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On the Molecular and Electronic Structure of Spiroketones and Half-Molecule Models

Introduction

Nanotechnology requires the design of molecular devices with
predictable electrooptical properties. In this field, spiroketones
are compounds of current interest as potential three-dimensionalm
acceptors. Recently, in one of our laboratories, we have
prepared several ketongé$,based on the 2,Zpirobiindan
skeleton, which have been shown to be promising candidates
for molecular charge-transfer relays by exploiting the phenom-
enon of spiroconjugation, i.e., the interaction between two
perpendicularr planest Of these systems, the unsubstituted
dione @), trione @), and tetraoneX) have been synthesized
and characterizetl.The parent monomeric fragments, 1-in-
danone 1) and 2,2-dimethylindan-1,3-dione?), as well as the
indandione dimer § have long been documented in the
literaturé~7 and serve here as “half-molecule” models for the

spiroketones.

Given the systematically varied stereochemical disposition
of the carbonyl groups, these compounds provide an opportunity
for a combined experimental and theoretical investigation into
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The equilibrium structures of three polyketones based on thesgigbiindan skeleton (1 dione, 1,3,1%

trione, and 1,3,13-tetraone), their “half-molecule” fragments (1-indanone and 2,2-dimethylindan-1,3-dione),
and the indandione dimer (2;@8imethyl-[2,2]-biindenyl-1,3,1,3-tetraone) were investigated using the density
functional theory model B3LYP/6-31G(d,p). The results matched the X-ray experimental data that are available
for one of the spiroketones. The electronic structure of these ketones was investigated by means of their
spectroscopic properties. The NMRC chemical shifts, calculated by the continuous-set-of-gauge-
transformations formalism with the B3LYP/6-3t6G(2d,p) method, were fairly consistent with NMR
observations, in particular for the carbonyl, spiro, and quaternary carbons. The He(l) photoelectron spectra
were measured and interpreted by means of ab initio outer-valence-Green’s-function calculations. The theoretical
results consistently reproduced the energies and splittings of the uppermost bands. These bands were associated
with the phenylsz orbitals and the n(CO) lone-pair orbitals of the keto groups. Electron transmission
spectroscopy, with the support of calculatetlvirtual orbital energies, was employed to characterize the
empty levels. Strong mixing between the phenyl and carbanhyitagment orbitals gave rise to stable anion
states. Temporary anion states with mainly carbonyl character were observed intlele¥y energy range.

In the spiroketones, their energy splittings increase with the number of carbonyl groups present in the molecules
and indicate the occurrence of through-space interactions between the two perpendicular indan halves.

the molecular and electronic structure of conjugated and spiro-
conjugated aromatic ketones. In the present paper, we report
on calculations of the molecular and electronic structure of these
compounds using density functional theory (DFT) and ab initio
ethodologies, and on the experimental probing of the electronic
structure through the analysis of th&i€ NMR, photoelectron,

and electron transmission spectra. The relevant spectroscopic
properties are indeed very efficient monitors of the unique
electronic interactions of the carbonyl groups in these molecules.
In particular, thed(*3C) spectroscopic parameters were studied
using the continuous-set-of-gauge-transformations (CSGT)
method, implemented with the B3LYP exchange-correlation
DFT-HF hybrid functional. Photoelectron spectroscopy (PES)
and electron transmission spectroscopy (ETS) were employed
to determine the filled and empty electronic structures, respec-
tively, of ketones1l—6 and to gain insight into the orbital
interaction mechanisms. The vertical ionization enerdigs)(
measured in the He(l) PE spectra were interpreted by means of
ab initio many-body calculations using the outer-valence-
Green’s-function (OVGF) method. The complementary ET
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(VAEs) into the empty molecular orbitals (MOs), i.e., the
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negative values of the electron affinitid%4s) in the gas phase.  TABLE 1: Theoretical Structural Parameters (Bond
This technique was employed to detect the formation of Lengths in A, Angles in Degrees)

temporary anion states in the-6 eV energy range. 1 2 3 4 5 6
o o symmetry Cs Co C, Cs Dag Con
" r(CiCy) 1539 1542 1558 1575 1549 1554
r(C:Ce) 1547 1549 1539
n r(CiCe) 1.542
0 1(C1Cio) 1.540 1.538
1 2 r(C1C11) 1.590
a(C2C1Cs) 106.3 103.4 1045 1054 103.9 102.1
o Q(CGC;[CQ) 103.1
2 Q a(C10C1C11) 110.8 113.1
@Q a@ @Q G@ B(C2C1Co) 106.3 107.8 1123
B(C2C1Co) 110.9
K J B(CsCiCo) 119.1 116.2
B(C:CiCro) 110.6 110.0
3 4 B(C:C1Cr1) 110.5

13C absolute shielding in TMS is 177.54. The vertiE@ were

79 7oy calculated at the ab initio level according to Cederbaum’s OVGF
@Q@ @Q '@ method!® which includes the effects of electron correlation and
reorganization beyond the HartreEock approximation, using
00 o o the cc-pVDZ basis s#tfor all molecules. The self-energy part
5 6

was expanded up to third order, and the contributions of higher
orders were estimated by means of a renormalization procedure.

Experimental Details To calculate the self-energy part, all occupied valence MOs and
1 was obtained from a commercial source. All other com- the 53, 66, 92, 92, 90, and 110 lowest virtual MOs were
pounds were synthesized as previously descrioBde He(l) considered foll—6, respectively.

spectra were recorded on a Perkin-Elmer PS-18 photoelectron . .
spectrometer connected to a Datalab DL4000 signal analysisResults and Discussion
system. The bands, calibrated against rare-gas lines, were located \jojecular Structures. A selection of the most relevant

using the position of their maxima, which were taken as geometrical parameters, related to the quaternary or spiro
corresponding to the vertic& values -0.05 eV). The VAES  carpons, are collected in Table 1. As expected, there is a
were measured by means of ETS. Our experimental setup is ingpstantial resemblance in the structural patterns of the three
the format devised by Sanche and Schuimd has been  gpiroketone8—5, whose parameters are fairly well correlated
previously described.To enhance the visibility of the sharp “with those of the corresponding half-molecule modeisd2.
resonance structures, the impact energy of the electron beam isggnq lengths and angles & are in good accord with the
modulated with a small ac voltage, and the derivative of the rgjevant experimental data of the parent unsubstituted 1,3-
electron current transmitted through the gaseous sample isingandionel? Also for tetraone5, the calculated structural
measured directly by a syncprpnou; Iopk'[f‘ amplifier. The parameters are in satisfactory agreement with the experimental
spectra were obtained in the “high-rejection” m&dand are  x_ray data obtained by Maslak et &.In particular, the pattern
therefore related to the nearly total scattering cross section. Thegys r(C1Cy), a(C2C1Cs), and B(C,C1Ce) in the spiro backbone
electron beam resolution was about 50 meV (fwhm). The energy of 5 js the following: 1.549 A, 1039 and 112.3 (theoretical)
scale was calibrated with reference to the’289°S anion state  yersys 1.542 A, 103°8 and 112.4 (experimental). Lack of

of He. The estimated accuracy of the measured VAESO95 experimental data, however, precludes a similar comparison for
or+0.1eV, dependlng on the number of decimal digits reported. ihe other molecules. All three spiroketones display a rigid
Furthermore, the collision chamber of the ETS apparatus hasstrcture, where the two planar indan halves are fused orthogo-
been modifiedf-in order to allow for ion extraction at 9@vith nally. This arrangement allows for an efficient interaction
respect to the electron beam direction. lons are then accelerate¢yatyween the two perpendicularplanes, as manifested by the
and focused toward the entrance of a quadrupolar mass filter.jy, absorption of the neutral spiroketones and by the ESR
Alternatively, the total anion current can be collected and spectra of their radical anioRs.

measured at the walls of the collision chamber (about 0.8 cm * The most distinctive structural feature of the dirsewhich

from the electron beam). has a staggered conformation 6§, symmetry, is the long
central C-C bond of 1.590 A. This bond is somewhat longer
than that found in the isostructural molecule "2&[2-(p-
The equilibrium structures were completely optimized with dimethylaminophenyl)indan-1,3-dione] (1.569'&put similar
the DFT/B3LYP hybrid functiond? and the 6-31G(d,p) basis to that determined in the related molecule' 33-tetrahydro-
set by means of the Gaussian 98 suite of progrénihe 2,2dimethyl-[1,1-bi-1H-indene]-1,1,2,2tetraol (1.605 AR As
combination of this functional, which takes into account the a consequence of this bond elongation, the intraring angle
electron-correlation effects, and the polarized basis set offers a(C,C1Cs) of the indandione moiety becomes more acute in the
good compromise between the size of the calculations and thebridged moleculé (102.T) than in the parent spiro molecule
accuracy of the theoretical results. ThR& NMR absolute 5 (103.9). Both through-bond interaction effects and steric
shielding constantso(values) were calculated at the B3LYP- repulsion are most likely responsible for the long-C bond
DFT level with the CSGT methot,using the 6-313+G(2d,p) in 6.
basis set. The calculated shieldings were converted ta)the As a consequence of their peculiar stereochemistry, the
chemical shifts by noting that at the same level of theory the patterns of the spectroscopic properties of these molecules

Computational Details
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TABLE 2: 13C NMR Chemical Shifts Relative to TMS E’'s; and (iii) the behavior of the uppermost phemyt;'s. This
theor  expt theor expt theor expt information can be extracted from the PE spectra (Figures 1
1 2 3 and 2). The experlmentﬁi"s together with the nonem.plrlc.aI'
C 338  36.2 492 498 673 652 OVGF re;ults are reported in Table 3 For the sake of simplicity, '
C 206.2 206.9 209.3 204.5 203.0 202.6 Some assignments are described with reference to the predomi-
Cs 137.7 137.1 140.3 140.4 136.3 135.3 nant character of the MO involved, in particular n, angb,
Cs 157.9 155.1 157.5 153.7 7s, and s (the symmetric and antisymmetric, respectively,
g5 242 258 173 203 36.6 379 components of the parental benzeagOMO). Furthermore,
1o ’ ’ n* andzco® represent the in-phase and out-of-phase, respec-
4 5 6 tively, combinations of the relevant orbitals within one indan
Ci 74.2 - 73.6° T 785 542 554 moiety. The labelsy)* indicate the bonding and antibonding
gz 122:2 122:8 i%:g i?lzll:g igg:g i%:g co_mbinations of the rele_vamorbitals of the two halves of the
Ca 1585 154.2 spiro molecule, respectively.
Cs 299 319 The results obtained by means of the same theoretical
Cs 199.6  196.7 approach for some small, related molecules such as benzene,
gzo 145.0 1438 135 157 benzaldehyde, and indan were used as a yardstick for the

assignments af—6. The assignments advanced by Gleiter and
Uschman® for a series of heterospirenes were also taken into
account. Thus, the firg; of benzene is observé&dat 9.25 eV

hibit i imilariti d diff A h . and predicted by theory at 8.98)(eV. For benzaldehyde, the
exhibit important similarities and differences. Among the various theory predicts 9.287), 9.38 (z), 9.84 (n), 12.16 &), 12.37

spectroscopic observablé3C NMR chemical shiftsg’s, and (mco), and 12.61 §) eV, and the experimefityields Ei's of

VAEs are very efficient monitors of the complex interplay of
structural and electronic effects operating in a molecule. ?o;re(j\r/)lfofrn((jrgn gth?tf\)eolripl)rYeg)ctizsig) g%)'saﬁg([l)zégz

Therefore, we report here on these properties. .
1 . . . . and the experimental values are 8.46 and 9.04%Rherefore,
°C Chemical Shifts. The most symptomati€*C chemical the theoretical formalism employed here suffers from an

T o unerestmaton of the op phenyt £, Whereas i repr-
) 9 duces the n ancdico E's more satisfactorily. To settle the

. h :

re xpermrtl v e repored i Tl 2 For o il amens - i s i

is satisfac,tor A com ?ehensive re roduction{)f the aFL?)squte he uppermost phenyts o MOs were, therefore, raised by an
Y P P average shift of 0.27 eV (i.e., the difference quoted for benzene).

Vallﬁezggﬂlgatlr?etﬁnﬁ%g]srt\i%irlm\lN(L?tr?gigrrt?o:qs Ioct:)asr?)rc\)/r?g.tom The assignments proposed in Table 3 are thus believed to
P ’ 9 9 y provide a reasonably accurate interpretation of the photoion-

inl is accognted for fairly well. Compargd with the relevant ization processes of compountis6.
chemical shifts of acetophenone (experimental 197.@ur ) .
In the PE spectrum of, the first complex band exhibits a

theoretical value 197.7) and benzaldehyde (experimental 93.8, _ : i
our theoretical value 192.0), td¢CO) value ofL is considerably peak at 9.05 eV and two discernible shoulders on the higher

upfield, likely because of steric differences with their consequent €Nergy side. After a gap of 1 eV, there is the onset of a second
differences in intramolecular electronic interactions. The chemi- Prominent band. The theoretical results reported in Table 3 allow
cal shifts of carbonyl resonances along the series of ketones{OF @ consistent assignment of this spectrum. In particular, the
steadily decrease with increasing formal “ketonization”. Ad- P€ak at9.05 eV is generated by photoionization from the n LPO,
ditional carbonyl groups lower the chemical shift of the existing Whereas the two shoulders derive from the highest phegyl
carbonyls, both through resonance effettsersus2 or 2 versus MOs. Both the absolute values of thésts and the splittingh
4) and inductive, through-bond, effects\(ersus3 or 3 versus between the twor E/'s are reproducgd fairly well. The band
4). The effect is sizable (experimental rangé = 11.2) but ~ Oobserved between 11 and 12 eV in the spectrd @nd 3
exhibits some “saturation’3(versus4). On the other hand, the ~ cOMprises photoionization both from theo MO and from the
large difference 46 = 14.1) between the tetracyclic diode outermost benzene MO. The cumqlatlve mdluctlve effect pf
(0 = 202.6) and the related bicyclic systerR){spiro[4.4]- the two carbony_l groups §h|fts thne5|gnal to higher energy in _
nonane-1,6-dioned(= 216.7%4 may be viewed as a result of Fhe dlgarbonyl indan moiety with a consequent.decrease in
the transannular, interaction operative ir3. intensity of the 1312 eV region of the spectra of indandione
Similarly, a systematic progression is observed for C 2 and dimer6. The higher averageco E; in.spir(.)-tetraoneS
resonances. Upon increasing substitution with carbonyl groups, leads to the complete absence of bands in this energy range.
the chemical shift of €changes by nearly 30 ppm froth= From a qualitative standpoint, on passing franto 2, the
49.8in2to 0 = 78.0 in5, an effect that is attributable to the most noticeable difference is the presence of two n aggd
inductive (through-bond) deshielding action of the=O semilocalized MOs. According to the assignment proposed for
functionality. On the other hand, the close resemblance of the 2 in Table 3, the first band at 9.1 eV is attributed to the n
0(C,) values of3 and the related bicyclic systerR)¢spiro[4.4]- MO. Photoionizations from thes and n” MOs give rise to the
nonane-1,6-dioned(= 64.4%* indicates that only a modest second band which peaks at 9.7 eV. Its shoulder at 10.1 eV
deshielding is generated by the two fused benzene rings. All of should, therefore, be associated with the other benzene-like
these NMR spectroscopic features are accounted for fairly well componentzzs. Thesico™ Ei's are correlated with higher energy
by the present theoretical results. bands. The theoretical average values and splittigsf the
lonization Energies. The following aspects of the electronic  three distinct pairs ng (benzene-like), andrco are in good
structure of the molecules—6 are of special interest: (i) the  agreement with the spectroscopic data. Furthermore, it is
splitting and evolution of the B's associated with the carbonyl ~ worthwhile mentioning that in the related monocyclic com-
lone-pair orbitals (LPOs); (ii) the variation of the carbonyl pound, 2,2-dimethyl-1,3-cyclopentanedione, theamd n E;

aReference 21° Reference 3¢The chemical shift of ¢ was
incorrectly reported in ref 3.
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Figure 1. Ultraviolet He(l) photoelectron spectra tf-3.
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Figure 2. Ultraviolet He(l) photoelectron spectra 4f6.

values are 9.34 and 10.05 é&¥respectively. Compared with
this molecule, the corresponding MOs 2nundergo a nearly
equal destabilization and\ remains virtually unchanged.
However,A(n) of 2 (0.6 eV) is slightly smaller than the average
value of 0.8 eV determined for a number of simplalicar-
bonyls30

Formal dimerization of2 to give 6 is accompanied by
doubling of the pairs nyico, and wsa, Which now interact

carbonyls in2 (i.e., full delocalization ofr electrons) is more
effective than their spiro conjugation 81 Again, upon formal
spiro connection of the two carbonylsand?2 to give the spiro-
trione 4, both the average n (9.30 eV) and overa(h) (0.75

eV) differ only slightly from those of the half-molecuf This
behavior may reflect a virtual balance of competing stereoelec-
tronic interactions between the constituent moietieg.o®n

the other hand, formal spiro dimerization2fo give5 generates

through-space and through-bonds. Unfortunately, the congesteda different pattern than that observed for the spiro dimerization

low-energy bands o6 do not allow for a detailed assignment
of the variousE;'s. However, by reference to the theoretical
results in Table 3, it can be inferred that the overall splitting of
the quartet of rgj’s of 6 (=1.0 eV) is considerably larger than
A(n) of 2 (0.6 eV), indicating a considerable degree of
interaction between the four LPOs of the composite molecule.
The average n MO is only slightly destabilized, changing from
9.4 eVin2to 9.3 eV in6. In contrast, the whole manifold of
the uppermostrs A Ei’s of 6 can be reasonably associated with

1— 3. Indeed, the average n MO becomes more tightly bound
on passing from the precursor half-molecRI.4 eV) to spiro-
tetraones (9.74 eV). Furthermore, the overal(n) doubles from
0.6 eVin2to 1.25 eV in5. Consequently, it can be concluded
that a large degree of interaction occurs between the two spiro-
linked orthogonafs-dicarbony! skeletons db.

The average values and splittings of theEfs along the
examined set of spiroketones exhibit a rather monotonic pattern
(8.98 and 0.45 eV3q), 9.30 and 0.75 eV4), and 9.74 and 1.25

the strong band centered at 9.7 eV. This energetic degeneracyeV (5)), thereby indicating that the electronic influence exerted

therefore, suggests that the intervening cent{&l—C) bond
of 6 serves tansulatethe two distant phenyl rings from each
other.

Upon formal spiro connection of two monoketorie® give
the spiro-diones, both the average n ants » MOs undergo a
slight destabilization. In particular\(n) of the spiroS-dicar-
bonyl 3 (0.45 eV) is smaller tha(n) of the planag-dicarbonyl
2 (0.6 eV), indicating that the planar conjugation of the two

by progressive carbonylation of the 2gpirobiindan skeleton

is nearly additive. This outcome is consistent with the parallel
upfield displacement observed for the corresponding carbonyl
signals in thé3C NMR spectra. Finally, it is worth mentioning
that thewco Ei's follow a behavior similar to that of the related

n E’s, i.e., their average values and splittings increase in the
sequence < 4 < 5. A comparison of the theoretical average
7ico Ei of spiro-tetraones (12.9 eV) with that of the related



10626 J. Phys. Chem. A, Vol. 106, No. 44, 2002

Galasso et al.

TABLE 3: Vertical lonization Energies (Ei's in eV) and e e LA B S B |
Assignment
assignment Ejmeor  Eiexpt assignment Ejweor  Eiexpt
1 n@d) 9.13 9.05 2 n(by) 8.94 9.1
(@) 9.22 9.25sh 7a(by) 9.55} 9.7
wa(@") 9.42 9.55 sh (ag) 9.64 0
mco(@’) 11.70 1155 7s(ae) 9.80 10.1sh B
o(d) 11.74 11.8 mcot(by) 11.60 11.6 g
o(@) 12.21 o(a) 12.19 <
a(@') 1271 126 7(by) 1243 123 5
o(d) 12.81 Tco () 12.89 12.8 a
a(@') 1353 132 o(a) 13.01 9
o(d) 13.58 o(by) 13.08 2
o(@) 14.20 o(b) 13.18 @
o(d) 14.63 a(by) 13.25 =
3 (n)~(b) 8.84 8.75sh 4 mg@") 9.05 E
(9)~(a) 8.97 nm(@") 9.08 9.15 £
(g)t(b) 9.15 [E) 9.10 2
(a)~(a) 920 9.2 a(@") 9.23 a
(n)y"(a) 9.23 a(@) 9.41 9.6
(7ma) " (b) 9.24 ws(a"”) 9.50
o(b) 1151 11.4sh @) 10.03 9.9
(mco) (@)  11.68 7cot(@)  11.77  11.7sh
o(b) 11.80 11.8 meo(@')  11.95
o(b) 11.83 o(d) 12.09 12.0sh
o(a) 11.87 o(d) 12.10 P R U T TR B
o(a) 12.46 12.6 o(d) 12.47 0 2 4 6
(mco)t(b) 12.61 mco (@) 1277 127 Electron Energy / eV
5 (n7)*(e) 9.20 9.3 6 (n)*(by) 8.42 8.7 Figure 3. Electron transmission spectrabf6 and phthalic anhydride
(n")~(b2) 9-50} 9.8 (M)*(a) 923 9.0 (7). Vertical lines locate the most probable VAEs.
mat(e) 9.64 7a(by) 9.31
s (&) 9.89} 10.1sh 7a(2g) 9.37
st (by) 9.89 7s(bg) 9.44 1 3 4 2 5 6
(n")"(a) 10.66 10.55 (n~(a) 9.46 9.7
(mcot)*(e) 12.33 123 7s(ay) 9.47
a(by) 12.52 (M)(b) 9.96 l ‘o 5.08
o(a) 12.68 12.7 7mco(@d) 1113 11.4sh = T 47 48
(co) () 12.99 7tco(by) 12.00 44
o(e) 13.15 132 o(ag) 12.01 44 39 38 396 38 28
o(e) 13.65 o(ag) 12.23 12.3sh - T34 -
o(by) 13.90 13.7 o(by) 12.31 32
(ﬂco_)+(b1) 13.94 ﬂco(bg) 12.56 T
Py
aThe theoretical uppermost phenyi o E’s are raised by a factor i 2.1
w 24
of 0.27 eV, see text. <

ethano-bridged tetraor(12.2 eV) suggests a larger through-
bond interaction transmitted across the spiro junction of two

indandione moieties. 0

Electron Attachment Energies. Figure 3 shows the ET T
spectra ofl—6 in the 0-6 eV range. The measured VAEs are
reported in the diagram of Figure 4 and in Table 4, where, by
reference to their main character, the empty MOs are labeledFigure 4. Correlation diagram of the* VAEs (dashed lines) o1—6,
asm*s, * a* (the symmetric and antisymmetric, respectively, obtained from the calculated empty MO energies of the neutral
components of the benzeng, & UMO), 7*co, and*o (the molecules and the linear regression given in ref 34. The experimental
total antibonding benzenepMO mixed with thes* co MO). VAEs (full lines) are also reported.

As expected, the spectrum bilisplays three resonances close
in energy to those of benzaldehyde and acetophefiohke
degeneracy of the parental benzene LUMO (VAER.12 eV}

The ET spectrum of spiro-diori@closely resembles that of
the parent half-moleculé&. Indeed, the first two resonances,
is removed by interaction with the carbonyl group (VAEL.31 each associated with the unresolved contributions of the two
eV for 7*co of acetone$? Owing to this strong mixing, the  perpendicular* o and 7*co MOs, respectively, are slightly
m*s LUMO gives rise to a stable anion state, not observable in shifted to lower energy by a mutual electron-withdrawing effect
ETS. The first resonance displayed by the ET spectrum (0.72 of the two molecular halves. A significant difference frdns
eV) is associated with the noninteracting benzerig MO, that the second resonance is 0.4 eV broader, thus indicating an
inductively stabilized, whereas the maintj§co MO vyields the energy splitting of 0.30.4 eV between the twa*co anion
resonance at 2.40 eV. Furthermore, electron capture into thestates of3, consistent with the occurrence of through-space
highest-lyingz* o MO generates the feature at 4.4 eV. Its fwhm interaction.
is 0.9 eV compared with 0.55 eV in acetophenéhghich In 2,2-dimethylindan-1,3-dione 2, the presence of two
suggests the presence of an unresolved contribution due to ecarbonyl substituents reorients the two components of the
core-excited resonance, i.e., electron capture accompanied bypenzene g (7*) MO, so that ther* » MO possesses the largest
simultaneous excitation of the neutral molecule. wave function coefficients at the substituted carbon atoms. Three
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TABLE 4: Experimental Vertical Attachment Energies T T T T T T T
(VAEs) and fwhms, Calculated Orbital Energiese, (eV) and
Assignment

VAE (fwhm) € assignmerit

1 4.4(0.9) T* o+ C.e. z
2.40 (0.60) 2.15 7* co(@’) 5 1
0.72 (0.39) 0.61 a* a(d") £
<0 —0.12 (@) T

2 5.03(0.70) c.e. g
3.96 (0.55) 0 3
3.22(0.31) c.e. 5
1.85 (0.56) 1.88,2.02  a*cot(by), ¥ co () <
<0 —0.57,—-0.27  7*s(a), 7*a(by) g

3 391 o+ ce. =
2.1(1.0) 1.98,2.58 2 co(ab) 2
0.62 (0.43) 0.57,0.68  sZa(ab)
<0 —-0.21,-0.16  2r*s(a,b)

4  4.9(0.42) ce. e S
3.8(0.8) Z'o ° Electrln Energy / eZV :
2.22(0.35) 2.47 o (@’) i
1.57 (0.45) 1.76,1.77  a*co(@")m*cot (&) Figure 5. Total anion current measured Irand2 at the walls of the
0.57 (0.45) 0.55 a*a@") collision chamber, as a function of the incident electron energy.
<0 -0.31 7 <(d)
<0 —0.57,-0.34 g*A(d" )7 (")

5 4.7 (0.8) c.e. J'L'A*) = -1.73 EV,B(.TL'*co*/JTo*) =—-141¢eV, anCB(ﬂ*co+/
3.84(0.3) o 7s*) = —1.00 eV. The secular determinant leads toAtié10
3.44(0.3) ce. energies of-1.16 (a), —0.28 (h), 1.78 (h), 2.03 (@), and 4.83
i'gg %82% i'gz 171 jtnfw% f%) (*co ) (b0 (a) eV. These results confirm the stability of the first two anion
0 _oa5 o) states, and in particular, the VAEs (190.1 eV) of ther* co*
<0 —0.74,-0.69  w*p*(by), 7* A (20) ands* co- anions are predicted to be very close each other and

6 4.8(0.5) c.e. to the energy of the 1.85 eV resonance, supporting its assignment
3.8(0.5) I'o N to both anions. An independent test for this assignment is
168 (0.89 2i15221 Zilgs f'co) +(Eg)v (*co™) (2) supplied by the ET spectrum of phthalic anhydride (referred to
<0 (0.82) 045 —0.15 z;ii(()b)) (n‘i);,(gg)co )@ as compound in Figure 3), by taking advantage of the sizable
<0 ~0.58.—-0.48 n*ﬂ(a{:)', ) destabilization (1.3 eV in cyclopent-2-en-1,3-dioiiedf the

m*cot MO by mixing with an adjacent oxygen LPO. In
agreement with the assignment of the resonance at 1.85 eV to
both anion states i2, the spectrum of7f shows ther*co-

ac.e. stands for core-excitation.

empty MOs of asymmetry derive from interaction of the co- resonance, slightly inductively stabilized, at 1.64 eV (fwhm
combination with thet* o ands* o ring orbitals and two MOs 0.43 eV) and ther*co+ resonance at 2.76 eV.
of by symmetry are obtained by mixing the s ring MO with Measurements of the negative ion yield as a function of the

thes* cot combination. The ET spectrum displays no resonance incident electron energy (dissociative electron attachment
at low energy, thus indicating that the first two anion states spectroscopy or DEAS) in molecular systems, which possess
(ma* and ms*) are stable. In the spectrum, the first resonance stable anion states, often display a zero-energy peak associated
appears at 1.85 eV, followed by weaker signals at 3.22, 3.96, with formation of long-lived vibrationally excited molecular
and 5.03 eV. The energy of the latter two signals is consistent anions and/or fragment anions generated by its dissociation. To
with their assignment to the highest-lying o MO and a core- obtain direct experimental evidence for the presence of stable
excited process, likely mixed together. The assignment of the anion states irl and 2, we recorded the total anion current
resonances at 1.85 and 3.22 eV is not straightforward. The measured at the walls of the collision chamber, as shown in
former could be due to the unresolved contributions of both Figure 5. In both compounds, a zero-energy peak is observed,
the m* ot andt*co- MOs. In this case, the two anion states consistent with the presence of stable anion statel.drsecond
should be very close in energy because the resonance widtHow-energy maximum (0.5 eV) is also displayed, associated with
(<0.6 eV) is relatively narrow, and the signal at 3.22 eV may the 7*a resonance located at 0.72 eV in the ET spectrum.
thus arise from a core-excited resonance. Alternatively, the 1.85Moreover, anion extraction and mass analysis through a
and 3.22 eV resonances could be associated wfitkyt and quadrupole mass filter (which requires a lifetimel06 s)
m*co- MOSs, respectively. revealed only one zero-energy peak 2n because of the
To get some insight into the assignment of the ET spectrum molecular anion. Thus, also id, the low-energy signals
of 2, which is a basis for the interpretation of the spectrum of observed in the total anion current are probably due to the
spiro-tetraones, we used a simple LCBO approa¢happlied molecular anion, but with too short a lifetime to be detected
to the interaction among the empty* orbitals of the phenyl through a mass filter.
and carbonylic groups. The Coulomb (A) and resonance (B) Inthe ET spectrum of spiro-trionkthe first resonance (0.57
integrals were derived from the experimental VAEs of the eV) is clearly associated with the*s MO of the indanone
reference molecules, p-benzoquinone, acetaldehyde, and acmoiety. The corresponding*s anion state and the two lowest
etophenoné! By accounting for the different overlap and wave anion states of the dione moiety are expected to be stable, as is
function coefficients and by assuming that each carbonyl group the case inl and 2. The next two resonances are located at
inductively stabilizes the other group orbitals by 0.3 eV, the 1.57 and 2.22 eV. The near degeneracy ofithes+ andz* co-
following parameters were obtained(wa*) = A(s*) = 0.5 MOs of 2 (Figure 4) should be removed because only the latter
eV, A(r*cot) = A(m*co ) = 1.0 eV,A(to*) = 4.2 eV,B(t*co/ has the proper symmetry to mix with the perpendicutégo
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MO. The 1.57 eV resonance is therefore assigned to the accounted for by the CSGT predictions. A detailed assignment
indanonet* .o and dioner* o+ MOs and the 2.22 eV resonance of the low-lying bands in the PE spectra has also been proposed.
to thes*co- MO. The OVGF results yielded a consistent description of the main
In spiro-tetraone5, each of thex* MOs of 2 has a features in the PE spectra, i.e., location, splitting, and sequence
perpendicular counterpart and mutual inductive stabilization of of the n,zzco, andz-phenyl MOs. These data indicate a sizable
the two halves should occur. Symmetry consideratiddg)( interaction between the filled orbitals of the two perpendicular
reveal that each of the two pairs of the perpendicmtas and halves through ther bonds of the spiro junction. The ETS
m* cot MOs of 2 gives rise to a degenerate state. Thus, the first technique was employed to locate the temporary anion states
threes* anion states (with b &, and e symmetry) are expected generated by electron attachment to the empty MOs. In all of
to be stable and the next three anion states to fall in the energythe ketones considered, the LUMO gives rise to a stable anion
range of the 1.85 eV resonance 2f Accordingly, the ET state (positive electron affinity), owing to strong mixing between
spectrum ob displays the first two resonances at 1.39 and 1.99 the z* empty orbitals of the phenyl and carbonyl groups. The
eV. Their relative intensities and widths suggest that the former ET spectra of the spiroketones show significant energy splittings
is associated with the degenerate-o+ MOs and the bonding between the anion states with mainly carbonyl character. In line
combination of ther* co- MOs, whereas the latter is associated with the spatial diffuseness of the anion states, these data are
with the antibonding combination of the*co- MOs. The consistent with through-space interaction between the carbonyl
splitting (0.6 eV) between thetfco)* MOs and their bary- groups of the two perpendicular halves. Both PE and ET data
center (1.7 eV) indicates the occurrence of a significant through- gave evidence of an increased degree of electronic interaction
space interaction between the carbonyl emptyMOs of the between the two indan halves with progressive carbonylation
two perpendicular fragments. As a consequence, the corre-at the positions adjacent to the central carbon atom.
sponding bonding and antibonding combinations span the entire
molecule, in agreement with the conclusion drawn from the ESR ~ Acknowledgment. Financial support from MIUR of Italy
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