 with well-defined local structures ?
AN \
VAR




Picosecond Energy Dissipation Dynamics
of Photoexcited S; Trans-stilbene

K & - solvent molecy




Picosecond Raman Thermometer with S; trans-

stilbene
Transient Raman spectra
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K. Iwata and H. Hamaguchi, J. Phys. Chem. A, 101, 632 (1997) 37




Vibrational Cooling Process of
S, Trans-stilbene in Decane

Time-resolved
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Correlation between
cooling rate and thermal diffusivity
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K. lwata and H. Hamaguchi, J. Phys. Chem. A, 101, 632 (1997).




Cooling Rate vs Thermal Diffusivity
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Macroscopic and Microscopic Thermal Diffusion in

lonic Liquids
4 .
Cooling rate
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Absorption Spectrum of trans-stilbene in C,mimTf,N
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Cooling Kinetics of S;trans-stilbene in C,mimTf,N
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Simulation of Heat Dissipation in an lonic Liquid

Local structure Heat origin

L

Heat origin:
Hot S1 trans-stilbene + solvent

Hot S, trans-stilbene

Temperature at the heat origin

0-T, = % 1 i[erf {(a/2+nL)/(4D,1)"*} +erf{(a/2 —nL)/(4D,1)"*} 1}

x { 2lerf{(b/2+nL)/(4 D, )"} +erf{(b/2—nL)/(4D,1)*}1} L: size of Local Structure

a, b, ¢: size of the
heat origin

K. lwata and H. Hamaguchi, /. Phys. Chem. A, 101, 632 (1997)

x { i[erf{(c /2+nL)/(4D,1)"*} +erf{(c/2—nL)/(4D,t)"*}1}

n=-oo



Simulation of the Cooling Kinetics
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Retinal: a prototype molecular system for

Photophysics ; closely lying excited states (S;, S,, S, T;)

Photochemistry; photoisomerization

efficient W
—_ O
e

inefficient

9-cis o all-trans

- Asymmeric trans-cis photoisomerization =Marked solvent effect

Photobiology; retinoid proteins

-Rhodopsin -Bcteriorhodopsin = Sensoryrhodopsin



Photoisomerization of All-trans Retinal

Sehane:

polar solvent
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Proton Pumping by Bacteriorhodopsin

All-trans isomerizes to 13-cis exclusively. Why and How?

http://anx12.bio.uci.edu



What happens in the Excited electronic
States of Retinal ?

g hv hv
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Nanosecond Pump/Probe Time-resolved Raman

Spectroscopy of Retinal Isomers

Probe: 532 nm

5 ns duration

15 ns delay

Sy

Pump: 355 nm

5 ns duration

~
~
~

T

n

Raman
Scattering

~
~
~
~

Intersystem >
crossing

So

T

H. Hamaguchi, H. Okamoto,and M. Tasumi, Chem. Lett. 1984, 549-550.

H. Hamaguchi, H. Okamoto, M. Tasumi, Y. Mukai, and Y. Koyama,
Chem. Phys. Lett. 107, 355-359 (1984).



Raman Spectra of All-trans- and 9-cis-Retinal in the T, and S, States

All-trans-retinal
T, State Sy State

9-cis-retinal
T, State Sy State




One-way Photoisomerization on the T, surface
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10 Picosecond Time-frequency Two-dimensional
Multiplex CARS Spectroscopy of Retinal Isomers

Tn
0 0O O 20,-0,
2 1
S; T S~
| Intersystem T — T,
Pump: 400 nm crossing
500 fs duration Probe:
®; 523 nm, 5ns
®, broadband, 5ns
So

T. Tahara, B. N. Toleutaev, and H. Hamaguchi, J. Chem. Phys. 217, 369-374 (1994).
T. Tahara and H. Hamaguchi, Rev. Sci. Instru. 65, 3332-3338 (1994).



Experimental Setup for 2-D CARS Spectroscopy

Mode-Locked
Ti:Sapphire Laser

Optical
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Pulse Stretcher

OW Art Laser

Pulse Compressor
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Picosecond Two-dimensional Multiplex CARS Spectroscopy
(2-D CARYS)
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Operation Principle of a Streak Camera

)

Sweep electrode
(where electrons

are swept in the

Trigger signal

Optical
intensity
T A-‘A%&A ©000
s 7 N

Slit
Incident light
Photocathode
(light — electrons)

direction from top
to bottom)

Sweep circuit

Streak image
on phosphor screen

Time

Space

Phosphor screen
{(electrons — light)
The intensity of the incident light

. CP . can be read from the brightness
(which multiplies | of the phosphor screen, and the

electrons) time and space from the position
of the phosphor screen.

(where electrons <7
are accelerated)

http://cvitae.org/content/view/180/895/






2-D CARS Image for All-trans-retinal in
Cyclohexane
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Picosecond Time-resolved CARS Spectra of Retinal Isomers
In Cyclohexane

All-trans 9-cis
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Population Rise of the All-trans T, State Monitored by CARS
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Photoisomerization on the Triplet Potential Surface

Ty~
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Nanosecond Pump/Probe Time-resolved Infrared
Absorption Spectroscopy of Retinal Isomers

Tn
Probe:
cw infrared continuum
Sl A ~ ~ -
= ~ A
~ ~
~
- Intersystem e T,
Pump: 347 nm crossing

5 ns duration

So

T. Yuzawa and H. Hamaguchi, J. Mol. Struct., 352, 489-495.

T. Yuzawa and H. Hamaguchi, in preparation.



Nanosecond Time-resolved Infrared Absorption Spectrometer

Mirror
4000 cmt ~ 700 cmt cw Q-sw Nd:YLF LaserH
50 ns time resolution
Preamplifier
Dispersive .
4_( HMCT|Infrared Mirror gow Cell
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AC coupling Ellipsoidal
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Time-resolved Infrared Absorption Spectra of Photoexcited
All-trans-retinal in Cyclohexane
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Singular Value Decomposition (SVD) Analysis

A=UWVT
Tyr—
uru=I column-orthogonal
T matrix
< VvV=I]
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SVD Analysis of the Time-resolved Infrared Absorption Spectra of All-trans Retinal
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SVD Analysis of the Time-resolved Infrared Absorption Spectra
of AII-trans Retinal
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Photoisomerization Pathway of All-trans-retinal in

Cyclohexane
A
all-trans S;

Miso = 0.27 ~0.43
(calculated)
¢ISC =0.43~0.7

[13-cis Sg+ 9-cis S (literature)

Biso = [photoexcited all-trans S ] \/’ hV

all-trans T,

Y Y

13-cis Sy 9-cis Sy
3 1 all-trans S,
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Two Relaxation Pathway of the Photoexcited All-trans-retinal
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S, hv
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Femtosecond Pump/Probe Time-resolved Visible and
Ultraviolet Absorption Spectroscopy of Retinal Isomers

J N Tn
Probe:

S3 7 v Femtosecond

S, : White Cntinuum

Sl - ~ -~ -
Pump: Intersystem T,
400 nm crossing
50 fs duration

So

S. Yamaguchi and H. Hamaguchi, J. Mol. Struct. 379, 87-92 (1996).
S. Yamaguchi and H. Hamaguchi, J. Chem. Phys. 109, 1397-1408 (1998).
H. Minami and H. Hamaguchi, to be published.



Femtosecond Time-resolved Visible/Ultraviolet Absorption System

Ti:Sapphire laser system

AN
[l< J> Optical delay

2o SHG

White light ®
continuum

Monochromator
CCD

f

Sample (flow cell / jet)




wavelength / nm

Chirp Correction for the Observed Femtosecond Time-
resolved Absorption Spectra

Raw data

wavelength / nm

stage position / um

Time resolved spectra

delay time / ps



Femtosecond Time-resolved Visible Absorption Spectra in Hexane

All-trans O-cis
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SVD Analysis for All-trans Retinal
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SVD Analysis for 9-cis Retinal
in Hexane
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Cascading Decay Kinetics of Photoexcited All-trans-retinal in

Heptane
ﬂh Excitation: 400 nm
0.10 - ~— Insturumental function = 85 fs
fast decay = 50 fs
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- @ 450 nm
< 0.06-
<
0.04 —
0.02 -
|
0.00 _Laa /A

200 O 200 400 600 800 1000 1200
time / fs



Femtosecond Photoexcitation Dynamics of Retinal Isomers
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Femtosecond Time-resolved Ultraviolet Absorption
Spectra of All-trans retinal in Hexane
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SVD Analysis of the Femtosecond Time-resolved Ultraviolet
Absorption Spectra of All-trans-retinal in Hexane
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Trans to Cis Isomerization via the S2 state
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Photoisomerization Pathways and Dynamics of Retinal Isomers
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Picosecond Time-resolved 2-D CARS Spectroscopy with an

Optical Kerr Gating

oscillator / regenerative
amplifier system

Ti:sapphire

Optical delay
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Streak
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graph
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Filter Kerr cell

Spectro- .H . 7
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Optical Kerr Gating

@ Analyzer: 0°
Detector g < }
Actinic light: 90°
- |
Kerr medium (CS,) \ .
N

Gate pulse: 45°




Optical Kerr Gated Picosecond CARS
Spectroscopy

FWHM = 1.2 ps
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Picosecond Time-resolved CARS Spectra of
Photoexcited All-trans Retinal in Ethanol : Simulation

| solvent
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K. Ishii and H. Hamaguchi, Chem. Phys. Lett, 367, 672 (2003).



First Observation of the key intermediate S,
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Time-resolved Spectroscopies Look at Photoisomerization of
Retinal
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Dynamic Polarization Model of Isomerization

Hamaguchi, Iwata, CPL 208, 465 (1993).
Deckert, lwata, Hamaguchi, J. Photochem. Photobiol. 102, 35 (1996).
lwata, Ozawa, Hamaguchi, JCP 106, 3614 (2002).

Wl
Oy =0 y—
) 0\ _/ /
W, Isomeri-
kiso: Wlp(T) zation @
Ki,=Aexp(- Arrhenius formula
AE/RT) :

AE=3.5 kcal mol (fluorecsence lifetime)
Ki.,=W,P(T): Dynamic Polarization Model
AE=3.5~3.7 kcal molt (Raman band shape)

A new view on isomerization has come out of picosecond Raman spectroscopy !



Dynamic Polarization Model for the Retinal
Photoisomerization

Why are 13-cis and 9-cis selected?
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Absolute Temperature Determination
with Stokes/anti-Stokes Raman spectroscopy

Temperature
at the laser focal spot?



Stokes/anti-Stokes Raman Scattering
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Sensitivity Calibration with Standard Light

I°Ps [7] = Sensitivity [] x I¥2! [7]

Accuracy of > Accuracy of the
Sensitivity Calibration Standard Intensity

Rotational Raman spectra as primary intensity standard

Previous study [ D[]

o A . 2
Sensitivity calibration with D2
This study

Sensitivity calibration with N2 o
-200 ~ +200 cm, 40 lines N l ‘ | ‘ iy

Suitable for low-frequency region

——

5 (] ¥ 500 oyt

[1] H. Hamaguchi, I. Harada, T. Shimanouchi, Chem. Lett. 1974, 12, 1405-1410.



cross-section ratio

Calculated Raman Cross Section Ratios of N2

OJ—J—2 (ﬁg—ﬂj_}Jg)B

O'J s J+2 ﬁﬂ_ﬂJaJ—kQ
o J(J —1)(2J + 3)
T+ )T +2)(2] —1)
06~ 9 (0; J||0; J —2) |7
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0.2 — Intensity u
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Low Frequency Raman Microspectrometer
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Intensity / a.u.

Rotational Raman Spectrum of N2
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200
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Raman shift / cm™

532 nm, 20 mW, x 20 Objective,
exposure: 30 min, resolution: 1.3 cm-1
Background (glass, air) was subtracted



Trace Naphthalene Melting

hermocouple =
(on the stage)

Peltier
heat/cool stage

Naphthalene . ]
Mp. 353K (80° C) .

532 nm, 4 mW, x 20 Objective
Exposure: 0.1 sec

Cycle: 0.22 sec / spectrum
Heat speed: 20 K / min

(on the heat stage)




Low-frequency Raman Spectrum of Naphthalene

n Temperfature determination
(-30 to 170 cm?)
3
ch

solid Istokes X L:O _Hf X exp |——=U
Vo — U kgl

532 nm, 4 mW, x 20 Objective,
exposure: 80 sec

Intensity

Coefficient values 7 one standard deviation
w_0 =284.0870.483
w_1 =070
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Unusual Thermal Behavior before Melting
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