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We have measured the total electron scattering cross sections of several NMR shift reagent molecutes X(hfc)
where X= Yb, Er, Eu and Pr, by means of electron transmission spectroscopy (ETS) to determine their
vertical attachment energies. A strong low-energy resonandeel/) is observed in all of the compounds
except for Yb(hfc). We explain this anomaly in terms of the ground-state electron configuration of each
molecule. Also, with the aid of restricted open-shell HartrEeck (ROHF) calculations on analogous molecules

with truncated fluorocarbon chains, we have assigned specific normally unoccupied orbitals to the resonances
observed in ETS. To our knowledge, these molecules are the largest for which this procedure has been
successfully completed. Nolting et all. Phys. B1997, 30, 5491) have demonstrated that the above NMR

shift reagents exhibit electron circular dichroism (ECD) between 1 and 10 eV. Using our new total cross
section data, we comment on the possibility of resonance involvement in the generation of ECD.

Introduction tions associated with these moieties are largely decoupled from
. .. the central regions and truncation should not significantly affect
As understanding of gas-phase temporary negative ionShe relevant orbitals, or the trends in VO energies (VOES).

ETNIS) g_enelrated byl elelctrohn |mbpact ha_s progr_essle(_j, théartneted Another motivation of this work has been to investigate the
0 €xamin€ farge molecules has become Increasingly Important. ., .o 440 petween the total electron scattering cross section

.A rtr;]ajor challeng? |r:cstud|es |nvol\(|n?th:II? clnf Iielrgte molectlf[lets resonances of these compounds and features in electron circular
IS the assignment of resonances In e total electron SCatienNgy; i, oigm (ECD). Electron circular dichroism is the preferential
cross sections to specific \_/|rtual orblFaIs (VOs) predicted by scattering of spin-polarized electrons by chiral molecules, in
quantum chem!ca_l calculations. In this work, we report new analogy with optical circular dichroism and will be discussed
electron tran§m|SS|on spectroscopy (E2Tli§§easurements on the further below. By comparing the positions and trends of
four NMR shift reagent compounds X tris[3-(heptafluoropro- resonances in the total scattering cross section with features in

pylhydroxylmethylene)-t/-)-camphorate], X(hfg) whereX = .
Yb, Er, Eu and Pr. These spectra extend the energy range toECD spectra reported by the Mster groug,we can comment

lower values than had been previously repoftédllowing the on the possibility of resonance involvement in the generation
: of ECD.
observation of new features below 1 eV.

With atomic weights of greater than 1200, we believe this
study represents the largest systems for which normally unoc-
cupied orbitals have been assigned. To assign specific normally Low-energy scattering resonances can arise when an electron
unoccupied orbitals to resonances observed in ETS, we havebecomes transiently bound in a normally unoccupied molecular
performed restricted open-shell Hartredeock (ROHF) calcula- orbital, thus forming a temporary negative ion (TNI). To
tions on Yb(tfcy and Pr(tfc} where the “t” indicates that the  determine the vertical attachment energies (VAES), i.e., reso-
CR,CR,CF; fluorocarbon chains have been replaced by, CF nance energies of the NMR shift reagents, we have examined
groups to simplify the computations. We do not expect this to their TNI states using electron transmission spectroscopy (ETS).
inhibit comparison to the experimental spectra for two reasons. The Minster group has previously reported the ET spectrum
First, resonances & character centered on second-row atoms for Yb(hfc); 2 and less specific resonance energy regions for
are broad, overlap one another, and exist at high enetgies. the remaining shift reagents (Figure 2 of ref 4).

Resonances dil character are characteristically strong and often  |n our experiment, a magnetically collimated, monoenergetic
will further obscure resonances resulting from direct injection electron beam is transmitted through a collision cell containing
into purec* orbitals. As will be detailed later, the NMR shift  a target vapor. Scattered electrons are rejected by a retarding
reagents studied in this work all contain local resonances of electrode following the collision cell and the transmitted
local 7* character. For these reasons, resonances are not  electrons are collected. For a given incident electron energy and
expected to be discernible here. Second, the six-memberedenergy loss, the retarding voltage determines the range of
guasi-aromatic ring structures of these molecules that give riseelectron scattering angles that are rejected. To accentuate
to the strong resonances seen in our transmission spectra are gesonant structure in the cross section, a small modulation
large distance from the fluorocarbon chains. Thus wave func- voltage is applied directly to the collision cell and the AC
component of the transmitted current is detected by a lock-in
* Corresponding author. E-mail: tgayl@unl.edu. amplifier, enabling determination of the derivative of transmitted
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Figure 1. Derivative with respect to electron energy of current
transmitted through gas-phase Yb(bBf&r(hfck, Eu(hfck, and Pr(hfc).
Vertical attachment energies (VAES) are indicated by short vertical
bars.

current with respect to energy. In the derivative signal, a peak
in the total scattering cross section is thus indicated by a
minimum followed by a maximum. The resonance energy is
assigned to theertical midpoint of this dip-to-peak structure.

Because the electron attachment process is rapid relative to
nuclear motion, the resonance energy characterizes the molecul

in its neutral equilibrium geometry and is a measure of the VAE.
A peak at 2.46 eV in the derivative signal of Bissociated with
vibrational structurey = 2) of the?I1g anion state is used to

provide an energy calibration of the ET spectra, as was done in

ref 6. A trochoidal electron monochromatoprovided an
incident electron energy width between 40 and 80 meV. The
absolute uncertainty in the determination of resonance energie
is +£0.05 eV.

At room temperature the NMR shift reagents in question have
very low vapor pressure. They were introduced into the collision
cell by means of a sample oven directly attached to the collision

S
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TABLE 1: Vertical Attachment Energies (VAESs) from the
Munster Lab® for Yb(hfc) 3 and from This Work for X(hfc) s,
with X Being Yb, Er, Eu and Pr2

VAE VAE ECD VAE ECD VAE ECD
Yb(hfc)s? 1.7 2.8 6.0

Yb(hfc)s 1.3 16 26 25 50 56
Er(hfcy 03 13 17 25 24 48 54
Euhfcy 03 12 13 26 1.9 49 50
Pr(hfcy 03 11 U 24 19 49 47

aThe maxima and minima observed in asymmetry (EGByt would
be assigned to these resonances based on the Yhdatz) (see text)
are also indicated. The “U” indicates an unobserved feature. All energies
are in eV.

the midpoints of the resonances. Weaker retarding voltages are
employed at higher energies to avoid variations in the transmit-
ted current due to misalignment of the magnetic field with the
electron beard. The breaks in the curves separate spectra
obtained with different retarding voltages and different scaling
factors. The curves are overlapped to show energy agreement.
It is possible that small changes in the width of the dip-to-peak
structure characteristic of a resonance exist between the low-
and high-energy spectra due to the different retarding voltages.
We do not expect that this will significantly alter the position
of the vertical midpoint of the resonances.

A strong low-energy resonance is observed in each of the
compounds except Yb(hfg) We will explain this anomaly
below. Each spectrum shows two strong resonances between 1
and 3 eV and a broad higher energy resonance near 5 eV. Table
1 gives the VAEs for all of the reagents, along with the
resonance energies reported by thénster groupfor Yb(hfc)s.

The ET spectrum of Yb(hfg)given in ref 3 and the resonance
positions reported in ref 4 for the remaining compounds were
obtained with a technique similar to ours. The two ET spectra
of Yb(hfc); agree qualitatively. However, as indicated in Table

é. for Yb(hfc), the vertical midpoints of the resonances observed

in ref 3 are seen at somewhat higher energies. These discrep-
ancies arise, at least in part, because we use a retarding voltage
to greatly restrict the forward scattering acceptance angle, thus
providing a measurement as close as possible to the total
scattering cross section. Mayer e€alo not use this procedure
and thus measure cross sections less restricted to forward
scattering. Therefore, when we compare our spectra with those
of the Minster group, shifts in resonance energies are not
surprising. We expect that the shifts seen in the case of Yb-
(hfc); exist for the other reagents as well. Further details of the
effects of the retarding voltage on ET spectra can be found in
ref 8.

chamber. The oven and collision cell were separately heated
with the cell kept slightly warmer to avoid condensation. To
. Theory

obtain adequate vapor pressure, the sample oven temperatures
required were 117 and 132 C for Er(hfcand Eu(hfcy The molecules considered in this article are members of a
respectively. We were unable to obtain temperature measure-arge group of compounds of transition metals, lanthanides, and
ments in the Pr(hfg)and Yb(hfc} experiments due to inadvert-  actinides with organic ligands. When the ligand is bidentate,
ent detachment of the thermocouple leads. In the case ofi.e., when it contains two attaching groups, those metals that
Yb(hfc)s, slightly more current through the sample oven and bind ligands octahedrally will form compounds that have three
collision cell heater was required than was necessary for theligands arranged in two possible “propeller” configurations. In
other compounds, indicating a higher temperature. Measure-the fixed nucleus approximation (FNA), nuclear positions and
ments were taken with 140% attenuation of the electron the electronic wave function satisBs symmetry, a group with
beam. The ET profiles remained unchanged with increasing no improper elements. If the two ligand attachment points are
temperature, indicating that no significant sample decomposition equivalent, these two enantiomers are the only possibilities. In
leading to gaseous impurities was occurring. contrast, we are dealing with a modified camphor ligand that

In Figure 1 we present the ET spectra for the compounds has both intrinsic chirality and nonequivalent attachment points.
studied here, plotting the derivative of the transmitted current Ignoring the chirality, the nonequivalence of the attachment
as a function of incident electron energy. Vertical lines indicate points provides eight possible enantiomers. If we arbitrarily refer
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TABLE 2: C 3 Character Table

C3 E CS C32
A 1 1 1
E1 1 € €*
E> 1 €* €

ae = exp(2ri/3).

to the two orientations of the camphor molecules as U (up) or
D (down), we have b} U;,D, UD,, and D, with the two mixed
cases having 3 times the statistical weight of the other two. Of
these, only J and D; satisfy any symmetry operations; they
belong to the @group.

For reference, we give thes€Character table in Table 2. This
group has complex one-dimensional characters, but the energie:
are either nondegenerate and of species A or doubly degerate
and of specie$E; E,}. The four metals we are concerned with
all have 4f electrons, and in the compound they are subject to
a G ligand field? Standard methods allow us to determine that
the spherica{4f} set is no longer 7-fold degenerate in energy
but is split into five different energies with symmetry tydes
a a e ¢ in the lower symmetry environment. This is not
necessarily the order of the new energies.

We have carried out restricted open-shell HartrBeck v
(ROHF) calculations on the Pr and Yb compounds, slightly Figure 2. Framework structure of Yb(tfe) The green rods represent
simplified, but very closely related to the corresponding shift carbon bonds. Hydrogen bonds are represented by white, oxygen by
reagent molecules actually studied in the laboratory. The latter red, fluorine by gray, and ytterbium by light blue.
have ligands possessing a heptafluorocarbon chain, attached at CH
one point and, as in the introduction, are referred to generically Fal i TFJ
with symbol X(hfc). As previously discussed, the location and C
nature of such a fluorocarbon chain strongly suggests that
truncating this to the simpler-CF; group will have no
substantial effect upon the results from these calculations. In
the succeeding arguments we distinguish the calculated mol-Figure 3. Enol structure that bonds to Yb after losing & Bttached
ecules from the measured ones by labeling the former as Pr-t the enol O atom.

Z SOH

H,C o

(tfc)s and Yb(tfcy. The Pr and Yb compounds were chosen for CH
calculation because they have nearly empty and nearly full H;C % 1131:3
f-shells on the central metal atom, respectively. The Egtfc) Ca
and Eu(tfc) molecules are expected to be almost intractable H o

within the ROHF procedure. %
The GAMESS? program was employed for the calculations HC

using its built-in “MINI” basis set! Some modules from the  Figure 4. Keto structure, in its most stable native form.

CRUNCH suité?3were also required. The Molekel 3D plotting

softwaré was used to render the orbital drawings illustrated thatloses the Hto produce the negatively charged ligand. There

below. Using Yb(tfc} as an example, the following is an outline is @ C=C double bond in each of the three ligands in addition

of the computational procedure used. The geometry of the to the C=0O double bond, and they are conjugated. This means

skeleton for one of the £propeller versions of the Yb(tfg)s that the G=C—C=C—0O- part of the ligand is planar, and the

shown in Figure 2. In Yb(tfe) the Yb is in a (Ill) oxidation coordination compound has three equivalent, nearly planar six-

state, resulting in the compound having a multiplicity of two. membered rings when the Yb is counted, as can be seen in

The electron configuration of neutral Yb is [Xe]:(&)6s)2 and Figure 2. Our calculations of the lowest enefgy set (Figure

when it loses three electrons to form the compound, the 5) and the next higher enerdy} set (Figure 6) indicate that

configuration becomes [Xe]:(4#$.Our calculations indicate no  the precise bonding pattern in the enol structure does not carry
tendency for the compound to involve the Xe core. over to the molecule. Rather, the form of the ligand in the

If the Yb*3 ion were isolated and satisfiedS coupling coordination compound is a resonance hybrid of the bond

rules it would have. = 3 andS= Y,. However, the symmetry  structure of the enol and keto tautomers:

of the molecule is trigonal, and as discussed above, there are

three?A and two?E states possible from the single f-hole (see Ybyg~O=C—C=C—O-Yb,s =

tables in ref 15). These have somewhat different energies and Yb,s—O—C=C—C=0-Yb, 4

can be expected to cause significant problems with convergence

during ROHF calculations. In addition, a complicated Roothaan- Earlier, we pointed out that there are eight propeller conformers

type state averaging procedure would be required to separatgpossible in any of these compounds. The calculations were

the lowest A- or E-state energies if they were required. restricted, however, to thesdor Us) enantiomers. (We may
An individual isolated ligand molecule can be in two different note that this symmetry greatly improves the chances that the

atomic arrangements, the enol or keto forms. These are shownROHF procedure will converge.) Although these are in the

in Figures 3 and 4, respectively. It is the less stable enol form minority statistically, the inner structure of the compounds with
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Figure 5. First{e} set among the virtual orbitals. This involves mainly

locally -like orbitals on the liganeYb rings. Figure 7. Third {€} set among the virtual orbitals. These involve

antibonding orbitals from the GFRyroups and from €H bonds.

Figure 6. Second €} set among the virtual orbitals. These also mainly

involve locally zz-like orbitals on the liganeYb rings. ) . . .
Figure 8. SOMO of Yb(tfck. It is essentially an,f, orbital and the

their three six-membered ring arrangement is necessarily verynole is the same.

much the same in all of the isomers, and calculations confirm (SOMO), and we show in Figure 8 that it is entirely on the Yb
that virtual orbitals (VOs) producing resonances are largely atom at the default value of the absolute orbital amplitude of
confined to this inner region. the plotted iso-surface (0.0 %2).

It has been shown from ETS measurements that ground state The true VOs of typg e} present in Pr(tfe) are essentially
shape resonances of molecules can be associated with VOs oindistinguishable from those in Yb(tfg)The difference arises
Hartree-Fock (HF) calculation$® particularly when the orbital with the SOMOs in Pr(tfe) Because all but one of the f-orbitals
involved has a leadinggwave withl = 1 or higher. The{e} in Yb(tfc); are occupied, essentially only one a-type orbital
type orbitals ofC3 symmetry have this characteristic, and in remains. On the other hand, Pr(§t)s only two f-electrons to
Figures 5-7 we show these from our calculation of the Yb- contribute to the molecule, and following Hund’s rule, they
(tfc)s molecule. In the two lower energie} orbitals there is occupy two different e} -type orbitals singly in an overafiA
considerable locak character, and this will tend to increase state'® We show these in Figure 9. Thus Pr(fbjps two empty
the average value dfin the compositd-wave, decrease its  {e€}-type spin orbitals, the complements of those singly occupied
energy width, and thus make it more prominent in ETS. It is in the®A state, and they can support f&} -type resonance with
also interesting to consider the singly occupied molecular orbital a lowestl not less than one. The results of the calculations are
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Figure 10. Experimental vertical attachment energies (VAESs) of Yb-
(hfc); and Pr(hfc) vs calculated virtual orbital energies (VOES) of Yb-
(tfc)s and Pr(tfc). The equation for the line of best fit is shown. The
R? value is 0.93.

) ) ) detachment and the stable form of the molecule would exist as
F'gurleo?' Sr?é'\ﬁ\os of 'X(tfca Srk‘)ow'”g th‘; eand ¢ orbitals th"ﬁt are he acation. In the case of the heavier Yb(hfd)3 electrons must
coupled to théA state. As can be seen, they are not principally on the :

Pr atom but have been distributed onto the ligands. be gccommodated by the three A amd two palirs of E S.e.ts of
orbitals that result from symmetry splitting of the seven original

therefore consistent with another resonance below those at_equivalent f-orb_itals of the .Yb atom. Therefore, no normally
tributable to the three VOs that are analogous to those in Yb- Unoccupied orbitals are available to produce a very low-energy

(tfc)s. Of course, it is possible that the normally unoccupied f€Senance. In the case of the I]ghter Pr(gfanly two SPCh
orbitals we show could support a stable negative ion. Our l€ctrons occupy the aforementioned set of seven orbitals and
calculations are not sufficiently accurate to determine this with a lesser positive core, it is not surprising that the analogous

guantitative issue. However, the resonances observed in ETSSEl of A and E orbitals WOl_Jld be Sh'fted higher in energy. Itis
affirm the picture we present. thgs possible that the unfilled orb|t'als of the remaining .three
We have not attempted calculations on Ergfahd Eu(tfc} shift reagents, the an_alogs of which are all fully or singly
because they are expected to have much more complicated spi?ccUPied in Yb(hfc), lie above the vacuum level and may
structures. We can, however, make some reasonable conjecturegmduce a resonance. With= 1, the E-type orlbltals are the
about their structures based upon the number of their f-electrons ONIY ©Nes expected to produce strong scattering.
the calculated results for Yb(tfepand Pr(tfcy and qualitative
considerations of ligand field theory. There are seven spatial
functions in an f-shell. As mentioned, if these are irCa A. Orbital Assignments. We can use the results of these
symmetry environment, first-order perturbations will produce calculations to assign virtual orbitals (VOs) to resonances we
three A and two pairs of E states. The f-orbitals are proportional observe in the total scattering cross sections. The energy of a
to | = 3 spherical harmonics and the three A-type functions are VO can be used to approximate the energy of the anion resulting
Y(3,3), Y(3,0), and Y(3;-3) or real linear combinations of them.  from occupation of that orbital according to Koopmans’
The sets of E functions are Y1) and Y(3;:2). Again, real theoremt’ It is well understood that computed energies of VOs
linear combinations of these may be used.*Eias six are too high because interactions with continuum states are not
f-electrons. Therefore, no matter how the ligand field causes taken into accouri® Because the VO energies (VOES) are near
the occupations among the A or E orbitals to occur, there arethe vacuum level, they are lowered by interaction with
not enough electrons to completely fill the E-type orbitals and continuum states. Another source of error in Koopmans’ theorem
so there will be E-holes. We expect the Eu@fic) be in a triplet values is the neglect of electron correlation effects, which also
A state as is Pr(tfg) Ert3 has eleven f-electrons and this case results in a lowering of energy.
is not so clear-cut. If the E orbitals were all filled with their In a family of closely related molecules, such as the NMR
maximum of eight electrons, this would leave only three shift reagents, the correlation between VAEs and VOEs is
electrons for A orbitals, an unexpected outcome. We suggest ausually strong. Thus scaling the VOE values can aid in the
scenario in which there are three holes, one of type A and two assignment of specific normally unoccupied orbitals to reso-
of type E. In this case we expect an overall A state, but now nances. Such a procedure was followed recently for molecules
with doublet or quartet mulitplicity. We again have the consisting of alternating phenyl and ethynyl grof®mnd was
ingredients to produce a low-lying resonance. These results anddone by Modef! for a more general selection of unsaturated
qualitative considerations imply that Pr(hfclEu(hfcy and Er- hydrocarbons. Figure 10 is a plot of the VAEs of Yb(afahd
(hfc); may have an extra low-lying resonance compared to Yb- Pr(hfcy vs the VOEs of Yb(tfcy and Pr(tfc). The linearity of
(hfc)s. the VAE/VOE correlation is strong enough that we have
In summary, as is the case with all filled orbitals, all SOMOs confidence assigning the three resonances in Yh{lafc)l the
in the neutral ground state of these molecules lie below the upper three resonances in Pr(hft) the lowest three sets of
vacuum level and thus are not accessible by positive energyunoccupied orbitals of type e symmetry shown in Figure§ 5
electrons. If a SOMO or a filled MO were above the vacuum for Yb(tfc)s. We note that the use of the small “MINI” basis
level, the compound would be unstable with respect to electron set (required due to the complexity of the molecules) and the

Results and Discussion
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truncation of the saturated-&~ chains may lead to greater ) L T T T T T )
scatter than would result from an ideal calculation. 1k R , Ybhio), ]
B. Electron Circular Dichroism. We now consider our 0 _.sm%, i W:’*‘?f;i“%r
results in the context of the Mister asymmetry measure- AL - ‘ R Dot - i
ments3# Spin-forward and spin-backward longitudinally polar- N S ' T
ized electrons generally have different scattering cross sections il e D T e,
when incident upon chiral molecules. This helicity dependence & r Ll --. : ]
is called “electron-circular dichroism (ECD),” in analogy with = I 8 o.,, me
the comparable optical effect involving circularly polarized light. Sl ! °°°°°°m i 5
Electron circular dichroism can be characterized by the asym- E‘ 2 [ P R I L
metry g0 e ’ Eu(hfc), ]
£ - _
=1 < Soogon, | T oo ]
S r— 1) R T e | ]
" +1 2 st ——t ——t—+—
L . E / Pr(hfc), ]
wherel () is the current transmitted through a chiral target of ol R : S
a given handedness, normalized to incident current, for spin Mw s 1
forward (backward) electrons. Nonzero values of the asymmetry r © i ]
A have been observed by the Mster group with a variety of I

targets: bromocamphor, dibromocamphot;)-fodomethyl-
butane, {)-bromomethylbutane, and the series of NMR shift o _
reagent “propeller molecules” discussed h&té2 Such colli- Figure 11. Asymmetry vs incident electron energy of the NMR shift
sions provide the chance to study the interesting effects of chiral "$298nts reproduced from ref 4. The data points foritenantiomers

| | | ina d Aar4and al are shown as black dots and open circles are the data points fer the
symmetry on electron-molecule scattering dyna NAalSo  anantiomers. Error bars are not shown but are generally comparable to

hint at the importance of the cosmic-ray background for the or smaller than the size of the data points above 2.0 eV. They increase
origins of biological homochirality® A detailed picture of the to ~2 x 1075 below 2.0 eV.

electronic molecular structure of chiral targets is crucial to such
topics. We have previously detailed the specific mechanisms eV. Analogous features irH)-Pr(hfck occur at lower energies,
by which ECD can occur, and refer the reader to refs 6 and 22 namely 1.9/~3 and 4.7 eV. We suggest that analogous features
for a discussion of chiral collision dynamics. appearing in the spectrum of each compound are caused by the
C. Resonances and ECDFor a given chiral molecule, itis  same dynamical scattering mechanisfihus the resonance
expected that features in the ECD asymmetry A may correspondbands shown in Figure 2 of ref 4, which arery similar in
to resonances in the total electron scattering cross section. Aenergy across the molecular family, are not always centered
resonance provides greater interaction time between the incidenbn the ECD feature for which the indicated resonance may be
electron and the molecular target, giving the two collision responsibleln the case of Yb(hfg) ref 3 provides evidence
constituents a better chance of “sampling each other’s chiral- that the three major resonances observed by thediéu group
ity”. 2224Recently, we studied the correlation between ECD and in ETS (Figure 4 of ref 3) are responsible for three specific
low-energy electron scattering resonances for bromocamphorprominent features in the ECD data. Their resonance energies
and dibromocamphbusing ETS. In that paper we showed, with  correlate closely with pronounced ECD minima at 1.5 and 5.6
the aid of virtual orbital and helicity density calculations, that eV and a maximum at 2.5 eV. The same is seen for Er{fifc)
resonances observed in ETS between 1 and 7 eV were veryBased on these two cases and the similarity of the Yb{/ft)
likely the sources for certain ECD features. However, other spectra of this work to that given in ref 3, the assignment of
asymmetry structures could not be explained by resonancethese three asymmetry features to the orbitals shown in Figures
behavior. 5—7 is reasonable. However, one would expect the analogous
We now use our experimental and theoretical results to ECD features in the Eu(hfg¢and Pr(hfcy to correlate with the
comment on this issue for the NMR shift reagents. As can be parallel resonances. Yet the ECD features in these two
seen in Figure 1%,each of the Muaster asymmetry spectra compounds are shifted to significantly lower energies with only
exhibit similar structure, though comparable features are shifted a slight shift in the VAEs (see Table 1 and Figure 2 of ref 4).
from target to target as indicated with dashed lines. (The local The ligands in the Maoster experimeftvere of pure chirality
minimum in the &)-Pr(hfck spectrum at 1.5 eV appears to be (either all right-handed or all left-handed), but their arrangement
caused by the tendency of the observed ECD asymmetries toabout the central higd-atom was racemic. Thus the target’s
increase rapidly at low energies due to an experimental arfjfact. *“integrated” stereochemical chirality existed not on the high-
As can also be seen, there are additional structures at even lowetarget center, but on each of the individual ligands. Figures 5
energies (0.751.3 eV). These features are clearly visible in and 6 show that the orbitals responsible for the two lowest
all spectra with the exception of Pr(hicAs discussed above, energy ETS resonances in Yb(hfcand the two middle
Yb(hfc); does not display a low-energy resonance in the total resonances in the remaining compounds are predominately
scattering cross section. Thus these ECD structures are almoslocated on the six-membered ring structures discussed earlier
certainly not related to the lowest energy resonance observedthat join the central atom with the ligands. Little wave function
in the other three compounds in ETS. It is probable that similar amplitude exists on chiral centers of the ligands. In the
structures exist in Pr(hfg)but are shifted to energies not “resonance” model of ECD, this would indicate that the extra
accessible by the Mister ECD apparatus. electron involved in these TNIs would not be expected to exhibit
Analyzing the )-Yb(hfc); ECD spectrum (black dots) above  strongly dichroic scattering. Figure 7 shows that the orbitals
2 eV, one observes a strong peak at approximately 2.5 eV, associated with the broad, high-energy resonances have sig-
followed by a shoulder near 4 eV, then a minimum near 5.6 nificant amplitude on the ligand’s chiral centers away from the

Electron Energy (eV)
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molecular centers. However, the width of these resonarnc®s ( Acknowledgment. We thank Dr. Paul D. Burrow for the
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