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NUCLEAR FUSION DRIVEN
BY COULOMB EXPLOSION
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EXPLODING CLUSTERS
IN CLUSTER BEAM

dd nuclear fusion driven by Coulomb explosion of deuterium clusters
(See article by Jortner and Last)
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EXCURSIONS IN CLUSTER SCIENCE; FROM DYNAMICS

OF LARGE FINITE SYSTEMS TO ULTRACOLD CLOUDS

Joshua Jortner and Isidore Last, School of Chemistry, Tel-Aviv University, Tel-Aviv, Israel.

|. PROLOGUE

During the last two decades, the chemical physics group of Tel-Aviv University explored the structure,
energetics, spectroscopy and dynamics of clusters, focusing on the energy landscapes, spatial structures and
shapes, phase changes, superfluidity, energetics, level structure, ¢lectronic-vibrational spectroscopy, size
effects, response and nuclear-electronic dynamics of large finite systems [1-22]. Recently, our dynamic
studies were extended for the adiabatic nuclear dynamics of multicharged atomic and molecular clusters,
which manifest unique fragmentation patierns, such as cluster fission and Coulomb explosion j23-34].
Concurrently, a fascinating analogy was established between Coulomb explosion of multicharged clusters
and nuclear dynamics of finite, ultracold gases, i.e., optical molasses, in the temperature domain of
T=10pK-100pK [35, 36]. Cluster science constitutes the art of building bridges, i.¢., bridging between
the structure, energetics, thermodynamics, response and dynamics of molecular and condensed phase
systems in terms of size scaling laws [11-14], bridging between the electron-nuclear dynamics and
response of clusters and of nanostructures [37)], and bridging between nuclear dynamics of clusters and of
ultracold, large, finite, quantum systems [35,36].

Il. FROM FISSION TO COULOMB EXPLOSION

The fragmentation of multiply charged finite systems driven by long-range Coulomb (or pseudo-Coulomb
[35,36]) forces, i.e., nuclei [38], clusters [23-34,39-42], droplets [43,44], and optical molasses [35,36],
raises the following interesting questions regarding the energetics and dynamics of dissociation:

(1) How does a finite system respond to a large excess charge or to an effective charge?

(2) What are the topography and topology of the multidimensional energy landscape that guide the
system’s shape evolution and fragmentation?

(3) What are the fragmentation channels and under what conditions are they realized?

(4) What is the interplay between fission, i.e., instability towards dissociation of the finite system into
two (or a small number of) fragments and Coulomb explosion into a large number (~n, where n is the
number of constituents) of ionic species?

The ubiquity of fission phenomena of droplets, nuclei, and clusters was traditiopally described by the

classically liquid drop model (LDM) [38, 44], where a classically charged drop deforms through elongated

shapes to form separate droplets. The fissibility parameter X = E(Coulomb)/2E(surface) characterizes
the relative contribution of repulsive (Coulomb) and cohesive (surface) energies to the fission barrier,
separating between the bound initial states and the fission products. For X < 1, thermally activated

fission over the bamier prevails. At the Rayleigh instability limit of X =1 the barxier height is zero [38,

44]. Many features of nuclear and metal cluster fission require to account for quantum shell effects.

Nevertheless, the simple LDM expression X=Z%*/16aR3=(Z*/n) / (Z*/n),,, with the proportionality factor

(Zm), =16nR3/e* (where y is the surface tension, Z the total charge, R, the system’s radius and r, the

constituent radius), provided the conceptual framework for the fission of charged finite systems. All the

diverse phenomena of fission were realized for fissibility parameters below the Rayleigh instability limit
of X = 1, i.e.,, nuclear fission [45], the fission of metal clusters [42], and of hydrogen-bonded clusters

[43]. Beyond the fissibility limit (X > 1) barrierless fission and other dissociative channels open up. We

have transcended the Rayleigh mstability limit (X = 1) for Coulomb instability of large finite systems,

demonstrating the prevalence of a qualitatively different fragmentation pattern of Coulomb explosion
beyond the Rayleigh instability limit [28]. We studied the fragmentation patterns and dynamics of highly
charged Morse clusters by varying the range of the pair potential and of the fissibility parameters. The
instability of multicharged Morse clusters directly reflects on covalently or dispersion-bound chemical




and biophysical finite systems. The Rayleigh instability limit separates between nearly binary or tertiary
spatially unisotropic fission for X<1 and spatially isotropic Coulomb explosion into a large number of
ionic fragments for X>1 (Fig. 1).

Figure 1. Time resolved nuclear-dynamics of the
fragmentation of highly charged (A¥)., Morse
clusters (mass of A is 100 amu). The two panels show
superimposed temporal patterns of the fragmentation,
where each color corresponds to a different time for
a one-color snapshot, as marked on the two panels.
The Morse potential parameters and the fissibility
parameter X are marked on the panels. The time
t=0 corresponds to the T jump to the final temperature
(see text), Note the dramatic difference between the
spatially isotropic Coulomb explosion (for X=4.) on
the upper panel, and cluster fusion (for X = 0.24) on
the lower panel. (See colored figure on back cover).

We explored the Coulomb instability of multicharged [23-34,39-44], or effectively charged
[35,36], finite systems (Fig. 2). The majority of the currently available experimental information
on the Coulomb instability of nuclei (i.e., X = 0.7 for U and X = 0.9 for the recently discovered
Z =114 element [45]), of charged droplets (i.e., X = 0.7 — 1.0 for hydrogen bonded systems [43]), and of
multiply charged metal clusters (X = 0.85 + 0.07 for Na ' clusters [42]) pertains to the fission limit, i.e.,
X <1 (Fig. 2). How can the Rayleigh limit for the Coulomb instability of a finite system be overcome?
The X >> 1 domain can be accomplished either by a marked enhancement of the repulsive Coulomb
energy, or by a dramatic reduction of the X=Eouroms / 2osumrace

cohesive surface energy (Fig. 2). The increase 6.1 1.0 10 100

of E(Coulomb) can be attained by cluster '

multielectron ionization in ultraintense (peak FISSION COULOMB-EXPLOSION

intensity I=10'% — 102 Wem?) laser fields (section ' F 2,

M), while the dramatic decrease of E(surface) W o4 & . a -

can be accomplished in three-dimensional, -

ultracold optical molasses (section V), where The Rayleigh .’ A

pseudo-Conlomb forces result in isotropic cloud Limit

expansion, in analogy with Coulomb explosion Highly

[35,361. Multicharged Expanding
.. Clusters Optical

The traditional view of Coulomb explosion Metal Clusters, - Molasses __

involves uniform ion expansion. Such is the case ;

for the explosion of multicharged homonuclear ,,mptm'é

clusters (¢.g., (D,),, or (Xe),) with the expansion Nuelet !

of (e.g., D* or Xe™) jons retaining a uniform ; _

spatial distribution (as is the case for X > 1in ] i T ER—T

Fig. 1), with an energy distribution being X

proportional to the square root of the energy, up to  Figure 2. A classification of fragmentation patterns
a high-energy cut-off. The situation is drastically ©f multicharged and effectively charged large, finite
different for Conlomb explosion of multicharged ~SYStems:
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light-heavy heteroclusters consisting of light and heavy ions, e.g., vertically ionized heteroclusters of
hydrogen iodide, (H'I%*), or (D*19*) (q="7-35) [34]. In this case, kinematic overrun effects of the light
ions (e.g., H' or D*) will result in thin, two-dimensional shells of these light ions, with the monolayer
expansion occurring on the femtosecond time scale (Fig. 3). Such an expanding nanoshell of light ions,
corresponding to transient soft matter, is analogous to a ‘soap bubble’ characterized by negative surface
tension and is being driven by Coulomb pressure. This transient halo of an expanding, regular monoionic
spherical nanointerface manifests transient self-organization on the molecular level in complex systems
[34]. Future experimental interrogations of these novel phenomena will emerge from the exploration
of the energetics of the light ions in the Coulomb explosion of multicharged light-heavy heteroclusters,
involving a narrow energy distribution with a low-energy cut-off [34]. An exciting experimental approach
pertains to the application of ultrafast electron diffraction methods [46] for the exploration of the transient
structure of the exploding clusters [34].

@ )pn

t=7.4fs
120

2o ¢ cﬂ%
g

0 300 -300 0 300
@A) A)
Figure 3. A 2-dimensionat pictwe of the spatial structure of Coulomb expanding
(H'T%*),,, light-heavy heteroclusters at t = 0, 7.4 fs and 14 f&, obfained from molecular
dynamics simulations. Black squares (J) represent I>* ions, while circles (O) represent
H* ions. This pictorial representation reveals the formation of narrow expanding shells of
the light ions.
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lIl. ULTRAINTENSE LASER - CLUSTER INTERACTIONS

Table top lasers delivering an energy of 1 Joule per pulse on the time scale of ~ 100 fs, can deliver a power
of ~ 10® Wem?, constituting the highest light intensity on earth. Highly charged molecular clusters
can be prepared by the irradiation of a cluster beam by ultrashort (tens of fs) and nltraintense (intensity
I = 10%5-10% Wem?) laser pulses (Fig. 4).




ARTIST’S VIEW OF
ELECTRON AND ION
DYNAMICS
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The extreme cluster multielectron
ionization process involves the
removal of valence electrons or
complete stripping of all the electrons
in light first-row atoms or molecules
[25-2729]), or the formation of
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EXPLOSION  Figure 4. A schematic description of
@ %o g ultrafast electron and ion dynamics
2%a @ for molecular clusters in ultraintense
@ o @ laser pulses.

highly charged ions, e.g., up to Xe**,
from heavy atoms [29-3141). The
compound mulfielectron ionization
mechanism of clusters is distinct
from that of a single constituent. It
involves three sequential processes
of inmer ionization (due to fhe
semiclagsical  barrier  suppression
mechanism for each constituent with
a contribution of impact ionization),
the formation and response of a
nonequilibrium, high energy (100eV-
3keV) nanoplasma within the cluster,
and outer ionization (induced by
barrier suppression for the entire

cluster and by quasiresonance effecis) [24,30,31]. Femiosecond [24,30,31] electron dynamics of inner
ionization on the time scale of ~ 1-5 fs and of outer ionization on the time scale of ~ 5-20 fs results in
multielectron ionization. For the intensity domain of 1= 101%-10'7 Wem? the cluster molecules loose
all their valence electrons, with the nanoplasma being persistent, while for the highest intensity range of
1013-10' Wem both valence and inner sheli electrons can be stripped off, with the nanoplasma being
completely depleted [31]. The Coulomb instability of a highly charged finite cluster triggers simultaneous
and concurrent ultrafast Coulomb explosion [24-29,32,33,41] on the time scales of 10-200 fs (Fig. 4).
Analytical expressions for the fs time scales of Coulomb explosion and of (divergent) scaling laws for

the energetics of the highly
charged ions were derived
[25-27,32,33] and were
confimed by molecular
dynamics simulations
with attosecond time steps
describing fs  dynamics.
Ultrahigh ion energies in the
range of lkeV-1MeV are
released by cluster Coulomb
explosion, as portrayed
in Fig. 5 for deuterium
containing homonuclear and
heteronuclear clusters, where
deuteron energies in the range
of 1-100keV can be obtained.
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Figure 5. Energy distributions of D* ions from Coulomb explosion of (D),

homonuclear clusters (n = 2.44-1

0%) and deuterium containing heteronuclear

clusters (C4+D}), (n=2171) and (C*+H:1%)_ (n=2171,q=25at1= 101
Wem?, and g =35 at1=10% Wem2), -




A significant implication of these high ion energies pertains to nuclear fusion reactions of highly energetic
D* (as well as T* or H*) ions produced by Coulomb explosion of multicharged clusters in extreme
multielectron ionization in ultraintense laser fields, which will be addressed in section IV. Cluster
dynamics is moving from ultrafast femtosecond to picosecond nuclear dynamics, towards ultrafast
attosecond to femtosecond electron dynamics, and towards electron-nuclear dypamics in ultraintense
laser fields. ‘Pure’ electron dynamics constitutes new dynamic processes in chemistry and physics.
Ultrafast cluster dynamics is not limited to the dynamics of ions on the time scale of nuclear motion, but
is extended to the realm of electron dynamics, which bypasses the constraints imposed by the Franck-
Condon principle [47].

IV. NUCLEAR FUSION DRIVEN BY CLUSTER COULOMB EXPLOSION

Eighty years of search for table-top nuclear fusion, driven by bulk or surface chemical reactions, which
involved catalytic dissociation or electrochemical productions of deuterium, reflects on a multitude of
experimental and conceptual failures [29]. In 1926 the German physicist Fritz Paneth reported on the
apparent observation of helium from hydrogen absorbed on powdered palladium, which might have
originated from nuclear fusion. A year later this claim was retracted. In 1935 Adalbert Farkas and Ladislaus
Farkas, the founders of physical chemistry in Isracl, worked on ortho- and parahydrogen and on deuterium
chemistry in the Department
of Colloid Science at
Cambridge University,
0,),, S1 1O W e’ e 5 iogee o
27072 T3 COULOMB g _
EXPLOSION Germany. When passing

NUCLEAR FUSION DRIVEN
BY COULOMB EXPLOSION

1=500-4-10¢ D*tE_ _1?;35"’1&; v deuterium  gas  through
nD"(E,=9.5-10keV) a palladium tube, they
_ ‘ & ‘ o seemed to observe traces of
\..o ® » e helium, which might have
-® .0 -& .0 P originated from dd (D*+D")
. . nuclear fusion. However, a

‘\ o ver
? ® 4 Q 102 search for neutron emission
EXPLODING CLUSTERS T oo in this system, conducted
IN CLUSTER BEAM EW by Lord Rutherford at
%10_33 the request of the Farkas
drd -2 (E) *He+n(2.45MeV) brothers, was negative and

1015515 30100 climinated any possibility
EkeV) of nuclear fusion. In this
Figure 6. dd nuclear fusion driven by Coulomb explosion of deuterium clusters.  catepory of negative results
Top: Multielectron ionization in ultraintense laser fields (I > 10'7 Wem?) strips
the (D,) ,, clusters of all their valence electrons via consecutive inner and outer
ionization. Parallel and concurrent with outer ionization, cluster Coulomb .,
explosion of (D*), clusters occurs. In the size domain of n.=459-7.6-10* the D* cold fusion™ controversy,
average energy increases from 0.3keV to 9.0keV. Energetic deuterons (D" ions) which did not 1:rr0v.1d6
emerging from different clusters in the cluster beam undergo dd nuclear fusion. 1Y acgeptable scientific
Bettom: Energy dependence of the cross sections o{dd) for dd fusion adopted information.
from the data of reference [48]. These spectacular failures

for nuclear fusion belongs
the widely publicized 198%




are not surprising as, to the best of our knowledge, no theoretical evidence is available to support any
valid mechanism of nuclear fusion driven by chemical reactions in infinite bulk or surface systems [29].
The fragmentation dynamics of large finite systems involves an alternative avenue for the
induction of nuclear fusion by chemical reactions, e.g., the dd (D*+D") nuclear -fusion reaction
DHD* — *He?*+n(2.45MeV)+3.27MeV, with the production of neutrons (n). Coulomb explosion of
extremely multicharged finite molecular systems strives fowards the exploration of new areas that are
alien to the majority of the chemical physics community. These areas involve nuclear fusion driven
by Coulomb explosion of deuterium containing homonuclear and heteronuclear clusters [25-27,29,31-
33,49-51]. High-energy Coulomb explosion of an assembly of multicharged, deuterium containing,
molecular clusters produces high-energy (1-100keV) deuterons (Fig. 5) in the energy domain of nuclear
physics. The high energy deuterons originating from different clusters undergo dd nuclear fusion, During
the last four years compelling experimental [49,50] and theoretical [25,26,32] evidence was advanced
for nuclear fusion driven by Coulomb explosion (NFDCE) in an assembly of deuterium clusters (Fig.
6). Completely ionized (D7), clusters are produced by multielectron ionization of homonuclear (D), ,
(n = 500-4-10%, R, = 10-75A) clusters in ultraintense laser fields (I > 10'7 Wem?), stripping the
clusters from all their electrons (section III). For Coulomb explosion of very large homonuclear
deuterium (D*)_ clusters (n = 3.8-10* and cluster radius Ry = 72A), the average deuteron (D*) energy is
E,, = %eV and the maximal energy is E,; = 13keV [25,26,32]. For these deuteron energies the cross
section for dd (D*+D") nuclear fusion is o(dd) = 10%cm? (Fig. 6) [48], being sufficiently high to induce
the dd fusion reaction [25,26,32]. Collisions between energetic deuterons, which originate from Coulomb
explosion of different deuterium clusters (Fig. 6), result in NFDCE {25,26,32], which was experimentally
observed in the Lawrence-Livenmore laboratory [49,50]. Our theoretical and computational work
[25-27,29-34] proposed and demonstrated that an effective way to produce highly energetic d nuclei

, , . . (D" ions) for nuclear fusion involves

105 multielectron  ionization  and
Coulomb explosion of molecular
104 heteroclusters of deuterium bound
to heavy atoms. Highly ionized
10 heteroclusters  for  high-energy
Coulomb  explosion  involve

Y 108 heavy water clusters (D*D*O%)
(q = 6-8), heavy methane clusters
(C3"(DY),), (q = 4-6), or deuterated
hydroiodic ~ clusters  (D'I9%),
(g = 7-35) in the size domain of
n = 55-4-10° (R, = 10404). A
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Figure 7. Cluster size dependence of neutron yields per laser pulse for

dd NFDCE in an assembly of (CD,)_ (n = 55-4213} heteroclusters
{solid curves), and of (D,), (n = 55-33573) homonuclear clusiers
(dashed curves) in the laser intensity range I = 10'-10" Wem2, Data
adopted from reference 33. The NFDE for heteronuclear clusters
manifests a considerably larger neutron yield than for homonuclear
clusters of the same size, exhibiting energetic and kinematic effects,
as discussed in the text.

dramatic  energy  enhancement
of deuteron energy from these
heteroclusters, as compared to
deuterons  from  homonuclear

deuterinm  clusters, is manifested
(Fig. 5). For Coulomb explosion of
heteroclustersthe heavymulticharged
ions (e.g., C*, C¢, 0%, O%) act as
energetic triggers driving the light




D* clusters to considerably higher kinetic energies than for totally ionized deuterium clusters of the same
size. In addition, kinematic effects, which manifest a sharp energy maximum in the vicinity of E,,, in
the energy spectra of the D ions from heteronuclear clusters, provide a supplementary contribution to
the efficiency of the NFDCE [25,27,33,34]. The effects of energetic and kinematic triggering on the
energetics of the D* ions in Coulomb explosion of multicharged deuterium containing homonuclear and
heteronuclear clusters are manifested by the neutron yields for NFDCE (Fig. 7) calculated [26,32,33 ] under
the conditions of the Lawrence-Livermore experiment [49,50]. The neutron yields per laser pulse (Fig.
7) for laser intensities of [ > 1017 Wem? are higher by 2-3 orders of magnitude for Coulomb explosion
of (CD,), clusters than for (D,) , clusters of the same size [27,32,33]. This theoretical prediction [27]
was confirmed by the experiments of the Saclay group [51], which demonstrated a marked enhancement
of neutron yields from dd fusion in an assembly of Coulomb exploding (CD,), clusters, as compared to
(D,),; clusters.

An extreme way to attain highly effective energetic and kinematic triggering for driving deuterons to
very high energies can be achieved for Coulomb explosion of deuterated methyl iodide (C*D314)_
and hydroiodic acid (D*1%") , which produces heavily charged 19" jons in very intense laser fields, i.e.,
q=25atI=10"Wem? and q = 35 at I = 102Wem [34]. For such iodine containing heteroclusters
(with n = 4213, q = 25 and R = 40A) the deuteron energies are E,, = 40keV, being considerably
higher than those for homonuclear (D,},54q0 (E,, = 2.8keV) and heteronuclear (CD,),, , clusters
(E,, = 10keV) of the same size. When the D energy increases by a numerical factor of 3, the cross
section for dd fusion and the neutron yield increase by 2-3 orders of magnitude (Fig. 6) [48]. We infer
from the dafa of Fig. 7 and from the foregoing discussion that the neutron yields for Coulomb explosion
of deuterium containing homonuclear and heteronuclear clusters with R, = 40A are predicted to be
Y = 10° neutrons/laser pulse for (D,),50 Y = 10° neutrons/laser pulse for (CD,),,,;, and Y = 102
neutrons/laser pulse for (DI),, ;. A semi-quantitative confirmation of these predictions was provided
from experiments for Coulomb exploding (D), and (CD,), clusters [51]. The dream of table-top nuclear
fusion in the chemical physics laboratory came true.

IV. PERSPECTIVES

The NFDCE of molecular clusters induced by multielectron ionization and Coulomb explosion involves
a “cold-hot” fusion mechanism, where the cluster beam constitutes a cold (or even ultracold) target,
while Coulomb explosion of the assembly of clusters provides the high energy required to induce nuclear
fusion. Of considerable interest are the perspectives of the NFDCE of deuterium (or tritium) containing
homonuclear and heteronuclear clusters for the production of short (100ps—1ns) neutron pulses [26,50],
which may be instrumental in the exploration of time-resolved structural studies of biomolecules or
large molecules. The utilization of NFDCE of deuterium containing heteronuclear clusters will greatly
enhance the intensity of the neutron pulse. In addition, some nuclear fusion reactions involving protons
and heavy nuclei, e.g., the 2C5*+H* — N4y reaction, are of astrophysical interest for the carbon-
nitrogen-oxygen (CNO) cycle in hot stars. The CNO cycle of nuclear fusion, which supplies energy to
the hot stars, is catalyzed by 12C5*, which is regenerated. The *C**+H* NFDCE [27] can be induced by
multieleciron ionization of sufficiently large methane clusters (R, = 120A), providing information on the
cross sections and dynamics of elemental nuclear processes in astrophysics.

Some novel and fascinating phenomena relating to cluster size effects and dynamics pertain to
the nuclear dynamics and phase changes in finite, ultracold, gases in the temperature domain of
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Figure 8. Nuclear dynamics of the spatial extension of
optical molasses of Rb, as reported in reference 35.

(#) A photograph of the irradiated cloud at t = .
(b} Distribution of excited atoms in an irradiated cloud at
t=0. (c) Time dependence of the radius of the irradiated
cloud. Characteristic expansion time v = l.4ms,
(d) Time dependence of the volume of the irradiated
cloud. (e) Time dependence of the density ofthe irradiated
expanding cloud. Characteristic expansion time
7= 1.8ms.
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SOME TOPICS IN QUANTUM CHEMISTRY

Ruben Pauncz, Department of chemistry, Technion, Haifa

INTRODUCTION

The molecular orbital method in its most general formulation chooses the frial wavefunction in the form

of an antisymmetrized product of n functions, each of which depends on the space and spin variables of

only one electron. It is obvious from the form of the total Hamiltonian, which contains terms involving

the relative coordinates of two electrons, that this formulation cannot yield the exact wavefunction.

However, it serves as a very good starting point in the investigation of the general propertics of atoms

and molecules. Tt gives a natural link to the older concept of orbit in describing the structure of the atom.

In the case of molecules it gives a simple description of the excitation and ionization processes, while

the correlation with chemical properties is best achieved by means a unitary transformation leading to

equivalent orbitals, which correspond to inner shells, lone pairs and bond orbitals, respectively.

Inherent in the general formulation (product form) is the neglect of correlation between the electrons.

The antisymmetrization partly corrects for this error by infroducting quite a strong correlation between

electrons with parallel spins. If we wish to improve the wave function, while retaining the molecular

orbitals as basis functions in the treatment, we have three possibilities:

(a) Introduction of a correlation factor which explicitly contains the inter electronic distance.

(b) Expansion of the wave function in terms of configurations which can be obtained by distributing the
electrons in different ways over the molecular orbitals (configuration interaction method).

(c) Alloting different molecular orbitals for different spins, i.e. lifting the restriction that the same
molecular orbital should be associated with o and S spin functions.

L. The alternant molecular orbital method

The idea of different orbitals for different spins starts with Slater.!'] He pointed out that the potential
experienced by the 1sa electron is different from the one experienced by the 1s8 electron, Lowdin(?!
generalized this approach for alternant systems. Coulson and Rushbrokel®! defined that conjugated
systems are alternant when one can divide the atoms into two sets in such a way that no two atoms which
belong to the same set are neighbors to each other. Benzene, naphtalene, and anthracene are alternant
systems while fulvene is nof. Coulson and Rushbroke showed that the molecular orbitals of alternant
systems (using the simple Hiickel approach) are paired: to each orbital ¢ in the occupied set corresponds
an orbital in the empty set (3fi') in such a way that the coefficients belonging to one set are the same in
both orbitals, while coefficients belonging to the other set differ only in sign.

Wi = ;C,w'q);ﬁ ;Cw{pv

(1.1)
W= E:Cpmpp— ;Cw’(pv

In the molecular orbital description the ground state of the system can be represented by a single
determinant in which each of the orbitals 3 occurs twice (once with ¢ spin, and once with £ spin):

U=Ayi(Daf1)...ynn)a(npp(n+ D)B(n+1). yu(Zn)f(2n)  (1.2)

Here A is the antisymmetrizer operator. The wavefunction U is a proper spin eigenfunction, it represents
a singlet state. (For the sake of simplicity we are dealing here with an even number of atoms).
Lowdin( suggested to generalize the wavefunction U in the following way:

V=Au(Da(1)..fn)efn)vi(n+1)8(n+1)..va(20)6(2n)  (1.3)
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In this function orbitals ...t are associated with « spin, while orbitals v1... v are associated with £ spin
(different orbitals for different spins). He proposed to consctruct the orbitals u and v by the following

transformation:
ui = cos{T i+ sin{
= cos(Shyi- sin(De)yr (14)

For 8+=0, /= 1..n the orbitals i and vi become y1...3%a and the wavefunction V becomes equal to U.
There is a new problem with the wavefunction V: it is not a singlet eigenfunction. Lowdin suggested
to get the singlet eigenfunction by the use of the spin projection operator: Os so the new wavefunction
has the following form ¥'=0s¥. One can derive the energy expression comresponding to the projected
wavefunction, the energy depends on the non-linear parameters ... % . We can minimize the total energy
with respect to the parameters and one obtains an improvement as compared with the single determinant
description. The method was summarized in my first book - Alternant Molecular Orbital Method®,
It turned out to be very successful for alternant systems. I generalized the method later for arbitrary
systems.’! The problem is how to obtain the best pairing of orbitals in the general case. For alternant
systems the pairing is dictated by the special property of the alternant systems. The method was less
succesful for the general case.

H. The construction of spin eigenfunctions

If one uses a spin-free Hamiltonian as in most molecular calculations, the Hamiltonian commutes with the
square of the total spin operator S and therefore the wavefunction has to be a proper eigenfunction of this
operator and can be classified according to the eigenvalues (S=0 singlet, S=1 friplet, and so on). When
one uses a single determinant with doubly occupied orbitals as in the simple molecular orbital method
then the wavefunction is a proper spin eigenfunction corresponding to S=0.

In the previous section we met with the problem how to construct proper spin eigenfunctions in the more
general case. There are four general methods how to obtain proper spin eigenfunctions:

{a) the branching diagram method

(b) the Serber construction

(c) the projection operator method

(d) the valence bond type spin coupling

In the branching diagram method one constructs the
spin eigenfunction stepwise. In each step one either
adds or subtracts the spin of the last electron in such
a way that the new function is again an eigenfunction
of the total spin. An interesting property is the fact that 1 K
many functions belong to the same spin eigenvalue .
(spin-degeneracy). The spin degeneracy can be 2 ! 4
represented by the branching diagram given in Fig.1. In
Fig.2 we have a pictorial representation of the five spin ! L 3 9
eigenfunctions which belong to the spin eigenvalue
S=1/2.

In the Serber construction one builds up again the
many electron spin eigenfunctions but here one uses 1} —{ 2 5
two electron spineigenfunctions as building blocks 1 \*/ 3 \'4/ 5

(they can be either singlet or triplet). Fig.1 Branching diagram
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The two previous methods can be considered as
synthetic procedures. In the projection operator
method one starts from a trial spinfunction which
is an eigenfunction of the S, operator. It could

aale = E3MGA

be considered as a linear combination of spin T2 ¥ T 5
eigenfunctions. The method works in an analytic [1r122] (12212]
way, it selects the proper eigenfunction by
annihilating the unwanted components. Lowdin!?]
constructed a projection operator which when
applied to a trial function yields the proper spin
eigenfonction. Tz 3 % % T2 371475
The last method uses building blocks which are [12112) piz21]
two-electron spin eigenfunctions but each of
them corresponds to a singlet state. This type of
construction is very convenient when building _
many eleciron functions according to the valence /\ / _

bond procedure. e o 49

The four methods of construction, their use in {121‘21] _

the building of many electron wavefunctions and 1182 Spin eigenfunctions for N-=5, =172

many other properties have been considered in the

author’s book: Spin eigenfunctionst! . This book published in 1979 turned out to be very useful. Recently
a shortened and updated version, which also contains many exercise problems, has been published by the
author in 2000161, It grew out of a graduate course given in the Technion.

b L) (-

W= = b

111, The use of the symmetric and of the unitary group in quantum chemistry

Letus consider the five spin eigenfunctions corresponding to N=5 and S=1/2. Their pictorial representation
is given in Fig. 2, If one performs any permutation of the spin variables, the resulting function is still a
spin eigenfunction, but it is a linear combination of the five functions.

The spinfunctions generate an irreducible representation of the symmetric group. It can be shown that the
representation comresponds to those Young tableaux which have only two rows. One can even establish
a one-to-one correspondence between the spin eigenfunctions and the Young tableaux. In Fig. 3 we have
the five tableaux arranged according to the one-to-one correspondence with the five spin eigenfunctions
obtained in the branching diagram method.

_ In the spin eigenfunction book

_ _ . 119141 3 I treated quite extensively
TEE’Z] i z 3 | T5[23.23 ; § : l T;Ef g ; g k& | the representations of the
' —— symmetric group generated by

11122 11212 12112 the spin eigenfunctions. One

' can also show that the correct

| 1]2]5] gsm [118]5] spatial eigenfunctions (which
T,[le 14 TL» ] 512 are essential in the energy
' ' expression) also generate a
11221 12121 representation of the symmetric

Fig. 3 Standard Young tableaux and Yamanouchi symbols for [32] of S, group. These correspond to
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those Young tableaux which have not more than two columns. If one uses a spin free Hamiltonian, then
the energy depends only on the spatial part, but in order to satisfy the antisymmetry principle, they have
to belong to these irreducible representations of the symmetric group. Matsen advocated an approach
(Spin-free quantum chemistry) in which one uses only the spatial functions with the correct permutational
symmetry.

In 1994 I received an invitation from Prof. D.J. Klein to write a monograph on the use of the symmetric
group in quantum chemistry. In this book "1 I treated again the construction of spin eigenfunctions and
the representations of the symmetric group generated by these functions.

A separate chapter treated Matsen’s approach in detail (Spin-free quantum chemistry). In the last
chapter (Spin-coupled functions) I drew attention to a very promising approach started by J. Gerratt and
co-workersl’l, They use a linear combination of spin eigenfunctions. They optimize simultaneously both
the orbitals and the spin coupling coefficients. The simuitaneous optimization of the orbitals (through
their expansion coefficients) and the search for the best combination of spin eigenfunctions gives a great
flexibility and still retains visuality. It is very interesting fo follow what happens with the orbitals and the
spin-coupling coefficients upon dissociation. When the nuclei are well separated the orbitals are similar
to atomic orbitals, and the mode of spin coupling is characteristic of the separated fragments, When the
atoms become closer the orbitals deform, they have more contributions from neighboring atoms. The
spin-coupling coefficients change first very slowly but they undergo a rapid change when the fragments
approach a certain distance. The method is represented very clearly in the article of Gerratt, Cooper,
Karadakov and Raimondi.”]

The unitary group approach

The latest development in spin free quantum chemistry has been the use of the unitary group for
the calculation of the matrix elements of the Hamiltonian in the configuration interaction treatment.
Moshinsky!!% realized the importance of the unitary group in the theory of the nucleus and in spectroscopic
calculations. Matsen(!!] advocated the use of unitary group in spin free quantum chemistry. The latest
developments in the representation theory of the unitary group culminated in the work of Gel'fand['?,
who was able to give expicit formulas for the representation of the elementary generators of the unitary
group. Paldusl!*) made a breaktrough when he realized that Gel’fand’s formulas become considerably
simpler when one restricts the representations to only those which are physically allowed. The next
great improvement was achieved by Shavitt" who introduced the graphical unitary group approach.
Using these methods it became possible to perform configuration interaction calculation involving many
million configurations.

An altemative approach has been developed by Duch and Karwovskill”l. They use the same model
Hamiltonian as the one used in the unitary group approach, but they base the calculation of the matrix
elements of the Hamiltonian on the representation of the symmetric group. A similar successful treatment
was presented by Sarma and Rettrup!!€l,

Matsen invited me to participate in the writing of a monograph on the unitary group in quantum
chemistryl!’l In the symmetric group book [ devoted one chapter to the latest developmenis of the
unitary group approach and another chapter to the representation of the symmetric group approach in the
configuration interaction treatment

IV. The teaching of quantum chemistry
[ started at the University in Szeged, Hungary in 1938. I was interested from the beginning to learn about




the structure of atoms and molecules and I knew that I have to leam quantum mechanics in order to
achieve this goal. Unfortunately nobody taught quantum chemistry (or even guantum mechanics) there,
at that time. [ had to learn it from books, among them one of the best was by Hellmann: Einfiihrung in die
Quantenchemie. He was an excellent scientist, he had to leave Germany in the thirties, went to the Soviet
Union and he became a very successful scientist. (Hellmann-Feynman theorem). Some of his colleagues
were not happy about his success, they denounced him to the KGB and he was executed as a German
Spy.

I returned fo the University in 1948 and taught there for 8 years in the Theoretical Physics Deparment.
was the first to teach a quantum chemistry course for the chemistry students. [ also gave some lectures
about the subject in Budapest. After the communist takeover we have been “asked” to give lectures about
prominent Soviet Scientists. I choose Hellmann and spoke enthusiastically about his great achievements.
At that time I did not know (and extremely fortunately for me, nobody in the audience knew it either)
what happened to him. Otherwise I am not sure that I could write this text.

In 1956 the Hungarian revolution broke out and I took the opportunity to come to Isracl. We left under
dramatic circumstances, leaving all our belongings there. We crossed the border at night (my wife was
expecting a second child, the first was two and half years old at that time).

We arrived safely in Austria and I contacted immediately the Israeli Embassy. We were on our way
in a few days. We arrived in Haifa on December 21, 1956. I did not know anybody there. I went to
the Techmion to look up in Chemical Abstracts the references to my papers written in Hungary. David
Ginsburg was the Head of the Department, and he accepted me first as a Research Fellow. In half a year
I started to teach quantum chemistry in Hebrew (Arza Ron and Asher Mandelbaum have been among my
first students).In preparing my lectures in Hebrew I used the lecture notes of Aaron Katzir prepared by
Joshua Jortner.

In 1959 I was invited by Per-Olov Léwdin to participate in the first Summer Institute organized by him
in Sweden. I gave there a seminar, Léwdin invited me to come to Uppsala for a year and since then I was
one of the main lecturers in his Summer and Winter Institutes {the latter were in Florida). I participated in
35 Institutes, these Institutes became an important tool in teaching moodern methods in quantum chemisty.
Thousands of researchers participated in them over the years, coming from several countries,

When I came to Israel in 1956 I was also interviewed by Aaron Katzir (Katchalsky). He offered me a
position to come to the Weizmann Institute, At that time there was no teaching there and I chose the
Technion because I am very fond of teaching. Many years later the Graduate School of the Weizmann
opened and they invited me to give courses in Quantum chemisiry. For six years I gave a course there, |
had excellent participants, many of them later became leading scientists. For one Semester I also gave a
quantum chemistry course in the BarTlan University.

When Charles Coulson and Joshua Jortner arranged the first Pesach School in Quantum Chemistry in
Jerusalem, they invited me to give there some lecture courses. It was a great experience with many
outstanding lecturers. While I was in Hungary (1955) [ participated in the first Summer School in quantum
chemistry organized by Coulson (Oxford). I admired Coulson’s approach to quantum chemistry, he had
great influence on my work. In one of the evening seminars he spoke about the alternant molecular
orbital method. He also expressed great interest in the using of different spin functions.
Acknowledgments: I would like to acknowledge the great influence of Charles Coulson and Per-Olov
Lowdin on my work, I treasure their memory. I am also indebted to Prof. Al Matsen, who introduced me
first to the symmetric group and later to the unitary group. Finally 1 am very grateful to all of my graduate
students, some of them became excellent scientists,
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THE FASCINATING WORLD OF LOW-COORDINATION SILICON COMPOUNDS
Theory and Experiment in Synergy

Miriam Karni and Yitzhak Apeloig, Department of Chemistry and the Lise Meitner — Minerva Center
for Computational Quantum Chemistry, Technion - Israel Institute of Technology, Haifa 32000, Israel

Silicon is the closest element to carbon in the Periodic Table, both belonging to group 14, but, the structural
rules, chemical behavior and physical properties of their compounds are very different. These differences
are most pronounced for low-coordination compounds. Doubly- and triply-bonded carbon compounds
e.g., alkenes, benzenes, butadienes, allenes, acetylenes etc. are among the most important building blocks
of organic chemistry. In contrast, until the 1970s only transient compounds with double bonds to silicon
were known,! leading to the consensus that “compounds containing double bonds to silicon or other heavier
main group elements must be unstable”. This statement was refuted in 1981 by the landmark syntheses
and X-ray crystallography characterization of the first stable disilene, Mes, Si=SiMes, (Mes=mesityl),>
and silene, Me,SiSi=C(0OSiMe,)Ad (Ad=1-adamanty1).* This important breakthrough was followed by
the syntheses and isolation of other stable silenes and disilenes and of compounds with heteroatom-
silicon double bonds (as well as double bonds to other group 14 elements).® Yet, only recenily have other
important low-coordination silicon building blocks been synthesized. Thus, the first tetrasilabutadiene
and trisilaallene were synthesized only in 19976 and in 2003, respectively, and the first silicon analogue
of acetylene, i.e., disilyne (RSi=SiR), was synthesized only in 2004.2 On the other hand, a stable silyne
(RSi=CR’) is still unknown and its synthesis remains a major challenge. Thus, low-coordination silicon
chemistry is still a field in its infancy and presents many challenges for the fusture.

While the field of low-coordination silicon chemistry was evolving, computational chemisiry reached
maturity mainly due to the pioneering work of J. A. Pople and his group® and to the fast development
of computers. Consequently, theory played a major role in the development of low-valent silicon
chemistry - a field were theory works in concert and synergism with experiment.

Our group has been involved in the last 15 years both in theoretical and in experimental study of
{ low-coordination silicon chemistry. In this manuscript we will describe some of the properties of
{ low-coordination silicon compounds with emphasis on their unique structures and will demonstrate the
benefits of a close collaboration between experiment and theory for the development of this important
field of chemistry.

A. Disilenes

Unlike ethylene (1, M=C) which is planar, disilene,
H,Si=SiH, was predicted by theory'” to have a
trans-bent structure with pyramidal silicon atoms
(2, M=S1). The degree of bending ranges between

AE {kealimol)

Ny M=m=.
AN 7
1 2

0=13 - 34°, depending on the theoretical method 80 ~40 0 40 80
used.!® The experimental values observed later
for substituted disilenes range between 0-18°.1" Figure 1. Calculated energy for pyramidalization of the
Calcylations carried out in our group, shown in H,M groups in H,M=MH, , M=C, 8i .1»

Figure 1, reveal that the potential energy surface

(PES) for pyramidalization at the silicon atoms
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in disilene is very flat and the energy required even for large bending angles is only few kcal/mol (e.g.,
bending 9 to 60° requires only ca. 6 kcal/mol)'??, The analogous PES for pyramidalizing the carbon atoms
in ethylene is much steeper (Figure 1), and therefore deviations from planarity are rare.

As the PES for pyramidalization in disilenes is so flat, substituents are expected to strongly affect their
structures. Calculations indeed predict that with electropositive substituents (¢.g., Li, BeH, BH, and 5iH,)
disilenes are planar'®. In contrast, elecironegative and particularly n-donating substituents induce very
large deviations from planarity as shown in Figure 2; .g., in HSi=SiHNH,,, 6,, = 64.1°11% Electronegative
substituents also cause considerable elongation of the Si=Si double bond and consequently its weakening
(Figure 3).1% Thus, the calculated dissociation energy (DE) of the Si=Si bond in H,NHSi=8iHNH, to
the two corresponding silylenes is only 20 kcal/mol compared to 57 kcal/mol for H,Si=SiH, (Figure
3). These bold theoretical predictions which we made some 135 years ago were recently tested when in
a collaboration with West, 3 was isolated and its structure indeed confirmed the theoretical predictions.
3 is highly bent (6=32°), it is twisted about the Si-Si axis by 82° and its Si-Si bond length is 2.29 A
significantly longer than a regular Si=Si bond (ca. 2.14A) and close to that of a Si-Si single bond
(2.35 A). The calculated DE of 3 is only 27 kcalf'mol 13
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20 Figure 3. Dissociation energies of HRSi=SiRH to two
i HRSi: fragments as a function of the substituent R.
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Figure 2. Pyramidalization angles in substimted disilenes
H,Si=SiHR as a function of ZAE, of the corresponding
sﬂylene fragments. 1%




Theory finds a linear correlation between the degree of pyramidalization of the doubly-bonded silicon
atoms, the Si=Si bond length and its bond dissociation energy with the sum of the singlet-triplet energy
gap (SAE;) of the two divalent R,Si: fragments that formally compose the disilenes (Figure 2).'%
The larger is ZAE, the larger is the bending angle 6 (Figure 2) and the longer and the weaker is the
Si=5i bond. A surprising prediction of theory is that (H,N),Si=Si(NH,), cannot exist (i.e., it is not
a minimum on the PES), being less stable than two (H,N)Si: fragments.)2 This prediction was later
supported by an experiment in which dimerization of silylene 4 failed to form disilene 5 (a cyclic analog
of (F,N),Si=Si(NH,),), producing instead tetramer 3 discussed above (eq. 1).

An insightful theoretical model, shown in Scheme 1, was suggested'*!> to account for the different
structures of ethylene and disilene. R, M=MR, are formally composed of two R,M: units (Scheme 1). For
M=C, these are carbenes which are generally ground state triplets (or singlets with a small singlet-triplet
(S-T) energy gap)'6* and they dimetize to planar alkenes. In contrast, for M=Si, these are silylenes which
are ground state singlets with a relatively large AE; (21 keal/mol for H,Si,'®® and considerably larger
A, values for silylenes substituted with si-donor substituents!®-1%). Dimerization to a planar structure
requires that the silylenes are first excited to the triplet state, demanding twice the energy of AE; .
A lower energy path is dimerization via a non-linear approach utilizing two donor-acceptor interactions in
which the lone-pair of one silylene donates electrons into the empty 3p(Si) orbital of the second silylene,
yielding a trans-bent structure (Scheme 1b). The following rules were suggested for homopolar M,R,
molecules: ' (a) a trans-bent doubly-bonded structure (2) will be more stable than a planar structure (1)
when AE; of the R,M: fragment is larger than 0.25 of the total M=M bond energy (Eo+x) (Scheme 1b);
{b) when AE, is larger than 0.5 Ecsx a direct M-M link is less favored and a bridged structure 6 will be
more stable than 2 (Scheme Ic).

R
-M—M
Rl‘““
R/
1 2

AEgT(MR;) < 1/4Ectn AEst(MR;) > 1/4Ec+n  AEgr(MRZ) > 1/2Ec+n

(a) (b) (€}
Scheme 1

The relationship between AE(; and the various MR, structures is beautifully demonstrated for R=NR’,,
for which the unusual bridged structure 6, in which the silicon atom is only tri-coordinated, is predicted by
theory to be the most stable structure. Is 6 indeed a viable structare? Can it be observed experimentally?
For C,H,, 6 is not a minimum on the PES. An artificially constrained 6, M=C, R=R'=H is by
173 keal/mol less stable than ethylene 1! However, for M=Si; R=R’=H, 6 is by only 28 kcal/mol less
stable than 2, and it is by 22 kcal/mol more stable than two H,Si: fragments.!? The electronic structure
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of 6 consists of two sets of 3-center-2-electron Si-R-Si bonds, and two lone-pair orbitals with high s-
character which reside on each of the Si atoms (see 6). The surprising high stability of such bridged silicon
compounds can be attributed to the low energy of the 3s-orbital of silicon, favoring low-valency.

With suitable substituents, i.e., those increasing AE¢;. of the silylene fragments, 6 may become even more
stable than 2 (Scheme 1). Indeed, for R’=H and R=NH, both 2 and 6 are calculated to be minima on the
PES, but, the bridged isomer 6 is by 10 kcal/mol more stable than the trans-bent doubly-bonded conformer
2.122 When R and R’ are both amino groups, the singlet

H
state of (H,N),Si: is highly stabilized by conjugation H:E @\
between the lone-pairs on the nitrogen and the empty H iz H gi :
3p-orbital on Si(see 7) resulting in a very high AEg, of H\®/
57 keal/mol'” and as predicted by the model in W

Scheme 1, (H,N),Si=Si(NH,), is not a minimum on H

the PES,'® while 6, M=Si, R=R’=NH, is by 16 k'calf 7, AEgy= 57 kealmol
mol more stable than two molecules of (H,N),Si:'%,

The importance of N (lone-pair)-3p(Si) conjugation and its effect on AE.,. and the stability of 2 is nicely
demoanstrated by rotation of the amino groups by 90° (LHNSIN=90°, see 7a), so that the 2p(N) and 3p(Si)
orbitals are out of conjugation. This rotation reduces AE,. to 22 kcal/mol making the comesponding
constrained (H,N),Si=Si(NH,), a relatively stable structure with DE(Si=Si) of 55 keal/mol.!?

Ta, ABgr= 22 kcal/mol

RRN RR
|\\‘..N.,,, 75°c  RaN( 77K RaN_ NR,
s B/ === 2 Si SI—Si
/ N
\¥4 ’LR dark  RoN 3-MP R,N NR,
Rp N2 8 2b
6b R=CH(CHa) Anax =439 nm
Scheme 2

When substituents are introduced on the amino groups, ie., R=R’= Me,N (a), R=R’= i-Pr,N (b), or
R=R’= (H,Si),N (¢), the corresponding silylenes are no longer planar and the nitrogen lone pairs are
twisted away from the 3p(Si) empty orbital by 23°, 26° and 30°, respectively, reducing 2p(N)-3p{(Si}
conjugation and consequently AE. is reduced to 52, 44 and 47 keal/mol, respectively. Accordingly,
theory predicts that for these substituents both isomers of R,Si,, 2 and 6, are minima on the PES and
should therefore be amenable to experimental observation, 1”18
To test our theoretical predictions new experiments were carried out in collaboration with the group
of Kira.® These experiments fully support the theoretical predictions demonstrating, by sophisticated
labeling experiments (with R=CH(CD,),), that indeed both 2b and 6b can be obtained by dimerization of
(i-Pr,N)28i: depending on the reaction temperature as shown in Scheme 2. 18,19 1t should be noted however,
that 2b (R=R’= i-Pr,N) is predicted by calculations to have a very unusual geometry, very different from
what we expect for a Si=Si doubly- bonded compound. The Si-Si distance of 2.47A is dramatically
longer than a regular Si=Si bond (2.14 A in Me,Si=SiMe,) and it even exceeds that of a single Si-Si bond
(e.g, 2.37 A in (Me,N),Si-Si(NMe,),). 2b
is also strongly pyramidalized around the Si

Qﬁ @ g 8 atoms (8=43°) and the torsion angle between
2 r

S5 — { ,§i=8i”\“w\ the two NSIN planes is 55°.17
</b <b N Following the theoretical prediction (see
g above) that a diaminosilylene constrained to
9 10 a conformation in which the nitrogen’s lone-
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pairs are in a nearly perpendicular plane to the empty 3p(Si) orbital has a small AEy,, we predict that
bicyclic silylene 9 (AEg, = 38 kcal/mol ) should dimerize to a strongly bonded tetraaminodisilene 10
having a much stronger Si=Si bond (DE=41 kcal/mol) than in simple alkyl-substituted tetraaminodisilenes
(e.g., 2, R=R’=i-Pt,N, DE=4 kcal/mol).!” This is a clear demonstration of how stereoelectronic effects of
the amino substituents control the Si=Si bond energy. This theoretical prediction is awaiting experimental
testing.

Before theory pointed to the possible existence of bridged structures such as 6, experimentalists ignored
this possibility. For example, it was suggested that in the dimerization of (C,Me,)FSi: the corresponding
disilene is formed.” However, our calculations that predicted that a bridged structure of type 6 is also
an option?! lead to a reexamination of the experimental NMR which actually fits structure 6, R=F,
R'=C.Me, and not structure 2 (i.e., the NMR? exhibits a single 2*Si NMR resonance split to a triplet
(I, z=341 Hz)*).2! Experimentalists now agree that (C;Me,)FSi: dimerizes to a bridged structure 6 and
not to the classic doubly-bonded structure 2.

B. Trisilaallenes
Me;Si Si27, Me;Si SiMe;
sma.e3 7 . : .
Trisilaallene and its  higher congeners,
trigermaallene and tristannaallene, provide another
136 5° interesting example of the unique structures that
SiMe; Me;Si are formed by higher group 14 elements.

SiMe; SiMe; Allene H,C=C=CH, is linear and the

terminal CH, groups are mutually perpendicular 11.
In contrast, theory predicts that a linear trisilaallene
15 not a minimum on the PES, and the global minimum on the Si,;H, PES is a highly bent siructure, 12,
R=H, with a SiSiSi angle of 69°, a long Si=Si bond of 2.27 A and two planar terminal Si atoms with
dihedral angles ZH!Si!'Si*H"= 0° and ~H!Si'Si*H?"=115° (in 11 the analogus dihedral angles are 90°
and -90°). This highly bent stracture 12 is by 21 kcal/mol lower in energy than the constrained linear
trisilaallene.?? This theoretical prediction was recently verified by the synthesis of the first trisilaallene,
13,7 whose X-ray structure reveals a bent structure with a bending angle of 136.5°. The considerably
wider bending angle in 13 relative to that calculated for Si,H, is due to the steric repulsion between the
bulky substituents present in 13.

Heavier trimetallaallenes, are also highly bent, i.e., trigermaallene,? 1,3 — digermasilaallene?? (both
with the same substituents as in 13) and tristanaallene (R= #-Bu,Si)*® show bending angles of 123°,
126° and 156°, respectively. Thus, only allene is linear, while all the heavier allene-analogs are sirongly
bent.

Can one restore the allenic-type structure for a trisilaallene? We have recently tackled this question
computationally.?2
Are steric effects

13

. H H R R
effective? In 12, 3 / \
R=Me the bending H—B, §B"'"'H Hzc""B\ \\\\B"‘--.CHZ
al%glelsmdeneodonly SI—SI:SI\ | si=si—si |
slightly to 74°, and g\ — HZCHB/ \B _—~CH,
the energy required H I i \ /
for linearization H H R R
is reduced to 1'4 15
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17 kcal/mol. Even with bulkier substituents such as 7-Bu the SiSiSi angle opens to 108°. In 13
the SiSiSi angle is only 136°. So, it is clear that steric effects alone cannof solve the problem. Silyl
substitution has a profound effect on the central bending angle «, and in 12, R=8iH, o is widened
to 127° and the energy required for linearization is reduced to only 4.7 kcal/mol. Furthermore for
R=SiH,, the bending potential is considerably flatter than for R=Me or R=H, making linearization
more feasible. Very bulky silyl substituents e.g., +-Bu,Si or (Me,S1),51 may thus induce a linear
allenic - type trisilaallene.

The computational results for silyl substitution hint that the goal of creating a D, ;- trisilaallene might be
achieved with other electropositive substituents. Indeed, calculations show that substitution of trisilaallene
with four H,B groups achieves the goal, yielding a classic D, allenic-type structure, 14, with a linear
SiSiSi skeleton, planar terminal Si atoms, and perpendicular BSiB terminal planes. The Si=Sibond length
in 14 is 2.21 A considerably shorier than in 12, R=H. The 2p{B)-#(Si=Si) conjugation plays a crucial role
in the linearization of 14. The calculations show that a slight rotation of the boryl groups which reduces
the 2p(B) - n(Si=Si) conjugation induces bending of the SiSiSi skeleton®?. To prevent rotation around
the Si-B bonds (e.g., due to bulky substituents on the boron atoms), trisilaallene 15 was suggested as a
potential synthetic target.? These theoretical predictions are now awaiting experimental testing.

C. Disilynes (RSi=SiR) and silynes (RSi=CR’)

One of the contemporary major challenges of organosilicon chemistry is the synthesis of triply-bonded
silicon analogs of acetylene. Synthesis of the first homonuclear RSi=SiR was achieved last year,? but the
heteronuclear, RSi=CR’, is still a major synthetic farget. In view of this situation theoretical stadies were
and still are the main source of information on this group of interesting compounds. Using theoretical
methods, the structures, the nature of bonding and the stability of heavier group 14 acetylene analogs were
predicted. Furthermore, calculations were used to develop strategies for stabilizing these compounds with
the aim to direct experimentalists towards their successful synthesis. Some of the theoretical predictions
were already verified by subsequent experimental achievements.®

For both, HSi=SiH and HSi=CH, theory predicts that the linear D acetylene-like structure 16 is not a
minimum on the PES. Instead trans-bent structures shown in 17 and 18 were located as minima.'%2* The
trans-bent disililyne and silyne are by 153,50
ca. 20 and 8 kcal/mol, respectively,

o H H
more stable gla,azlcl; the analogous linear 1.196A 2 106A / 16494 fi /
conformers. ’ In conirast, a t;an:& HZC=C—H si Si si——c¢
bent HC=CH “structure (with fix
HCC angles at 125°} is by ca. 30 kcal/ 180° H/\1/24'60 H/% 9.90
mol less stable than the analogous
linear structures.* 16 17 18
The theoretical prediction that disilynes have a trans-bent structure was recently verified by the isolation
and characterization by X-ray crystallography of the first disilyne, 19, showing a trans-bent structure with
a SiSiSi angle of 137.5°.8
The inherent preference for bending

raises fundamental questions about 2.062%?&?5 ICH(SIMe3),),
the nature of the Si=C or Si=Si SE==8j

bonding, Is it a real triple bond? Why e o oy (uprysi”

(+]
do these molecules prefer to be bent 187.5

19




while acetylene is linear? These questions regarding the nature of the M-M bonds in formally triply-
bonded compounds of groups 13 and 14 arose a vigorous debate. 10223
A detailed study of the nature of bonding in HSi=CH, HSi=SiH and HC=CH was reported by Shaik,
Apeloig and coworkers,? who analyzed these M-M’ bonds using new valence bond (VB) techniques
which allow to dissect the total M-M’ bond energy to energetic contributions of the ¢ — and m-bonds.
According to this study the M-M’ bond order (BO) in 17 and 18 is 2.5, intermediate between that of a
formal double bond (BO=2.0) and triple bond (BO=3.0). So the question that was asked is why do 17 and
18 bend and by doing so reduce the bond order? The VB analysis shows that upon bending the energy of
the m-bonds in HSi=CH, HSi=S8iH and HC=CH, is reduced by 34, 24 and 60 kcal/mol, respectively, while
the o-bond is strengthened by 53, 42 and 34 kcal/mol, respectively, leading upon bending to an overall
stabilization of the M-M’ bonding in 17 and 18 by 29 and 8 kcal/mol, respectively, but to an overall
weakening by 26 kcal/mol of the C-C bonding in frans-bent HCsCH. Consequently, 17 and 18 are trans-
bent, while HC=CH is linear. Thus, the structures of disilynes and silaacetylenes are dominated by the
o-bond and the n-bonds have a smaller effect, while in acetylene the n-bonds are dominant. 2
The elusiveness of triply-bonded silicon compounds is due primarily to their low kinetic and thermodynamic
stability in unimolecular (isomerization} and bimolecular (¢.g., dimerization) reactions. Thus, H,C=Si:
is by 33-37 kcal/mol more stable than HC=SiH, and a small barrier of only 3-7 kcal/mol separates the
two isomers (Figure 4).19226 So even at low temperatures HC=SiHl is expected to isomerize rapidly
to H,C=Si:. Indeed, only H,C=Si: was detected and identified by various spectroscopic experiments
attempting to prepare HC=SiH.2” With this theoretical background at hand it became clear that in order
to detect a silyne, RCwSiR’, it should be stabilized relative to the isomeric RR’C=Si:. This triggered a
computational study in our group which showed that
TS ClSi=CH and HOSi=CH are by only ca. 5 and 1 kcal/
mol less stable than the corresponding silavinylidenes,
and FSi=CH is more stable than FHC=Si: by 10 kcal/
104 x=¢  mol(Figure4).”® Furthermore, the barrier thatseparates
4.3 X=OM these three silaacetylenes from the corresponding
4.9 x=¢I silavinylidene isomers is increased substantially to 15,

»

AE  keal/mol

/SiEC/ 24 and 25 keal/mol for R=Cl, OH and F, respectively
X (Figure 4), making these silynes possible candidates
329x=q for detection and identification.?® This computational

H prediction was tested in a collaborative study with

X,CWSiz the group of H. Schwarz (Berlin) leading to the first

unequivocal identification of FSi=CH and CISi=CH
using a sophisticated neutralization-reionization mass
Figure 4. Calculated PES for the isomerization of Spectroscopy exl?enment.zg
XSi=CH to HXC=8i:262°, Another possible strategy to reverse the
stability order of these isomers is to destabilize
the silavinylidene by bulky substituents. It was predicted computationally that ¢-Bu,SiSimCTbt
is more stable than (#-Bu,SiThtC=Si: (Thbt=2,4,6-tris[bis(trimethylsilyl)methyl]phenyl), and
furthermore its dimerization to the comesponding disilatetrahedrane is endothermic, making
+Bu,SiSi=CTbt an atiractive synthetic target® This theoretical prediction awaits experimental
verification.
The H,Si, PES is much richer and more complex than that of H,CSi, revealing novel unusual structures.

Reaction coordinate
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Three isomers, the butterfly shaped dibridged isomer 20,
the monobridged structure 21 and the silylidene, H,Si=Si:
(22) are predicted to be more stable than the trans-bent
HSi=SiH by 17, 7 and 5 kecal/mol, respectively. The
most stable H,Si, isomer is the dibridged 20.1%31 These
theoretical predictions were verified experimentally. 20
and 21 were detected and identified specrtoscopically
both in the gas phase and in a matrix.’> The bonding
in 20 can be modeled by two donor-acceptor interactions
between the Si-H bonds and the empty 3p-orbitals on the
silicon atoms (Scheme 3a). The bonding in 21 is modeled (a) (b}
by one donor-acceptor interaction of the Si-H bond with
the empty 3p-orbital of the second silicon atom and a
donor-acceptor interaction between the lone-pair on one silicon atom with the empty 3p-orbital of the
second silicon atom (Scheme 3b).!%143 The high stability of the bridged H,Si, isomers is attributed to
the stabilizing effect of the high s-character lone-pairs on Si.

Substituents have asignificanteffecton the Si,R, PES. When R=CH,* or SiH,,, the bridged structures are no
longer minima on the PES. R,Si=Siis the only isomer that is more stable (by 8 and 6 kcal/mol for R=CH, and
SiH,, respectively**)thanthetriply-bondedisomer. With bulky R substituents, suchas Si(Bu-£),3, SiDep, 2
(Dep=2,6-Et,C(H,), Tbt (2,4,6-tris[bis(trimethylsily)methyl]phenyl)**® and Me(s-Bu,Si),Si*5 the triply-
bonded structures were calculated to be more stable than R,Si=Si by 10, 12, 23 and 33 kcal/mol,
respectively. Disilynes even with bulky substituents are however calculated to be very reactive, and the
dimerization of e.g., RSi=SiR, R= SiDep, is highly exothermic, by 80 kcal/mol.** However, with the
bulkier substituents, Tht or Me(z-Bu,Si),Si the dimerization of the corresponding RSi=SiR disilynes
is endothermic by 583% and 50°¢ keal/mol respectively, suggesting that these compounds can be
isolated. These computational predictions were recently verified by the successful synthesis of RSinSiR,
R=i-Pr((Me,S1),CH),Si (19) which was isolated and
characterized by X-ray crystallography® and RSi=SiR,
R= Me(#-Bu,Si),Si which was isolated and identified
by NMR and trapping reactions.’” A recent study in our sa0b
group allows to predict computationally the 2Si NMR
chemical shifts of disilynes,*® providing experimentalists

Scheme 3
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guidance in their continuing attempts to synthesize novel E 120
disilynes. 2
x
. ®
Conclusions E 100p s orbital

In this review we have shown that although silicon is

the closest neighbor to carbon in the Periodic Table of 80
elements the rules that control the molecular and electronic

structures of silicon compounds are very different from

that of carbon. Typical examples are: R,Si=SiR, that are 60— .
pyramidal at silicon rather than planar and R,Si=Si=SiR,

and RSi=SiR which are strongly bent in contrast to theit  Figure 5. Radial extensions of the ns- and np
carbon analogs that are linear. Organosilicon compounds  valence orbitals of C, Si, Ge, Sn and Pb.*®




also adopt unusual structures, e.g., bridged structures which do not exist in organic molecules, forming a
rich arena of new molecules and interesting fundamental questions regarding chemical bonding.

The key to the different behavior of carbon and silicon (and higher congeners) is the significantly larger
difference in the radial extension of the s and p valence orbitals of silicon relative to that of carbon,
i.e., Ar=(r-r) =102 pm in C and 20 pm in Si (Ar increases successively in moving down the Periodic
Table, Figure 5).* So, thes-p radial extension in carbon (and other first row elements) is unique and
very different from that of other main group elements. A large difference in s-p radial extension makes
hybridization at silicon (and higher group 14 congeners) less effective and these atoms therefore benefit
from low-coordination structures having lone-pair electrons in orbitals with high s-character.1%40 It can
therefore be concluded that the heavier main-group elements, Si to Pb, actually exhibit ‘normal’
chemical behavior while carbon should be considered the ‘unusual’ member of group 14 elements
rather than the prototype.*’ This conclusion holds also for the other elements of the first-row of the
Periodic Table such as nitrogen and oxygen. This realization has not yet penetrated most text books of
general chemistry and it is an important lesson to be remembered by all who teach an introductory course
in chermstry.

Finally, we hope that we have demonstrated the vast potential of modem computational chemistry in
predicting properties of novel unknown molecules and in directing experiments towards their synthesis
and experimental study. In modern chemistry, theory and experiment should work in concert and the
synergism created benefits both disciplines. '
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1. Introduction

Few branches of spectroscopy match in either breadth or depth the impact achieved by nuclear magnetic
resonance (NMR) [1]. Originated as an uwnexpected by-product of the quantum mechanics revolution
[2], NMR remained mostly a curiosity of the molecular beam community until Bloch, Purcell and their
coworkers demonstrated the possibility of observing its manifestation in bulk [3]. This in turn triggered
the use of nuclear spins as tiny "spies" capable of characterizing the structure of organic molecules [4],
a feature that transformed NMR into one of the comerstones of modem chemical and pharmaceutical
research. Over the years NMR undertook many other unforeseen applications: it became a common
research tool in solid state chemistry and condensed matter physics; it afforded one of the few methods
available for determining the structures of proteins and nucleic acids in their native solution state; and it
expanded into medicine both as an imaging as well as a spectroscopy tool to study metabolism, diagnose
malignancy, angiograph non-invasively, and reveal brain function [1, 5-9]. A feature that distinguishes
modern NMR from the few other techniques that might claim comparably wide impact areas of
applicability is the fact that, broadly speaking, one common protocol underlies most of its very different
applications, This protocol is multidimensional Fourier transform NMR, nD FT NMR, initially carried
out along two axes [10, 11] but eventually extended to the correlation of multiple speciral - and in the case
of imaging, to the correlation of multiple spatial [9, 12] - domains. nD NMR seeks to measure, spread
and correlate NMR evolution frequencies. This is not generally carried out by exciting spectral lines but
rather by manipulations in their Fourier conjugate: the time-domain space. For instance the basic scheme
that started the 2D NMR revolution [10, 11, 13]

Preparation - Evolution (1)) - Mixing - Acquisition (1) {1}

provides a time domain set from which correlations between indirect- and direct-domain Bohr frequencies
£, 12, can be extracted following a discrete version of the Fourier analysis
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This expression may appear as a simple extension of 1D time-domain NMR to two dimensions, yet this
similarity is deceiving and belies the insight involved in the transition from one- to multi-dimensional
spectroscopy. Indeed the extraction variable against which data are transformed in 1D pulsed NMR is the
physical acquisition time, of which Nature has given us only one [13, 14]. Such acquisition time becomes
t,in 2D NMR spectroscopy, leaving the problem of how to sample points in the remaining time-domain
axis. The answer fo this riddle was provided by Jeener, who proposed acquiring complete 2D NMR
frequency correlation sets by relying on a parametric incrementation of ¢, in N, steps of duration-At, (Fig.
1A). Although in appearance a very simple solution it is actually hard to emphasize the scientific insight
of this contribution, whereby a 2D correlation between evolving coherences is extracted from a series of
statistically independent experiments. In its stead, perhaps more indicative and meaningful is it to note
the ca. 27,000 references arising from a contemporary data base search on the topic of multidimensional
magnetic resonance, or the fact that in a very brief survey of its first 100 years the Nobel Foundation
devoted a central spot to describing the impact of 2D NMR [15].

In spite of the unambiguous gains resulting from upgrading NMR from one spectral dimension to two, a
fundamental drawback also became associated to this iransition. As each of the t; points to be sampled




along the indirect time-domain constitutes (A} Traditional 2D (B) Single-Scan 2D
an independent acquisition, 2D NMR will NMR Acquisition EPl-type Acquisition
demand tens or hundreds of transients in order iy 3
to adequately sample the ¢, domain-even if the
sensitivity is acceptable within a single scan.
Such complication is built-in into the scheme
illustrated in equation (1), and gets exponentially
compounded when porting the 2D NMR
principle to higher dimensions. The slow nature
of 1_"1“ltidimen3i°1.131 ‘spectroscopy was found  Bigure 1. (A) Traditional Jeener/Emst approach to the
particularly confining in what eventually became  acquisition of 2D NMR spectra, based on the acquisition
the most widespread of all forms of bidimensional  of numerous independent S(i,) signals as a function of
NMR, 2D FT MRI, an experiment where the spins' ~ an incremented t, time parameter (dashed arrows). (B)
positions along orthogonal orientations become Mansfield's approach to ultrafast MRI based on the
correlated by the action of external magnetic field ~ continuous scanning of a 2D time-domain data within a
gradients [16-18). Yet in this case the availability ~Sgl¢ acquisition, using multiple manipulations of the
. . . . interactions being correlated. In either case, the resulting
of intense signals combined with the vnparalleled : ) .
flexibility with which MRI interactions could be temporal‘ evolution ob‘tamed from the spins needs to
. be Fourier analyzed in order to extract the spectral
manipuiated enabled the eventual development o ojations sought.
of so-called ultrafast acquisitions techniques,
capable of yielding complete 2D MRI data sets within a 0.1-1 sec timescale (Fig. 1B). Principal among
these methods stands echo planar imaging, EPI [12, 19], and its daughter techniques [20]. This proposition
was originally judged as "ahead of its time" [21] yet eventually it became a comerstone of magnetic
resonance, contributing with the advent of functional MRI to what has arguably become the most exciting
area in contemporary magnetic resonance.
Given the benefits that could be reaped from EPL, the question naturally arises of whether it is possible to
extend its underlying principles to other, non-MRI types of NMR experiments. And yet except for a few
rare cases where the interactions to be correlated can be controlled independently and with nearly ideal
efficiency [22-24], one is forced to conclude that the spin physics underlying EPI techniques could not
be directly exported into conventional high-resolution spectroscopy. Indeed EPI extends the principle in
equation (1) by coupling into it the possibility of "walking" through the time domain [19, 25, 26]; that
is, by introducing numerous periodical switchings and/or reversals of the interactions being comrelated
$0 as to sample a large region of the 2D time-domain space within a single continucus scan (Fig, 1B).
And although of a reliability beyond arguments, it is clear that such "walk in space” approach is simply
beyond the realm of the practical when relying on stochastic mixing processes like those involved in 2D
Overhauser spectroscopy [13], or repeatable only very few times when dealing with J-mediated coherence
transfers like those involved in homo- or hetero-nuclear 2D correlation sequences.
Still, challenged and inspired by these MRI-derived acquisition concepts, we sought for over a decade for
aprinciple capable of reinstating the multiplexing advantages of 1D FT spectroscopy to multidimensional
NMR - as well as potentially onto other forms of MR and non-MR time-domain spectroscopies. Very
recently one such principle finally crystallized [27, 28], which in analogy to the ultrafast MRI term,
proposed for imaging techniques capable of concluding their data acquisitions within sub-second
timescales, we have coined "ultrafast NMR". This principle provides a general scheme for completing
the acquisition of nearly arbitrary high-resolution multidimensional experiments within a single




35 |

scan-regardless of whether their dimensions are 2, 3 or higher; regardless of whether they involve internal
spin interactions, gradient-driven ones, or a combination thereof. The goal of the present description is to
present a brief summary of this new principle, and overview some of its potential applications.

2. Spatial Encoding and the Acquisition of 2D NMR Spectra Within a Single Scan

The Principle

The main aspect distinguishing ultrafast from both traditional 2D NMR as well as from EPI-type
acquisitions is a departure from the homogeneous encoding of the spin interactions. Instead, indirect-
domain evolution frequencies are imparted in a heterogeneous fashion whereby spins positioned at
different coordinates within the sample! are allowed to evolve over different extents of time prior to the
mixing period. A suitable read-out of the heterogeneous evolution thus encoded can then provide the full
2D NMR information being sought, within a single continuous data acquisition. Given present-day NMR
hardware it appears that the simplest way to achieve this partitioning of the sample is by activating a
magnetic field gradient G = 8B /dr, discriminating spins according to their spatial coordinate 1. A scheme

Spatially-Selective Gradient-Assisted ~Figue 2: Starting point of the single-scan
Excitation Readout ?D NMR protocol: A time- and ﬁ“eqpency-
G = 9V H incremented RF irradiation applied in

€ o zg e combination with a suitable gradient

Offset O . |7 M| Signals imposes an r-dependent evolution of the

! g i £2, spin interactions to be measured {Left).

o ’/ o gx Following a homogeneous mixing process

o £ o € i this spatial encoding is preserved as either

*/J (N.- DA¢ 1 n a phase- or an amplitude-modulation
_‘_-——'—-——5-—-——-% €g — {Center), to be subsequently decoded by the

LILS TR J Acquisition L application of a second acquisition gradient

Freriation Offei > if Gradient Gg which reads out the £2, frequencies as site-

specific echo signals (Right).

such as the one illustrated in Fig. 2 can then be used to collect the indirect-domain spectral correlations.
Such generic sequence assumes that the initial spin evolution is triggered by a frequency-incremented
RF pulse, superimposed on top of an excitation gradient G, 7. An important demand placed on this
excitation module is that at its conclusion, the evolution phase of the excited spin packets should end
up reflecting the effects of internal £2, couplings, but not those of the ancillary G, gradient. Numerous
strategies have already been devised for imparting such internal kind of spatial encoding [27-32], and it
is likely that further optimizations will arise in the near future. In broad terms all these spatial encoding
strategies involve the application of either discrete or continuous frequency-shifted selective RF pulses,
in combination with alternating gradients designed so that their effects are eventually "echoed away" at
the conclusion of the irradiation. The common, important point of all these encoding altematives is that at
their conclusion, the combined use of frequency-shifted RF pulses and of spatially dependent resonance
frequencies end up imparting on the spins an r-dependent purely internal evolution phase of the kind

10r perhaps in the case of anisotrpic media, spins oriented at unequivalent angles with respect to the magnetic
field.
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9,()=CQ/(rr) (3)

Here C is a spatio-temporal ratio under the experimentalist's control relating a spin's displacement ¥,
against the extent of its evolution time ¢,, and £2, is the rotating-frame internal frequency we are attempting
to measure. Equation (3) amounts to a "winding" of the spin coherences, a pattern analogous to the one
that would arise if a gradient along direction # were applied following a hard a/2 pulse. Analogous but
not identical, since unlike what happens when applying a gradient the pitch of the resulting winding will
now be site-dependent. In fact it will be governed by the indirect-domain interaction 2 , conforming the
observable that we are attempting to measure.

When inserted at the beginning of a generic 2D NMR experiment such winding will be preserved by
the homogeneous mixing process (Fig. 2), and will consequently lead to no observable macroscopic
signals when considering the sample as a whole. If, however, the signal detection is now implemented
while subjecting the sample to an acquisition field gradient G f possessing the same geometry as G.f,
this spiral of magnetizations imparted by the £, will eventually be unwound. The moment at which this
£2; - dependent unwinding occurs is easily observable, as only at its juncture will spin-packets located at
different positions throughout the sample cease interfering and lead to a macroscopic overall signal. This
in turn implies that the spatial encoding of the spins interactions and this subsequent gradient-assisted
readout provides a way to monitor the indirect domain £, evolution frequencies that affected the spins;
not via the Fourier analysis of an evolving coherence as in usual time-domain spectroscopy, but via
the displacement observed in the position of a site-specific echo created by interfering spins located at

(A) Gradient-assisted encoding and detection
of a 1D indirect-domain spectrum

Site-specific echo
ormation at
k=G ) d'=-CQ;
Initial spatial encoding:
- expy| ICQJ(?‘-?‘?)]

(B) Acquisition of 2D S(iAv ¢y interferogram
under the action of an oscillating gradient

I

Figure 3: (A) Simplified representation of how the combination of a spatial encoding before the mixing process
and a gradient-assisted decoding thereafter (as shown in Fig. 2) allows one to read out the indirect-domain spectral
nformation. (B) Extension of the single gradient-driven refocusing iltustrated in (A), to a multiple gradient echo
recording capable of yielding a mixed-domain S(k/,, ¢,) interferogram within a single scan,
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different positions throughout the sample. A graphical depiction of this unusual feature - whereby the
time-domain signal becomes equivalent to its indirect domain frequency spectrum - is illustrated in Fig,
3A, which analyzes the fate of magnetizations throughout a portion of an ultrafast acquisition assuming
a simplified "five-slices" sample.

Although this new approach may be capable of reading out an indirect-domain NMR spectrum, it may
not be a priori clear of where would its eccentricity pay off in terms of facilitating the acquisition of
multidimensional NMR spectra. What brings this about is the realization that unlike what happens with a
conventional time-domain encoding, which is a unidirectional process that needs to proceed monotonically
and over a relatively long period of time in order to properly characterize the spin evolution frequencies,
the gradient-driven readout depicted in Fig. 3A can be concluded very quickly. Moreover, this is a
process that can be done and undone numerous times over the course of the data acquisition, simply by
reversing back and forth the currents generating the G, gradient while collecting the data. This in turn
gnables the repetitive monitoring of the indirect-domain spectrum numerous times as a function of an
acquisition time t,, leading to a mixed frequency/time-domain interferogram from which the 2D NMR
spectrum can be retrieved by 1D FT. All of this, from an experiment that can effectively be concluded
within a single scan (Fig. 3B).

2D NMR Examples

Having surveyed the principles underlying single-scan 2D NMR, we dwell in this Paragraph
onto some of its potential applications. The first question usually arising in this regard concerns
whether the strategy just described can find potential uses in biomolecular NMR. The answer
to this is "yes"; Fig. 4 for instance compares a conventional 2D HSQC spectrum collected on an
15N-labeled Ubiquitin sample, with an ultrafast counterpart collected within four scans (the extra scans
needed in part for the sake of phase cycling away the otherwise intense solvent signal remaining). As can
be appreciated both sets convey similar information and at comparable qualities - at least at this level of
sample concentration. This in turn opens interesting vistas regarding the possibility of employing real-
time 2D NMR as a new tool to follow dynamic biomolecular processes.

A second area where the short acquisition times involved in ultrafast 2D NMR could find interesting
applications is that of in vivo spectroscopy; both because of the possibilities that this would open regarding
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Figure 4: Comparison between ultrafast and conventional 2D HSQC NMR spectra recorded at 18.8 T on 4 3.25 mM
P*N-enriched Ubiquitin sample dissolved in 93/7 % H,0/D,0 (courtesy of Boaz Shapira, unpublished).
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Figure 5: Comparison between ultrafast and conventional 2D TOCSY NMR spectra recorded on a 9.4 T microimaging
system on a brain phantom [33]. Shown are principal cross-peaks assigned to Lactate (L), N-acetyl aspartate (N),
Glutamate (Glu), myo-Inositol (ml).

the tracking of metabolic processes, as well as due to the opportunities that would arise if experiments
where 2D spectroscopy and 3D imaging scans could be combined while acquisition times remain within
patient-compatible levels. Fig. 5 illustrates that also in these areas there is a potential for ultrafast 2D
NMR, at least judging by the comparisons made on phantom and/or model systems [33].

In addition to speeding up known applications of 21D spectroscapy, ultrafast 2D NMR could help support

9 L 9 9
0.62 min 1.85 min 3.7 min 9.25 min
T 3
B, " ] .
&8 : { 8| (-
BN pr e ' s’ . ¢
=
I , g a ! b b
el ' )
Background Compound #1 Compound #2 Compound #3
7 8 7 8 7 8 '} 8 9
TH shifi (ppm) IH shift (ppm) TH shift (ppm) H shift (ppm)
Br NO, O, o

Q0 0. QO ©

Figure 6: Real-time identification via 2D ultrafast TOCSY 'H NMR of a mixture of three compounds being
continuously separated under standard on-flow LC conditions. In the actual experiment 2D NMR spectra were
constantly acquired 32 seconds apart over a 15 minute elution period {34]; the Figure concentrates on spectra
comresponding to the drawn compounds appearing at the indicated elution times.
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certain new technologies that are beyond the realm of the hitherto possible. One such option involves
implementing 2D analyses of samples subject to a continuous flow through the NMR sample coil - a flow
which could originate from either continuous sample separation requirements as in the case of liquid
chromatography, or simply as a result of the desire to impart the highest possible rate of throughput
to a chemical/physiological characterization. Under suitable sample sensitivity conditions the ultrafast
protocol could make such a continuous flow scenario compatible with real-time 2D NMR acquisitions,
Fig. 6 illustrates this with a series of 2D TOCSY NMR spectra collected using a home-built prototype
on a chemical mixture, subject to a continuous chromatographic separation of its constituent components
[34]). Another instance where new possibilities could be unlocked arises when considering the merger
between 2D NMR and nuclear hyperpolarization methods. The latter include a number of specialized
spin physics methodologies [35-37] capable of building up nuclear magnetizations that exceed their
thermal equilibrium counterparts by several orders of magnitude. While the relatively long pre-polarizing
periods and less-than-perfect reproducibility characterizing these methods do not make them suitable
starting points for conventional 2D NMR experiments, they could constitute ideal counterparts to the
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Figure 7. Example of the potential benefits resulting from the combination of pre-
polarization and ultrafast 2D NMR methods. Both traces correspond to single-
scan 2D TOCSY 'H NMR spectra recorded on a Tyrosine-containing cyclic
octapeptide dissolved in D,O at a 0.5 mM concentration. Shown on the left are
the results observed under standard conditions; shown on the right are the results
observed after pre-irradiating the sample for 0.5 sec using a 480 nm light sources
(2W) capable of inducing a CIDNP enhancement [38].

single-scan acquisitions introduced in the preceding Paragraph. Figure 7 shows a preliminary step in
that direction, with a single-scan 2D TOCSY spectrum acquired following a brief period of CIDNP
polarization enhancement [38]. The sub-mM concentration then required for implementing such study
serves fo exemplify the promises held by this new kind of NMR applications.

Spatial Encoding as a New Approach to Ultrafast 2D MRI

The encoding principles described in the preceding Paragraph could also find applications in more
MRI-oriented investigations. Here the goals sought usually go beyond a purely chemical or structural
characterization, and include finding information about the spatial placing of the spins. There are at
least two immediate ways by which ultrafast 2D NMR could help retrieve this information. One of these
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involves adapting the spatial encoding principle so as to transform it from a 2D spectroscopy protocol
into a 2D imaging one. A simple route to achieving this is by spoiling the gradient echoing procedure
deliberately inserted along ultrafast's indirect domain, imparting an evolution that instead of being purely
spectroscopic encodes a position-related information [39]). Fig. 8 illustrates such a transition from a
spectroscopic into an imaging scenario, where as usual in imaging instances we are assuming that the spin

Single-scan 2D Image of H;Q Phantom

r=18 mm

-
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Figure 8: (Left) Translating the spatial encoding idea from a purely spectroscopic setting, to one where single-scan
2D imaging of positions is the goal {39]. In the iliustrated imaging sequence only G, is assumed to be spatially
enceded by the application of a frequency sweep; gradient evolution along the second dimension is conventional.
(Right) Application of the sequence shown on the bottom left to a single-scan imaging experiment carried out on a
water phantom at 11,7 T.

evolution is solely dictated by the offsets introduced by gradients (and local interactions are negligible).
By doing this modification one consequently ends up with an alternative that although based on different
physical principles than EP1, also enables the acquisition of multidimensional MR images within a single
scan, An intriguing issue is whether this new protocol offers any competitive advantage over any of the
existing ultrafast 2D MRI scanning options; at this point, this remains to be seen.

In addition to the approach just described ultrafast 2D NMR offers an alternative, somewhat less evident
route to the retrieval of spatial information. As explained earlier 2D NMR spectra arise from these
experiments by taking 2D data sets acquired as a function of k and t2, and subjecting them to FT solely
along t, - peaks along the indirect domain appearing simply as a result of echo phenomena upon the
continued application of G,. A question that then arises is: what would happen if one were to subject the
resulting data to a second FT along the yet unprocessed domain? Since the corresponding peaks stem from
an acquisition that took place while under the action of a gradient, one could assume that they will contain
some imaging information. And indeed under ideal conditions, the point spread function characterizing
each diagonal and/or cross peak along the indirect dimension of ultrafast spectra contains the signature
of the spatial distribution originating a particular 2D NMR peak. All that is needed to retrieve such
distribution is to extract this complex signal and subject it to a Fourier analysis along the kfv, domain: no
additional imaging ingredient is necessary, beyond what had already been included in the original ultrafast
2D NMR pulse sequence. This in turn opens a very aitractive route to spatial localization, as it means that
the same protocol originating the 2D NMR spectrum within a single scan can also be exploited to retrieve
the spatial origin of the spins at no additional expense in either acquisition time or sequence complexity.
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Fig. 9 presents an example of this procedure
[40], which demonstrates the possibility of
collecting spatially-resofved information from
2D NMR spectra while remaining in a sub-
second timescale. Retrieving such spatially-
localized information may be quite valuable,
particularly when dealing with in vivo systems
where the anatomical distribution associated to a
particular NMR peak is of essence.

3. Perspectives

Few scientists need nowadays be reminded of
the importance played by multidimensional
magnetic resonance. Whether because of the
need to characterize a new matenial, to elucidate
a profein structure, to synthesize a new drug or
to evaluate the possibility of disease, scientists
involved in a wide variety of endeavors have
already had the chance (or perhaps the forced
duty) to become acquainted with those peculiar
map-like plots first conceived by J. Jeener. The
possibilities that could open by speeding up the
acquisition of such multidimensional NMR data
- speeding up in some instances by several orders
of magnitude - are definitely alluring. Yet instead
of summarizing the various opportunities that
could thus be opened it is perbaps more adequate
to conclude the present account with a word of
caution. Indeed it should be kept in mind that in
spite of all the exciting potential that ultrafast nD
NMR acquisition schemes may bring, they will
not perform "magic". Accelerated acquisition
schemes may be capable of affording nD NMR
spectra within a single scan, but will only do
so if sufficient S/N is available to monitor the
desired features within that single scan. This
in turn highlights the importance of sensitivity
as another major goal to focus upon - even if
all these efforts are invested and then used up
within a fraction of a second [41].
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The Dan David Prize In the Material Sciences
Was awarded in a ceremony held at the Tel-Aviv University, on May 23, 2005, to

Professors Robert Langer, George Whitesides and C.N.R. Rao.

Their outstanding achievements were described in the following citations:

Prof. Robert Langer

Robert Langer is the Kenneth L. Germeshausen Professor of Chemical and Biomedical Engineering at the
Massachusetts Institute of Technology, USA.

Prof. Langer has pioneered the field of biomaterials and tissue engineering. He has contributed to the
development of biocompatible polymers for drug delivery and synthetic polymers to form specific
tissue structures creating the field of tissue engineering, His work has allowed the controlled release of
macromolecules using biocompatible polymers.

Prof. Langer is also responsible for the creation of numerous novel biomaterials, such as shape memory
polymers and materials with switchable surfaces, aerosols and microchips. His work has led to the
development of synthetic polymers to deliver cells to form specific tissue structures.

Prof. George Whitesides

George Whitesides is Woodford L. and Ann A. Flowers Professor at the Department of Chemistry and
Chemical Biology, Harvard University, USA.

Prof. Whitesides has been a prolific contributor to the field of materials science. He was the first to explore
the intersection of molecular-scale synthesis and surface science, which led to his work on self-assembly
monolayers (SAMs). The development of SAMs has led to the transformation of surface science into a
much broader discipline of microfabrication and biological interactions.

Particularly significant was Prof. Whitesides pioneering development of soft lithography, which is now
widely used for patterning non-traditional substrates. This work has also led to the development of the
field of microfluidics and the fabrication of microanalytical systems.

Prof. Whitesides’ work has also opened up new domains of research in nanoscience and technology. He
is one of the world’s most widely cited authors in materials science. Whitesides has bridged the fields of
chemistry, chemical engineering and biology to new heights through the development of novel functional
materials and systems.

Prof. CN.R. Rao

C.N.R. Rao is the Linus Pauling Research Professor at the Jawaharlal Nehru Centre for Advanced
Scientific Research, Bangalore, India.

Prof. Rao is one of the world’s foremost solid state and materials chemists. He has made prolific and
sustained contributions to the development of the field over five decades. His work on transition metal
oxides has led to basic understanding of novel phenomena and the relationship between materials
properties and the structural chemistry of these materials.

Prof. Rao was one of the earliest to synthesize two-dimensional oxide materials such as La2Cu04, His
work has led to a systematic study of compositionally controlled metal-insulator transitions. Such studies
have had a profound impact in application fields such as colossal magneto resistance and high temperature
superconductivity. Oxide semiconductors have unusual promise.




PINCUS, DJERASSI AND ORAL CONTRACEPTIVES

Bob Weintraub, Director of the Libraries, Sami Shamoon College of Engineering, Beersheva and Ashdod

“More than 100 years ago, W. E. H. Lecky, in his book, made the following observation: “The causes
which most disturbed or accelerated the normal progress of society in antiquity were the appearance of
great men; in modem fimes they have been appearance of great inventions. ‘The discovery of the Pill
was a great invention. And I hope that I have made it clear that it was the result of a major effort by
hundreds of men and women driven by a variety of motives, among which, however, the urge of scientific
inquiry was always predominant, and so was indeed the role played by Gregory Pincus, As he puts it with
modesty with a minimum of rhetoric: ‘The era of oral contraception by ovulation inhibitors appears to
have been ushered into existence by the clinical application of our animal studies with progesterone and
the gestagenic 19-norsteroids.’”” (E. Diczfalusy: J. Steroid Biochemistry, 1979)

When Carl Djerassi was asked as to what he considered to be his most important contribution to science,
he answered in part as follows: “From a societal point of view, the first synthesis of an oral contraceptive
is without doubt the most important. This was almost 45 years ago, October 15, 1951. 1t’s a very specific
date recorded in our lab notebook when we synthesized the steroid that was the active ingredient of oral
contraceptives eventually taken by hundreds of millions of people. There are very few synthetic drugs
that have been around for forty-some years. I don’t really know if there has been any more important
discovery from a societal standpoint during the postwar period.” (in Candid Science, I. Hargittai). Carl
Djerassi was the first recipient in 1978 of the Wolf Prize in Chemistry for his work in bioorganic chemisiry,
application of new spectroscopic techniques, and his support of international cooperation. He has been at
Stanford University since 1959. I am grateful to Prof. Djerassi for clarifying for me several points.

In 1919 Ludwig Haberlandt, professor of physiology at the University of Innsbruck, implanted the ovaries
of a pregnant rabbit under the skin of a non-pregnant one, making it infertile for several months despite
frequent coifus. Haberlandt appreciated the significance of his experiment - that a hormone secreted
by the corpus luteum inhibited ovulation - and he suggested that a substance with similar biological
properties could be the basis for a human oral contraceptive. According to Djerassi, “if there ever was a
grandfather of the Pill, Ludwig Haberlandt above all others deserves that honor.

Carl Djerassi:

Carl Djerassi was born in 1923 in Vienna to Jewish parents, his father Bulgarian and his mother Viennese.
The roufine of his family life ended abruptly in 1938 with the Anschluss: “Our second-floor apartment
had a long balcony overlooking the Donau Kanal, a branch of the Danube separating the fashionable first
Bezirk from the largely Jewish second one. The day after the Anschluss, I crouched behind the balcony’s
balustrade to watch the Brown Shirts with the swastika armbands pour across the bridge. In refrospect, it
seems sirange that I had no foreboding of Hitler’s takeover of Austria...” In 1939 at age 16 Djerassi fled
Europe via Bulgaria for the United States, where he was aided by the Hebrew Immigrant Aid Society,
known as HIAS. During the Nazi period protests from the Bulgarian people saved the Bulgarian Jews
from deportation to death camps.
! In 1945 Djerassi earved his Ph.D. in Chemistry from the Unwer51ty of Wisconsin with a thesis on the
transformation of testosterone into estradiol and related syntheses. In 1949, after working at the Swiss
company Ciba in New Jersey, he accepted a position to head a research team at Syntex in Mexico City.
Djerassi was to attempt a practical synthesis of cortisone.
Syntex was using Mexican Yams as the source of diosgenin as the starting material to synthesize the
hormones testosterone and progesterone, needed for therapeufic uses. During the war cortisone was
important to the military as it was thought to reduce stress levels in fighter pilots and after the war cortisone
was found to have anti-arthritic properties. There was an immense international effort to find a cheaper
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synthesis, the number of researchers working on cortisone being greater than that of any other medical
project since the development of penicillin. In 1951 Djerassi’s group achieved the first chemical synthesis
of cortisone from a plant source, dicsgenin, but about the same time the Upjohn Company of Kalamazoo
patented an easier fo achieve synthesis of cortisone starting from progesierone by a fermentation process.
The impact of the massive research effort on cortisone and consequently on that of steroids in general laid
the foundation for advances in contraceptive steroid work that was soon to follow.

Djerassi and his colleagues worked on novel steroid compounds. “Initially, we were not focusing on
contraception when we developed an oral progestational compound. Our research was undertaken because
at that fime progesterone was used clinically for treatment of menstrual disorders, for certain conditions
of infertility, and at a research level, for the treatment of cervical cancer in women by local administration
of a high dose of the hormone. Such administration was extremely painful because it involved injecting
a fairly concentrated oil solution of large amounts of progesterone into the cervix. What drove us was the
desire to create a more powerful progestational compound that would be active orally. “

In 1951 Syntex filed a patent based on the work of Djerassi’s group for the compound 19-nor-17¢-
ethynyltestosterone, known as norethisterone or norethindrone. Nor indicates a missing CH, group. In
1953 a patent was filed by G. D. Searle Laboratories of Skokie, Illinois, for the synthesis and uses of
norethynodrel, prepared by Dr. Frank B. Colton. These two compounds were several times as potent as
the natural hormone progesterone and could be administered orally. Both compounds were chemically
similar and both Djerassi and Colton did not see their potential for contraceptive purposes. Djerassi’s
compound was stable in the stomach, while Colton’s compound is largely converted into Djerassi’s by
the action of stomach acids.

Gregoty Pincus (1903-1967):

Gregory Goodwin Pincus was born in Woodbine, New Jersey, to Russian Jewish immigrants. Woodbine
was organized in 1891 and was one of the agricultural settlements founded in the United States by Baron
de Hirsch as a haven for Jews from Eastern Europe. Pincus’ father was at one time the editor of the The
Jewish Farmer. Pincus eamed his doctorate in biology at Harvard in 1927 and joined the faculty in
1930.

J. Segal (Pincus’ friend and colleague): “When he took up Margaret Sanger’s challenge in 1950 to develop
an oral contraceptive, he had already achieved in vitro fertilization of rabbit eggs, foreshadowing later

successes in assisted human reproduction that have enabled tens of thousands of couples to overcome

infertility. The controversy generated by this pioneering work probably cost him tenure at Harvard,
prompting his move to Clark University in Worcester, Mass. Screaming headlines about “test-tube babies”
and “fatherless rabbits” had elicited anti-science and anti-Semitic attacks. This notoriety may have made
Harvard too uncomfortable to keep Pincus on the faculty, but it did not prevent the University from cifing
his work as one of Harvard’s outstanding scientific achievements in its 300-year history. At Clark, Pincus
teamed up with Hudson Hoagland, another scientific pioneer-explorer, to create the Worcester Foundation
for Experimental Biology in 1944. Pincus atiracted Cambridge-trained physiologist M.C. Chang to the
foundation.” (Popul Today, 2000)

Pincus: “In 1937, Makepeace, Weinstein, and Friedman noted the effectiveness of progesterone as an
ovulation inhibitor in the rabbit, but the logical extension of this observation into a more intensive study
of the nature of the progesterone derivatives and the putative metabolites were not reported by us until
1953. Why this “logical extension” occurred after a latent period of approximately 16 years is a question
concerning which we have raised some speculation. ....In our case, the special demands of “war” research




a9 |

accounted for a shift of interest to studies of adrenocortical function, particularly in relation to physical
and mental stress, and this interest has continued to a greater or lesser degree. Indeed, World War II
probably accounts for the lapse observed generally. In our case, the increase of activity as indicated
by publications from 1950 on has been due to two overily ascertainable factors: (a) a visit from Mrs.
Margaret Sanger in 1951 and (b) the emergence of the appreciation of the importance of the ‘population
explosion’.

At the time of her visit, Mrs Sanger’s interest in the world-wide dissemination of information on
birth control was at a high tide. Her experience as President of the International Planned Parenthood
Federation had made her aware of the deficiencies of conventional contraceptive methods, particularly in
underdeveloped areas of the world. Her hope, expressed to us, was that a relatively simple and fool-proof
method might be developed through laboratory research. Drs. Chang and Pirie and I had already had
some experience with hyaluronidase inhibitors in the rabbit, but we had found that such potent inhibitors
could act only on direct contact with sperm and that there was no possibility of an effect by parenteral
administration. Although some preliminary experiments by the late Dr. Abraham Stone had indicated that
at least one of these inhibitors might be quite active as the component of an intravaginal preparation in
the human, the limitations to its use still appeared to be rather formidable. Accordingly, Dr. Chang and
I drew up a modest project proposal that received support under a grant from the Planned Parenthood
Federation of America. Work under this grant resulted in a paper on the rabbits mentioned above and in
the finding that the compounds that we found to be potent as ovulation inhibitors in the rabbit were also
quite active as antifertility agents in the rat. “The rabbit ovulates within ten hours of mating. The rat
ovulates periodically making the monitoring of experiments more difficult but give the findings added
relevance to the reaction in the human female”.

Pincus: “... the definition of progestational activities is essential to the understanding of their roles in the
regulation of reproductive processes. A true progestin may be defined as a compound which acts upon the
uterus to induce endometrial proliferation and myometrial activity characteristic of pregnancy and which
maintains pregnancy in ovariectomized animals carrying fertilized ova or fetuses; both of these functions
may be enhanced by the committan use of small amounts of estrogen, but the progestin alone should be
sufficient at adequate dose.”

Gregory Pincus teamed up with Dr. John Rock, Professor of Gynecology at Harvard, to collaborate on
human testing and clinical trials. Rock was interested in progestins as a cure for certain types of infertility
and Pincus was interested in progestins as a means to prevent pregnancy. Pincus’ group screened over
200 synthetic compounds for oral progestin activity. At about this time two synthetic steroids became
available for testing, each of which was claimed to be orally effective for menstrual cycle regulation,
One was norethindrone from Syntex prepared by Carl Djerasi and the other norethynodrel from G.D.
Searle, prepared by Dr. Frank Colton. Pincus recognized their value for use as oral contraceptives. In
1955 Pincus reported their preliminary results on the possibility of using progestational compounds for
human oral contraception.

Following clinical trials, in 1957, the U.S. Food and Drug Administration (FDA) approved the use of
Syntex’s norethindrone and of Searle’s norethynodrel for oral treatment of menstrual disorders and for
certain conditions of infertility. In 1960, the FDA approved the use for oral contraception, Searle’s
norethynodrel (under the trade name Enovid) and two years later, Syntex’s norethinodrone (under the
trade name Ortho-Novum).

Pincus (1965): Birth control and the allied areas of sexual physiology and sexual behavior have long
been battlegrounds of opinion-voicers. They have suffered from clashes among differing culture




patterns, theologies, moralities, even politics. These struggles still continue, but they are being more
and more delimited by the findings of science. Objective appraisal is surely but slowly replacing heated
partisanship...The mystery and wonder of conception becomes describable in terms of gamates and their
movements, in terms of fertilization reactions and the operation of replication mechanisins, in terms of
oviduct chemistry and hormonal regulation. In each of these is also mystery and wonder, for there is stifl
more fo discover than we now know. But in the blazing or flickering light of what we do know a priori
judgements and willful prejudices fade. And our considered and tested knowledge offers a firm basis for
what we can and should do.

SHEHIGED # ROVANCEN -~ - ook,

fiiniaaiing

Stamp issued by the Austrian Post Office, in honor of Carl Djerassi on his
80% birthday. For more information on the stamp see:

Autobiography of a Stamp by Carl Djerassi, Philatelia Chimica et Physica
27, 68, 2005. http://www.cpossu.org/Djerassistamp.pdf
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Prof. Bilha Segev 1963 - 2005

Professor Bilha Segev was born and grew up in Haifa. She
received her B.Sc. in 1988, Suma cum Laude, her M.Sc. in 1992,
and her Ph.D. in 1996 from the Technion. She won a Rothchild
Fellowship and a Fulbright Fellowship, and from 1996 to 1998 she
was a Research Associate at the Institute for Theoretical Atomic
and Molecular Physics (ITAMP) at Harvard University; she also
won a prestigions ITAMP Fellowship. At ITAMP she worked on
varied topics such as electron-positron pair production in heavy
ion collisions, evanescent-wave atomic mirrors, energy transfer
processes between Bom-Oppenheimer surfaces in molecules,
and superluminal light propagation and quantum noise. She
joined the faculty of Ben-Gurion University in 1998, after
receiving the prestigious Alon Fellowship for outstanding young
faculty. In 2002, she received the Toronto Prize for excellence in research. Her main research interests
were in theoretical and mathematical physics and chemistry. In particular she worked on the following
topics: quantum and QED effects in atomic and molecular optics, time dependence in quantum scattering
processes, formulation of the principle of causality in the quantum regime, tunneling phenomena, phase-
space dynamics in the Wigner representation, applications of the above to quantum gates of cold atoms
in optical lattices, non-perturbative effects in quantum electrodynamics, and radiationless transitions in
polyatomic molecules.

Bilha was a gifted teacher and lecturer, and was awarded several Ben-Gurion University awards for
teaching excellence. Her ability to anticipate potential sources of confusion, and explain these away
to her students and colleagues, was phenomenal. Her lectures at scientific meetings were universally
lauded. Her students venerated her. .

Prof. Bilha Segev was “noach labriot” and was universally loved by her students and colleagues. Her
smile was contagious, and her wisdom, inspirational. We lost a very dear colleague; a colleague who
shared her enthusiasm for science and for life with us. She will be sorely missed.

Prof. Yehuda Band, Ben-Gurion University.
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Single-Scan 2D NMR

Lucio Frydman
Department of Chemical Physics, Weizmann Institute of Science, Rehovet, Israel

Multidimensional speciroscopy plays a number of essential roles in contemporary magnetic resonance.
It brings a resolution enhancement without which numerous NMR applications in organic and inorganic
chemistry would be unattainable, it serves as a basic tool in the assignment and structural elucidation
of complex biological structures, and it i3 an integral part of the image formation protocol in MRL
The present review describes a recent scheme which we have developed, enabling the acquisition of
complete 2D NMR data sets within a single confinuous acquisition. Provided that an analyte's signal is
sufficiently strong, the acquisition time of multidimensional NMR experiments can thus be shortened by
several orders of magnitude. The new methodology is compatible with existing multidimensional pulse
sequences (COSY, TOCSY, HSQC, MRI) and can be implemented using conventional hardware. The
spatial encoding of the NMR interactions - which is the new principle underlying this ultrafast NMR
protocol - is discussed, and the protocol’s performance is exemplified with a variety of homonuclear and
heteronuclear 2D NMR and MRI acquisitions.
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Excursions in cluster science;
from dynamics of large finite systems to ultracold clouds

Joshua Jortner and Isidore Last
School of Chemistry, Tel Aviv University, Tel Aviv, Israel

We report on the exploration of new scientific territories of energetics, response, dynamics and function
of large, finite atomic and molecular systems, Studies of ultrafast (attosecond 10°'8s to femtosecond
10'%3) electron and nuclear dynamics of clusters in ultraintense laser fields (peak intensity
101°-102Wem2) led to the advent of table-iop nuclear fusion driven by cluster Coulomb explosion. The
eighty years’ quest for nuclear fusion driven by chemical reactions was achieved by “hot—cold” fusion in
the chemical physics laboratory. Moving from femtosecond nuclear dynamics in the energy domain of
nuclear physics (1keV—-1MeV) towards ultralow energies and ultraslow millisecond dynamics in ultracold
(T = 100uK—1nK) finite systems, we address the bridging between nuclear dynamics of clusters and of
finite, ultracold atomic clouds.

Some topics in quantum chemistry

Ruben Pauncz, Dept. of chemistry, Technion, Haifa, Israel

The article deals with three topics: (a) the alternant molecular orbital method, (b) the construction of spin
eigenfunctions, and (c) the use of the symmetric and the unitary group in quantum chemistry. In the final
part it presents my experience in the teaching of quantum chemistry

The Fascinating World of Low-Coordination Silicon Compounds.

Theory and Experiment in Synergy
Miriam Karni and Yitzhak Apeloig, Dept. of Chemistry, Technion, Haifa, Israel

Silicon is the closest element to carbon in the Periodic Table, but, the structural rules, chemical behavior
and physical properties of their compounds are very different. In this paper we will discuss mainly the
structural properties of doubly- and triply-bonded silicon compounds, in particular, disilenes (R,Si=SiR,),
trisilaallenes (R,Si=5i=SiR,), disilynes (RSi=SiR) and silynes (RSi=CR). Because until recently many of
these compounds did not exist, theory played 2 major role in predicting and understanding their structures
and in directing experiments in this field. These fiuitful interplay and synergism between theory and
experiment is demonstrated in this article.

Unlike ethylene which is planar, the silicon atoms in the analogous disilene are pyramidal. In contrast to
allene and acetylene which are linear, trisilaallene has a strongly bent skeleton, and disilynes and silynes,
the silicon analogs of acetylene are trans-bent. The unique structural behavior of multiply-bonded silicon
compounds (and of the higher congeners of group 14) can be atiributed to a large extent to the mismatch
between the radii of the 3p and 3s orbitals of Si, reducing the degree of hybridization and dictating
different structural rules for its compounds compared with analogous carbon compounds.
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Time resolved nuclear dynamics of the fragmentation of highly charged
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