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The International Workshop on
Ultrafast Chemical Physics (UCP
’08) will be held at the University of
Strathclyde in Glasgow on Oct 3031st 2008. The two-day workshop
aims to encompass the current
state of the art in ultrafast chemical physics and to include invited
seminars and contributions from
leading international researchers.
The meeting also coincides with
the occasion of the award to Prof.
Robin Hochstrasser of a Fellowship

ing conference dinner) having
been met by sponsors. Further,
we are pleased to be able to offer
travel bursaries of around £100 for
graduate students who contribute
to the meeting.
The Organising Committee of
UCP’08:
*

Prof Klaas Wynne, University of Strathclyde

*

Dr Neil Hunt, University of
Strathclyde

International Workshop on
of the Royal Society of Edinburgh
and as such, Prof. Hochstrasser has
agreed to present the plenary address at the workshop.

*

Prof Stephen Meech, University of East Anglia

*

Prof David Klug, Imperial
College

Invited talks will be given covering a range of topics:

*

Dr Angus Bain, University
College London

*

ultrafast two-dimensional
infrared spectroscopy (2DIR) for the determination
of the structure of biological molecules in solution

Invited speakers
*

Prof Robin Hochstrasser
(University of Pennsylvania) - Plenary address

*

ultrafast spectroscopy of
water and especially hydrogen-bonding in water

*

Prof Casey Hynes (CNRS,
Paris and University of
Colorado, Boulder)

*

the theory of hydrogenbond dynamics

*

Prof Charles Schmuttenmaer (Yale)

Ultrafast Chemical Physics
*

ultrafast X-ray absorption
spectroscopy for 3D structure determination

*

bio-surface spectroscopy
using sum-frequency generation

*

Prof Mischa Bonn
(AMOLF, Amsterdam)

*

terahertz spectroscopy

*

Prof Peter Hamm (University of Zurich)

In addition to a full scientific programme, the meeting will include
a conference dinner and complementary whisky tasting at a leading
Glasgow restaurant.
There is no registration fee for
this meeting, the costs (includ-

* Prof Majed Chergui (Ecole
polytechnique fédérale de
Lausanne)

* Prof Thomas Elsaesser
(Max Born Institute, Berlin)

Location
The workshop will be held in the
Collins Building at the University
of Strathclyde, which houses the

beautiful Court/Senate suite. The
address is 22 Richmond Street,
Glasgow G1 1XQ, UK. The lectures
will be given in the Senate room,
while the coffee breaks, posters
sessions, and lunch will be provided in the adjacent committee
rooms. When you arrive at the
Collins Building, avoid the Collins
art gallery on the left and instead
take a rather narrow stair on the
right up to the first floor. Travel
information can be found on the
conference website.

Poster information
Poster sessions will be held during
the lunch breaks on Thursday 30
October 12:40-14:00 and Friday 31
October 12:45-13:30. Lunch will be
provided at the poster session.
Each poster author will be provided with a bulletin board, which
can display an A0 poster in portrait
format. The bulletin boards will be
marked with the poster number.
Authors are requested to display
their posters on the morning of
the 30th and to remove them on
the afternoon of the 31st in order
to allow the posters to be viewed
during the lunches, coffee breaks,
and evening.

Speakers’ information
The invited talks are 40 minutes
including 5-10 minutes of discussion. The contributed talks are
either 20 minutes (including 5
minutes discussion) or 15 minutes
(including 3 minutes discussion).
Speakers are asked to check in
with the session chair five minutes
before the session begins.
The conference room is equipped
with overhead projector, data
projector, VHS playback, DVD playback, audio playback, microphone,
and wireless network. We will provide a Windows laptop with Office
2003, which may be used for your
presentation. However, feel free

to bring and use your own laptop
which can be connected to the projector at the front of the room.

On-site facilities
There will be wi-fi access on
campus. On checking in, you will
be given two forms. One of these
should be filled out with your information, while the other contains
information on how to connect to
the University network. You will
have to set a proxy server. Either
use the automatic proxy URL
http://www-config.strath.ac.uk/
proxy.config or use the manual
proxy address www-cache6.strath.
ac.uk.

Bursaries
Students receiving travel bursaries
will already have been contacted by
the organising committee. In order
to claim your bursary, please see
a member of the local organising
committee (Klaas Wynne or Neil
Hunt) for an expenses claim form.

Conference dinner
The conference dinner will be held
on Thursday 30 October at Corinthian restaurant, 191 Ingram Street
Glasgow. This is approximately
10 minutes walk from the department on the other side of George
Square. Dinner will be served at
8pm but guests are asked to meet
in the bar at the restaurant no later
than 7.30 pm. The meal itself is
complimentary due to generous
sponsorship by Coherent and each
table will be allocated one bottle
each of red and white wine. Should
more be required then guests are
welcome to order extra wine at
their own expense.

Sponsors
This workshop has been made possible by funding from
*

The Scottish Universities
Physics Alliance (SUPA)

graduate school
*

ESF/DYNA

*

Coherent, Inc.

*

Institute of Physics / Molecular Physics group

*

The University of Strathclyde Research Enhancement Fund

*

The Engineering and
Physical Sciences Research
Council (EPSRC)

Robin Hochstrasser
The incentive to organise UCP
2008, has been the award of an
Honorary Fellowship of the Royal
Society of Edinburgh to Robin
Hochstrasser in 2008. Although
Robin is now a US citizen, he was
born and raised in Edinburgh,
Scotland. He received his BSc
degree in Applied Chemistry from
Heriot-Watt University in 1952
and his PhD in Pure Chemistry
from the University of Edinburgh
in 1955. After the Suez crisis, he
moved to Canada and later the
US, to end up at Penn in 1963.
He has been awarded too many
awards and honours to list here
apart perhaps from the award of a
DSc (Honoris causa) by Heriot-Watt
University in 1984. He is currently
also a visiting professor in the
Physics Department at Strathclyde.
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11:00–11:10

Allister Ferguson (vice principal) – introduction

2D-IR
11:10–11:50
11:50–12:10
12:10–12:25

12:25–12:40

Frank Kuo, Dmitri Vorobyev, and Robin Hochstrasser, “Hydrogen bond dynamics
of polar groups and ions using one and two frequency 2D IR”
Jessica Anna, Kevin Kubarych, “A Study of Equilibrium Isomerization Dynamics of
Dicobalt Octacarbonyl via Ultrafast 2DIR Spectroscopy”
A. Ian Stewart, M. Towrie, I.P. Clark, A.W. Parker, S. Ibrahim, C.J. Pickett and N.T.
Hunt, “Applications of ultrafast two-dimensional infrared spectroscopy to studies of
the Fe-hydrogenase enzyme system”
Paul Donaldson, Frederic Fournier, Elizabeth M. Gardner, C.B. Loeffeld, D.R.
Klug, “Bio-analytical applications of Electronic-Vibration-Vibration 2DIR Spectroscopy”

lunch break & posters

Terahertz
14:00-14:40
14:40–15:00

15:00–15:15
15:15–15:30

Charles Schmuttenmaer, “Terahertz Spectroscopy: What’s it all about?”
E. Castro-Camus, J. Lloyd-Hughes, and M. B. Johnston, “Terahertz time-domain
spectroscopy study of functional configurations of photoactive yellow protein in aqueous
solution”
Ismael A. Heisler and Stephen R. Meech, “Polarization-Resolved Ultrafast Polarizability Relaxation in Aromatic Liquids”
David Turton, Johannes Hunger, Alexander Stoppa, Glenn Hefter, Andreas
Thoman, Markus Walther, Hanspeter Helm, Richard Buchner,and Klaas Wynne,
“Structure in simple and complex liquids studied by OKE spectroscopy”

coffee

Time-resolved X-rays & surfaces etc
16:00–16:40
16:40–17:00

17:00–17:15
17:15–17:30
17:30–17:45

dinner

Majed Chergui, “Electronic and structural dynamics in molecular systems by ultrafast
UV and X-ray spectroscopies”
Maciej Lorenc, Eric Collet, Johan Hebert, Nicolas Moisan, Marina Servol, Marylise Buron, Hervé Cailleau, Marie-Laure Boillot, Michael Wulff, Shin-ya Koshihara,
“Tracking the photoswitching dynamics of bistable spincrossover molecules at solid
state”
Heike Arnolds, “Time-dependent dipole coupling and line narrowing in adsorbate
vibrational spectroscopy”
Claus Peter Schulz, Hongtao Liu, Christian Schröter, Nick Zhavoronkov, and
Ingolf V. Hertel, “Ultrafast Dynamics in Na-doped water Clusters”
Richard J Marsh, Daven A Armoogm, Nicolas Nicolaou, Olivier Mongn , Mireille
Blanchard –Desce, and Angus J Bain, “Soft and Hard Alignment in Excited Electronic
States Probed by Time Resolved Optical Hole-burning”

hop on
Chemical Physics 2008
Friday 31 October 2008
2D-IR & surfaces
9:30–10:10

10:10–10:50
10:50–11:05

Peter Hamm, Ellen Backus, Virgiliu Botan, Rolf Pfister, Alessandro Moretto, Claudio Toniolo, Phuong Hoang Nguyen, Gerhard Stock, “Energy Transport in Peptide
Helices”
Mischa Bonn, Jens Bredenbeck, R. Kramer Campen, Avishek Ghosh, Maria
Sovago, “Ultrafast vibrational dynamics of interfacial water”
Jens Bredenbeck, Avishek Ghosh, Marc Smits, Maria Sovago, Mischa Bonn, “Ultrafast 2D-IR spectroscopy of a molecular monolayer”

coffee

Hydrogen bonding
11:30–12:10

12:10–12:30

12:30–12:45

Thomas Elsaesser, J. R. Dwyer, L. Szyc, D. Kraemer, M. L. Cowan, A. Paarmann, N.
Huse, E. T. J. Nibbering, R. J. D. Miller, “Ultrafast hydrogen bond dynamics in liquid
water and hydrated DNA”
Keisuke Tominaga, Junpei Tayama, Akina Kariya, Kaoru Ohta, and Seiji Akimoto,
“Vibrational Frequency Fluctuations in Solutions Studied by Infrared Nonlinear Spectroscopy”
Jörg Lindner, Tim Schäfer, Dirk Schwarzer, and Peter Vöhringer, “Femtosecond
mid-infrared spectroscopy of vibrational energy transfer in liquid-to-supercritical ammonia”

lunch break & posters & AGM of the Molecular Physics group of the IoP

Dynamics in liquids
13:30–14:10
14:10–14:30

14:30–14:45
14:45–15:00
15:00–15:15

15:15–15:25

Damien Laage, Guillaume Stirnemann and Casey Hynes, “Dynamics of Water Reorientation around Ionic and Hydrophobic Solutes”
Erik T. J. Nibbering, Katrin Adamczyk, Omar F. Mohammed, D. Pines, and E.
Pines, “Femtosecond Infrared Spectroscopy of Elementary Chemical Transformations:
Bimolecular Proton Transfer”
Maxim S. Pshenichnikov, Dan Cringus, and Thomas l. C. Jansen, “Dissimilar Dynamics of Water Stretching Modes”
Danny J. Shaw, M. R. Panman, and S. Woutersen, “Cooperative vibrational relaxation in pure liquids”
Roberto Improta, Fabrizio Santoro, Alessandro Lami, Vincenzo Barone, “Environmental effects on the excited state dynamics of DNA constituents: a quantum mechanical approach”
Closing remarks
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Hydrogen bond dynamics of polar groups and ions using one
and two frequency 2D IR
Frank Kuo, Dmitri Vorobyev and Robin M. Hochstrasser
University of Pennsylvania, Philadelphia PA19104, USA

Experiments will be described for simple ions and polar CN groups displaying H-bond dynamics. The effects of ion
aggregation and inter-ion vibrational coupling are seen along with novel 2D IR spectra, interstate correlations and
orientational motions of highly degenerate states.
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A Study of Equilibrium Isomerization Dynamics of Dicobalt
Octacarbonyl via Ultrafast 2DIR Spectroscopy
Jessica Anna1and Kevin Kubarych1
1
Dept. of Chemistry, University of Michigan, Ann Arbor, MI
Abstract. Ultrafast multidimensional infrared spectroscopy was used to study the equilibrium dynamics of dicobalt octacarbonyl, a
model carbonyl complex that exists as three isomers, using the terminal carbonyl stretches as probes of the equilibrium exchange.
The positions of the crosspeaks in the 2DIR spectra reveal the pathways of interconversion and monitoring the crosspeaks as a
function of waiting time, t2, yields the equilibrium rate constants. Through temperature dependent studies, the activation energies
required for isomerization were determined from an Arrhenius plot.

The study of equilibrium dynamics is becoming increasingly important in understanding complex biological systems
and two dimensional infrared (2DIR) spectroscopy is a powerful tool that can be used to investigate these equilibrium
dynamics. The 2DIR spectra of large, complex systems can be complicated and congested making the dynamic
information contained in the spectra difficult to extract. In order to gain insight into how to extract this information we
have chosen to study the metal-carbonyl complex, dicobalt octacarbonyl.
Dicobalt octacarbonyl (Fig. 1) is an ideal model system: it exists as three isomers (I, II, III) in equilibrium at room
temperature which have distinct terminal carbonyl stretching frequencies between 2000 cm-1 and 2100 cm-1. Using these
carbonyl stretches as a probe, 2DIR spectroscopy was employed to study the equilibrium interconversion between the
three isomers. 2DIR spectroscopy has been previously applied to study chemical exchange between two different
species such as solvent-solute complexes1 and free solute rotation about a carbon-carbon single bond2, hydrogen bond
formation3 and fluxnionality4. Applying 2DIR spectroscopy to dicobalt octacarbonyl extends equilibrium exchange to
systems with more than two equilibrium species.
Figure 1 displays absolute value of rephasing spectra for waiting times t2=0ps and t2=30ps. The peaks lying along
the diagonal are due to the fundamental transitions of the different isomers. Based on previous 1D IR measurements,
peaks 1a, 1b and 1c are assigned to isomer I; 2a and 2b are assigned to II; and 3a and 3b are assigned to III. The off
diagonal peaks at t2=0 ps indicate the corresponding diagonal peaks have a common ground state. As t2 increases there
is a growth of off-diagonal peaks, exchange peaks, indicating that the different isomers are undergoing interconversion.
From the position of the exchange peaks the mechanistic pathway by which the isomers undergo interconversion may
be determined. There is evidence that isomers I and II (peaks 2a1c and 1c2a) and isomers I and III (peaks 1a3a and
3a1a) undergo interconversion; however, there is not direct evidence of interconversion between isomers II and III. By
monitoring the modulations of the crosspeaks as a function t2 the exchange times (1/rate constants) for the
interconversions are obtained. We have determined the exchange time for the conversion of isomer I to II (1c2a) is 26 ps
while the exchange time for isomer II to I (2a1c) is 30 ps. Through the use of a temperature dependent sample cell the
rate constants’ dependences on temperature were studied and the activation energies required for isomerization were
obtained from an Arrhenius plot. The activation energy required for the isomerization of isomer I to II was determined
to be ~2 kcal/mol.

Fig. 1. The three different isomers of dicobalt octacarbonyl (B3LYP/6-31G). Absolute vale of the rephrasing spectrum of dicobalt
octacarbonyl at t2=0 ps and t2=30 ps.

References
1
2
3
4
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Applications of ultrafast two-dimensional infrared spectroscopy to studies of the Fe-hydrogenase
enzyme system
A. I. Stewart,1 M. Towrie,2 I.P. Clark, 2 A.W. Parker, 2 S. Ibrahim, 3 C.J. Pickett3 and
N.T. Hunt1
1) Dept of Physics, University of Strathclyde, SUPA, 107 Rottenrow East, Glasgow G4 0NG, UK
2) Central Laser Facility, STFC Rutherford Appleton Laboratory, Didcot, Oxon, UK
3) School of Chemical Sciences and Pharmacy, University of East Anglia, Norwich, UK

Abstract
Ultrafast two dimensional infrared spectroscopy has been applied to study the structure and vibrational dynamics
of model compounds of the active site of the Fe-hydrogenase enzyme system. 1 Studies of these model systems,
which allow separation of the active site of the enzyme from the protein scaffolding allow, by comparison of 2DIR spectra with density functional theory calculations, determination of the solution phase structure of these
species. In addition, vibrational coupling and rapid (<5ps), solvent-mediated equilibration of energy between
vibrationally-excited states of the carbonyl ligands of the di-iron-based active site is observed prior to relaxation
to the ground state. These dynamics are shown to be solvent-dependent and form a basis for determination of the
vibrational interactions between active site and protein.
The results of two-colour 2D-IR and 2D-IR studies of transient products of a photo-substitution reaction are also
presented, which give new insights into vibrational energy relaxation mechanisms in similar, solution-phase
metal-carbonyl systems.

Fig.1: Ultrafast 2D-IR spectra of (μ-pdt)Fe2(CO)6 dissolved in heptane. Spectra recorded with parallel pumpprobe polarization geometry and a pump prove time delay of 5 ps (top) and 25 ps (bottom)
(1)
Stewart, A. I.; Clark, I. P.; Towrie, M.; Ibrahim, S.; Parker, A. W.; Pickett, C. J.; Hunt, N. T. J. Phys.
Chem. B 2008, 112, 10023.
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Bio-analytical applications of Electronic-Vibration-Vibration
2DIR Spectroscopy
Paul Donaldsona,b, Rui Guoa, Frederic Fourniera, Elizabeth M. Gardnera, C.B. Loeffeldab, D.R. Kluga,b
a

Department of Chemistry, Imperial College London, London, UK, SW7 2AZ
The Single Cell Proteomics Group, Chemical Biology Centre (CBC), Imperial College London, Exhibition Road,
London SW7 2AZ, UK

b

Feature identification and assignment in vibrational spectroscopy is often hampered by
spectral congestion. The presence of multiple combination bands and Fermi resonances can make
extracting information from spectra of even the simplest molecules a time consuming task. 2DIR
spectroscopy can help make sense of such states, allowing applications of vibrational spectroscopy
in structural and analytical chemistry that were not previously practical.
In the series of experiments reported here, infrared pulses generate vibrational coherences
involving two vibrational states which are then interrogated by a visible Raman pulse to retrieve the
coupling information. This mixed electronic-vibration-vibration (EVV) 2DIR spectroscopy, also
known as doubly vibrationally enhanced four wave mixing (DOVE-FWM) is studied in both the
time and the frequency domain [1-3]. Pulse ordering selects between several coherence pathways
which report in different ways on the electrical and mechanical anharmonicity of the analyte
molecules [3].
Applications of this technique to simple organic solvents and plastics show a number
interesting and analytically useful features. Our work is focused on bio-analytical applications and
we demonstrate here how EVV 2DIR spectroscopy can be used for protein amino acid composition
analysis [4] and absolute protein level quantification. Identifying proteins in this manner opens up a
wide range of interesting possibilities in proteomics.
References
[1] K.A. Meyer and J.C. Wright, Analytical Chemistry, 73, 5020 (2001)
[2] P.M.Donaldson, R. Guo, F. Fournier, E.M. Gardner, L.M.C. Barter, C.J. Barnett, D.J. Palmer, I.R. Gould, K.R. Willison, D.R.
Klug, J. Chem. Phys. 127, 114513 (2007)
[3] P.M. Donaldson, R. Guo, F. Fournier, E.M. Gardner, I.R. Gould, , D.R. Klug., Chemical Physics, 350, 1-3, 202-211 (2008)
[4] F. Fournier, E.M. Gardner, R. Guo, P.M. Donaldson, L.M.C. Barter, D.J. Palmer, C.J. Barnett, I.R. Gould, K.R. Willison, D.R.
Klug, Analytical Biochemistry, 374, 358–365 (2008)
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Charles Schmuttenmaer

Terahertz Spectroscopy: What’s it all about?

M

Charles Schmuttenmaer
Yale University, Department of Chemistry, USA

Terahertz spectroscopy, having emerged in about 1989, has now been around long enough that we in the ultrafast
chemical physics community can rightfully ask: What’s it all about? My presentation will answer this question in no
uncertain terms (hint: time-domain).

In addition to providing a bright source with sensitive detection methods in the far-infrared, THz spectroscopy is the
only way to carry out time-resolved studies in the far-infrared region of the spectrum. Two of the best examples of this
are optical pump/THz probe studies, and THz emission spectroscopy (TES).

My group has used the former to investigate the transient photoconductivity of wide bandgap metal oxides such as TiO2
and ZnO (both nanocrystalline and bulk), which has led to insights regarding the microscopic behavior of conductivity
in dye sensitized solar cells, or Grätzel cells. In addition, I will describe recent work in my group which has focused on
the issue of solar hydrogen production.
The second topic I will discuss is TES. We have studied THz emission upon ultrafast photoexcitation from a variety of
samples over the years, such as dye molecules in solution, a monolayer of dye molecules, magnetic thin films, and
GaAs. Our recent results on GaAs are quite surprising. We find that spin-polarized electrons produced with an
elliptically polarized excitation beam, influence their own trajectories as manifested in deviations of the measured shift
current from calculated values.
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Polarization-Resolved Ultrafast Polarizability Relaxation in
Aromatic Liquids
Ismael A. Heisler and Stephen R. Meech
School of Chemical Sciences, University of East Anglia, Norwich NR4 7TJ, U.K

Abstract. The ultrashort time resolved decay of the isotropic and anisotropic components of the polarizability of three polar aromatic
liquids have been measured as a function of temperature using a diffractive optic based heterodyne detection method. The isotropic
spectral density, which contains only interaction induced components of the liquid’s collective polarizability, is contrasted with the
anisotropic response to unravel the interaction induced and molecular contributions to the latter. These data are discussed in
relation to some existing molecular dynamics simulations.

Knowledge of the structure and dynamics of molecular liquids is central to an understanding of chemical reactivity
in solution.1 The rate coefficient for reactions as diverse as isomerization, electron transfer and solvation are all
influenced, and even controlled, by solvent dynamics. Among various methods to investigate dynamics ultrafast
optically heterodyne detected optical Kerr effect (OHD-OKE) has been widely used and produced important results.2
Planar aromatic liquids have been the subject of theoretical and experimental investigations because of their
somewhat complex low frequency behaviour.3,4 Like small molecule liquids they have a low frequency peak that is
well represented by the SED equation, but when this is subtracted a broad bimodal or ‘flat topped’ reduced spectral
density is recovered.5
In this work we shed further light on the origin of this structure through measurements of both the isotropic and
anisotopic polarizability relaxation of the aromatic liquids toluene, nitrobenzene and benzonitrile as a function of
temperature. The isotropic spectral density, which contains only interaction induced components of the liquid’s
collective polarizability, is contrasted with the anisotropic response to unravel the interaction induced and molecular
contributions to the latter. Very similar behaviour was observed for the three different aromatic liquids (see Figure 1b).
The fast damping of the isotropic response in the time domain confirms the assignment of the prominent slow
exponential relaxation in the anisotropic response to diffusive molecular orientational relaxation. The isotropic response
in the frequency domain is found to be asymmetric and peaked at low frequency, as can be seen on Figure 1a, but
extending to higher frequencies as well, thus contributing over a rather wide frequency range. The relatively low mean
frequency of the isotropic spectral density supports the assignment of the highest frequency part of the anisotropic
response to molecular librational motion. Finally a number of affinities are noted between the interaction induced
(isotropic) response and the low frequency shoulder in the anisotropic spectral density which is so characteristic of the
dynamics of aromatic liquids. These data are discussed in relation to some existing molecular dynamics simulations.

(a)

(b)

Fig. 1. (a)Representative deconvoluted isotropic spectral density obtained for benzonitrile. Inset shows the same result over a
broader frequency scale showing the intramolecular vibrational modes contribution to the measured signal;(b) Comparison of the
isotropic spectral densities at room temperature for the three liquids on a semilog scale.

References
(1)
(2)
(3)
(4)
(5)
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Structure in simple and complex liquids studied by OKE
spectroscopy
David Turton1, Johannes Hunger2, Alexander Stoppa2, Glenn Hefter3, Andreas Thoman4, Markus Walther4,
Hanspeter Helm4, Richard Buchner2,and Klaas Wynne1
1

Department of Physics, University of Strathclyde, Glasgow G4 0NG, SUPA, UK
Institute of Physical und Theoretical Chemistry, University of Regensburg, 93040 Regensburg, Germany
3
Chemistry Department, Murdoch University, Murdoch, W.A. 6150, Australia
4
Department of Molecular and Optical Physics, Albert-Ludwigs-Universität Freiburg, 7910 Freiburg, Germany
2

Abstract. It is established that, in general, liquids are structured but the extent and nature of this structure and its dependence on
temperature are less-well understood. However, it has long been suggested that phonon-like modes arising in pseudo-crystalline
structure are present even in the prototypical monatomic liquids. Optical Kerr effect spectroscopy (OKE) enables the measurement
of the low-frequency spectra associated with structure and we contrast OKE measurements of structure in liquid argon, krypton and
xenon to the nanoscale structure we can measure in the, relatively novel, room-temperature ionic liquids.

Argon was one of the first liquids to be computationally simulated and in early studies evidence of coherent oscillations
were apparent1. These observations were, to some extent, supported by neutron scattering experiments2 but more
recently there has been little progress. Study of liquid structure in general has been driven by the examination of
supercooled and glass-forming liquids, where, at low temperature, the structure becomes better defined and better
resolved in the spectra. Dielectric relaxation has been the primary approach to these slowly relaxing samples but OKE is
particularly accurate for spectra at higher frequencies, such as in the case of more normal liquids, and can provide a
continuous spectrum up to about 30 THz3. Previous studies of monatomic liquids have not yielded the signal-to-noise
ratio necessary for meaningful analysis. Fig. 1(a) shows OKE data for Ar, Kr, and Xe at their triple points. Analysis of
these data reveals a damped oscillation accompanied by a broadened relaxation. This behaviour is consistent with
motion in a relatively ordered cage structure where the final relaxation represents the diffusional breakdown of the cage.
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Fig. 1. (a) OKE time-domain data for Ar, Kr, and Xe. Following the initial, instantaneous, response, a damped oscillation is seen
marked by inflection points at around 1 ps. The decay then evolves into a smooth non-exponential decay. (b) OKE frequency-domain
data for room-temperature ionic liquid [emim][DCA] showing the low frequency sub-α mode due to nanoscale structure.

In contrast to these simple liquids, room-temperature ionic liquids4 contain complex organic entities and are very
strongly interacting. At the lowest frequencies in the OKE spectra (Fig. 1(b)) are seen intense modes which can, by
comparison with dielectric spectroscopy, be identified as arising from the presence of nanoscale symmetrical clusters.
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Electronic and structural dynamics in molecular systems by
ultrafast UV and X-ray spectroscopies
Majed Chergui
Laboratory of Ultrafast Spectroscopy, Ecole polytechnique fédérale de Lausanne, Switzerland

We will present a study of the light-induced ultrafast spin cross-over in Fe(II)-molecular complexes in solution using a
combination of ultrafast optical (transient absorption and fluorescence up-conversion) and X-ray absorption
spectroscopy (XAS) at synchrotrons. We manage to nail down the full photocycle of the system, thanks to the ability of
XAS to detect optically silent species. A further illustration of this ability is exemplified by our recent solvation
dynamics studies.
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Tracking the photoswitching dynamics of bistable spincrossover molecules at solid state
Maciej Lorenc1, Eric Collet1,2, Johan Hebert1, Nicolas Moisan1, Marina Servol1, Marylise Buron1, HervÈ
Cailleau1,2,Marie-Laure Boillot3, Michael Wulff4, Shin-ya Koshihara2,5
1

Institute of Physics of Rennes UMR CNRS-University Rennes 1 campus Beaulieu, Rennes, 35042, France
Non-equilibrium Dynamics Project, ERATO-JST, Tsukuba, Ibaraki, Japan,
3
ICMMO,UMR-CNRS 8182, University Paris-Sud, Orsay, France
4
European Synchrotron Radiation Facility, F-38000 Grenoble, France.
5
Department of Materials Science, Tokyo Inst. of Technology, 2-12-1, Oh-okayama, Meguro, Tokyo, 152-8551, Japan,
2

Abstract. In this work we demonstrate by combining ultrafast optical and X-ray diffraction techniques, the spin state switching of a
Fe(III) spin-crossover solid triggered by a femtosecond laser flash, and show that different processes on different length and time
scales are involved. The dynamics span from sub-picosecond non-thermal local molecular photoswitching to slower unit cell volume
expansion (nanosecond) to diffusive heating processes through the lattice (microsecond). The results contribute to the understanding
of different consecutive processes on different length and time scales following a localized electronic excitation of molecules in the
solid.

Controlling molecular states in a solid material with an ultrashort laser pulse poses a new challenge to the ultrafast
science, ensuing the now established field of femtochemistry. Molecular materials offer the possibility to be directed
between different macroscopic states by using appropriate electronic excitations. By contrast to a dilute solute in a
passive solvent, all molecules that make up the solid are active and can be switched. This opens bright perspectives for
the light-control of various photoswitchable functions (magnetic, optical, conduction...). Spin-crossover compounds are
acclaimed prototypes of molecular bistability between low spin and high spin states. Until now, ultrafast investigations
of such systems have been limited to single-molecule in solution, whereas in solids only photosteady states have been
addressed with recent extension to the studies of relaxation upon nanosecond laser excitation. This time-resolved study
of photoinduced spin-state switching concerns a new monoclinic polymorph of catecholato-Fe(III) solid
[(TPA)Fe(TCC)] PF6. It undergoes a spin-crossover from a low temperature LS (S=1/2) to a high temperature HS
(S=5/2) state2,3. The results allow identifying 3 main steps during the transformation pathway: i) the sub-picosecond
molecular switching, ii) unit cell volume expansion on 10 ns time scale and iii) significant thermal effect on µs time
scale. The recovery to thermal equilibrium with the environment is complete within ms. Based on these results we
attempt a mechanistic description which differs from the case of delocalized electronic photo-excitation (for example,
semi-conductors) where structural relaxation is governed by collective and coherent optical phonons. In the present case
of long-lived trapping of molecular excited state on different lattice sites, there exists a complex relaxation pathway
from the molecular level onto the material scale.

Fig. 1. Schematic representation of the photoinduced spin state switching and concurrent structural reorganization

probed by 100 ps x-ray diffraction
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Time-dependent dipole coupling and line narrowing in
adsorbate vibrational spectroscopy
Heike Arnolds1
1

Surface Science Research Centre, Department of Chemistry, University of Liverpool, UK

Abstract. We use femtosecond infrared pump - sum frequency probe spectroscopy to measure all coherent and incoherent vibrational
relaxation times for a molecule on a metal surface, CO/Ir(111), including midinfrared photon echoes from a metallic surface 1. The
echo peak shape changes as a function of delay time indicating a time-dependent inhomogeneity of the densely packed CO overlayer.
We show that this is due to time-dependent dipole coupling induced line narrowing.

The vibrational linewidths of adsorbates with strong dynamic dipole moments are mainly determined by dipole-dipole
coupling and do not fully reflect the inhomogeneity of the adsorbate layer. This well-known phenomenon in surface
vibrational spectroscopy is due to intensity stealing as the high frequency oscillators in the distribution screen the
external field at lower frequencies. Hence the infrared absorption is shifted towards higher frequencies with a tail at low
frequencies. We show for the first time that time-resolved vibrational spectroscopy can determine the degree of line
narrowing.
Our model system is the C–O stretch vibration in a strongly dipole-coupled CO layer on Ir(111) at 0.56 monolayer
coverage. We obtain1 a free induction decay time of T2 inhom=1.9 ps, a vibrational lifetime of T1=2.4 ps and vibrational
echo peak shapes (see Fig. 1) which can be described by T2hom=4 ps and an inhomogeneous contribution of Δω=3.0 cm-1.
This is identified as a lower limit to the inhomogeneity of the adsorbate layer, as a mixed CO isotope layer (which
significantly reduces dipole coupling) has a much larger line width at the same coverage.
Careful analysis of the echo peak shapes shows that the measured inhomogeneity is not static, instead it increases with
increasing IR1-IR2 delay (see Fig. 1). This is due to decreasing coherence in the collective CO overlayer vibration at
longer delay times which reduces the intensity stealing. We incorporate the time-dependent dipole coupling by using a
Green function formalism to solve the optical Bloch equations for the case of vibrational photon echoes2.
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Fig. 1. Logarithmic plots of the CO/Ir(111) sum frequency infrared photon echo as a function of IR2-vis delay for IR1-IR2 delay
times of 1.0 ps, 1.2 ps and 1.5 ps. The solid lines fit the echo decay with T2 = 4 ps and constant Δω=3.0 cm-1 . The dashed line is an
example of a homogeneous decay of 1.9 ps.1
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Ultrafast Dynamics in Na-doped water Clusters
Claus Peter Schulz, Hongtao Liu, Christian Schröter, Nick Zhavoronkov, and Ingolf V. Hertel1
Max Born Institute, Berlin, Germany
1
also: Department of Physics, Free University, Berlin, Germany

Abstract. The lifetimes of the first electronically excited state of (H2O)n···Na clusters (n up to 40) are measured using two colour
pump-probe spectroscopy. The measured lifetimes are compared to those of water cluster anions.

Gas phase clusters of polar solvent molecules doped with an alkali metal atom are model systems for studying the
behaviour of loosely bound metal valence electrons in a polar environment. In the past years, our group has investigated
spectroscopic properties of size-selected (H2O)n···Na and (NH3)n···Na clusters, such as the ionization potentials1 and the
energy of the first electronic excited state2,3. It has been shown that pump-probe experiments provide a suitable tool to
study the dynamics of the electronically excited state.4 Previous work on (NH3)n···Na clusters has shown that the
lifetimes of first electronically excited states strongly decreases for larger n. For n ≥ 4 they are on the order of
picoseconds and lower. Similar results have been obtained for the anions of pure water clusters.5,6 These short lifetimes
are presumably provoked by a fast internal conversion, which is strongly correlated to the DOS of the intra molecular
vibrations. In the present work we focus on the water system. The lifetimes of the first electronically excited state of
(H2O)n···Na clusters (corresponding to the 3p ← 3s transition in free sodium atoms) with n up to 40 are measured by
two colour pump-probe spectroscopy (800/400 nm) with 30 fs pulses. The observed lifetimes are compared to those of
water cluster anions, which are expected to have a similar electronic structure. It turns out that the lifetimes of (H2O)n−
reported in the literature [5,6] are significantly larger.
From the curve of Figure 1 we learn that the lifetime trends of (H2O)n···Na clusters are somewhat different
compared to water cluster anions. Bragg et al. [8] have concluded that their isomer I of (H2O)n− clusters (considered to
be internal states) extrapolate linearly with 1/n toward to the known conversion lifetime of 50 fs in bulk water. The
isomer II of (H2O)n− clusters (considered surface-bound) have larger sizes (n = 60−100), and their decay time is more or
less independent of the cluster size. For our measurements of (H2O)n···Na clusters, the first excited states are shorter
living than water cluster anions. The decay time of (H2O)n···Na clusters decreases massively with n up to 8 (to about
140 fs), however, the lifetime of (H2O)9···Na is distinctly longer than (H2O)8···Na. For n ≥ 9 the lifetimes change much
slower but still constantly drop as the cluster size increases. For clusters with n ≥ 24 the experimental results may
indicate a somewhat more rapid decrease with size. Whether this trend continues and might be rationalized by evoking a
significant influence of the solvation shells of water around the Na+ ion will have to be discussed in the light of further
measurements. The similarities of the lifetime behaviour of sodium-water and sodium-ammonia clusters give evidence
that the short lifetimes of lowest excited state are caused by internal conversion. Extension of the experiments and
further in depth theoretical simulations are still needed.
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Fig. 1. Size dependent lifetime trends of the lowest electronically excited state of (H2O)n···Na clusters.
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Soft and Hard Alignment in Excited Electronic States
Probed by Time Resolved Optical Hole-burning
Richard J Marsh,1 Daven A Armoogm 1, Nicolas Nicolaou1 Olivier Mongn2 , Mireille Blanchard -Desce2 and Angus J
Bain1
1
Dept. of Physics & Astronomy, University College London, Gower Street, London WC1E 6BT, UK
2
E Synthèse et ElectroSynthèse Organiques, (CNRS, UMR 6510), Université de Rennes 1, Campus deBeaulieu, Bât
10A Case 1003, F-35042 Rennes Cedex, France,
Abstract. Polarised Stimulated Emission Depletion (STED) measurements are used to probe molecular alignment following two photon excitation in linear (monomer) and branched (trimer) quadrupolar chromophores. Population and alignment changes
induced in the monomer agree well with two level saturation of an aligned molecular array. However in the case of the trimer
spontaneous and stimulated emission whilst localised on one arm [1] gives rise to saturation behaviour that would indicate a far
higher degree of initial molecular alignment than is observed via spontaneous emission and the structure of the transition tensor.
The discrepancy between the two results can be accounted for by delocalisation of the excited state over the three arms prior to
spontaneous emission.

1.0
0.6

0.6

STED Anisotropy change

97% Population
Depletion

0.8

Fraction Depleted FD
Anisotropy Change ∆ R
Approximately
Linear
Depletion

0.4

0.2

0.5

Predicted Alignment
Change Using Population
Depletion Fit

0.4
0.3
0.2

RU=0.12

0.1
0.0

0.0

0

5

10

15

20

25

30

0

Dump Energy (nJ)

5

10

15

20

25

30

Dump Energy (nJ)

Figure 1 Population and anisotropy saturation dynamics in he
t branched quadrupolar chromophore following two-photon
excitation. Substantial population depletion of a dipolar array is normally accompanied by a substantial change in emission
anisotropy; this is not observed and the excited array is resistant to alignment change.
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Energy Transport in Peptide Helices
Peter Hamm1, Ellen Backus1, Virgiliu Botan1, Rolf Pfister1, Alessandro
Moretto2, Claudio Toniolo2, Phuong Hoang Nguyen3, Gerhard Stock3,
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Department of Chemistry, University of Padova, Via Marzolo 1, I-35131 Padova, Italy. 3 Institut für
Physikalische und Theoretische Chemie, J. W. Goethe Universität, Marie-Curie-Strasse 11, D-60439 Frankfurt,
Germany. E-mail: p.hamm@pci.unizh.ch.
2

Proteins are the machines of life. Protein action requires energy transport to and from proteins
active site. It has been suggested that vibrational energy transport is guided through the
helical parts of a protein. In order to study this, we have constructed a stable 310-helix of 8
amino acids with a chromophore (azobenzene) attached at one side. Excitation of the
azobenzene with a femtosecond laser pulse results in a large local temperature increase on
short timescales (~200 fs) due to ultrafast isomerisation. The subsequent transport of energy
through the helix is detected by molecular groups acting as local thermometers at specific
locations with a second, non-perturbing laser pulse.
Transport of energy along the helix is indeed observed, but has to compete with
energy losses into the solvent chloroform on a ~7 ps timescale. From our data we deduce an
effective heat diffusion constant along the helix of ~2 Å2ps-1 at room temperature, about a
factor five smaller than predicted from accompanying MD simulations. In contrast, when
exciting a vibrational transition directly with IR light, heat transport is more efficient by a
factor of at least four. We furthermore studied the temperature dependence of the diffusion
constant, revealing a sharp rise above 270 K. The effect is discussed in analogy to glasstransitions in larger proteins.
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Abstract. Even-order non-linear vibrational spectroscopies are used to investigate the structure and dynamics of water at several
different interfaces. For all interfaces, the structure of interfacial water is shown to be less heterogeneous than has been thought, but
the dynamics reveal marked differences between different interfaces

Interfacial water is of importance for a variety of disciplines including electrochemistry, (photo-) catalysis and biology.
Water interfaces are characterized by the interruption of the bulk hydrogen bonded network, which gives interfacial
water its unique properties (e.g. high surface tension). When a water OH group forms a hydrogen bond, the OH stretch
frequency of this group decreases by an amount determined by the H-bond strength. As such, the frequency and
lineshape of the O-H stretch vibration of interfacial water – determined, for example, using surface-specific Vibrational
Sum-Frequency Generation (VSFG) Spectroscopy – provides a sensitive marker of the local environment of interfacial
water molecules. VSFG Spectroscopy is an even-order non-linear optical process, making it intrinsically surface
specific.
We report a frequency- and femtosecond time-resolved study of water at various interfaces using VSFG. In the timeresolved measurements, the O-H stretch vibrational lifetime of hydrogen-bonded interfacial water is determined using a
novel, surface-specific 4th-order VSFG spectroscopy. The O-H stretch vibration of interfacial water is resonantly excited
with an intense, 100 fs infrared pulse; the vibrational relaxation dynamics are followed with femtosecond, time-resolved
VSFG spectroscopy.
Our results reveal that interfacial water is structurally more homogeneous than previously thought1. Furthermore,
ultrafast exchange of vibrational energy can occur between water surface and bulk water, but the occurrence of ultrafast
resonant vibrational energy transfer depends critically on the details of the water interface2,3. Finally, we demonstrate a
new type of two-dimensional surface spectroscopy that allows one to follow the structural evolution of interfacial
molecular systems in real-time4.
1.6

Normalized differential SFG

Mischa Bonn

Ultrafast vibrational dynamics of interfacial water

1.5

water-air interface

water-lipid interface

T1 = 190 fs,
T therm = 500 fs

-1

-1

3500 cm ,
T1 = 570 fs

-1

3430 cm ,
T1 = 430 fs

3500 cm

1.4
1.3

-1

3430 cm

-1

1.2
1.1

3300 cm

-1

3200 cm

-1

1.0
0
500 1000 1500
pump-probe delay (fs)

3300 cm ,
T1 = 130 fs

-1

3200 cm ,
T1 < 100 fs

0
500 1000 1500
pump-probe delay (fs)

Fig. 1. Time-resolved SFG data for interfacial water for excitation and probe frequencies of 3200, 3300, 3400 and 3500 cm-1 at the
water-air interface (left) and water at the water-lipid interface (right panel). Traces are offset from 1.0 for clarity. Polarizations of
the SFG, VIS probe, IR probe and IR pump were S, S, P and S. The solid lines are fits to the data, whereby ultrafast energy transfer
amongst water molecules is assumed for the water-air interface, but this energy transfer is absent for the water-lipid interface. The
lower trace in the left panel is the third-order IR+IR+VIS SFG cross correlation signal (shown for 3300 cm-1) to determine the time
resolution of the experiment.
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Ultrafast 2D-IR spectroscopy of a molecular monolayer
Jens Bredenbeck,1,2 Avishek Ghosh,1 Marc Smits,1 Maria Sovago,1 Mischa Bonn1
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Frankfurt/Main, Germany
Abstract. We report on ultrafast 2-dimensional vibrational surface spectroscopy, providing information on coupling and energy
transfer between vibrations of surface molecules. As a 4th order technique, it is bulk-forbidden in centrosymmetric materials and
hence surface specific.

Coupling and energy flow through vibrational modes at surfaces and interfaces are important in areas as diverse as
heterogeneous catalysis, electrochemistry, and membrane biophysics and –chemistry.1 Furthermore, vibrational
coupling patterns contain information on molecular structure, a feature already explored in bulk experiments to measure
structure parameters with femtosecond time resolution.2 However, measuring vibrational mode coupling at surfaces is
challenging, because it requires both distinguishing the signal of a small number of surface molecules from a much
larger bulk response and recording this signal within typical vibrational lifetimes (i.e. on sub-picosecond timescales).
For bulk studies, femtosecond two-dimensional infrared (2D-IR) spectroscopy has been shown to be ideally suited to
reveal vibrational mode coupling, leading to off diagonal peaks in 2D spectra.2 Off-diagonal peaks between modes are
determined by the strength of their coupling and depend on their relative orientation and distance. As such, 2D-IR
spectroscopy is increasingly useful in determining (sub )molecular structures and dynamics; 2D-IR analogues of NMR
experiments like NOESY, COSY and EXSY have been demonstrated.2-6 Here we introduce femtosecond sumfrequency
generation 2D-IR spectroscopy (SFG-2D-IR) with submonolayer sensitivity and surface specifity.7
In bulk 2D-IR spectroscopy, a sequence of coherent interactions between the sample and the IR laser fields is designed
such that an odd (typically third) order coherence is detected, which contains information about vibrational mode
coupling. To apply 2D-IR spectroscopy to surfaces, we gain monolayer sensitivity and interface specificity through an
additional interaction with a nonresonant near-IR laser pulse. This additional interaction upconverts the third-order
coherence to an even (fourth) order coherence, which radiates a field in the visible, at the sum frequency of near-IR and
IR. We expect this technique to be useful for a variety of applications, including the study of: the structure and reactivity
of (mixed) molecular adsorbate layers in catalytic systems, the structures and interactions of membranes and membrane
proteins as well as the structure and dynamics of interfacial water in various systems.
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Fig. 1. SFG-2D-IR spectra of a dodecanol monolayer on water. Blue (red) denotes a pump-induced decrease (increase) in SFG
intensity. (a) IR spectrum of crystalline dodecanol at 150 K. (b) SFG spectrum of the monolayer, polarizations: SFG/VIS/IR: s/s/p.
(c) SFG-2D-IR spectrum, p-polarized pump, t = 0.7 ps. (d) same, with s- polarized pump, for which the in-plane CH2 modes are
efficiently excited, leading to the dominance in the 2D spectrum of the cross-peak between the CH2 (as) and CH3 (ss) modes. Lines
indicate the diagonal; arrows point to off-diagonal peaks indicative of vibrational coupling.
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Ultrafast hydrogen bond dynamics in liquid water and hydrated DNA
Thomas Elsaesser1, J. R. Dwyer1, L. Szyc1, D. Kraemer2, M. L. Cowan2,
A. Paarmann2, N. Huse1, E. T. J. Nibbering1, R. J. D. Miller2
1

Max-Born-Institut für Nichtlineare Optik und Kurzzeitspektroskopie,
Max-Born-Str. 2 A, D-12489 Berlin, Germany

2

Institute for Optical Sciences, Departments of Chemistry and Physics,
University of Toronto, ON, Canada M5S3H6

Nonlinear vibrational spectroscopy in the femtosecond time domain has developed into a
major technique for studying the ultrafast structural and vibrational dynamics of extended
networks of hydrogen bonds such as in liquid water and to determine vibrational couplings
[1-4]. In this presentation, recent results of two-dimensional infrared studies of the O-H
stretching absorption of neat water will be presented [2,4], together with two-color pumpprobe studies of the O-H bending and librational dynamics [3]. Such work elucidates the sub50 fs spectral diffusion of O-H stretching excitations, the femtosecond population decays of
O-H stretching and bending excitations and their relaxation pathways. Ultrafast energy
dissipation is monitored via librations, demonstrating their key role for both the loss of local
structural correlations and ultrafast energy dissipation.
In a second series of experiments, the dynamics and interactions of water molecules with
DNA oligomers containing 23 alternating adenine-thymine base pairs are studied at different
levels of hydration [5,6]. For a DNA film in a zero relative humidity atmosphere, transient
vibrational spectra and their time evolution up to 10 ps demonstrate negligible spectral
diffusion and allow for discerning different N-H stretching bands and the O-H stretching
absorption of residual water molecules. At high humidity, the additional water molecules

Thomas Elsaesser

M

display a broad O-H stretching absorption with distinct spectral diffusion on a subpicosecond
time scale which is, however, slowed down compared to bulk water.
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Vibrational Frequency Fluctuations in Solutions Studied by
Infrared Nonlinear Spectroscopy
Keisuke Tominaga,1,2 Junpei Tayama,1 Akina Kariya,1 Kaoru Ohta,2 and Seiji Akimoto1,2
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Abstract Three-pulse photon echo measurements in the infrared region have been performed on various solute/solvent systems to
obtain time correlation function of the vibrational frequency fluctuations. In order to compare the vibrational frequency fluctuations
with solvation dynamics in the electronic states we have also conducted fluorescence dynamic Stokes shift experiments in the same
solvents.

Molecular dynamics in liquids are strongly affected by the nature of intermolecular interactions. It is greatly
important to obtain the molecular description on relation between the dynamics and interactions in liquids in order to
elucidate the solvent dynamical effect on chemical reactions. Fluctuations of the vibrational transition energies, which
are characterized by time correlation functions (TCF) of the frequency fluctuations, are very sensitive to the dynamics
of surrounding environments. Therefore, it has been expected to investigate the microscopic view on liquid dynamics
by probing the vibrational fluctuations. In recent years, a great deal of effort has been devoted to investigate solutesolvent interactions and vibrational frequency fluctuations with infrared (IR) nonlinear spectroscopy. These techniques
give detailed information on the time scale of the vibrational fluctuation and the coupling strength to the solvent, which
cannot be determined precisely by spectral analysis of the linear absorption.
Three-pulse photon echo measurements are a useful technique to probe energy fluctuations of optical transitions or
spectral diffusion. This is because echo signals with three-pulse excitations can yield the dynamics of the
inhomogeneous distribution, while the static inhomogeneous distribution of the transition frequency can be obtained by
two-pulse photon echo measurements. The three-pulse photon echo technique has been applied to electronic transitions
and, more recently, to vibrational transitions for small molecules in solutions and in protein environments.1,2 This
nonlinear spectroscopy is especially powerful when the spectral diffusion process is characterized by multiple time
scales. We have performed three-pulse photon echo measurements on various solution systems to obtain the TCF of the
frequency fluctuations.3,4 The results are summarized in Table 1. We found that the TCF decays biexponentially with
time constants of several tens of femtoseconds and a few picoseconds. The TCF can be expressed as,
ω (0)ω (t ) = Δ21 exp(− t τ 1 ) + Δ22 exp(− t τ 2 ) + Δ2∞ .
The results show that the time scale of the TCF depends only on the solvent and independent of the solute, whereas
the coupling strength of the solute-solvent interaction is dependent on both the solvent and solute. We have also found
difference of the time scale of the TCF between H2O and D2O as a solvent and this isotope effect is smaller than that
obtained for the fluctuations of the energy level of the electronic state.
In order to compare the results of the vibrational frequency fluctuations with energy fluctuations of the electronic
transitions, we have also performed fluorescence dynamic Stokes shift experiments. Within the linear response theory
the TCF of the energy fluctuation in the equilibrium state is equal to the response function in the non-equilibrium state.
We have found that for some solvents the TCF of the vibrational frequency fluctuation is similar to the response
function of the solvation dynamics, whereas for other solvents that does not hold. We discuss the difference of these
findings.
Table 1. Summary of the time correlation function of vibrational frequency fluctuations
solute
solvent
Δ1 (ps-1) τ1 (ps) Δ2 (ps-1) τ2 (ps) Δ∞ (ps-1)
OCN
CH3OH
1.3
0.12
1.6
4.5
0.55
SCNCH3OH
2.6
0.09
3.6
4.1
0.1
SCND2O
4.3
0.08
2.7
1.3
0.0
N3-*
D2O
2.6
0.08
1.4
1.3
0.3
N3H2O
4.0
0.08
1.0
1.2
0.2
Fe(CN)64D2O
2.8
0.08
1.15
1.5
0.0
Fe(CN)64H2O
2.95
0.08
1.0
1.4
0.0
SCNformamide
2.8
0.09
1.8
4.7
0.6
SCN
N-methylformamide
2.75
0.09
2.55
5.4
0.3
SCNN,N-dimethylformamide
2.4
0.09
0.9
5.3
0.05
SCNacetonitrile
2.5
0.09
0.8
3.4
0.0
*: from reference 1.
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Femtosecond mid-infrared spectroscopy of vibrational
energy transfer in liquid-to-supercritical ammonia

Jörg Lindner,1 Tim Schäfer,2 Dirk Schwarzer,2 and Peter Vöhringer1
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Abstract. Femtosecond pump-probe spectroscopy in the ND-stretching spectral region was used to determine the dynamics of
vibrational energy relaxation of NH2D in fluid NH3. The density and temperature dependence of the ND-stretching lifetime suggests
that hydrogen bonding is unimportant for vibrational energy transfer. Instead, the energy transfer can be understood in terms of a
simple Landau-Teller description for a vibrationally excited solute in a weakly interacting Lennard-Jones solvent.

Because of their lone electron pair in combination with their three hydrogen-atoms, ammonia (NH3) molecules are often
believed to form associated liquids with extended networks of hydrogen bonds (H-bond) similar to water (H2O). Yet, in
contrast to the crystalline phase, unambiguous experimental verification for the existence of H-bonds in liquid ammonia
is very difficult to obtain. Therefore, we have carried out the first ever femtosecond (fs) mid-infrared (MIR)
spectroscopic study aimed at unraveling the vibrational dynamics in this system.1 To obtain detailed information
regarding the possible influence of H-bonding on such processes, we have performed these fs-MIR experiments under
as wide a range of thermodynamic conditions as possible, covering both the normal liquid and the supercritical fluid of
NH3. Since the NH-stretching region of NH3 is heavily perturbed by Fermi coupling between the stretching
fundamental, ν1, and the first overtone of the anti-symmetrical bending mode, 2ν4, we focused on the vibrational
dynamics of the ND-stretching mode of NH2D (the solute) in liquid-to-supercritical NH3 (the solvent).
A semi-logarithmic plot of the transient absorption decay (see Fig. 1) of the ND-stretching mode of the solute
demonstrates that the excited state depopulates in a simple mono-exponential fashion, which implies a strict temporal
separation of the VER dynamics from spectral diffusion. The same figure also highlights the temperature dependence of
the relaxation kinetics. Obviously, since the two transients were recorded at roughly the same solvent densities, the VER
dynamics become faster with increasing T. This finding is in stark contrast to the isobaric and isochoric T-dependence
we recently reported for VER of HOD in liquid-to-supercritical D2O. In the case of water, VER slows down upon
heating.2 This is because for a given bulk density, ρ, the average number of H-bonds per H2O molecule decreases with
increasing T. The surprising temperature dependence observed here for the relaxation kinetics of NH2D in NH3 is much
more reminiscent of a solute that vibrationally relaxes in a non-associating solvent.
To further substantiate this interpretation, the ρ and T-dependence of the VER rate was interpreted in terms of simple
“breathing-sphere” Landau-Teller simulation, in which the spectral density of the fluctuating solvent forces exerted onto
the solute vibration was calculated from classical molecular dynamics (MD) simulations employing binary LJinteractions only. The qualitative agreement between theory and experiment fully confirms the initial interpretation that
the influence of H-bonding on the dynamics of VER in fluid NH3 is minor. However, the simulations fail to reproduce
the ρ-dependence for a given temperature. We believe that this is brought about by resonance detuning effects. We will
follow up on this explanation in the near future through MD-simulations involving more realistic and flexible models
for fluid NH3.

Fig. 1. Left panel: semilogarithmic plot of the temporal transient absorption decay associated with the first excited state of the NDstrethcing vibration of mono-deuterated ammonia dissolved in fluid ammonia under two representative thermodynamic conditions.
Right panel: Experimentally determined density dependence of the energy transfer rate constant along different isotherms (symbol)
in comparison to Landau-Teller simulations using a Lennard-Jones solvent.1
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DYNAMICS OF WATER REORIENTATION AROUND IONIC AND
HYDROPHOBIC SOLUTES
Damien Laagea, Guillaume Stirnemanna and James T. Hynesa,b
Normale Supérieure – Chemistry Department, CNRS UMR Pasteur
24 rue Lhomond 75005 Paris France
b Department of Chemistry and Biochemistry, University of Colorado, Boulder, CO, 80309 USA
a Ecole

The title topic is important in a wide range of phenomena, including aqueous phase chemical
reactions and drug binding to proteins. We will discuss our recent theoretical work on this topic
[1-3], focussing on (a) (briefly) the chloride ion in water to illustrate the case of ionic solutes, and
(b) (primarily) trimethylamine-N-oxide to illustrate the case of hydrophobic solutes. It will be
shown that, contrary to the standard conception that these dynamics are diffusional, the
reorientation of a water molecule occurs by sudden, large amplitude angular jumps. The
mechanism involves the exchange of one hydrogen bond for another by the reorienting water, and
the process can be fruitfully viewed as a chemical reaction. The results for reorientation times,
which can be well described analytically, will be discussed in the context of the molecular level
interpretation of NMR and recent ultrafast infrared spectroscopic results, focussing on the
concepts of structure making/breaking and solvent ‘icebergs’.
[1] Laage D, Hynes JT (2006) Science 311: 832-835.
[2] Laage D, Hynes JT (2007) Proc. Nat. Acad. Sci. 104: 11167-11172.
[3] Laage D, Stirnemann G, Hynes JT. Submitted.
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Femtosecond Infrared Spectroscopy of Elementary
Chemical Transformations: Bimolecular Proton Transfer

Erik T. J. Nibbering,1 Katrin Adamczyk,1 Omar F. Mohammed,1 D. Pines2 and E. Pines2
1
Max Born Institut für Nichtlineare Optik und Kurzzeitspektroskopie, Max Born Strasse 2A, D-12489 Berlin, Germany
2
Department of Chemistry, Ben Gurion University of the Negev, P.O. Box 653, Beer-Sheva 84125, Israel
Abstract. We expand the classic Eigen-Weller reaction model with solvent-switch pathways, mediating proton transfer between acids
and bases, having one or several water molecules, activated by the solvent and controlled by the base strength.

Ultrafast studies of bimolecular reaction dynamics in liquid solution (A + B → C + D) typically are dominated by the
diffusional time scale, which for mid-size molecules lies in the (sub)nanosecond range. To circumvent that these slow
diffusional motions mask any ultrafast on-contact reaction dynamics, the dynamics is studied by optically triggering one
of the reaction partners, A*, embedded in a solution with high concentration of B. Following the reaction dynamics by
the population decay kinetics of A*, or the population increase kinetics of C, as function of the concentration of B, and
analysing the observed non-exponential kinetic traces using models incorporating diffusional motions in principle
reveals the on-contact reaction rates when A* and B form a reactive collisional complex.
Until now ultrafast UV/vis spectroscopy probing electronic transitions of the reacting species has been used. Major
limitations in ultrafast UV/vis spectroscopy of bimolecular reactions in liquid solution are the substantial spectral
overlap of the broad electronic bands, and the marginal information content on molecular structure of these transitions.
In this presentation we will present our recent results obtained on bimolecular proton transfer using ultrafast infrared
spectroscopy1,2,3. An unprecedented structural detail of the multiple reaction pathways between the donor and acceptor
molecules has been obtained14,5, enabling us to refine well-known reaction models of bimolecular proton transfer6,7,8.
The general kinetic approach, based on the seminal work by Eigen and Weller9,10, for acid-base reactions in aqueous
solutions consists of three reaction branches: (a) direct proton exchange between acid and base, (b) acid dissociation to
solvent (protolysis) followed by proton scavenging by the base, and (c) water hydrolysis by the base followed by the
neutralization reaction of the acid by the hydroxyl anion. Judging by the magnitude of the reaction radius in typical
(diffusion-controlled) acid-base reactions it has been estimated that up to 2-3 water molecules separate when acid and
base exchange a proton through pathway (a)1. In reality, however, this value is likely to be an average for several
encounter complexes (with n water molecules and n rearrangements steps) leading to proton transfer.
We have applied a unified reaction dynamics model in which we have approximated all possible configurations
between acid and base by tight (n = 0), loose (n = 1) and solvent switch (n ≥ 2) complexes, as well as acid and base
fully separated by the solvent (protolysis pathway). Whereas the fully separated acid and base first have to diffuse, all
other complexes are connected to each other through reversible proton transfer steps. The issue arising when
investigating the reaction with weaker bases, is the increasing importance of reversibility of proton transfer with
decreasing base strength. A more appropriate modeling of the observed reaction kinetics includes forward and backward
proton transfer obeying detailed balancing for every reaction step, leading to a reaction scheme for proton transfer
denoted as peripatetic11.
Until now we have identified only three different populations of acid-base pairs by our method: Acid-base separated
by more than one water molecule (solvent switches n ≥ 2 up to fully separated acid-base), the one having one water
molecule directly spacing between acid and base (loose complex; n = 1), and the one which forms a directly linked
reactive complex with no solvent in between acid and base (tight complex; n = 0). Only when other marker bands of the
larger solvent switches are identified new structural information may be obtained. Observation of a broad featureless
absorption throughout the mid-infrared spectral region may suggest access to this. However, we have found compelling
experimental evidence from which we conclude that interpretation of this broad featureless transient absorbance as the
Zundel continuum of a highly polarizable proton in larger water wires is not correct.
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Dissimilar Dynamics of Water Stretching Modes

Maxim S. Pshenichnikov, Dan Cringus, and Thomas l. C. Jansen
Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
Abstract. Frequency-dependent dynamics of coupled stretch vibrations of a water molecule are revealed by 2D IR correlation
spectroscopy. These are caused by essentially non-Gaussian fluctuations of the electric field exerted by the environment on the
individual OH stretch vibrations. Heterogeneous dynamics of the individual site frequencies result in distinctively different
dephasing of the symmetric and asymmetric eigenmodes. This phenomenon can only be described if the assumption of Gaussian
dynamics in the traditional theories is abandoned.

The importance of solvation and, more generally, dynamical processes in liquids can hardly be exaggerated as they play
a crucial role in chemistry, biology, and physics (1, 2). Ultrafast optical spectroscopy has proven to be very successful
in revealing solvent dynamics from such spectroscopic observables as (non)linear optical spectra (3). However, in
complex molecular systems which contain multiple chromophores, such as proteins, light-harvesting complexes, and
any bulk liquid, couplings between the local modes result in the formation of delocalized eigenmodes which become
new spectroscopic observables. Conventional theories that take the coupling between chromophores to be constant in
time and assume frequency fluctuations to obey Gaussian statistics, predict no differences in dynamics between localand eigenmodes.
Here we show that coupling together with heterogeneous (i.e. frequency-dependent) dynamics of the individual OH
stretch vibrations of a water molecule result in distinctively different dynamics of the symmetric and asymmetric
eigenmodes. This became possible thanks to a novel two-dimensional infrared correlation spectroscopy (4) that,
similarly to the COSY NMR arrangement, allows separation of the coupled modes responses in the double-frequency
coordinated representation. Furthermore, a comprehensive theoretical analysis based on combined MD-quantum
mechanical simulations identified underlying physical processes accountable for the heterogeneity. Our results
demonstrate that at least for hydrogen bonding systems a paradigm shift is needed: conventional spectroscopic theories
based on the central limit theorem (3) ought to be complimented with computational methods that combine molecular
dynamics, electronic structure calculations, and solving the time-dependent Schrödinger equation. For example, our
findings are highly relevant for better understanding of the dynamics of the most abundant solvent – liquid water. In
addition, a profound impact is also expected on dynamical studies of complex systems as proteins, polymers, and lightharvesting complexes.

Fig. 1. (a) The slope analysis of the experimental (symbols) and simulated (curves) 2D spectra for the asymmetric (red circles) and
symmetric (blue squares) stretching mode. In the case of Gaussian dynamics, the slope value is exactly equal to the normalized
correlation function (CF) at a given time. (b) CFs of the asymmetric (red curve) and symmetric (blue curve) stretching mode
obtained from computer simulations. Inset: Calculated CFs for the OH site frequency (solid) and coupling (dotted), cross-CFs
between the OH site frequency and coupling (dashed), and third-order site frequency CF normalized on the site coupling J (dashdotted).
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Environmental eﬀects on the excited state dynamics of DNA constituents : a quantum
mechanical approach
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Abstract. By integrating the latest advances in time-dependent density functional theory and in the continuum solvation
models we show that it is possible to get an accurate description of the excited state behavior of sizeable systems in solution.
A detailed atomistic picture of the UV absorption by DNA oligomers, and of the subsequent excited state decay and emission,
is presented. Important steps towards a quantum dynamical treatment of the excited state decay, taking solvent eﬀect into
account, have been made.

We have studied the static1−7 and dynamical behavior of the DNA and of its constituents in their excited states,
with special focus on solvent eﬀect and on the inﬂuence of base stacking and base pairing.
Quantum mechanical calculations, rooted in the density functional theory (DFT) and in its time-dependent extension
(TD-DFT), have been used to study adenine stacked oligomers and the double strand tetramer formed by two thymineadenine stacked pairs in aqueous solution, providing absorption and emission spectra in very good agreement with
their experimental counterpart. The long living components of the excited state population of (dA)·(dT) oligomers
correspond to a dark excimer produced by inter-monomer charge transfer between two stacked adenine bases, whereas
adenine-thymine proton transfer plays a minor role in the excited state decay.
Solvent eﬀect on the excited state dynamics of uracil derivatives has been studied on models including the nucleobases
and four water molecules of the ﬁrst solvation shell, taking into account bulk solvent eﬀect by means of the Polarizable
Continuum Model. Excited state geometry optimizations in solution and extensive explorations of the excited-state
surfaces (PES) in the Franck-Condon region, performed at the PCM/TD-DFT level, show that solvent can modulate
the accessibility of an additional decay channel, involving a dark n/π ∗ excited state.
On the ground of the ab initio PES, fully quantum dynamical calculations have been performed for Uracil in acetonitrile
and in water, which indicate that, within ∼50 fs, ∼30 % of the population of the bright state decays to the dark state.
This estimate is fully consistent with the result of transient absorption experiments.
Finally, preliminary excited state Born-Oppenheimer classical trajectory calculations, performed by exploiting the
PCM/TD-DFT energy and gradients, provide interesting indications on the statical and dynamical behavior of the
ﬁrst solvation shell, and on its dependence on the solute electronic state.
Our study provides the ﬁrst unifying explanation for the experimental trend of pyrimidine excited-state lifetime in
diﬀerent solvents and give useful hints on the role played by solvent degrees of freedom in modulating the excited state
decay in solution.
[1] T. Gustavsson, A. Banyasz, E. Lazzarotto, D. Markovitsi, G. Scalmani, M.J. Frisch, V. Barone and R. Improta J. Am.
Chem. Soc. 128, 607 (2006)
[2] F. Santoro, V. Barone, T. Gustavsson and R. Improta J. Am. Chem. Soc. 128, 16312 (2006)
[3] Y. Mercier, F. Santoro, M. Reguero and R. Improta J. Phys. Chem. B in press
[4] F. Santoro, V. Barone and R. Improta Proc. Nat. Acac. Sci. U.S.A. 104, 9931 (2007)
[5] F. Santoro, V. Barone and R. Improta J. Comput. Chem 29, 957 (2008)
[6] R. Improta Phys. Chem. Chem. Phys 10, 2656 (2008)
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Fig. 1. a) FTIR spectrum of a 1mM solution of (-S(CH2)3S)Fe2(CO)6 dissolved in heptane. b) 2D-IR spectrum of the same sample
with a pump-probe time delay of 5 ps. c) As b) but with a pump-probe time delay of 25 ps

Other new developments include transient absorption microscopy, where the pump and probe (white light continuum)
beams are focused to micron spot sizes using a conventional optical microscope. The major advantages of this
apparatus is the significant reduction in sample volumes required which is of increasingly high importance for high
value and synthetically challenging chemical and biological specimens.

The figure below shows the 2D-IR spectrum of (-S(CH2)3S)Fe2(CO)6 at two pump-probe time delays, 5 and 25 ps.
The negative and positive peaks along the diagonal correspond to the bleach and stimulated emission of the  = 0-1
transition and transient absorption from the  = 1-2 transition of the five ground-state carbonyl modes. The off-diagonal
peaks indicate the presence of vibrational interaction (coupling or population transfer) between modes. In heptane,
pumping at 2006 cm-1 the  = 0-1 and  = 1-2 transitions (2006 and 1997 cm-1) both exhibit bi-exponential decay
functions with a fast decay of around 5-6 ps followed by a slow decay of 100-120 ps whilst in acetonitrile a single
decay function is observed with timescale of 110 ± 20 ps indicating a much stronger interaction with the polar solvent.

By employing both difference frequency mixing units two-dimensional infrared (2D-IR) can be performed in a quasifrequency domain double resonance manner using the narrow-band infrared tuned to a molecular vibration as the pump
and the broad-band infrared source as the probe. One of the advantages of this double-resonance technique is that slices
through the 2D-IR spectrum can be recorded at various time-delays without the recording the full spectrum. This
technique has been used to study a model compound of the active site of the [FeFe]-hydrogenase enzyme system,
(-S(CH2)3S)Fe2(CO)6; enabling its vibrational dynamics to be studied, and with the help of DFT calculations, solution
phase structure to be determined.1

Recent investment has expanded the capabilities of the Central Laser Facility’s Ultrafast Spectroscopy Laboratory. The
laser system is based around a regenerative amplifier (1 kHz, 5 mJ, 800 nm, 120 fs / 1 ps) and picosecond and
femtosecond optical parametric amplifiers. Using the high output of the regenerative amplifier it is possible to drive
both narrow and broadband difference frequency mixing units to generate mid-infrared along with OPA systems. This
capability permits novel new areas of research to be studied.

Abstract. The introduction of new lasers into the Central Laser Facility’s Ultrafast Spectroscopy Laboratory has permitted many
new areas of research to be explored such as two-dimensional infrared spectroscopy with narrow band pump and broadband probe
used to investigate, for the first time, the solution phase structure and vibrational dynamics of a model compound of the hydrogenase
enzyme system. Other research highlights include transient absorption microscopy.

Ian Clark1, Peter Codd2, Neil Hunt3, Anthony Parker1, Chris Pickett4, Kate Ronayne1, Andrew Stewart3, Saad Ibrahim4,
Mike Towrie1 and Andy Ward1
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Recent Developments in the CLF’s Ultrafast Spectroscopy
Laboratory
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Figure 1: Model compound 1

Abstract: We report the 2D IR spectra of various model compounds of the [FeFe]-hydrogenase enzyme in a
number of solvents. The eﬀect of diﬀerent solvent characteristics on the vibrational dynamics of the carbonyl
stretching modes will be discussed, as will the role played by the low frequency densities of states of the
solvents. These results lay the groundwork for future studies of the enzyme itself.
[FeFe]-hydrogenase is a metalloprotein based enzyme which catalyses the reversible activation of molecular
hydrogen: H2 ↔ 2H+ + 2e− . This enzyme is of interest because an understanding of its chemistry may lead
to the development of new catalytic systems for hydrogen production. The active site consists of a dimetallic
cluster bridged by two sulphur atoms that is coordinated by carbonyl and cyanide ligands. This is linked
via a cysteinyl bridge to the protein scaﬀold. The surrounding protein makes direct study of the enzyme
diﬃcult, and thus a number of model compounds have been developed so that the active site may initially
be studied in isolation from the protein scaﬀold.
Recently 2D IR spectroscopy was used to study the ultrafast dynamics of one such model compound,
(µ-pdt)Fe2 (CO)6 [1]. Fast (5 ps), population transfer between the carbonyl stretching modes was observed
prior to slow (120 ps) vibrational relaxation (T1 ). It is thought that the population transfer is mediated
via interactions with the low frequency density of states of the solvent. The nature of the interaction is of
particular interest, as in the enzyme the active site is located within a hydrophobic pocket and therefore
must rely on the protein scaﬀold for vibrational relaxation.
In the present study we build upon this work by applying 2D IR spectroscopy to a diﬀerent model
compound, 1, shown in Figure 1 below. This second compound includes a third sulphur ligand with an
N-ethyl pyridine group and therefore models the active site of the enzyme more accurately. Furthermore,
this sulﬁde ligand increases the separation between the two highest frequency carbonyl modes, facilitating
investigation of the role played by the low frequency modes of the solvent in carbonyl mode population
transfer. This compound is being studied in non-polar, polar and hydrogen-bonding solvents in order to
investigate the eﬀect of diﬀerent types of solvent-solute interactions upon the vibrational dynamics, laying
the groundwork for future studies of the enzyme itself which will aim to determine the details of the role
played by the protein scaﬀold.
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Phytochromes are photoreceptor proteins found in plants and bacteria incorporating a bilin chromophore that is
covalently bound to a cysteine residue.1 They exhibit two spectrally distinct, thermally stable and photochemically
interconvertible states, Pr and Pfr. The primary process of the Pr (Pfr) conversion reaction is a Z-E (E-Z)
photoisomerization of the C15=C16 methine bridge of the bilin chromophore, leading to the formation of the first
electronic ground-state product lumi-R (lumi-F). In all bacterial and plant phytochromes known so far, the relatively
slow Pr photoreaction takes place within 5–100 ps as opposed to the relatively fast Pfr photoreaction which occurs on
the timescale of a few picoseconds.2-5 Three-dimensional structures of the chromophore binding environments of
bacterial phytochromes, DrBphP6,7 and RpBphP38, have recently been resolved. We have now studied the reactions of
the biliverdin-binding bacteriophytochrome Agp1-BV from Agrobacterium tumefaciens in its Pr and its Pfr state by
means of femtosecond time resolved electronic and IR vibrational spectroscopy.9,10 The results allow to construct
kinetic schemes for both reactions including vibrational cooling, a process not directly observed in phytochromes yet. A
step-by-step deactivation of the excited electronic state is suggested in contrast to a scheme with a distribution of rate
constants. Further, the experimental data allow an independent determination of the isomerization quantum yields of the
primary reactions. The quantum yield measured for the PfrÆlumi-F reaction implies an unknown back-reaction to Pfr.
Moreover, spectral evidence is found for a structurally inhomogenous ground state in Pfr. The spectra can serve as input
for quantum chemical calculation in support of elucidating chromophore structure.11

Abstract. We present time-resolved infrared and visible spectroscopy on the reactions of the biliverdin-binding
bacteriophytochrome Agp1-BV from Agrobacterium tumefaciens. The results allow the assignment of a three-step reaction scheme
with time constants of τ r1=0.7 ps, τ r2=3.3 ps and τ r3=33.3 ps to the Pr reaction. In contrast, the faster Pfr reaction only shows two
kinetic steps with time constants of τ fr1=0.4 ps and τ fr2=2.9 ps. Additional information is obtained on the structural dynamics of the
chromophore, its isomerization quantum yield and possible ground state inhomogeneit.
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Figure 1. Structure of GFP (left) and schematic representation of the chromophore and nearby amino acid residues
(right). The proton wire is formed by W25, S205 and E222.

GFP from the jellyfish Aequorea victoria is a popular fluorescent marker for molecular imaging in biology and
medicine, due to its stability and excellent fluorescence properties. The chromophore of wild type GFP, autocatalytically formed from three amino acid residues (Ser65-Tyr66-Gly67, see figure 1), absorbs in the near-UV at 395400 nm, but fluoresces with a high quantum yield (Φ = 0.8) in the green part of the spectrum. It is generally assumed
that this large spectral shift is due to deprotonation of the chromophore in the excited state (1), since a kinetic isotope
effect is observed for the ultrafast rate (picosecond time scale) of the spectral shift. In addition, the identification in
GFP’s structure of a proton ‘wire’ formed by the hydrogen bonded chromophore, a water molecule (W22), a serine
residue (S205) and a glutamate residue (E222; see figure 1), led to the proposal that a proton is relayed from the
chromophore via the wire to the carboxylate anion of glutamate 222. This pathway was recently validated by the
observation of the protonation of the glutamate side chain in time-resolved transient infrared experiments (2-3). We
have applied ultrafast visible/mid-infrared pump-probe spectroscopy and multi-pulse pump-dump-probe spectroscopy
in the visible spectral region in order to elucidate the dynamics of the proton transfer events in the proton wire of GFP.
Our IR data show that, following excitation at 400 nm, rapid protonation of E222 appears, on the ps timescale,
apparently prior to deprotonation of the chromophore. This finding suggests that the chain of proton transfer events
would start at the acceptor end of the wire. Multi-pulse pump-dump-probe measurements seems to corroborate this
vision. By applying a dump pulse at 530 nm 5 or 10 ps after excitation at 400 nm, an early fluorescent intermediate can
be resolved. Simultaneous analysis of visible and IR data shows that this early fluorescent species corresponds to the
proton transfer intermediate identified by vis/midIR pump-probe spectroscopy, where E222 is protonated but the
characteristic marker bands for the deprotonated chromophore are still not visible. An alternative explanation for this
finding is that of a rapid and concerted movement of all the three protons in the proton relay chain, leading to an
unrelaxed state for the negative chromophore, as suggested recently by quantum chemical calculations.(4)

Abstract.
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In this poster we investigate theoretically the applicability to fluorophores with
complex fluorescence kinetics in FRET-based lifetime sensing, as demonstrated by
Trp, and show that the non-extensive nature of the kinetics does not decrease the
sensing performance, and indeed provides an even richer structural information than a
simple exponential behaviour. The modelling approach we describe is not limited to
any one time domain and is equally applicable to ultrafast decays as it is to the
nanosecond and microsecond domains.

Complex kinetics usually discourage application to lifetime sensors, as it is believed,
that additional molecular mechanisms employed for detection of an analyte will make
the resulting kinetics ambiguous and the sensor response inconclusive.

Extensive experimental studies on biomolecular systems have revealed their
fluorescence kinetics to be usually more complex than those observed in simple bulk
solutions. One of the best known and important examples of a fluorophore exhibiting
a complex behaviour is tryptophan (Trp). It is commonly accepted that the
fluorescence decay of Trp in protein is a three-exponential function, with three
lifetime constants and relevant pre-exponential factors, changing their values with the
environment, while Trp decay in NATA is reported as a single exponential. However,
it has been found that the analysis of Trp decays in terms of the lifetime distributions,
using the maximum entropy method (MEM), does not conform to well-defined and
discrete 1-, 2- or 3-exponential decays, but shows broad multi-peak distributions1.
This experimental finding, observed also in the intrinsic fluorescence of other
proteins, is still to be fully quantified and understood.

Abstract. We investigate theoretically an alternative approach to modelling the kinetics of fluorescence
quenching based on stochastic differential equations and use this approach to predict fluorescence
lifetime distributions for the dyes involved in FRET for different donor-acceptor arrangements.
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Modelling non-extensive kinetics of fluorescence resonance
energy transfer in biological environments from the
ultrafast to microsecond domains.
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Multidimensional spectroscopies are advantageous in many ways over conventional
spectral techniques. In particular, EVV 2D IR spectroscopy is rapidly emerging as a
practical and powerful analytical tool for biological systems[1-3]. Using three beams of
individually tunable lasers, this technique probes the couplings between
electronic-vibrational-vibrational (EVV) motions of the sample. There has been much
experimental development in this technique in our group. On the other hand, although
the basic procedure for the theoretical calculation of EVV 2DIR spectra has already
been laid out[4], a better understanding of the underlying factors that contribute to
experimental spectra will help the technique to reach its full potential for
compositional and structural analysis. We developed the procedure into programs
which, combining DFT calculations with second-order anharmonic frequency
correction and diagonalization for vibrational resonances, enables experimental
spectroscopists to generate reasonably reliable theoretical 2DIR spectra. It is useful
not only as a tool for spectral assignment but also proved to be very helpful in
predicting information-rich regions for the search of characteristic cross-peaks useful
as fingerprints of functional groups. The anharmonic spectral constants of a large
number of systems were calculated, and their 2DIR spectra analyzed. The potential of
EVV 2DIR spectroscopy as a tool for structural analysis was also explored. In
particular the contribution of so called ‘promoting’ modes will be discussed.
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Tryptophan (Trp) fluorescence is commonly used as sensor for biomolecular interactions due to its
high sensitivity to the local electrostatic environment and it being easily quenched by other amino acids
or the peptide bond. To note, quenching of tryptophan fluorescence in proteins is critical to the
understanding of protein dynamics. Trp, thus constitutes a sensitive probe for the conformational
transitions and solvation state of proteins.
Here, we report femtosecond timeresolved pumpprobe spectroscopic studies on neutral,
aqueous, free Trp and the complexed Trp in a truncated form 3550 NCp7 of HIV. In our approach, we
aim at monitoring the transient absorption features, as these would allow, in the context of ultrafast
quenching, to observe ionic products of the photoionization reaction. In addition it provides new
information on transient excited state absorption. In our pumpprobe measurements, the samples were
excited by ultraviolet laser pulses (λpump = 266 nm, 5 KHz, ~600 nJ/pulse) and the stimulated emission
(SE) and the excited state absorption (ESA) were monitored by probing with delayed femtosecond
whitelight continuum pulses (λprobe= 20400 nm).
Figure 1 shows the transient absorption spectra of 3550 NCp7 in Hepes buffer (pH 7) as a
function of time delay (τ). The blue spectral shift of ESA from λpeak ~ 374 nm at early delays (τ=0.6
ps) to λpeak ~ 324 nm at late delays (τ=2 ps) is an indication for the solvation dynamics in water. The
application of Singular Value Decomposition and the subsequent global fitting of the singular
transients (Fig 2) using a sum of exponential decaying functions as the fitting function yields an
intermediate fast quenching time of ~25 ps. We attribute it to the intraprotein electron transfer from the
excited state indole moiety to the carbonyl group of the peptide bond or nearby electrophilic amino
acid residues. In addition, a slower quenching time of 0.4 ns was observed consistent with time
correlated singlephoton counting measurements. Further, difference in solvation time constants of the
free Trp (τ=1 ps) and that of the complexed Trp in 3550 NCp7 (τ=2 ps) suggests the rigidity of the
protein solvating water shell in the latter. The complete fluorescence decay of the protein was ensured
by fixing the last two time constants to 1.9 ns and 6.35 ns with proper weighting for the pre
exponential factors as determined by fluorescence timecorrelated singlephoton counting
measurements. The observed heterogenous fluorescence decay suggests presence of multiple protein
conformations or quenchers of different nature, critical for understanding NCp7’s dynamic on a
molecular scale.

neutral, free Tryptophan (Trp) and the complexed Trp in a truncated form of the Nucleocapsid protein
(3550 NCp7) of the Human Immuno Deficiency Virus (HIV). A comparison between the time
resolved absorption features of the 3550 NCp7 with that of the free Trp shows a slower solvent
relaxation time (2 ps) and an intermediate fast excited state S1 lifetime or Trp quenching of ~25 ps in
3550 NCp7, which to the best of our knowledge, has not been reported so far. We attribute the origin
of the latter quenching process to intraprotein electron transfer.

 : We report femtosecond timeresolved pumpprobe spectroscopic studies on aqueous,
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Fig. 1. Structure of the G-C Watson Crick base pair, its fluorescence decay profile (red), and the decay profile of free G (blue).1

The importance of hydrogen (H) bonded motifs in nature is overwhelming and it is generally known that H-bonded
structures and their ensuing biological functions are vital for life. Deoxyribose nucleic acid (DNA) as the carrier of
genetic information is one of the most prominent examples for complex hydrogen-bonded biological molecules. In the
last few years, it has been found that it stands out for an extraordinary high photo-stability. However, it is
controversially discussed whether hydrogen bonding or base stacking dynamics control the photo-deactivation
processes in DNA.
We studied H-bond formation in isolated DNA base pairs, which do not undergo base stacking. This was achieved
by dissolving specially synthesized nucleosides carrying bulky apolar tert-butyldimethylsilyl groups at the O atoms of
the sugar moieties in the aprotic solvent chloroform, which favours the formation of H-bonds between the respective
nucleosides [1]. The association equilibria and structures of the formed base pairs were determined by static FTIR
spectroscopy, spectral band fitting, and by DFT calculations using the polarisable continuum model (PCM) and state-ofthe-art functionals.
Femtosecond time-resolved fluorescence decay measurements on the hydrogen-bonded Watson-Crick guanosinecytidine (G-C) base pair showed that H-bonding drastically reduces the excited-state electronic lifetime compared to the
free constituent nucleosides, especially compared to free guanosine (G). Figure 1. shows the structure of the
investigated (G-C) Watson-Crick pair and its fluorescence decay curves (red) in comparison to that of free G (blue).
Our experimental data support a specific guanosine-to-cytidine electronic relaxation process and can be explained in
terms of a recently proposed coupled ultrafast electron-proton transfer mechanism that connects the excited state with
the ground state through a conical intersection that can be reached along a barrier-less pathway [2-4].

Abstract. Femtosecond UV fluorescence up-conversion measurements revealed a drastic acceleration of the electronic deactivation
dynamics upon hydrogen bond formation in the guanosine – cytidine Watson-Crick base pair.
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(

moment. The other symbols have usual meanings. To eliminate the thermal factor 1 − e − βhcν from the absorption cross
section, σ (ν~ ) , we define the reduced absorption cross section (RACS) as
2
β hcν~
~ ~ 2π cN A β ν~ 2 ∞ dte −i 2πcν~t M (0)M (t )
σ R (ν~ ) ≡
~ n(ν )σ (ν ) =
−∞
3ε 0 N
1 − e −βhcν
The RACS is considered as a product of the IR activity and vibrational density of states (VDOS). If we assume that the
IR activity is constant in the low-frequency region, the RACS is proportional to the VDOS. According to the Debye
theory of crystals, in which the motions of the constituent atoms are considered to be a collection of harmonic
oscillators, the VDOS is proportional to the square of the frequency if the wavelengths of the normal modes in the
crystal are long compared to the atomic spacing. If the RACS is smaller than two, it suggests that the low-frequency
modes couple anharmonically with each other. In order words, there are extra dynamics of the total dipole moments in
subpico- to picosecond region. If the exponent of the RACS is 2-a, the TCF of the total dipole moment asymptotically
decays with ta-1. This form of the equation suggests that the TCF does not follow an exponential decay, instead, it should
be described by a distribution of time constants. In this work we have measured frequency–dependent absorption
coefficients and refractive indices of amino acids, polypeptides, and proteins by THz-TDS. 3,4 By investigating the
power law behaviour of the RACS, we discuss relation among the low-frequency dynamics, anharmonicity, and protein
function.

(

I MM (ν~ ) is the lineshape function defined as Fourier transform of the time correlation function (TCF) of the total dipole
moment, divided by N (the number of molecules in the sample). The lineshape function is represented as the normalized
quantity per one molecule. μ i (t ) is the individual dipole moment of one molecule, which includes induced dipole

σ (ν~ ) =

The frequency region lower than several THz (1 THz = 33.3 cm-1) corresponds to intermolecular modes of
complexes and intramolecular modes with a weaker potential force and/or larger reduced mass. Intermolecular
interactions such as hydrogen bonding, van der Waals forces and charge-transfer interactions play important roles in
various chemical and biological processes. Moreover, the low-frequency spectra also reflect molecular dynamics on a
time scale from picoseconds to femtoseconds. As for biological macromolecules, collective motions in a protein, in
which a number of atoms move in a concerted fashion, are of particular interest, and these motions often have their
characteristic frequencies in the frequency region below 100 cm-1. Therefore, it is promising that the quantitative
analysis of the low-frequency spectra gives unique information to the studies of chemical reactions and biological
activities.
There has been dramatic progress in the generation and detection techniques of freely propagating THz radiation in
the past two decades. Both the extinction coefficients and refractive indices of the samples in the far infrared (IR)
region can be measured in the time-domain.1 The technique enables us to perform highly precise measurement on
extinction coefficients and refractive indices of the samples, allowing quantitative analysis of low-frequency dynamics
of the condensed phases. Furthermore, the technique was extended to the time-resolved experiment in the far IR
region.2
An absorption cross section σ (ν~ ) is related to a total dipole moment of a sample, M(t), through the following
equations:

Abstract Low-frequency spectra of proteins and polypeptides have been measured by terahertz (THz) time-domain spectroscopy
(TDS). We define the reduced absorption cross section (RACS) of the material in the far infrared region, which is obtained from
absorption coefficient and refractive index. RACS is approximated to be proportional to the vibrational density of states. As for
proteins, we have measured globular proteins such as lysozyme and bacteriorhodopsin to discuss relation of the low-frequency
spectra to the protein function.
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Fig. 1. A. Schematic representation of disulphide bond photolysis and recombination in cross-linked N-PGK; B. Instantaneous rate
constant krec for the recombination of thiyl radicals after photolysis of cross-linked N-PGK (black symbols) and α-helical model
peptides1 (grey symbols). Measurements on the ps-time scale, N-PGK in the absence of urea (S, U); measurements on the ns- to
ms-time scale, N-PGK for 2 M () and 8 M ( ) urea; solid lines, power law fits; also given are the powers obtained from these fits.

A

One of the first steps of protein folding is the formation of contacts between residues which are remote in the sequence,
whose relative motion is governed by dynamic properties of the linking backbone. These can be studied by observing
the geminate recombination of a photo-cleaved aromatic disulphide which initially holds the protein in a non-native
conformation, Fig. 1A.1 As the thiyl radicals separate under the influence of backbone motion, their recombination rate
decreases, so that observation of the transient thiyl absorbance provides access to backbone dynamics. Unlike
fluorescence or triplet quenching experiments, which often are used for the study of backbone dynamics, this method
observes processes far from equilibrium, and has no intrinsic limitation of the accessible time scale.
Disulphide bond photolysis had previously been used only in model peptides.1 Here, we report first results for a
“real” protein, the N-terminal domain of phosphoglycerate kinase (N-PGK), cross-linked by an aromatic disulphide
bond, yielding a molten-globule like conformation with reduced tertiary structure and reduced stability. Thiyl radical
absorbance near 500 nm was detected from 1 ps to 1 ms after UV-photolysis, in the presence of 0 or 2 M urea, where
the open protein adopts its native structure, and at 8 M urea, where cross-linked and open protein is unfolded.
Geminate recombination was found to extend over many orders of magnitude in time, since the radicals are
separated to increasingly larger distances and recombination slows down as the protein relaxes towards its equilibrium
structure. The decreasing rate of recombination is a measure for the increasing distance between two residues which
initially were in contact, and thus for non-equilibrium backbone dynamics. The instantaneous rate constant for recombination, krec=-(dc/dt)/c (c: radical concentration), was found to follow a power law krec∝t-0.94 over 9 orders of magnitude
in time (1 ps to 1ms), Fig. 1B, identical to that observed for model peptides.1 Free diffusion would lead to decay of
radical re-encounter probability as t-1.5; thus, motion of the radicals is affected by the dynamics of the connecting backbone, and the t-0.94 power law for the re-encounter probability could be described as (fractal) diffusion in a reduced noninteger dimensional space. Most intriguingly, the same scaling law applies from a few ps, when the relevant motions are
dihedral angle changes or side chain reorientations, over the ns-time scale, when secondary structures may be formed,
to milliseconds, when full folding is expected to take place, and is now found to occur not only in simple model
peptides without tertiary structure, but also in a protein with native-like tertiary structure, although the same power law
is also present in absence of significant secondary or tertiary structure (8 M urea). This indicates that it is related to intrinsic properties of the polypeptide backbone, not depending on details of sequence or secondary and tertiary structure.

Abstract. Geminate recombination of an aromatic disulphide bond after UV-photolysis has been used as probe for non-equilibrium
protein backbone dynamics. The encounter probability of the resulting thiyl radicals decays with time following a power law t-0.94
over nine orders of magnitude in time which is incompatible with simple diffusion. The same power law is found in model peptides, a
folding protein and a protein under unfolding conditions, indicating an intrinsic scaling law for polypeptide backbone dynamics.
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Fig. 1. Left: Methylacetate FT-IR spectra in: a CCl4, b CH3CN, c D2O at room temperature. Right: Transient 2D spectra

Methylacetate is a simple organic ester; as many organic esters, it has Z and E isomers . Previous studies showed
that the Z conformer is more stable in the gas phase2 than the E isomer, the conversion energy barrier being 14.1
Kcal/mol. The equilibrium between the two isomers is influenced by the solvent: in polar solvents the energy of the E
isomer decreases and, consequently, the energy barrier in solution is reduced to 3.2 ± 0.5 kcal/mol1. We performed FTIR and Raman analysis, together with molecular dynamics (MD) simulations and Ab initio calculations, in order to
establish the conformational equilibrium in solution. Detailed and quantitative information on the conformational
dynamics of solvated Methylacetate in D2O at different temperatures was obtained from time resolved two-dimensional
infrared (2D-IR) spectroscopy in the C=O stretching region (1600 cm-1 ÷ 1800 cm -1).
From the FT-IR spectra In Fig. 1(left) it is apparent that the C=O absorption band Methylacetate in D2O differs
remarkably from that measured in CCl4 and CH3CN. In the last two solvents both ab initio calculations and spectral
features agree that Methylacetate is present in its Z isomeric form. In D2O the C=O band shows a substantial red shift
and is split in two components, separated by about 25 cm-1. A time resolved analysis by means of 2D-IR spectroscopy
provides full understanding of the origin of the spectral features in D2O. The non linear spectrum in fact shows
prominent cross-peaks (Fig. 1 right) whose relative intensities grow with increasing time delay, demonstrating the
dynamic nature of the double-peaked band. The experiment allows a quantitative estimation of the time constant for the
exchange process responsible for the spectral dynamics. Ab intio calculation, preliminary Monte Carlo simulation and
Raman spectra indicates that the exchange involves the dynamics of the first solvation shell of the carbonyl. This
moiety in fact can form either one or two hydrogen bonds to the surrounding water molecules, and the two
configurations have different vibrational frequencies. We performed the experiment at different temperatures between 7
and 60 °C: from the time dependence of the intensity ratio between cross and diagonal peaks we evaluate the exchange
time constant is in the range 450 fs.

1

Abstract. Two-dimensional pump-probe infrared spectroscopy (2D-IR) has been exploited in order to investigate the behaviour of
Methylacetate in D2O solution. Experimental results and calculation (Ab initio and MD simulations) are compared with the aim to
sheed light on the dynamics of Methylacetate in solution.
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Methylacetate dynamics probed by two-dimensional
infrared spectroscopy.
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Fig. 1. Fluorescence decays of epicocconone in H2O, D2O, 15 mM SDS, tbutanol and CH3CN. λex= 415 nm, and λem=
530 nm. The cross correlation function (FWHM = 300 ps) is shifted for the sake of clarity.
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Epicocconone is a cell-permeable natural product with a weak fluorescence at 530 nm in aqueous solutions.1, 2 A marked
enhancement in the fluorescence and a red shift of the emission maximum to 610 nm, are observed in the presence of
proteins. Fluorescence enhancement occurs, with no spectral shift, upon incorporation in micelles2 and cyclodextrins.3 The
extent of fluorescence enhancement in Triton X-100 is markedly more than that in sodium dodecyl sulfate micelles. The
fluorescence decays in aqueous solutions have been found to be bimodal, with components of 0.2-0.3 ns and 0.8-1.1 ns.2 The
rather limited range of solubility of epicocconone hinders a systematic study of its photophysics in homogeneous solutions of
varied properties. Nevertheless, the steady state fluorescence spectral parameters have been found to be insensitive to
deuteration or polarity, in our experiments in H2O, D2O, acetonitrile and tbutanol. However, with an increase in viscosity at
constant polarity, as is observed between acetonitrile and tbutanol, a marked increase in fluorescence intensity is observed.
Quantum chemical calculations indicate that the HOMO–LUMO transition is of π-π* type. These results lead to the
contention that epicocconone undergoes photoisomerization, which is known to be a predominantly viscosity-dependent
process in many cases. The influence of microviscosity on the excited state dynamics of epicocconone is also manifested in
the study of its incorporation in cyclodextrins, where a greater fluorescence enhancement is obtained with the smaller αcyclodextrin than with the larger β-cyclodextrin. However, the steady state and time-resolved data do not always corroborate
in neat solutions. Hence, we had predicted the existence of an ultrafast decay pathway in epicocconone, which is likely to
involve photoisomerization. In an attempt to validate the occurrence of the ultrafast component we step in a femtosecond
fluorescence upconversion study of epicocconone in H2O, D2O, tbutanol, acetonitrile micelles and cyclodextrins.
The upconversion experiments reveal a decay in the fluorescence, with time constant of 1 ps, in aqueous solutions (Figure
1). The ultrafast component is responsible for 85% of the fluorescence decay. The trace in D2O solution is superimpozable
with that in H2O solution. This observation confirms the absence of a deuterium isotope effect, as has been indicated in the
steady state fluorescence spectra.2 Moreover, the significantly slower decay in 15 mM SDS micelle and cyclodextrins
confirms a retardation of the ultrafast process on epicocconone in these media. The decay in tbutanol is found to b e
significantly slower than that in acetonitrile (Figure 1). This observation is also consistent with the steady state results and
the bolsters the contention of a significant viscosity effect on the excited state process, as the two solvents have almost the
same polarity, but the viscosity of tbutanol is more than ten times that of acetonitrile. Thus, the 1 ps component is associated
with the major deactivation pathway in H2O, D2O and CH3CN. The component is insensitive to isotope effect and exhibits a
slight dependence on polarity, as its contribution is lower in CH3CN than in water. Its contribution is even smaller in micellar
and cyclodextrin solutions and in tbutanol, its contribution decreases considerably, with an increase in lifetime. The 1 ns
component, which contributes very little in aqueous solutions, has a greater contribution in more viscous media. This
component is likely to be the lifetime of the epicocconone molecules which do not undergo photoisomerization.

Abstract An ultrafast component is found to predominate the decay of fluorescence of epicocconone in solution. This component is
insensitive to deuteration, but is affected markedly by the viscosity of the solvent. Encapsulation in micelle and cyclodextrins slows it down
and also causes a significant decrease in its contribution. This ultrafast component, which was elusive in earlier experiments with coarser
time resolution, removes the discrepancy between the results of the steady state and time resolved fluorescence experiments.
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Viscosity Dependent Ultrafast Dynamics of Epicocconone
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As pseudoisocyanine (PIC) is a prototype member in the class of J-aggregating molecules, it has been the most often
investigated. Despite extensive research, the spectroscopic changes which follow self-aggregation of PIC in aqueous
solution/thin films and the kinetics of aggregation under different control parameters such as dye concentration,
temperature, ionic strength of the solution, etc., are still not well-understood.
The degree of knowledge on internal molecular arrangement, the extensiveness of spectroscopic data and the depth
of interpretation of spectroscopic facts are the basic factors deciding the level of assessment of structure-spectroscopydynamics relationship of molecular aggregates. In the case of J-aggregates it is agreed that the Frenkel exciton concept is
the basis for understanding the optical response. Within the Frenkel exciton context a well-defined monomeric
absorption spectrum is a prerequisite to interpret the spectral changes induced upon aggregation.
Cyanines share a seemingly universal monomeric absorption signature. Their room temperature absorption consists
of a dominant band (in ≈500-850 nm range), usually attributed to 0-0 transition, and a vibrational shoulder which is blue
shifted by around 1200-1500 cm-1 within a total spectral width of around 5500-6000 cm-1. This specific signature is
exhibited by a large number of cyanines, including those that are structurally very complex.
On the other hand the absorption spectrum for monomeric PIC used in numerous interpretations of J-aggregate
spectra does not share this seemingly universal spectral signature. It has been characterized by a 525 nm-peak associated
with the 0-0 transition and two vibrational shoulders around 490 nm and 460 nm. We have recently noted that this very
widely accepted spectral assignment for absorption spectrum of monomeric PIC is only a proposition/an hypothesis that
relies on the assumption that at highly dilute solution and at moderate temperatures PIC is monomeric, and have
suggested a new spectrum that agrees well with the absorption spectra of a multitude of cyanine molecules.1 The
recently suggested spectrum exhibits a spectral width of about 5950 cm-1 with a spectral difference of about 1300 cm-1
between “the 0-0 peak” (≈490 nm) and “the 0-1 vibrational shoulder” (≈460 nm).
The optical response of PIC J-aggregates is interpreted on the basis of this newly suggested monomeric spectrum.
Temperature-dependence of the generic J-aggregate absorption spectra reported in the literature is quantified by
employing simulations obtained in the Frenkel exciton formalism augmented by diagonal energetic disorder and
exciton-phonon coupling.2 It is concluded that the PIC J-aggegates are formed mainly through aggregation of precursor
aggregates with absorption around 525 nm upon decrease of temperature and/or increase of dye concentration. This
conclusion opposes the common view which attributes the formation of PIC J-aggregates to aggregation of precursors
of H-aggregate in nature and to monomers. It is expected that a large number of observations on optical response, and
aggregation kinetics, which are still debated on and have been forced to be reconciled in a self-consistent picture
through a variety of assumptions, can find reasonable explanations within the alternative viewpoint promoted here. It is
also believed that the alternative interpretation scheme suggested in this study calls for further theoretical and
experimental attention.

Abstract. An alternative interpretation for the optical response of pseudoisocyanine J-aggregates is given on the basis of a recently
suggested monomeric absorption spectrum1 which exhibits the seemingly universal spectral fingerprint of cyanines.
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Fig. 1. Transient absorption spectrum of one of the studied
compound-APyTCABa. In the inset, the arrow under the
absorption spectrum indicates pump excitation wavelength, 350
nm.
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Understanding the excitation energy transfer and relaxation processes in complex rigidly bi- or multichromophoric
compounds is driven by efforts to design suitable molecular electronics or photonics devices on the nanometre scale.
Recently a set of bi- and tri-chromophoric molecules was synthesized [1]; it consists of aminopyrene (APy) as a donor
and aminobenzanthrone (ABa) as an acceptor linked via triazine ring as a spacer (TX where X=Cl, APy or Aniline). Our
previous fluorescence up-conversion measurements [2] revealed that after direct excitation of the donor, the EET occurs
on a timescale of about ~200 fs. The photophysical properties of related ABa-derivatives were previously discussed in
[3].
In this presentation we report the results of our recent pump-probe fs transient absorption experiments [4]. The
compounds were excited into the donor absorption band at 350 nm. The probe wavelength varied within the range of
450 – 760 nm. The pump-probe cross-correlation was about 200-240 fs FWHM, depending on the wavelength.
Transient absorption kinetics was recorded in 10 – 20 nm steps. Then, transient absorption spectra were reconstructed
from the set of individual traces.
A comparison between transient absorption spectra of studied dyads and the spectra of model donor and acceptor
compounds shows no evidence of any donor precursor state after excitation into the donor absorption band. Our
analysis of the transient absorption band time evolution indicates that the energy transfer is finished within the time
resolution of our experiment; this means that the EET is faster than ~200 fs but is accompanied by a slower, 2-3 ps
process. Our explanation is that the excitation at 350 nm leads to population of a delocalized electronic excited state
followed by structural relaxation within 2-3 ps. Transient absorption spectra show blue shift and narrowing with time
together with the existence of a narrow isosbestic region at about 540 nm. This indicates that the spectral dynamics is
strongly affected by VER as the excess of vibrational energy is transferred to the solvent within 10-20 ps.

Abstract. A set of rigidly linked aminopyrenyl-aminobenzanthronyl dyades was studied using femtosecond pump-probe transient
absorption spectroscopy in order to reveal their dynamics and relaxation pathways. The compounds show efficient ultrafast
electronic excitation energy transfer from aminopyrene-type donor to aminobenzanthrone-type acceptor within 200 fs. We show that
a direct excitation into the donor absorption band populates a strongly coupled excited state delocalized across the triazine spacer.
Excited molecule structurally relaxes within 2-3 ps. The excess vibrational energy (of the acceptor) is then transferred by VER into
the solvent, dioxane in this case, within 10-20 ps.
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Determining the Qy electronic transition dipole orientation of Chlorophyll a by polarization resolved femtosecond VIS/IR spectroscopy

[3]
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The electronic transition dipole moment orientation of the Qy band within the 3-dimensional molecular structure of the Chlorophyll a molecule is the basis for accurate modeling of (excitonic) absorption
spectra and energy transfer kinetics in photosynthetic systems and light-harvesting complexes that
typically contain chlorophyll as the main chromophoric species. Crystal structures of reaction centers
and light-harvesting complexes have provided detailed knowledge about the distance separation and
orientation of the chlorophyll chromophores in these systems. However, for calculating the extent of
exciton formation for strongly coupled chromophores in light harvesting complex and reaction centra
it is also essential to know the exact orientation of the electric transition dipoles in the molecular
frame. Determinations for Chlorophyll a of these thus far were performed on oriented samples with
steady state spectroscopy [1,2] and anisotropy experiments [2]. These experiments predicted for the
orientation of the Qy electronic transition dipole moment an angle of 70° to 90° with respect to the xaxis. This angle with respect to a single axis does not fix the 3-dimensional orientation of this vector,
but instead results in a cone of all possible solutions. Using polarization resolved VIS / IR pump –
probe experiments we reinvestigated this issue [3]. We determined the angle of the electronic transition dipole moment with infrared transition dipole moments of selected vibrations. The orientations of
these vibrations were obtained through DFT calculations. This produces different cones of possible
solutions, and the intersections of these cones allow the singling out of the unique orientation of the
electronic dipole moment within the molecular frame. Exhaustive search analysis of the determined
cone angles allows for a precise determination of the three-dimensional orientation of the Qy electronic transition dipole moment of Chlorophyll a in solution.

Abstract:

Freie Universität Berlin, Fachbereich Physik, Arnimallee 14, 14195 Berlin, Germany

Karsten Heyne, Martin Linke, Yang Yang, Henk Fidder, Angelica Zacarias

Abstract. We report femtosecond luminescence dynamics in cyclometallated iridium (III) complexes. Singlet emission with a time
constant of 70 fs is observed due to intersystem crossing. Intramolecular vibrational redistribution (IVR) in the triplet manifold
occurs on a 100-200 fs timescale and is dependent on the structure and size of the complex – larger ligands enabling faster
dissipation of excess vibrational energy by IVR.
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Fig. 1. Some of the iridium complexes utilised in this work (left) and schematic outline of the processes occurring (right).

Our measurements give new insight into the factors controlling ISC and IVR in a family of materials important for
organic light emitting diodes.

Iridium complexes offer good luminescence efficiencies and strong SOC, enabling straightforward assignment of
the observed dynamics. Ultrafast luminescence upconversion experiments have been completed on a series of iridium
complexes giving insight into the nature of the relaxation processes occurring. Varying the colour of the emitting core
changes the electronic properties of the excited states and hence also changes the relaxation dynamics. Singlet emission
is observed, with a measured time constant of 70 fs representing ISC. At longer wavelengths, inside the triplet
manifold, a decay in the 100-200 fs range is found and is assigned to intramolecular vibrational redistribution (IVR),
enabling dissipation of excess energy. The time constant for this process is found to be dependent on the flow of
vibrational energy inside the molecule, with larger ligands or dendrons6 enabling faster dissipation of excess energy by
IVR. The slowest of the three processes is vibrational cooling of the molecule to the solvent surrounding it, and has
been observed to be with a time constant of 3 ps.

Transition metal complexes have attractive electronic and optical properties of interest for a wide-range of
applications including displays, lighting, solar cells, catalysts and therapeutics. These materials generally show very
fast intersystem crossing (ISC) owing to strong spin-orbit coupling (SOC) due to the presence of the heavy metal ion,
which mixes the allowed singlet and disallowed triplet states, enabling the emission of phosphorescence. Ultrafast
photophysical studies have previously focussed on ruthenium,1,2 iron3 and rhenium4 complexes; however iridium
complexes have become particularly important because of their application in organic light emitting diodes due to
efficient phosphorescence.5
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The figure depicts the transient absorption signal of the two antisymmetric stretch vibrations of the TCNE radical
anion at different time delays after impulsive photo triggering CS using an ultrashort laser pulse at 400nm in the S1
excitation band of MePe. These spectra can be separated into two distinct features, a broad and red shifted one at early
times and a narrower and blue shifted at late times. A band shape resembling the one obtained a early times is also
observed when exciting in the charge transfer band of the MePe-TCNE complex at 800nm which is formed at high
TCNE concentrations. The latter experiment leads to an exclusive formation of TIPs. This finding permits to attribute
the early contribution to TIPs which are predominantly formed at close contact upon highly exergonic CS. In addition,
TIPs are found to be highly anisotropic, revealing the importance of mutual orientation of the reactants, thus demanding
refinement of theoretical models which rely on spherical reaction species and solely involve reaction distances.

Photoinduced electron transfer (ET) between donor-acceptor pairs, often considered as the simplest of chemical
reactions, plays an important role in many areas of chemistry and biology. Marcus theory has been successfully applied
to rationalize the kinetics of ET reactions. In its classical formulation it predicts, for reactants at a fixed reaction
distance, a Gaussian dependence of the ET rate constant on the driving force. Starting from a weak exergonic case, the
ET reaction rate increases with increasing energy gap between reactant and product (normal regime), until a crossover
occurs, and for large exergonic cases the ET reaction rate diminishes while the energy gap continues to increase
(inverted regime). Though the Marcus inverted regime has been reported for many types of ET reactions, it has never
been observed in photoinduced bimolecular charge separation (CS) [1,2]. Here, after an initial increase of the rate
constant with driving force, the process appears to be diffusion-limited regardless of the magnitude of exergonicity. To
explain this strong discrepancy usually a driving force dependent reaction distance is invoked which leads to a direct
formation of loose ion pairs (LIPs; also called solvent-separated pairs) for highly exergonic CS. In contrast, weakly
exergonic CS requires contact between the reactants and yields tight ion pairs (TIPs; also named contact ion pairs).
To test whether highly exergonic CS occurs only after rearrangement of tight donor-acceptor complexes into loose
reaction pairs we have investigated the photoinduced CS dynamics, and subsequent charge recombination (CR) between
3-methylperylene (MePe) donor and tetracyanoethylene (TCNE) acceptor in acetonitrile solution. Until now, ultrafast
electronic spectroscopy has been used to study bimolecular CS and CR dynamics. A major experimental problem,
however, is that disentanglement of contributions from TIPs and LIPs in transient electronic absorption spectra is
hampered due to the large bandwidths and overlapping components. We instead use polarisation-sensitive femtosecond
infrared spectroscopy [3] to follow the different dynamics of CS and charge recombination of TIPs and LIPs.
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Fig. 1. (a)Time resolved fluorescence of AuO in water and AOT micelle. (b) The mean relaxation time and normalized fluorescence
peak intensity as a function of rw
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The molecular dynamics of constrained liquids have been studied through computer simulations and by several
experimental techniques.1, 2 The main result so far is that constrained liquids present slower dynamics than those in the
bulk phase. Constrained environments can be realized by reversed micelles, proteins, etc. In the water-in-oil reversed
micelles, the water can be described as being of two types: strongly bound water by the headgroup of surfactants in the
interfacial area and bulk like water in the centre area. This result was obtained by several spectroscopic techniques such
as time-resolved fluorescence Stokes shift dynamics study3. It was established that solvent dynamics can have an
important, even controlling, influence of the rate of reactions in liquids. In this work we address the question of the
effect of the observed inhomogeneity and slowing down of liquid dynamics on elementary chemical reactions in
constrained media. An understanding of how such effects are manifested in constrained media will be critical in
understanding the microscopic dynamics of reactions in living cells, which often occur in highly restricted
microenvironments.
Our constrained system is provided by reversed 2-ethylhexyl sulfosuccinate (AOT) micelles dispersed in
heptane. The structure of AOT reversed micelle was well characterized and the water droplets are known to be
spherical. The radius can readily be controlled by the ratio of molar concentration of water to the surfactant, w0, giving
the radius rw(nm) = 0.18w0.4 The reaction we choose to study is the excited state conformational transformation in the
dye Auramine O (AuO). This excited state process has been studied in bulk liquids. The initially excited state relaxes
via a barrierless internal reorganisation to a non-emissive state and thereafter decays back to the ground state.5 The
initial rapid excited state decay is extremely sensitive to both the medium viscosity and to solvent polarity making it a
useful probe of complex media. We study AuO dynamics in AOT micelles between 1 and 10 nm in radius with a 60 fs
resolution fluorescence up-conversion spectrometer.
The influence on the excited state dynamics on incorporation of AuO into the micelle is very large (Fig 1(a) and (b))
even for the rw = 10 nm micelle. Such a large effect immediately suggests the incorporation of AuO into the
headgroup/water interface, with the much slower decay reflecting the changed environment. The increasing
suppression of the reaction with decreasing rw is also very significant. This size effect could be due to either the
fundamental size effect on liquid dynamics, or an effect of size on the structure of the interface. We are currently
unravelling these possibilities by modifying the micelle headgroup charge, the properties of the water droplet and the
nature of the probe molecule.

Monitoring marker modes of the ion products with polarisation-sensitive ultrafast infrared spectroscopy we find that
large exergonic electron transfer predominantly occurs in tight donor-acceptor pairs, in contrast to widely accepted
models that predict highly exergonic charge separation to occur only at long distances in loose donor-acceptor pairs. In
addition, tight ion pairs are found to be highly anisotropic, revealing the importance of mutual orientation of the
reactants and thus demanding refinement of theoretical models relying on distance between reaction species.

inhomogeneous and a function of droplet siz. They are discussed in terms of interfacial and confinement effects.

Abstract. The excited state reaction of Auramine O is studied with a femtosecond fluorescence up-conversion spectrometer in bulk
solvents and incorporated into reversed micelles, with pool sizes between 1 and 10nm. The fluorescence relaxation times show
drastic slowing down in reversed micelles and its dependence on water pool size is remarkable. Dynamic are, seen to be
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Abstract. Photoinduced bimolecular electron transfer is generally believed to lead to tight and loose ion pairs.
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Fig. 1. (a) Transients collected in the naphthalene (NPH ) parent ion (red) and the NPH -1 fragment (blue) mass channels, after
excitation to the Sn superexcited state by two photon absorption at 267 nm and probing with 800 nm radiation. (b) Schematic
representation of the Sn superexcited state relaxation pathway.

Ion current

a) 1

Naphthalene (NPH) is common cromophore present in many larger size molecules. The electronic coupling between
its two lowest electronic excited states, S1 (Lb) and S2 (La), represents a well known case of non-adiabatic behaviour that
has been used for years as a benchmark to test theoretical models.1 In general, the relative energy of the La and Lb states
and the extent of their coupling, determines the electronic spectroscopy and the photophysic properties of naphthalene
derivatives. In addition to the lowest excited states, the electronic properties of NPH prepared in highly excited states
have attracted a considerable interest in astronomy. In fact, these species are good candidates to explain some of the
absorptions attributed to polyaromatic hydrocarbons (PAH) found in the interstellar media.2
In the present study, the relaxation dynamics of isolated NPH and 1-aminonaphthalene (AMN) seeded in a
supersonic expansion was tracked following excitation to low and superexcited (SE) electronic states (excited states
over the first ionization potential as named by Platzman).3 The experiments were carried out in a time of flight mass
spectrometer, using a well known pump-probe ionization scheme (1+n’) that involves the probe of the molecule by
single or multiphoton ionization. The lowest singlet excited states of the molecules were prepared by one photon
excitation in the 333-267 nm range whereas to reach the SE states, the two photon resonant absorption at these
wavelengths via the S1/S2 states was employed. In the latter case a careful adjustment of the pump and probe beam
intensities was required to isolate the dynamics of the SE states from that of the S1/S2 states. The ultrafast relaxation
was tracked by investigating the time dependent signals of the parent (NPH+, AMN+) and the main fragment ions
observed in the mass spectrum (NPH+-1, AMN+-28).
The dynamics observed for NPH and AMN when pumped to the S2 state contains an initial femtosecond component
that is assigned to the internal conversion to the nearby S1 state. This ultrafast rate indicates the existence of a
barrierless pathway that involves the crossing from S2 to S1 potential energy surfaces (PES) trough a conical
intersection (CI). The nanoseconds fluorescent emission of the populated S1 state observed in NPH is replaced in the
case of AMN by internal conversion to the ground state in the picoseconds scale. This non-radiative pathway, where the
inversion and twist modes of the amino group play a central role, takes place trough a CI between the singlet La and the
ground S0 states.
NPH and AMN molecules were also prepared in SE states reached by two-photon resonant absorption and their
relaxation dynamics monitored with femtosecond resolution. The study demonstrates the efficient formation of neutral
states inside the ionization continuum and how these highly excited species decay along a complex pathway that
involves relaxation to Rydberg states, followed by IVR –mediated fragmentation of the neutral molecules.

Abstract. The relaxation dynamics of naphthalene and 1-aminonaphthalene prepared in low and high electronic excited states has
been investigated with femtosecond resolution, using a pump-probe scheme of 1+n’ multiphoton ionization. The deactivation
pathway was tracked by collecting transients of the parent the and main fragment ions present in the mass spectrum. The observed
ultrafast dynamics is mediated by non-adiabatic couplings between different electronic states. In the case of superexcited species, the
relaxation pathway involves the fragmentation of the molecule in a process driven by vibrational energy redistribution.

Raúl Montero, Fernando Castaño, Roberto Martínez and Asier Longarte1
1
Dept. de Química Física, Facultad de Ciencia y Tecnología, Universidad del País Vasco, Apt. 644, 48080 Bilbao
Spain.

Ultrafast Electronic Dynamics in Excited and Superexcited
States of Naphthalene and Substituted Naphthalenes

3. K. Becker, E. Da Como, J. Feldmann, F. Scheliga, E. Thorn Csa´nyi, S. Tretiak, J. M. Lupton, J. Phys. Chem. B., 112(16), 4859-4864,
2008

2. D. Markovitsi, A. Germain, P. Millie, and P. Lecuyert, L. K. Gallos and P. Argyrakis, H. Bengss and H. Ringsdorf, J. Phys. Chem. 99,
1005-1017, 1995

1. Y. Wang, A. D. Stretton, M. C. McConnell, P. A. Wood, S. Parsons, J. B. Henry, A. R. Mount, T. Galow, JACS, 129(43), 13193-13200,
2007

This twisted conformation has applications in fluorescent materials as it eliminates
triphenylene’s tendency to -stack which often red-shifts the emission spectrum and reduces
the photoluminescence quantum yield (PLQY) of materials.
The symmetry of triphenylene means that it has a symmetry forbidden transition from
the lowest energy singlet excited state to the ground state2. Through the use of PLQY and
time resolved luminescence measurements we show the twisted conformation of HMTP has
increased oscillator strength compared to triphenylene.
Triphenylene and hexamethyltriphenylene (HMTP) also show the unusual property of
increased photoluminescence quantum yield in the solid state with an increase of 6% to 13%
for triphenylene and 5% to 31% for HMTP.
By considering the emission spectra we show that the hexamethyl substitution of
triphenylene removes the effect of aggregation on its emission spectrum in film and solution.
The HMTP with its twisted structure also shows longer emission wavelength. This is similar
to the observation that bends in conjugated polymers and oligomers can lead to red-shifting of
emission spectra3.

Figure 1 The twisted structure of hexmethyltriphenylene showing C2 symmetry

Hexamethyltriphenylene (HMTP) is a molecule that is forced out of triphenylene’s
normal planar configuration by the steric interation of its substituent methyl groups 1. The
molecule adopts a twisted conformation with C2 symmetry shown below in figure 1.

Abstract. We have investigated the photophysical properties of triphenylene and
hexamethyletriphenylene (HTMP) by measuring the photoluminescence quantum yield and
time resolved luminescence and discovered an increase in PLQY in both materials in the solid
state. Furthermore we find that the twisted HTMP shows higher oscillator strength than
triphenylene in the solid state and red-shifted emission.

Jack W. Levell*†, Arvydas Ruseckas*, Yi Wang‡, Andrew R. Mount‡, Trent H. Galow‡, Ifor
D.W. Samuel*
*School of Physics and Astronomy, University of St Andrews
†jwl9@st-andrews.ac.uk
‡School of Chemistry, University of Edinburgh

The Photophysics of Hexamethyltriphenylene: Controlling
Intermolecular Interactions Using Twisted Molecules
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Femtosecond chemical reaction dynamics in the gas phase have been applied on various systems of
different complexity, opening new routes in understanding the chemical processes at an atomic level. In
this context, we employ a multiple quadrupole/octopole ion guiding setup to produce clusters and to
synthesize metal cluster-molecule complexes in the gas phase, which allow the detailed investigation of
bonding and reaction dynamics as a function of cluster size and number of solvent molecules by means of
fs-laser spectroscopy.
Silver-benzene complexes are well suited candidates since they were found to undergo photoinduced
dissociative charge transfer, yielding charged organic fragments and neutral metal atoms1. The fs
pump&probe investigations can provide new insights into the mechanism of photoinduced dissociation by
monitoring the process in real time.
In this contribution the reactivity of size selected silver clusters with benzene will be presented as well as
the real time dissociation dynamics of these complexes.

Abstract:

E-Mail: mondalbarc@yahoo.com
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Figure 2 Transient absorption spectra of [Cu(MTAI)2]+I in methanol
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Figure 1 Transient absorption spectra of MTAI in methanol
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Relaxation processes in the sub-100 ps time-domain were measured using a femtosecond pump-probe transient absorption
spectrometer, the details of which has been described elsewhere [1]. Figure 1 and show the transient absorption spectral evolution of
MTAI and [Cu(MTAI)2]+ in methanol, on 400 nm photo-excitation. In case of MTAI, the spectral evolution in the first 0.5 ps (fig. 1A)
is due to IC from the S2 to S1 state. At longer delay times the isomerization takes place in the S1 state and finally a residual absorption
band appears at 20 ps delay time. This residual absorption is due to the difference in ground state absorption caused by
photoisomerization, as shown in fig. 1C [2]. On increasing the viscosity of the solvent the isomerization and vibrational cooling in the
ground state become slower. In case of the metal complex, the dynamics is typically bi-exponential and independent on the viscosity of
the solvent. Comparison of the normalized transient spectra at 5 and 100 ps (fig. 2B) indicates that the population evolves in the same
potential energy surface in that time window. Thus unlike in AB, we have observed an appreciable viscosity dependent isomerization
dynamics in the S1 potential energy surface of TMAI in methanol [3]. In the complexed form to make the isomerization feasible one of
the Cu-N bond needs to be broken and even if it breakes the isomerized form of TMAI ie. Cis-TMAI cannot act as a bidentate ligand
because of its structural restriction. Thus the photochromism of TMAI is arrested on complexation with Cu(I).

Azobenzene and its derivatives undergo reversible photoisomerization, which has the tremendous potential for application in
molecular based devices. Comparatively less attention has been put on the azo-heterocyles, which in addition to the azobenzene like
photochromic activity, provides the opportunity to bind with metal ion with the help of either the imidazole ring nitrogen or the azonitrogens. The redox active metal ions may tune the dynamics of photoisomerization of azo heterocycles.

N-1-methyl-2-tolylazo imidazole (MTAI), an azo-heterocyclic compound, undergoes reversible photoisomerization like
azobenzene (AB). On excitation to the lower vibrational levels of the S2 state, three distinct processes have been observed namely, the
internal conversion (IC) from the S2 to S1 state (0.3 ps), isomerization in the S1 surface (0.9 ps) and then vibrational cooling in the
ground state (5 ps). The dynamics appears to be much simpler than that in AB, probably due to the less energy gap between the S2 and
S1 state. On complexation with Cu(I), [Cu(MTAI)2] +, the photoisomerization dynamics has been arrested completely. This loss of
phtochromism is assigned to the structural restriction of MTAI to behave as a bidentate ligand in the complex.
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Fig. 1. Metastable nitrosyl linkage isomers SI and SII in [Fe(CN)5NO] and their corresponding generation pathways.

2-

In Na2[Fe(CN)5NO]2H2O (SNP) two metastable linkage isomers of the NO group can be generated by light
irradiation (see Fig. 1). One, named SI, is formed by the O-bound NO, while the second (SII) is formed by a side-on
bound NO group. Due to the fact, that the linkage isomers are infinitely stable at low temperature their static properties
have been elaborated with spectroscopic and structural methods.1,2. On the other hand the excitation and relaxation
pathways during the formation of the metastable linkage isomers are currently unknown. We report first ultrafast pumpprobe experiments showing that the pumping with blue light leads to a strong excited state absorption in the pump
window, which decays with two different time constants of about 0.8 and 4.4 ps. Additionally a broad short-lived
emission in the spectral range from 640 to 450 nm is observed, which exhibits a quadratic dependence on pump power,
indicative of a two-photon excitation.

Abstract. We report first ultrafast pump-probe experiments on the formation of nitrosyl linkage isomers in sodium nitroprusside.
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Excited state absorption during formation of NO linkage
isomers
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Fig. 1. Pt(II) dyad (1) studied. 1,4,5,8-Naphthalene Diimide (abbreviated as NDI) was used as electron acceptor.

Cl

N

NDI

Charge separated excited states are key transients in many natural light-induced processes. Control over the properties
of this key intermediate is pivotal for rational design of efficient artificial systems.
We report a photophysical study of the Pt(II) based system (1) for photoinduced charge-separation, Pt(NN)Cl2. The
diimine ligand NN is modified by a strong electron acceptor 1,4,5,8-naphthalenediimide (NDI). NN = 1,10phenanthroline. The nature of the low-lying excited states in this chromophore was studied by time-resolved absorption
and IR spectroscopies on the pico- to millisecond time scale.
Sub-ps transient absorption (TA) and Time-Resolved Infrared (TRIR) studies with 395 nm excitation demonstrated
complex excited state dynamics of (1) in CH2Cl2. The initially formed excited state is a somewhat perturbed S1 state of
NDI, with parallel contribution from a Pt→phenathroline 3MLCT state, as probed by sub-ps TA studies of “free" NDI
and free Pt(phenanthroline)Cl2 , and by (VIS/IR spectro)electrochemistry.
TRIR data demonstrates population of hot NDI ground state in course of Pt→phenathroline 3MLCT state decay on
ps time scale. Vibrational cooling of NDI hot ground & triplet states, observed in TRIR studies, occurs with 19 ps time
constant and is not detectable in visible TA experiments.
The lowest excited state in (1) is NDI-localised triplet which is formed within ca. 50 ps. The lifetime of this [Cl2-Ptphen-3NDI]* excited state (as determined by flash photolysis) is ca. 500 microseconds, being remarkably long for Pt(II)
complexes.

Abstract. We report a photophysical study of the Pt(II) based system for photoinduced charge-separation, Pt(NN)Cl2. The diimine
ligand NN is modified by a strong electron acceptor 1,4,5,8-naphthalenediimide (NDI). NN = 1,10-phenanthroline. The nature of
the low-lying excited states in this chromophore was studied by time-resolved absorption and IR spectroscopies on the pico- to
millisecond time scale.
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Excited States Dynamics of Pt(II) Dyad Bearing 1,4,5,8Naphthalene Diimide Acceptor Unit
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The Iron Centre of the Cluster-free Hydrogenase (Hmd): Low-spin Fe(II) or
Low-spin Fe(0)?
The [Fe]-hydrogenase, H2-forming methylenetetrahydro-methanopterin dehydrogenase (Hmd), is one
of the three phylogenically unrelated hydrogenases, and catalyses reversibly a hydrogenation reaction
via a specific substrate, N5,N10-methenyltetrahydro-methanopterin, methenyl-H4MPT. Early
investigations show that the iron centre of the co-factor is low spin either Fe(II) or Fe(0). The crystal
structure with high resolution has been determined for this enzyme, the oxidation state of the iron
centre remains however undefined. Spectroscopic analyses on a Fe(II) containing model complex,
suggest that the iron centre of the co-factor of the enzyme is low-spin Fe(II).

New materials for functionality for immobilisation
Methods have been developed for incorporating subsite and H-cluster analogues within various
matrices to (a) create new electrocatalytic materials (b) to diffusionally 'isolate' the reactive centres
from each other. This will enable the study of photolysis, protonation and dihydrogen binding reactions
uncomplicated by bimolecular site/site interactions.

Protonation induced carbon monoxide binding at at di-iron unit related to the subsite of irononly hydrogenase
Carbon monoxide binding by displacement of a pendant hemi-labile ligand at a di-iron site can be
substantially ‘switched on’ via a ligand protonation pathway which is competative with metal-metal
bond protonation. The mechanism involves protonation of the metal-metal bond, intramolecular
migration or tunnelling of the proton to the basic ligand with concommitant dissociation to expose a
CO binding site [3].

delta Abs (mOD)

Multiple Timescale Photoreactivity of a Model Compound related to the active site of [FeFe]Hydrogenase
The generation of a coordinatively unsaturated binding site is most probably an intimate aspect of
dihydrogen/proton intercoversion at the diiron subsite of [FeFe] hydrogenase. Photolysis of the CO
inhibited form of the enzyme has been studied [1], here we report early results on the behaviour of
synthetic dithiolate analogues of the subsite [2]. Photolysis of [Fe2(μ-(SCH2CH3CH2S))(CO)6] at 350
nm leads to loss of the parent complex and the formation of 3 proposed photoproducts at ~ 50 ps, decay
over a minute timescale, with some restoration of the parent complex.

Chemistry of mono- and di-iron carbonyl units related to the metal subsites of the cluster-free [Fe]
hydrogenase and the iron-only hydrogenase has been investigated via the generation of coordinately
unsaturated binding sites through photolysis, anchoring diiron subsites to electrode surfaces, and by
looking at the oxidation state of the single iron centre in the hmd [Fe] hydrogenase.

Anna R. Ridley
Energy Materials Laboratory, School of Chemical Sciences and Pharmacy, University of East Anglia,
Norwich NR4 7TJ , UK

Chemistry related to the iron-hydrogenases

Femtosecond time-of-flight mass spectrometry in conjunction with resonance enhanced mulit-photon ionization is
employed to establish a new approach to monitor the ultrafast chemical reaction dynamics of supported molecules.
The mass resolved investigation of different reaction pathways is accomplished by direct real-time monitoring of the
different reaction products and intermediates as well as their kinetic energy content. Details of the new experimental
setup will be presented. In contrast to other surface femtochemistry approaches, the present experiment is clocking
the surface reaction dynamics by direct detection of reaction intermediates and products through multiphoton
ionization at the surface. To demonstrate the viability of this approach for the investigation of surface transition state
dynamics, methyl iodide adsorbed on insulating and metallic substrates was chosen as a model system. The
experiments are complemented by femtosecond time-resolved two photon photoemission spectroscopy investigations
on the same systems. First results concerning the dynamics of direct photodissociation of methyl iodide followed by
iodine molecule formation on magnesia and dissociative electron attachment on gold surfaces are presented.
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Investigation of ultra-fast chemical reactions on insulating
and metallic surfaces

C15

C16

51

Ultrafast Chemical Physics 2008

4

3

2

1

P. Hamm, M. H. Lim and R. M. Hochstrasser, J. Phys. Chem. B, 102 (31), 6123-6138 (1998).
P Kukura, S Yoon and RA Mathies, Analytical Chem., 78, 5952, (2006).
M. Towrie, D. C. Grills, J. Dyer, J. A. Weinstein, P. Matousek, R. Barton, P. D. Bailey, N. Subramaniam, W. M. Kwok, C. S.
Ma, D. Phillips, A. W. Parker and M. W. George, Applied Spec, 57, 367-380 (2003).
M. Towrie, A. Gabrielsson, P. Matousek, A. W. Parker, A. M. B. Rodriguez and A. Vlcek, Applied Spec, 59, 467-473 (2005).

References

Figure 1. Broadband IR laser output spectrum (~ 350 cm FWHM). The narrow line absorptions are due to atmospheric water
(normally removed by dry nitrogen purging of the beamlines). The tunable synchronised narrowband output is shown in red.

-1

Detection:
Photo-detector arrays allow measurement of spectra at rates up to 20 kHz. Custom Si (512 pixel), InGaAs (256
pixel) and MCT (256 pixel) detection systems have been developed with the STFC’s Technology Department. The high
numbers of pixels make it possible to monitor large spectral regions (fig. 1) while retaining wavelength resolution.

Sampling:
To address photo-degradation issues with high repetition rates, we are developing a novel sampling solution. The
concept uses galvanometer mirror based beam rastering systems which have shot-to-shot position control over the
beams.

10 kHz laser system:
A Ti: Sapphire oscillator is used to seed two 10 kHz pulse amplifiers. The cryo-cooled amplifiers provide dual
synchronised 1–3 ps (10 W) and 50 fs (10 W) pulsed outputs. These outputs drive OPA and harmonic generation units,
generating tunable light over 200–20000 nm.
The Ti: Sapphire laser system provides pump and probe pulses for experiments with an optical delay line to control
timing. Beyond the 5 ns limit of the delay line an amplified (10 kHz, 5 W) Nd: YVO4 nanosecond laser driving OPO
stages will be used to access nanosecond to microsecond delays4. These longer timescales are often required to
characterise products and understand diffusion controlled biomolecular chemistry following ultrafast events.

Spectrometer Description

The Ultrafast Spectroscopy Laboratory within the Central Laser Facility fronts an advanced research programme in the
field of time-resolved vibrational spectroscopy (infrared and Raman). The ULTRA project (STFC and BBSRC funded)
aims to improve the capabilities of this facility to enable a wider range of experimental techniques with greater
sensitivity. High flexibility in terms of wavelength tunability and variable duration pulse combinations will be applied
to complex multi-beam experiments such as 2D-IR and stimulated Raman spectroscopy1, 2. The high repetition rate of
the laser system along with parallel custom detector developments make the projected sensitivity of the spectrometer
more than an order of magnitude better than existing systems3, able to detect IR absorption changes approaching 10-6
with a few seconds acquisition.

Introduction
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Innovation Campus, Warrington, Cheshire, WA4 4AD, UK
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Fig. 2. Raw photoelectron image from
160 fs, 800 nm, 1x1013 W/cm2 laser ionisation
of C70.
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photoelectron image (b) angle-averaged K.E.
distribution

Fig. 1. ns laser ionisation of C70. Left: raw

K.E. / eV

It has been found, using time-of-flight photoelectron spectrometry, that the ionization mechanism of C60 in the low
intensity limit (i.e. well below the onset of tunnel ionisation) depends on the duration of the exciting laser pulse 1. For
very short pulses (<50 fs), direct multiphoton ionisation can be observed. The electron kinetic energy distribution
develops a thermal component for longer pulse durations. Within the range 50-500 fs, the apparent electron temperature
can be on the order of 10000 K. The emitted electron temperature dramatically reduces for ps durations and longer
where thermionic emission from vibrationally hot molecules dominates. A statistical model, based on the Weisskopf
formulism, assuming rapid equilibration of the absorbed energy among the electronic degrees of freedom with an
electron-phonon coupling time of 200-300 fs has successfully been used to explain the observations 2.
These earlier studies were restricted to determining kinetic energy distributions of the electrons and the time-of –
flight electron spectrometer that was used was also insensitive to low energy electrons thus distorting the measured
spectra. We have constructed a velocity map imaging spectrometer that overcomes this limitation and also allows the
angular distributions of the emitted electrons to be determined. A purely statistical electron emission would be expected
to show an isotropic electron emission. This is indeed what is observed when the fullerenes are excited with ns laser
pulses and undergo thermionic electron emission (also referred to as delayed ionisation). An example is shown in Fig. 1.
Suprisingly, although the kinetic energy distributions for short pulse excitation (160 fs) appear to be thermal in nature
and can be well described in the context of a thermal ionisation model considering only hot electrons (prior to
thermalisation with the vibrational degrees of freedom), the angular distributions are clearly asymmetric (Fig. 2). This is
a consequence of the much faster rate constants for thermal ionisation if the excitation energy is restricted to the
electronic degrees of freedom 2. Although thermal in origin, the electrons are emitted during the laser pulse and will
interact with the laser electric field. The results can be very well explained within the context of our earlier thermal
electron emission model 2. We show that although the electron kinetic energy does not depend on the laser polarisation
angle for a direct emission process, for a statistical electron emission, described by the Weisskopf formalism, the
electron rate constant is seen to be influenced by the polarisation angle, leading to the asymmetric angular distributions
that we observe 3.

For laser pulse durations on the order of 100-500 fs, the electrons show a predominantly thermal kinetic energy distribution but the
molecules are still vibrationally cold. For longer pulse durations the ionisation is dominated by thermionic electron emission from
vibrationally hot molecules. We show that the short pulse excitation thermal electrons have asymmetric kinetic energy distributions.
This is explained by considering the influence of the electric field on the energy distribution of electrons emitted from the hot
electronic subsystem of the molecule. This behaviour is unique for statistical electron emission.

Abstract. Previous work on fs laser ionisation of fullerenes has shown that there are two thermal electron emission mechanisms 1.
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fluorescence upconversion (excited at 267 nm, observed at 310 nm). The deconvolved data set is shown as a dashed curve.

Fig. 1. Left panel: The thick solid curve is a simulated convolved image of the instantaneous transient absorption shown by the thin
solid curve, with 2% noise added. The dashed curve is the deconvolved signal obtained with the genetic algorithm. The solid curve in
the right panel shows experimental fluorescence decay data of adenosine monophosphate in aqueous solution obtained by femtosecond
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Due to the uncertainty relation between the temporal and spectral widths of femtosecond pulses, a reasonable
selectivity in energy does not allow much shorter pulses in a pump-probe experiment then about 100 fs. Many ultrafast
chemical processes have characteristic times comparable to this duration, so the results of these experiments are
severely distorted by convolution of the kinetic response function with the pulses used for excitation and detection. If
we do not know the underlying photochemical and kinetic model, the only way to overcome the limitation in time
resolution due to convolution is to perform a model-free deconvolution.
However, widely used deconvolution methods in the literature can mostly used only to periodic functions with a low
experimental noise, while femtosecond kinetic traces are typically not periodic (i. e., the signal does not return to the
level it has been started from) and they have a considerably large noise level. Most of the existing deconvolution
methods – even after specifically adapted to femtochemical experimental data1 – do not provide a smooth deconvolved
signal that could be used for reliable statistical inference.
Here we report an efficient model-free deconvolution method that enhances temporal resolution and improves
statistical inference from measured pump-probe data, using a genetic algorithm. The proposed algorithm enables to
create a fairly good initial population of possible deconvolved signals, and implements highly efficient population
dynamics to result in individuals who represent very good solutions of the deconvolution problem without noise
amplification, even in the case of a sharp stepwise initial rise of the signal.
The algorithm has been thoroughly tested on both synthetic and experimental data. Test results are supporting that
the proposed method can be used to deconvolve pump-probe transient absorption as well as transient fluorescence data.
The critical stepwise jump of the fluorescence signal can also be reproduced without extra oscillations. This direct
deconvolution method is not only useful in the absence of an available kinetic and/or photophysical model, but it also
reduces the uncertainty of estimated parameters due to the fact that there is no need for the additional parameter of
“zero time”, as the reconstructed deconvolved signal has an exact starting time.

Abstract. Limitations imposed to pump-probe experiments by the finite impulse response function can be overcome by
deconvolution. However, widely used model-free deconvolution methods typically work only if the signal is a periodic
function and the noise is very small. Here we report an efficient model-free deconvolution method that largely enhances
temporal resolution and improves statistical inference from measured pump-probe data, using a genetic algorithm. The
proposed method can be used to directly deconvolve measured ultrafast kinetic traces even if no kinetic and
photophysical model is known to describe the signal. Tests on both synthetic and measured traces show its excellent
performance.
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Coherent control is the use of the spectral coherence of laser light and quantum interference to enhance
a reaction or process in a desired direction that would not normally be favourable using more
conventional means. Recent experiments1 have used phase- and amplitude-shaped ultrashort laser
pulses to control three-photon absorption from the ground state to an ion-pair state in molecular iodine.
We now wish to extend this by investigating the reaction of this ion-pair state with xenon. This
reaction has been studied before by the group of Ahmed Zewail2, but whereas they used two 150 fs
long pulses and varied the delay between them to achieve the control, we wish to employ phaseshaping of shorter, single pulses. This shaping will be achieved using an Acousto-Optic Programmable
Dispersive Filter, and the resulting pulses will be characterised by a novel form of Spectral Phase
Interferometry for Direct Electric-field Reconstruction. The reaction yield of xenon iodide will be
recorded as we vary the spectral phase of the exciting pulse, both by systematically varying different
orders of chirp and in closed-loop experiments using an evolutionary strategy.
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Towards the coherent control of the reaction between
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Ions are ubiquitous in nature and the study of their dynamics and solvation is of great interest in
many processes such as, biological activity, atmospheric chemistry, inorganic and organic
chemistry. Although, the study of properties and dynamics of ions in the gas-phase provides
unprecedented intra-molecular information, when placed in a condensed-phase environment, the
inter-molecular interactions often dominate relaxation dynamics. Our goal is to investigate the
ultrafast dynamics using time-resolved photoelectron spectroscopy of isolated and solvated anions
in an attempt to bridge the gap between gas and condensed phase spectroscopies1.
We have developed a new instrument which includes several experimental techniques: (i)
electrospray ionisation (ESI), (ii) time-of-flight mass spectrometry (TOF-MS), and (iii) timeresolved photoelectron spectroscopy using velocity-map-imaging (VMI). The chosen ionisation
technique involves the extraction of pre-existing ions from a solution into the gas phase (soft
ionisation) and is the natural choice in terms of our aims of investigating ‘condensed-phase’
phenomena in the gas-phase. ESI interfacing with vacuum is however plagued by low transmission
efficiency and we have designed two ion-focusing devices, which increase transmission by roughly
one order of magnitude and allow for trapping of the ions3, prior to injection into the TOF-MS.
Upon entering the detector region, the mass selected anions are intersected perpendicularly with
pump and probe femtosecond laser pulses. The pump pulse excites the anion of interest while the
pump pulse removes the excess electron from the anion at various well-defined delays.
Photoelectrons are then accelerated with the VMI arrangement towards a position sensitive detector.
Our photoelectron spectrometer is designed specifically so that the anion beam is not significantly
deflected during transit. Finally, photo-ions are detected using a MCP assembly in order to obtain
their mass spectra and thus the asymptotic photo-product yields.

G.M. Roberts, J. Lecointre and J.R.R. Verlet
Department of Chemistry, University of Durham, South Road, Durham, DH1 3LE, UK

Development of a new Velocity-Map-Imaging femtosecond
photoelectron spectrometer

Reference: Q. Y. Kong, J. H. Lee, A. Plech, M. Wulff, H. Ihee, M. H. J. Koch, Angew.
Chim. Int. Ed. 2008, 47, 5550.

detailed reaction dynamics.

scattering and time-resolved spectroscopy are indispensible complements in revealing the

absorptions of bridging carbonyls. Our results illustrates that both time-resolved

therefore has escaped from previous ultrafast infrared detection based on distinct infrared

undetected intermediate is the Ru3(CO)10 complex which has only terminal carbonyls and

functional theory and MD simulations clearly indicates that major and hitherto

dependent scattering curves on the basis of possible intermediates calculated by density

well as the two known intermediates by ultrafast X-ray scattering. Modeling of the time-

for the CO loss reaction channel. Here we report identification of a new intermediate as

Ru3(CO)11(µ-CO) for the metal-metal cleavage reaction channel and Ru3(CO)10(µ-CO)

infrared spectroscopy have identified two transient photochemical intermediates,

photochemistry of transition metal carbonyls. Previous studies using time-resolved

The triangular metal carbonyl cluster Ru3(CO)12 has served as the paradigm for the

Ultrafast X-Ray solution scattering reveals an unknown reaction
intermediate in the photolysis of Ru3(CO)12
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Fig. 1. a) Illustration of the UV generation and shaping setup based on sum frequency mixing of chirped input pulses and phase
modulation direct in the UV by MEMS modulator. b) Multipulse pulse shape acquired by UV autocorrelation measurement of a
sinusoidal phase modulated pulse generated by the MEMS-SLM.

a)

To address electronic transitions of chemical or biological relevant molecules, laser sources tunable beyond the
selection of harmonics from typically solid state laser systems are crucial. Especially for small chromophores, sources
in the UV spectral range are required. To facilitate nonlinear electronic spectroscopy and coherent control experiments
for such molecular systems, a flexible and simultaneously easy manageable source is important. This includes access to
a fast and adequate characterization technique for pulse length validation. Here we present a UV source based on a non
collinear parametric amplification process (nc-OPA) generation in the visible spectral region as starting point. To
achieve UV generation, the output of the nc-OPA is sum frequency mixed with the fundamental NIR pulse of the laser
system. Optimization of temporal overlap to gain maximum output from the mixing process is achieved by leaving the
broadband VIS nc-OPA pulse uncompressed [1]. Compression is achieved purely in the UV by a prism compressor. The
source delivers UV output around 320 nm with a pulse length down to 25 fs and a maximum energy of 0.6 uJ.
The UV pulse is afterwards guided to a micro electromechanical system (MEMS) based two dimensional phase only
modulator which permits direct phase modulation in the ultraviolet spectral region. The phase modulator consists of an
array of 240 by 200 individually addressable, electrostatic displaceable micromirrors. The spatial light modulator
(SLM) is located in the Fourier plane of purely reflective 4f-geometry. The achievable wavelength range is limited, only
by the reflectivity range of the micro mirror aluminium coating, unlike for example liquid or biaxial crystal based
systems. Furthermore, the 2D layout of the device offers the potential to control multi beam experiments and apply
alternative shaping schemes based on diffraction respectively.
To evaluate the performance of the UV generator and the phase modulator in a spectroscopic application on an everyday
bases, a user friendly characterization device is a mandatory assistant. In contrast to other low energy UV
characterization devices which rely on external reference pulses, we show a convenient UV autocorrelation technique in
the present work [3]. This autocorrelator is based on the two photon photoemission in a solar blind photomultiplier
assembled in a simple split mirror geometry.
The overall setup illustrates all key components to deliver, control and characterize ultrafast UV pulses for experiments
in nonlinear spectroscopy and coherent control.

Abstract. Generation of ultrashort pulses in the UV regime (300-350 nm) based on non collinear parametrical amplification in the
VIS region and successive sum frequency mixing is shown. A microelectromechanical system (MEMS) based spatial light modulator
serves as direct UV phase modulator. For characterization of ultrashort UV pulses a two photon autocorrelator based on a solar
blind photomultiplier was developed. The complete setup offers a flexible, manageable femtosecond UV source for ultrafast
nonlinear spectroscopy and coherent control experiments.

J. Möhring, T. Buckup, S. Lehmann, and M. Motzkus
Physikalische Chemie, FB Chemie, Philipps Universität,D-35032 Marburg, Germany

Generation of arbitrarily phase modulated ultrashort UV
pulses and their characterization
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By using femtosecond laser pulses to trigger free electron pulses from the tip, we hope to obtain the first
experimental result of the enhancement of the field emission current of such promising tip. The role of nonlinear optical
processes will be discussed.

Sharp tips with a nanometre-scale radius of curvature were produced by electrochemical etching, thus providing a
robust material for the electron field emission. The method was verified with tungsten and it is also suitable for various
other metals. As in Fig. 1, a 0.25 mm tungsten wire was immersed in 1 M NaOH electrolyte at a depth of 2–8 mm
beneath the surface. The wire and stainless steel counter electrode placed around the wire served as the anode and
cathode, respectively. We used a home-made etching process controller to terminate the etching current on a
microsecond timescale in order to optimise the tip shape. Under suitable conditions, a single tip was produced. The
morphology of these samples was observed by means of scanning electron microscopy and the radius of the tips were
found to be varying from 50–100 nm.
The fabricated tip was then loaded into a UHV chamber with a base pressure of approximately 10-8 Torr for fieldemission measurement at room temperature as shown in Fig. 2. A flat stainless-steel anode was placed at 100–500 m
from the tip cathode. Emission current was monitored with a Keithley 6485 picoammeter. The tungsten tip showed good
field-emitting properties revealed by the current-voltage characteristics and analyzed by using the Fowler-Nordheim
equation for field emission
 6.9 × 109 φ 3 2 
1.6 × 10−6 E 2
−2
J=
exp  −
(A m )
φ
E



Abstract. Field emission involves a quantum mechanical tunnelling process under applied field. It has diverse technological
applications in flat panel displays and vacuum micro/nanoelectronic devices. We will report a study of field emission from tungsten
tips synthesised by electrochemical process. Recent data on femosecond laser-induced field emission will be presented and the role
of nonlinear optical processes will be discussed.
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Field emission from tungsten nanoscale tips
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Rotaxanes are a subclass of mechanically interlocked architectures that have been shown to possess potentially
useful properties for nanotechnological applications [1]. One particular reason for the interest in these architectures
is that an external stimulus can be used to make the interlocked moieties (thread and ring) move with respect to
one another (shuttling). As of yet, remarkably little is known about the nature and mechanics of the ring’s shuttling
motion. Time resolved UV–IR spectroscopy will allow us to observe these motions directly.
In the present studies we concentrate on the system displayed in figure 1. Previous studies performed by
Brouwer et al. [2] have probed the UV–triggered shuttling of the [2]rotaxane in an indirect manner using nanosecond visible pump-probe experiments. We also use a nanosecond pulse to initiate movement in the rotaxane, but
the translation is followed by monitoring changes in the CO–stretching frequencies and in the transition dipole
coupling between the NH and CO–stretching modes of the ring and thread using 2D–IR spectroscopy [3]. Initial
UV pump mid–IR probe experiments on model systems indicate the potential of the proposed technique.

Abstract UV–pump mid–infrared probe femtosecond spectroscopy (UV–IR) is used as a method to observe the
shuttling of a [2]rotaxane in real time.

M.R. Panman, D.J. Shaw, E.R. Kay, D.A. Leigh, W.J. Buma, S. Woutersen

Probing the motion of molecular shuttles using time–resolved
vibrational spectroscopy
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Fig. 1. Electronic transitions stimulated by ‘pump’, ‘push’ and ‘probe’ pulses. The right panel shows the stimulated emission signal
as a function of time delay between a ‘push’ pulse at 800 nm and a probe pulse. Solid lines are biexponential fits with time constants
of 0.07 and 1 ps, dotted line is the instrument response function.
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F8BT segments in the 9:1 co-polymer are diluted among F8 units, which have a higher LUMO energy than F8BT by 0.5
eV and similar HOMO energies. Different relaxation observed in these two materials indicates that exciton dissociation
in F8BT occurs by electron transfer to the neighbouring chain. Clearly, internal conversion dissipates the excess energy
below 0.5 eV on a 100 fs time scale and hinders electron transfer in the 9:1 copolymer. The results indicate that exciton
dissociation in these materials is controlled by the dissipation rate of the excess vibrational energy.

We used a pump-push-probe technique to study Sn→S1 relaxation in copolymers (Fig 1). The first 100 fs ‘pump’ pulse
brings population to the S1 state and the second 100 fs pulse (push) is applied to generate the higher excited state Sn.
The third (probe) pulse is tuned to the stimulated emission region of the S1 state and an increase of the probe intensity
T/T by stimulated emission from the S1 state was monitored as a function of the time delay between ‘push’ and ‘probe’
pulses. Arrival of the push pulse decreases the stimulated emission signal because a substantial part of the S1 population
is pushed to a higher excited state Sn. Signal recovery can be fitted to the biexponential function with a rapid component
of ~70 fs and a slower component of 1 ps. The rapid component is attributed to internal conversion between Sn and S1,
whereas the 1 ps component represents vibrational cooling. In F8BT the T/T signal recovers only to about 80% of its
original value, indicating that about 20% of higher energy excitons have dissociated into charge pairs. In contrast, full
signal recovery is observed in the 9:1 statistical copolymer of F8 and BT indicating that charge separation is negligible.

Excitation to higher electronic states in conjugated polymers has been shown to give rise to photoconductivity1,2. Two
models have been proposed to account for this effect: increased charge transfer character of the higher energy electronic
states2 and a quick redistribution of the excess vibrational energy into the specific phonon modes, which drive charge
separation3,4. The role of these processes in charge carrier photogeneration is not fully understood to this day.
Conjugated copolymers with a pronounced charge transfer character of excited states are good model materials to study
the initial steps of charge photogeneration .

Abstract. Relaxation dynamics of higher excited states is studied in films of conjugated polymers using a femtosecond pump-pushprobe technique. We find that internal conversion to the lowest excited singlet state occurs within 100 fs and is followed by
vibrational cooling on a 1 ps time scale. The results indicate that exciton-charge branching is controlled by energy offset between
chromophores and the dissipation rate of the excess vibrational energy. Fast exciton relaxation to the lowest excited state provides
an alternative to third-order nonlinear optical materials for all-optical switching.

Arvydas Ruseckas, Dimali Amarasinghe and Ifor D.W. Samuel
Organic Semiconductor Centre, SUPA, School of Physics and Astronomy, University of St Andrews, St Andrews, UK

Relaxation of higher excited electronic states in conjugated
copolymers: a route to all-optical switching
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As the femtosecond laser pulse passes through the plasma it expels the electrons due to the ponderomotive force.
The expelled electrons then set up a plasma wave in the wake of the laser pulse. Once the amplitude of the plasma
wave becomes too large, the plasma wave steepens and breaks. The electrons that ‘break’ from the top of the plasma
wave accelerate down the potential to relativistic velocities. Due to the nature of the plasma wave, the electrons
produced are on a fs time scale. The relativistic electrons are then passed them through an undulator to creating
synchrotron radiation. The wavelength, λ, of the radiation emitted by the electrons propagating along an undulator is
found using λ = λu/2γ2(1 + θ2γ2 + k2/2).
The JETI laser in Jena has a 430 mJ on target energy with a pulse duration of 80 fs focused to a 95 μm2 (FWHM)
spot giving an intensity of 5x1018 W/cm2, above the required threshold for acceleration. The laser was focused into a
2mm diameter helium gas jet (gas density 2x1019 cm-3) where mono energetic electrons where accelerated to energies
ranging as high as 55 – 80 MeV. The electron energy was measured in an electron spectrometer, which uses strong
magnets to bend the electrons onto an imaging screen (the angle of deviation is a function of the electron energy).
The electrons where also successfully steered through an undulator and the radiation produced focused into a
spectrometer. Figure 1 shows the measured correlation between electron energy and undulator radiation wavelength.
The horizontal and vertical bars represent the spectral width of electron and photon signals, respectively. The peak
wavelengths correspond very well to the expected undulator wavelength (see the solid line) and residual scatter
arises from the shot-to-shot pointing variations which are of the order - 3 mrad. Electron bunches with energies
below 55MeV—corresponding to undulator radiation beyond the optical spectrometer’s range—produced no optical
signal, except for a few shots with high charge around 45MeV that showed a faint signal at wavelengths
corresponding to second-harmonic undulator radiation [1].
Due to the nature of the electron accelerating process, the electrons also have a transverse oscillating motion
when accelerated in the wake of the laser pulse. These oscillations act on the electrons in a similar way to the
oscillation due to the magnetic undulator, however with a much smaller, micron scale, oscillatory period. These
oscillations produce a strong source of betatron radiation on the same fs time scale as the accelerated electrons. The
3 J, 60fs Astra Gemini laser was focused into a 3.3cm long, 200μm diameter plasma wave guide capillary. 400-500
MeV electrons were accelerated from this capillary and used to produce 150 keV photons.

Abstract: This presentation outlines the first demonstration of a compact synchrotron radiation source driven by a laser-plasma
wakefield accelerator. Mono energetic electron bunches were produced and combined with an undulator to produce visible
synchrotron radiation. X-ray were produces from betatron radiation in the accelerating bubble in the wake of the laser pulse,
spectral peak measure at 150 MeV. Also included are the latest results from the Alpha-X project where the beam transport
system is now operational and the spectrum of the electron energy has been measured.
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Fig. 1. Three-pulse photon echo signal plotted against the delay time t12 and t23 which are defined by the time interval of the pulses
for the antisymmetric stretching mode of SCN- in 1-octanol (a), the echo signal of antisymmetric stretching mode of SCN- in primary
alcohols at t23=200 fs (b), first moment of the echo signal of SCN- in primary alcohols (c), pulse configuration and definition of two
delay time, t12 and t23, photon echo experiment (d). nC , k1, k2, k3, and ks denote the number of carbon atom of solvent molecule,
wave vector of excitation pulses and echo signal, respectively.
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In solution, the properties of a solute molecule are dynamically influenced by the surrounding solvent molecules.
Therefore, it is important to obtain the molecular description on relation between dynamics of solute molecule and
character of solute-solvent interaction or it and dynamics of solvent molecules to deepen our knowledge of solution and
liquid chemistry. Vibrational spectral diffusion is an excellent
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spectroscopic probe of the molecular motion in condensed
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phase because of its sensitivity to environment. Infrared three1500
pulse photon echo measurement is a useful technique to
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signal of SCN in 1-octanol, the slices at t23=200 fs of three-2
nC = 8
10
pulse photon echo signal of SCN in primary alcohols, and the
first moment of the echo signal of SCN in primary alcohols,
nC = 1
are shown in Fig. 1. (a), (b), and (c), respectively. Small
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recurrence of echo signals and the time constant of the decay of
Delay Time t12 / fs
the firstmoment of the echo signals regularly change along the
600
increasing number of carbon atom of the alcohol solvent, which
(c)
nC = 1
nC = 5
suggest that solvation and dephasing time scale become long.
500

Abstract.Third-order nonlinear IR experiments, integrated three-pulse photon echo and wavenumber-resolved pump-probe
measurements, has been used to study the solvent and the character of solute-solvent interaction dependency of rotational relaxation,
vibrational population relaxation, and vibrational dephasing dynamics of ionic and non-ionic solute in protic and aprotic solvents.
Vibrational spectral diffusion of solutes in those solvents are characterized by the biexponential frequency-frequency correlation
function, which represent the magnitudes and time scales of dynamical interactions between solute and solvent .

1

Infrared Three-Pulse Photon Echo Study of Ionic and
Electrically Neutral Solutes in Protic and Aprotic Solvents

P11

57

5

4

3

2

1

M Kasha, Discuss. Faraday Soc., 9, 14 (1950)
E-G Diau, S De Feyter, A Zewail, J. Chem. Phys., 110, 9785 (1999)
D R Demmer, J W Hager, G W Leach, S C Wallace, Chem. Phys. Lett., 136, 329 (1987)
O K Abou-Zied, D R M Demmer, S C Wallace, R P Steer, Chem. Phys. Lett., 266, 75 (1997)
V Blanchet, K Raffael, G Turri B Chatel, B Girard, I A Garcia, I Wilkinson and B J Whitaker, J. Chem. Phys., 128, 164318
(2008).

References

Fig. 1. Excitation scheme, velocity map photoelectron image from the ionisation of the S2 state of azulene and electron energy
distributions produced on ionisation at various pump excitation energies.5

The S2 state fluorescence decay occurs on a nanosecond timescale,3,4 the relaxation dynamics of this long-lived
excited state have been mapped using time-resolved pump-probe techniques at different levels in the S2 manifold to
determine a coupling strength for the internal conversion process of S2 to S0. Furthermore, time-resolved photoelectron
imaging studies reveal complex ionisation dynamics of vibrationally excited levels of the S2 state. The photoelectron
images are found to be invariant to pump-probe delay (apart from in intensity) and pump wavelength (between 400 and
265 nm). This reveals an ionisation process driven by an unstable (doubly excited) state below the ionisation potential.
The unstable state is postulated to decay via an Auger type process onto vibrationally excited Rydberg states. The
signature of these Rydberg states, after absorption of another probe photon, is evident in all of the photoelectron images,
irrespective of the pump wavelength. 5

The non-radiative decay dynamics of azulene have been extensively studied by experiment and theory and the
molecule has become central in our understanding of such phenomena. Azulene is a well known example of a large
organic molecule which displays anomalous fluorescence behaviour, being the textbook example of the violation of
Kasha’s rule. 1 The weak emission of the S1 state is rationalised by the existence of a conical intersection between the S1
and S0 surfaces. The sub picosecond decay of the S1 state2 and its ionisation dynamics are studied in the gas-phase by
time-resolved photoelectron and photoion imaging.

Abstract. Time-resolved photoelectron velocity map imaging was used to unravel the complex relaxation and ionisation dynamics of
the excited singlet states of azulene. The molecular dynamics of azulene have been probed on excitation to the first excited singlet
state between the two avoided crossings. At higher excitation energies, spanning the S2, S3 and S4 states, pump-probe imaging studies
were used to map the relaxation processes occurring from vibrationally excited levels of the S2 manifold (populated either directly or
via inter-conversion from higher energy singlet states). Complex ionisation dynamics of the vibrationally excited levels of the S2
manifold have also been identified.
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Since this spectral change in the steady state solution is associated with the weakening of hydrogen bond network, we
conclude that excess energy from the dissociation of nitrite is dissipated to the local hydrogen bonded water network in
less than 0.5 ps.

Fig. 1. a. Transient absorption of NO2-(aq). b. Transient absorption after 5 ps (full line) and change in absorption of aqueous nitrite
when increasing the temperature from 298-321 K (dashed line).
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The outcome of a photo-chemical reaction in solution often depends on solvent-solute interactions. Not only does the
solvent restrict the motion of the reactants and products, it also accepts the excess energy during the reaction thus
gradually closing the possible reaction channels. Still after the reaction is initiated, the solvent continues to absorb the
excess energy thereby cooling the reaction products by vibrational relaxation. The efficiency of the energy transfer
strongly depends on the match between the energy associated with the translational, rotational and vibrational motion of
the solute and inter- as well as intra-molecular movements of the solvent. Once excited, the acceptor molecule transfers
the energy to the surrounding solvent molecules until the entire solvent is in thermal equilibrium at a slightly elevated
temperature.
In the present work we use UV-VIS and IR transient absorption spectroscopy to investigate the transfer of energy
during the photo-dissociation of aqueous nitrite.1 Figure 1a shows the transient absorption from 1000 to 3000 cm-1
measured 0.5, 1, 2 and 5 ps after the excitation pulse. In addition to the (negative) absorption of ground state nitrite
molecules at 1275 cm-1, the spectrum shows the change in absorption of the energy accepting water modes induced by
the dissociation. The spectrum displays a strong change in absorption pertaining to the libration (centered at 675 cm-1),
the water bending vibration (1650 cm-1) and the stretch vibrations (3200-3700 cm-1) together with a smaller change in the
absorption of the combination band (2150 cm-1). Yet, there is no indication of excited water bending vibrations after 0.5
ps or stretching vibrations after 0.7 ps. Nor do we observe the bleaching of the fundamental vibration bands associated
with the promotion of population from ν=0 to ν=1. If therefore any of the three vibrational modes of water are excited
during the dissociation of nitrite, they all relax to the vibrational ground state within the first 0.5 ps. Alternatively no
solvent vibrations are excited during the dissociation and the dissipation of the excess energy only occurs through solvent
libration and vibration. Fig 1b shows a striking agreement between the transient infrared absorption after 5 ps and the
spectral change of aqueous nitrite in steady state when the nitrite solution is heated from 298 to 321 K. In fact, the
spectral shape of the transient absorption is attained in 0.5 ps, as seen in Fig. 1a.

Abstract. Ultraviolet-visible and infrared transient absorption spectroscopy are used to investigate the transfer of energy from nitrite
to water during the photo-dissociation of NO2-(aq). Measurements in H2O and D2O show no evidence of excited vibrations after 0.5
ps. Instead they reveal a sub-0.5 ps change in the infrared absorption similar to what is observed when the temperature of water is
increased. Since this spectral change is associated with the weakening of the hydrogen bond network, we infer that excess energy from
the dissociation of nitrite is dissipated to the local hydrogen bonded water network in less than 0.5 ps.
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Figure 1: Left: absorption spectra of CD3 OH/CD3 OD mixtures with increasing molar fractions xCD3 OH , scaled to the OHstretch overtone intensity. Right: simultaneous absorption band (shifted to the origin, solid red curve) and fundamental absorption band (dashed blue curve). The two thin dotted curves are the simultaneous absorption bands expected if the two
neighboring OH-oscillators are completely uncorrelated (r = 0), and completely correlated (r = 1), respectively. The experimental simultaneous absorption band is between the r = 0 and r = 1 curves, indicating that the OH-frequencies are partially
correlated.

Absorbance α (scaled)

We have investigated the simultaneous absorption by neighboring CD3 OH molecules in liquid CD3 OH/CD3 OD
mixtures. By measuring on isotopically diluted solutions of CD3 OH in CD3 OD, the concentration of OH· · · OH
pairs can be varied continuously without changing the structure of the liquid [1]. In the near-infrared absorption
spectrum of these mixtures we ﬁnd in addition to the OH-stretch overtone a second absorption band at approximately twice the OH-stretching frequency, that grows quadratically with the CD3 OH concentration (left graph).
By subtracting the absorption spectrum at low CD3 OH concentration (where the simultaneous absorption is relatively smaller) from the spectra at higher xCD3 OH , the simultaneous absorption peak can be observed separately
from the more intense overtone band (right graph).
Simultaneous absorption by two OH-stretching modes is found to occur at an energy higher than the sum
of the two absorbing modes. This frequency shift arises from interaction between the modes, and its value can
be used to determine the average coupling between neighboring methanol molecules [2]. But perhaps the most
important aspect of simultaneous vibrational absorption is that it can be used to study correlation among hydrogen
bonds. The extent to which the hydrogen-bond strengths of neighboring molecules are correlated can be derived by
comparing the line shape of the absorption band caused by simultaneous absorption with that of the fundamental
transition [2], see the right graph. Surprisingly, neighboring hydrogen bonds in methanol are found to be strongly
correlated, and from the data we obtain a hydrogen-bond correlation coefﬁcient of 0.69 ± 0.12. To our knowledge,
this constitutes the ﬁrst experimental determination of the correlation coefﬁcient between neighboring hydrogen
bonds in a liquid, a fundamental parameter that characterizes hydrogen-bond cooperativity in a quantitative way.
As yet, no theoretical prediction is available for this number in methanol, but it may be pointed out that recent
theoretical work [3] has predicted a correlation coefﬁcient of 0.67 for neighboring hydrogen bonds in liquid Nmethylacetamide.

Abstract When two molecules are in close proximity, there is a ﬁnite probability for them to simultaneously absorb
a single photon and ‘share’ its energy. For vibrational transitions, this is a process in which one near-infrared
photon is absorbed, and two molecules become vibrationally excited, giving rise to an absorption band at the sum
frequency of the two vibrational modes. It is obvious that simultaneous photon absorption can occur only if the
two molecules involved ‘sense’ each other’s presence, that is, if they interact. Here, we show that simultaneous
vibrational absorption in fact provides a unique probe of intermolecular interactions in liquids.
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