Extended version of the Press release

The Royd Swedish Academy of Sciences has awarded the 1999 Nobel Prizein
Chemigtry to

Professor Ahmed H. Zewail, CdiforniaInstitute of Technology, Pasadena,
USA.

The Academy’s mativation: “... for his sudies of trangtion states of chemical
reactions by femtosecond spectroscopy “.

Abstract:

Thisyear’s Nobel Laureate, Professor Ahmed Zewail, is rewarded for his pioneering
investigations of chemical reactions on the time-scale they really occur. Thisisthe sametime-
scale on which the atoms in the mol ecules vibrate, namely femtoseconds (1 fs = 10 seconds).
Only recently have developmentsin laser technology enabled usto study such rapid

processes, using ultra-short laser flashes. Professor Zewail’ s contributions have brought about
arevolution in chemistry, with consequences for many other fields of science, since thistype of
investigation allows us to understand and predict important processes.

Development of “ Femtochemistry” rewarded

When molecules undergo chemicd reactions, their atoms move so fast that we
cannot see it. But imagine that we could film the process with a high-speed camera
and play it back in “dow motion”. Chemidts' curiosity has prompted increasingly
advanced methods for studying even the smallest details of chemica reactions. The
work rewarded with thisyear’ s Nobel Prize in Chemistry has demongtrated how it is
possible to follow atoms and moleculesin “dow mation” during a chemica reaction
in which chemica bonds are broken and new ones created.

Professor Zewall is using atechnique that may be described as the world' s fastest
camera. This uses laser flashes of such short duration that we are down to the time
scae on which the reactions actually happen — femtoseconds. One femtosecond (fs)
is 10" seconds, that is, 0,000000000000001seconds, which isto asecond as a
second isto 32 million yearsl Thisareaof physical chemistry has been named
femtochemistry.

Femtochemistry has enabled us to understand the underlying mechanisms why some
chemical reactions occur but not others, and why reaction rates and yields are
dependent on temperature. Inspired by Zewail’ s pioneering experiments some 10
years ago, scientists the world over are studying processes with femtosecond
Spectroscopy in gases, fluids and solids, on surfaces, in polymers and in biological
systems. Applications range from how catalysts function and how molecular-
electronic devices should be desgned, to the most delicate mechanisms of life
processes and how the medicines of the future should be designed and produced.



How fast are chemical reactions?

Chemica reactions can, aswe dl know, proceed with very varying velocities -
compare arusting nail or aburning candle to exploding dynamite. However, common
to mogt reactions is that their velocity increases as temperature rises, i.e. when
molecular motion becomes more violent.

For this reason researchers dready long ago assumed that a molecule first needs to
be “activated”, kicked over abarrier so to speak, if it isto react. Expressed
differently, when two molecules collide nothing normally happens, they just bounce
gpat. But if the temperature is high enough the collison may be so violent thet they
react with each other and new molecules form. Once a molecule has been given a
aufficiently strong ‘temperature kick’ it reacts incredibly rapidly, whereupon chemica
bonds break and new ones form.

The barrier is determined by the forces that hold the atoms together in the molecule
(the chemica bonds), roughly like the gravitationa barrier that a moon rocket from
Earth must surmount before it is captured by the Moon' s force-field. But until very
recently little was known about the molecul€ s path up over the barrier and what the
molecule redly looks like when it is a the top, its ‘transition state’. The scientists
understood this could be key information to understand alot, from how life has arisen
and evolved to how new drugs should be designed or how industrial processes
should be made harmless to the environment.

Hundred years of research

Swedish physicd chemist Svante Arrhenius (Nobel laureate in Chemistry 1903),
inspired by Jacobus van't Hoff (the first Nobel Chemistry laureste, 1901), presented
in 1889 thefirgt clear description of how the rates of chemica reactionsvary as
function of temperature. His well known formulafor the rate constant’ s temperature
dependence:

k=Ag Ea/kT

has been applied for more than a century by chemists and physcigts. In this equation
k in the exponent is Boltzmann's congtant, T the temperature (in Kelvin) and E, the
so-called *activation energy’, i.e. the height of the barrier up to ahypotheticd sate
as Arrhenius caled it, the' activated complex’. Obvioudy theratio between E, and
KT in the exponent is crucid (KT isameasure of the energy of temperature motions
according to Boltzmann, the founder of statistical mechanics) and we see how a high
temperature could compensate a high barrier.

The formulawas given a more sophigticated interpretation in the 1930-ies when
Henry Eyring and Michael Polanyi independently formulated * transition-state
theory’ based on dynamicsin microscopic systems (Sngle molecules) and presented
an explicit expression for Arrhenius  pre-exponentia factor A. One assumption made
by the theory was that the trangtion Sate is passed extremely rapidly, on thetime
scale of molecular vibrations. That it would ever be possible to perform experiments
in such short times was something no one dreamt of .



But this was exactly what Ahmed Zewail set out to do. He had redlised, from an
experiment in the 1970-ies on anthracene molecules at low temperature, that
molecules could be brought to vibrate in pace. ‘ Coherent preparation’ of asample
sysem isthusakey point in dl his experiments. We shdl return to this concept.

A new research fied isborn

At the end of the 1980s Zewail performed a series of experiments that were to lead
to the birth of a new research field called femtochemistry. This could be described as
using a high-speed camera (the world' s fastest!) to image molecules during the actua
course of chemica reactions and trying to capture sngp-shots of them just in the
trangtion Sate. The camerawas based on new laser technology, with light flashes of
some tens of femtoseconds.

Thetime it takes for the aomsin amolecule to perform one vibration istypicaly 10-
100 fs. That chemicd reactions should take place on the same time scale as when the
atoms oscillate may be compared to two trapeze artists “reacting” with each other on
the same time scale as that on which their trapezes swing back and forth.

Inspired by Zewail’ s experiments and exploiting his principles, scientists the world
over study femtosecond-resolved processes in gases, liquids, solid materids, on
surfaces, in polymers and in biological systems. The gpplications range from studies
of ementary reactions, i.e. the smalest sepsin achain of reactions, to molecular
dynamics (how the molecules and atoms in them move). We can now address
problems such as the mechanisms for bresking and forming chemica bonds, and the
transferring of protons, eectrons and energy within or between molecules.
Femtosecond Spectroscopy has created a revolution because it makesit possible,
for thefirg time, to “seg’ inred time, and thus to understand and predict, what is
redlly hgppening in chemicd reactions. That includesin principle dmost anything:
from the processes in the candle flame and the exploding dynamite to the most
delicate details of the life processes.

Towardsincreasingly shorter times

What would a TV broadcaste of a soccer game be without dow-motion
photography that afterwards shows the fastest and smalest movements of the
players legs and arms and the bal when agod is scored? Smilarly, the chemists
curiosity on what redlly happens during achemica reaction has, over the years, led to
increasingly more sophigticated methods to improve time resolution.

Light was early used to detect chemica processes: different substances have different
colours and using an ingrument called a spectrophotometer and a watch one could
follow the transformetion (kinetics) of different substances into each other. A mgjor
advance was achieved in 1923 by two Englishmen, Hartridge and Roughton, who let
two solutions arriving through separate tubes meet and be mixed, then letting the
mixture flow swiftly through an outlet tube of glass. By looking into this tube a
different distances from the point of mixing, they could follow the reaction down to
times as short as thousands of a second. Today abillion (10') times better time
resolution can be achieved by ingtead |etting molecules of molecular beams in vacuum



collide and use ultrashort laser flashes to look at the emerging beam of product
molecules,

But fird, let us stop at another milestone. It was another two Englishmen, Rondd
Norrish and George Porter, Nobel Laureatesin Chemistry 1967, who improved time
resolution by using aflash lamp so they could study molecules with millisecond to
microsecond lifetimes. They shared the prize with a German scientist, Manfred Eigen,
who reached asimilar time resolution by exposing his chemical solution to a pressure
or eectrica shock or a heat shock. Further some million times better resolution was
later achieved in studies of collisons between molecules in vacuum, work for which
the Americans Dudley Herschbach, Y uan Lee and John Polanyi were awarded the
Nobe Prizein Chemistry in 1986.

What did the chemigts see as time resolution was successively improved? The first
success was the discovery of substances formed dong the way from the origina
reactant substances to the fina products, substances termed intermediates. In the
beginning these intermediates were generdly gill comparatively stable. Each
improvement of the time resolution led to new links in areaction chain in terms of
increasingly more ungable, i.e. short-lived, intermediates, being fitted into the puzzle
of understanding how the reaction mechanism worked.

The contribution for which Ahmed Zewall isto receive the Nobd Prize means thet
we have reached the end of the road: the times of the smallest reaction seps—no
chemica reactions occur faster than this. We then no longer spesk about reaction
kinetics but of reaction dynamics. With femtosecond spectroscopy we can, for the
first time, observein ‘dow motion’ what really happens as the reaction barrier is
crossed and hence dso understand the mechanistic background to Arrhenius
formulafor temperature dependence and to the formulae for which van't Hoff was
awarded his Nobd Prize.

Femtochemistry in practice

To achieve a“molecular movie’ of achemica reaction, Zewail mixes the reectantsin
the form of molecular beams in a vacuum chamber. In asmple case, a so-called
unimolecular reaction step, it suffices with amolecular beam of one kind of
substance. He then causes an ultrafast laser, which produces pulses lagting afew tens
fseach, to inject two pulses onto the molecules: first a powerful pump pulse which
excites the molecule to a higher energy state and in this way darts the reaction. The
pump pulse isfollowed by a second (weaker) pulse, the probe pulse at awaveength
chosen to detect, e.g., the origina molecule or an atered form of it. Thispulseis
timed to arrive at precise intervas after the reaction has been arted, to revea how
long it takes for various molecular species to appear or vanish. The new shapesthe
molecule may take when it has been excited — perhaps going through one or more
trangtion states — have spectra that may serve asfingerprints. The time interva
between pulses can be varied smply by delaying the probe pulse by letting it travel a
detour via some mirrors. Not along detour since light travels fast: the distance 0.03
mmin 100 fd



To better understand what happens, the fingerprints and the time elgpsing are then
compared with theoretical smulations based on quantum chemica caculaions
(Nobd Prize in Chemistry 1998) for spectra and energies of the moleculesin their
various states.

Thefirst experiments

In hisfirg series of experiments Zewall sudied the unimolecular disntegration of
iodine cyanide into iodine atom and cyano radica: ICN ® | + CN. In 1987 his
research team, in an aticle in the Journd of Chemica physics with the somewhat
sensationd title “ Redl-time femtosecond probing of “trangtion states’ in chemicdl
reactions’, reported that they have managed to observe atransition state
corresponding to the I-C bond on its way to breaking — the whole reaction being
over in 200 fs.

In another important experiment (published in 1988) Zewail and his group studied the
dissociation of sodium iodide (Nal): Na | ® Na+l.The pump pulse excites the
ion pair Na'I” which hasan equilibrium distance of 2.8 A between the nudei (Fig.
1a) to an excited form [Na-1]* which at this short bond distance assumes a covalent
bonding character. However, its properties change when the molecule vibrates. when
the Naand | atoms are at their outer turning points, 10-15 A apart the dectron, ie
gructureisionic, [Na+. .. | "]*, as one éectron has moved from Nato I. When the

atoms move back together the bonding becomes covalent again: [Na-1]*, and so
forth.

A ritical point during the vibration is when the distance is 6.9 A. As seenin Figure
1a, thisis where the excited state (upper curve) and ground Stete (lower curve) are
very closeto each other. At this point there isa great probability that the excited
[Nal]* will ether fal back toitsinitid state [Narl] or decay into sodium and iodine
atoms.
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Fig. 1a) Potential energy curves showing the energies of ground state (bottom
curve with deep minimum) and excited state (top curve) for Nal as function of
the distance between the nuclel.
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Fig. 1b) Experimental observations of coherent vibrations (so-called wave-
packet motion) in femtosecond-excited Nal, on one hand manifested in terms of
amount of activated complex [Na-1]* at covalent (short) distance, on the other



as bursts of free Na atoms. At the experimental conditions the reaction
probability is about 0.1, i.e. about one tenth of the vibrations lead to reactants.

What Zewail and his coworkers found was that they could follow the activated
complex as it moved back and forth between covalent and ionic structures (Figure
1b) and, moreover, that burdts of free sodium atoms were produced in pace with
these ostillations. The explanation was that the pump pulse had created a sample of
excited molecules dl starting at the point 2.8 A and thereafter vibrating in synchrony.
Then they will al pass the magic point 6.9 A a the same time, explaining why they
reacted dmogt at the same time and thus the oscillatory production of sodium atoms
in the experiment.

Thisisthe crucid point of Zewall’s femtochemistry: to use afemtosecond pulseto, so
to say, blow the whistle to start dl the molecules at the same time and at the same
point of thelr vibration cycles. A consequence of the synchronisation of the molecules
(“coherent preparation” of the system), isthat athough the measurement by the later
probe pulse will incdlude a huge number of molecules, typicaly millions, their
behaviour will not have blurred out but, thanks to the coherence, be like that of a
classicd vibrator, like a vibrating spring. In turn this enables observation of the
movements of the nucle during the vibration and thus a characterisation of the
transition state with high spatial resolution (about 0.1 A in Nal).

Zewall dso studied bimolecular reactions, such as the reaction between hydrogen
atoms and carbon dioxide: H + CO, ® CO + OH which occurs in the atmosphere
and during combustion, and which he showed proceeding viaalong-lived (1000 fs)
intermediate molecule HOCO.

A gquestion that has occupied many chemigtsis why certain chemica bonds are more
reective than others and what happens if there are two equivaent bondsin a
molecule: will they break smultaneoudy or one a atime? In other wordsisit a one-
step or atwo-step process? To answer such questions, Zewail and coworkers
studied the dissociation of tetrafluorodiiodoethane (Cl,F,) into tetrafluoroethylene
(CoFy) and iodine atoms (1).
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They discovered that the two C-I bonds, which gppear equivaent in the origina
molecule, break consecutively (the first bond cleavage takes 200 fs and the second
one takes 100 times as long).

Never is research so important as when the results are unexpected. Zewail studied a
seemingly smple reaction between benzene (aring of sx carbon atoms, CsHg) and
iodine (1), amolecule congsting of two iodine atoms. When the two molecules come
close together they form a complex. The laser flash makes an eectron from benzene
jump over to the iodine molecule, which then becomes negatively charged while
benzene becomes positively charged. The negative and positive charges attract each



other. The bond between the two iodine atoms is stretched as the one closest to
benzeneis attracted toward benzene, the other then goes off and flies away. All
happens within 750 fs. Zewail found however that thisis not the only way in which
iodine atoms can be produced. Sometimes the eectron fails and falls back onto
benzene. But thisis beyond the point of no return asfar asthe iodine is concerned:
like arubber band stretched to its limit and then breaks, the bond between them
sngps and the two iodine atoms are both flying off.

Correspondingly, in arecent sudy of the complex between diethyl sulphide and
iodine, Zewail showsthat after charge separation induced by afs puls, aback
electron transfer occurs in less than 150 fs, followed by the rupture of the I-I-bond
with the release of thefirgt I-atom in 510 fs. The second I-atom is trapped for 800 fs
and then departs. From the observed times, the angular distributions and the speeds
of the emitted I-atoms, the detailed reaction pathway and the structures of the
complexes may be deduced.

These experiments illustrate important aspects of eectron transfer and both reved
more complex reaction mechanisms than earlier anticipated.

Explosion of research

A much studied model reaction in organic chemigtry is ring opening of cyclobutane to
yield two ethylene molecules or the reverse, addition of two ethylenesto form
cyclobutane. This reaction has been dedlt with theoreticaly by two previous Nobel
Laureatesin chemistry, Woodward (Prize 1965) and Hoffmann (Prize 1981) and is
considered a classic case of so-caled concerted reactions. The reaction should thus
proceed through one trangition state as shown in Figure 2 to the | eft.

However, dternatively it might proceed viathe breaking of just one C-C bond and
the formation of an intermediate, tetramethylene (a so-caled diradical having two
free unpaired eectrons), which in turn has to pass a second transition state before
yielding the find products (Figure 2, right hand sde). Again we have the question: a
(concerted) one-step mechanism or atwo-step mechanism? And again the
experimental answer is not that of the smplest modd: Zewail and coworkers
discover that tetramethylene isindeed a possible intermediate, with alifetime of 700
fs
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Figure 2.

How does cyclobutane dissociate into ethylene (or the reverse, how can
cyclobutane form from two ethylene molecules) if thermally activated? The

left-hand figure shows how the energy of cyclobutane varies if the two bonds



are stretched and break simultaneously. The right-hand figure shows the case
where one bond at a time breaks, so that the reaction goes via an intermediate
(tetramethylene diradical).

Another type of reaction studied with femtosecond spectroscopy is the light-induced
converson of a molecule from one structure to another, photoisomerisation. The
converson of the stilbene molecule, which includes two benzene rings, between the
cis and trans forms was observed by Zewail and his coworkers.
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They demondtrated that upon exciting the cis form (left) with afemtosecond pulse,
the centra double bond of this ethylene-like molecule is weakened, dlowing a
rotation of both benzene rings (Bz) through 90° into atwisted intermediate form in
about 300 femtoseconds, to findly yield the 180° trans form (right). Such a coherent
twisting motion upon photo-excitation has also been observed by other researchers
for retinal, which is part of the pigment rhodopsin responsible for light detection in
our eyes. The high rate of the reaction (200 fs), and the observation of a coherent
vibration that continues to oscillate in the reaction product, could explain the high
efficiency (70 %) of the reaction, a prerequisite for light-sengtive vison.

Another biologicaly important example where femtochemisiry has explained efficient
energy converson isin chlorophyll molecules, which capture light in photosynthesis.

In the mentioned examples energy economy isacrucid point, more specificaly how
the energy is redistributed in an excited molecule. In abig molecule the energy can
generdly “lesk out” through many vibrationd channels. The indicated examples of
high efficiency of photoisomerisation indicate that there is a mechanism to quickly
locdlise the energy to some part in the molecule (to one specific double bond in
dtilbene and retind).

Another interesting aspect of femtosecond studies is recently emerging experimental
evidence for cases when an assumption behind earlier reaction theories, namely that
the energy added to amolecule will redigtribute itsdf to equilibrium before anything
else happens, is not judtified for short times. The energy-equilibrium assumption lies
behind the factor €T in Arrhenius formula. Under such circumstances,
temperature is not defined and a theory that consders the explicit energy distribution
in the molecule must instead be used.

Femtosecond studies according to Zewail’ s concept are being performed intensely
the world over, using not only molecular beams but studying aso processes on
surfaces and on clugters, e.g. to understand and improve catdysts, in liquids and
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solvents (to understand mechanisms of the dissolving of, and reactions between,
chemical substancesin solution) and in polymers (e.g. to develop new materia for
use in dectronics). In addition, femtochemistry has been applied to the study of many
important biologicd sysems.

Knowledge of mechanisms of chemica reactions is so important for our ability to
control the reactions. A desired chemical reaction is often accompanied by a series
of unwanted, competing reactions that lead to a mixture of products and hence the
need for separation and cleansing. If the reaction can be controlled by initiating
reectivity in selected bonds, this could be avoided.

Femtochemistry has fundamentally changed our view of chemica reactions. From a
phenomenon described in terms of rather vague metaphors such as *activation’ and
‘trangtion Stat€’ we can now see the actua movements of individua atoms: we can
Spesk of their motionsin time just as we imagine them: they are no longer invisble.
The explosive development of femtochemistry research, which this year’s Nobd
Laureste initiated, is therefore not surprising. With the world' s fastest camera
available, only the imagination sets bounds for new problemsto tackle.

By Professor Bengt Nordén
Member of the Nobel Committee
for Chemistry
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Ahmed H. Zewail was bornin 1946 in Egypt where he grew up and studied at the University of Alexandria.
After continued studiesin the U.S.A. he graduated with aPhD in 1974 at the University of Pennsylvania.
After two years at the University of Californiaat Berkeley he was employed at Caltech where he has the
Linus Pauling Chair of Chemical Physics. Zewail is Egyptian and American citizen.

The amount of the Nobe Prize Award is SEK 7, 900, 000.



