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Abstract: The free energies of activation for bond shift in the carbon group substituted cyclooctatetraenes
(COT—M(CHpg3)3) in THF-dg at 298 K have been determined to be 16.4, 16.2, 16.2, and 18.1 kcal/mol for M

= Si, Ge, Sn, and C, respectively, and 15.6 kcal/mol for€BO0T. These data permit an interpretation of

the previously reported opposite orders for the ease of the first and second electrochemical reductions in the
Si, Ge, and Sn compounds. It is postulated that the order of the first reduction potential is controlled by a
decrease in overlap between the substituent and therriidpitals in the order S Ge > Sn, whereas the
second reduction potential is controlled by the energy gap between the symméi@MO of the COT

radical anion and an interacting substituehorbital of # symmetry €.« — €,), which increases in the order

Sn < Ge < Si. HF/3-21G molecular orbital calculations indicate that the high barrigrBor—COT primarily

reflects steric effects in the transition state.

Two decades ago Paquette and co-workers investigated theScheme 1
electrochemical reduction of cyclooctatetraene (CQB) and R

its tert-butyl, trimethylsilyl, trimethylgermyl, trimethylstannyl, M(GH) MCH,)
and methyl derivativeslp—f, respectively) in hexamethylphos- 7] stept, Q step 2 @
phoramide. Theert-butyl derivative was found to be the most =/ 2 3
difficult to reduce (most negative half-wave potential) to both ~ 1aR=H_ =~ 47 = Geles
the radical anionkl;/;) and the dianion&?;;). Curiously, one- cR=SiMe; fR=Me
electron reduction of the heavier carbon group substituéts ( "

(CHy)s s
€) becomes more difficult in the order Si Ge < Sn whereas _step 3 stepa, ZE M
the order for the second reduction is reversed £S8e < Si). 4 5

In every case the first reduction is more difficult than for experimentally accessible by NMR spectroscopy, we have
unsubstituted cyclooctatetraene, but with the exceptiohbpf chosen to investigate the bond shift process (eq 1).
the second reduction is easier.
Paquette and co-workers did not address the reversed orders e LR s
for the first and second reduction potentialslof-e explicitly, @_% S S @ == ((\5 = M
but noted that thdely, — E?» gap was well correlated with =
the covalent radii of M= Si, Ge, and Sn and suggested that
this has its origin in G— M resonance involving the d orbitals ~ Experimental Section
of M. It was assumed that steric effects on ring flattening were  \jaterials. Cyclooctatetraenedb,” 1c2 1d 1e® and 1f* were
likely to have a much smaller differential effect than polar or synthesized by literature procedureSC NMR spectra (THFds, 20
resonance effects. . , °C, 75 MHz) are as follows:1b ¢ 153.1,133.5 133.1 132.2 132.1,
The reversed orders dEly, and E?;», cannot easily be -
compared because the first reduction involves flattening the (b)(-zr)ri(nagl'e"’r%\’.?t\’,v%'lf'z‘k’ifo{fifnb\:\é'.Ehg‘miggf"gasgggz(g)l otirer
eight-membered ring in addition to electron transfer whereas p.; Murray, J. S.; Seminario, J. Nht. J. Quantum Chen994 50, 273.
transfer of the second electron takes place to an already planafd) Karadakov, P. B.; Gerratt, J.; Cooper, D. L.; Raimondi, MPhys.
radica.l ar!ion' T.O make this comparison fti]—(?Without the Ch(eSr)nI-]l-(:l)r??rng())?lsl(\)Jl?-|6 Hrovat, D. A.; Borden, W. J. Am. Chem. Soc
complication of ring flattening, we have determined the energet- 1991 113 4500.
ics of the latter process separately. As shown in Schemel, this (4) Wenthold, P. G.; Hrovat, D. A.; Borden, W. T.; Lineberger, W. C.

e IOLE - - inetics  Sciencel996 272, 1456.
could, in principle, be accomplished by determining the kinetics (5) Samet, C.; Rose, J. L.. Piepho, S. B.; Laurito, J.; Andrews, L.; Schatz,

of either ring inversion— 2) or of bond shift { — 3). Ab P.N.J. Am. Chem. S0d994 116 11109;1995 117, 9381 and references
initio molecular orbital calculations for the transition states and cited.
anions of COT 2a2 3322 43203 and 5a2Y) as well as (6) (a) Noordik, J. H.; van den Hark, T. E. M.; Mooij, J. J.; Klaassen,

. . . A. A. K. Acta Crystallogr 1974 B30, 833. (b) Noordik, J. H.; Degens, H.
spectroscopic studie4* 3a* and 4&°) and single-crystal ;" 0 J.rg.ActagCrystallogr 1975 és?zl 2144. (c) Hu, N.;gGong,

X-ray diffraction studies of5a® indicate that each of these L. Jin, z.; Chen, W.J. Organomet. Cheni988 352, 61.
geometries is planar. Since ring inversioria-f is not directly 3 (7) Miller, J. T.; DeKock, C. W.; Brault, M. AJ. Org. Chem1979 44,

508.
(1) Paquette, L. A.; Wright, C. D., Ill; Traynor, S. G.; Taggart, D. L.; (8) Cooke, M.; Russ, C. R.; Stone, F. G.A.Chem. Soc., Dalton Trans.
Ewing, G. D.Tetrahedron1976 32, 1885. 1975 256.
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Table 1. Kinetic Data for Bond Shift in Carbon Group Substituted
Cyclooctatetraenes

Staley et al.

Table 2. Calculated Energy of the Ring Inversion Transition State
Relative to the Ground State for Carbon Group Substituted
Cyclooctatetraenes

cmpd substituent temp range (K) ko298 KP  AG*,s (298 KF

AE; (kcal/mol)

1b  C(CHy)s 318-364 0.33 18.1
1c Si(CHs)3 287-328 5.7 16.4 HF/ HF/ HF/
1d Ge(CHy)s 280-320 9.2 16.2 cmpd  substituent 3-21G  3-21G+ ZPE  6-31G*+ ZPE
le  Sn(CH)s 282-323 8.3 16.2 = H 59 167 39
1f CHjs 272-311 22.9 15.6
la H 248443 13.3 b C(CHy)s 20.6 21.6
: 1c  Si(CH)s 19.1 20.0
a4l K.bIn sk £20%.°+ 0.1 kcal/mol.¢ Calculated from data 1d  Ge(CHy)s 18.1
in ref 16. The rate constant was corrected to the unidirectional value, 1€ Sn(CHy)s 19.6
as discussed in ref 17. 1f CHs 17.6 18.5 15.7
19 SiH; 19.1 19.9 16.6
131.7 130.8 123.6 36.7 (C(CHs)s), 30.0;1c 6 149.9,139.4 135.4 1h Gehs 18.2 19.2
134.0132.6 132.1,132.0 129.8 —1.6;1d 6 150.9,137.2 135.6 134.Q Li Snh 19.8 20.6
132.5132.3,132.0 129.3 —2.2;1e6 152.0,139.9 137.6 134.4 132.5
132.3,132.0 127.5 —9.8;1f 6 140.6,135.7,133.1, 132.7,132.4 131.5 19
130.8 127.4 23.8. The italicized values are those forC, and G—
Cs, which undergo exchange during bond shift. The signals fog CH 181
and G are the most upfield and downfield, respectively, in each case
whereas the remaining signal is that fos. C 4 177
NMR Measurements. NMR samples were prepared by dissolving AG bs.
ca. 0.2 mmol of cyclooctatetraene derivative andidL®f cyclohexane (keal/mol) 167

in 0.75 mL of THFds. The sample was degassed with six freeze
pump-thaw cycles and sealed under vacuum. Temperatures above
and below 313 K were calibrated with an ethylene glycahd a
methanol® chemical shift thermometer, respectively, and are reliable
to +1 °C.

The rate constants for bond shik.g in 1b—f were determined by
measurement of the line widths of thH€ signals that undergo pairwise
exchange (gand G, C; and G, C, and G) and of cyclohexane, which
served as an internal standatdMeasurements were made over ranges
of ca. 40 after the onset of line broadening at temperatures just above
the low-temperature region. Rate constants, averaged for at least tw
samples and extrapolated to 298 K by plottingkiff vs 11T, are
reported in Table 1 along with the corresponding valuesAGf,s
calculated from the Eyring equation.

Computational Methods. Ab initio optimized geometries were
calculated with the GAUSSIAN 92 series of prografa the Hartree
Fock (HF) level of theory with 3-218 and 6-31G* basis sets.
Optimized ground states and ring inversion transition states were shown
to have zero and one imaginary frequency, respectively, by harmonic
frequency analysis. Atomic charges were calculated by a natural
population analysis (NPAY,

Results and Discussion

Bond Shift. Rate constants and free energies of activation
for bond shift AG*,) in 1a—f are reported in Table 1. To
assess the significance of theG*,s values in Table 1, we
performed HF/3-21G geometry optimizations and harmonic
frequency analyses oha—i, as well as on the corresponding
structures of2 (Table 2). The ring inversion transition state

(9) Van Geet, A. L Anal. Chem 1968 40, 2227.

(10) Van Geet, A. LAnal. Chem197Q 42, 679.

(11) Sandstim, J.Dynamic NMR Spectroscopicademic: New York,
1982; pp 14-18.

(12) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.;
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
A.; Replogle, E. S. Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
J. S. Gonzalez, C.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.; Baker, J,;
Stewart, J. J. P.; Pople, J. &AUSSIAN 92, Résion A Gaussian, Inc.:
Pittsburgh, PA, 1992.

(13) (a) Binkley, J. S.; Pople, J. A.; Hehre, W. F..Am. Chem. Soc
198Q 102, 939. (b) Gordon, M. S.; Binkley, J. S.; Pople, J. A.; Pietro, W.
J.; Hehre, W. JJ. Am. Chem. Sod 982 104, 2797.

(14) (a) Hariharan, P. C.; Pople, J. 8hem. Phys. Letl972 16, 217.

(b) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M.
S.; DeFrees, D. J.; Pople, J. A. Chem. Physl982 77, 3654.

(15) (a) Reed, A. E.; Weinstock, R. B.; Weinhold, ..Chem. Phys.
1985 83, 735. (b) Reed, A. E.; Weinhold, B. Chem. Phys1985 83,
1736. (c) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899.

(o)

15

AE ri. + AZPE
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Figure 1. AG%{298 K) vs the relative ground state and transition
state energies for ring inversioAE; + AZPE) calculated at the HF/
3-21G level for COT and carbon group substituted COTs <£Si
Si(CHg)a).

(2) is a good model for the steric interactions in the bond shift
transition state3), which we were unable to calculate because
of the size of the molecules and the multiconfiguration wave
function required®d The validity of this model is supported

by the excellent correlatiorr{ = 0.979) betweem\G*,s and

the energy difference between the ground state and the transition
state for ring inversion corrected for zero point energies=((

+ AZPE);) displayed in Figure 1.

We have shown recently in a study of monohalocyclooc-
tatetraenes that both steric effects and the electronegativity of
the substituent at Cinfluence the energy required for ring
flattening®® Steric effects result primarily from eclipsing of
the substituent and the vicinalg€Hg bond as the M@CgHg
dihedral angle is decreased from abouft #&he tublike ground
state to O in the transition state, as well as from the interaction
of the M(CHg)3 group with the vicinal G-H groups a$1C,C,Cg
increases from ca. 123n the ground state to 129135’ in the
ring inversion transition state. They include both van der Waals
interactions between proximate atoms and dipolar interactions
of the G—substituent bond with the vicinal-€H bonds.

Electronegativity (hybridization) effects result from a differ-
ence in demand for s character in the bond with the
substituent relative to that with a hydrogen atom in unsubstituted
COT 120 |t has been found by electron diffraction, for example,
that 0C,C,Cs in para-substituted benzenes varies from 115.7

(16) Naor, R.; Luz, ZJ. Chem. Phys1982 76, 5662.

(17) Goldman, G. D.; Roberts, B. E.; Cohen, T. D.; Lemal, D. M.
Org. Chem 1994 59, 7421.

(18) Staley, S. W.; Grimm, R. A.; Martin, G. S.; Sablosky, R. A.
Tetrahedron1997, 53, 10093.

(19) Walsh, A. D.Discuss. Faraday Sod 947, 2, 18.

(20) Bent, H. A.Chem. Re. 1961, 61, 275.
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Table 3. Calculated and Experimental Bond Angles atf@ Carbon Group Substituted Benzenes and Cyclooctatetraenes

calcddC,C,Cgin COT—X2C

exptl C,C;Ce?P HF/3-21G HF/6-31G*
cmpd X GHsX 1,4-X,CeHs GS TS GY TS

1la H 120.0 120.0 126.9 135.0 127.3 135.0
1b C(CHy)s 117.1£0.3 121.9 129.6

1c Si(CH)s 115.7+ 0.6 123.0 131.0

1d Ge(CH)s 123.0 130.6

1e Sn(CHy)s 122.9 130.8

1f CHs 118.7+ 0.4 117.1£ 0.3 124.3 132.2 125.0 131.6
1g SiHs 117.4 123.6 131.6 123.9 131.6
1h Gehs 123.3 130.6

1i Snh 123.2 131.1

a|n degrees® Electron diffraction values; from ref 21 unless indicated otherwidéiis work. 9 Ground state¢ Ring inversion transition state.

fReference 23.

+ 0.6° for p-trimethylsilyl substituents to 123.5 0.1° for
p-difluorobenzend! Thus, in this model electropositive sub-

stituents would be expected to be better accommodated in thecmpg  substituent

ground state of COT than in the ring inversion or bond shift
transition state wherg C,C,Cg increases by approximately.8

Note that the same expectation is reached on the basis of a

valence-shell electron-pair repulsion (VSEPR) mddét. Po-
larization of the G—Si bond toward the ring is postulated to
increase the repulsion between the & bond and the ¢-C,

and G—Cgbonds in COT. This causes these bonds to lengthen
andJC,C,Cg to decrease. The opposite changes occur for an
electronegative substituent such as fluorine owing to polarization
of the C-F bondaway fromC;.

As shown in Table 3, the electron diffraction values of
0C,C1Cs in CeHs—R decrease in the order R H > CH3; >
SiHz > t-Bu whereas the HF/3-21G values BfC,C:Cs in
COT—R decrease in the order H CHz > SiHz > Si(CHg)3 >
t-Bu. (The difference between Glnd SiH disappears in the
ring inversion transition state, but not in the ground state, of
COT—R.) These orders are consistent with the hybridization
and VSEPR models given above with the exception of the small
values fort-Bu, which can be traced to steric effects that become
more significant on going from the ground state to the transition
state.

Additional support for this interpretation is given by the
calculated bond lengths in Table 4. Thu&:Cy) in COT—-R
increases in the order H CHz < t-Bu < SiHz ~ Si(CHg)sz in
both the ground state and ring inversion transition state, a purely
“hybridization” order, whereas(C;Csg) increases in the order
H < CHsz < SiH3 < Si(CHg); < t-Bu in both states. The
position oft-Bu supports a strong steric contribution by this
substituent.

Finally, r(CR) increases by 0.0205 A in the ground state of
1b (R = t-Bu) relative tolf (R = CHz), but this increase is
0.0292 A for the more crowded transition state. The corre-
sponding increases fdrc (R = Si(CHg)s) relative tolg (R =
SiH3) are 0.0094 and 0.0110 A for the ground and transition

Table 4. Calculated Bond Lengths Involving;Gor the Ground
State (GS) and Ring Inversion Transition State (TS) of Carbon
Group Substituted Cyclooctatetraenes

calculation r(CiCp)2 r(CiCg)? r(CiM)2b

la H HF/3-21G GS  1.320 1.477 1.077
TS 1.323 1.477 1.076

HF/6-31G*GS  1.324 1.478 1.079

TS 1.326 1.480 1.077

1b  C(CHy)s HF/3-21G GS 1.323 1.489 1.539
TS 1.326 1.493 1.556

lc  Si(CHg)s HF/3-21G GS 1.326 1.486 1.918
TS 1.330 1.491 1.929

1d Ge(CH)s HF/3-21G GS 1.324 1.481 1.960
TS 1327 1.486 1.968

le Sn(CH); HF/3-21G GS 1.327 1.484 2171
TS 1331 1.490 2.179

1If CHs HF/3-21G GS 1.321 1.484 1.518
TS 1325 1.489 1.527

HF/6-31G*GS  1.326 1.485 1511

TS 1.329 1.491 1517

1g SiHs HF/3-21G GS 1.326 1.485 1.908
TS 1.330 1.489 1918

HF/6-31G*GS  1.331 1.487 1.884

TS 1335 1.492 1.888

lh Gehs HF/3-21G GS 1.323 1.479 1.940
TS 1.327 1.483 1.946

1i Snks HF/3-21G GS 1.326 1.483 2.156
TS 1.330 1.489 2.164

aln angstroms? M is the substituent.

Each substituent increasA&* s relative to unsubstituted COT
due to a loss of s character in the exocyclic orbital of the
substituted carbon on going from the ground state to the
transition state, as reflected in increases of ca. 0.01 A calculated
for r(CR) (R= CHeg, SiHs, and Si(CH)3). Compoundslc—e
have essentially identicahG*,s values because the Pauling
electronegativitiesyp) of Si, Ge, and Sn are nearly identical
(xp 2.55, 1.92, 1.99 and 1.82 for C, Si, Ge and Sn,
respectivelyf* In addition to electronegativity (hybridization
or VSEPR) effects, theBu group (Lb) also exerts a significant
steric retardation on bond shifting, resulting in an increase in
AG¥,s 0f 2.5 kcal/mol relative to methyllf). The assumption

of Paquette et dlthat steric effects are comparablelio—e is

states, respectively. These values further support a strong sterigrobably valid since our calculations show only small differ-

contribution byt-Bu, but indicate only a small electronic and/
or steric effect for Si(Ch); relative to SiH.

In summary, the order oAG*ys (H < CHz < Ge(CH)z ~
Sn(CH); ~ Si(CHg)s < t-Bu) can be understood as follows.

ences in the increase MCR) between the ground state and
transition state for Sik} GeHs, and SnH vs Si(CH)s, Ge(CH)s,
and Sn(CH)s, respectively.

Electrochemical Reduction. We now address the central
issue of this paper, the opposite orders of difficulty of one-

(21) Domenicano, AMethods Stereochem. An&b88 10 (Stereochem.
Appl. Gas-Phase Electron Diffr., Pt.)B281.

(22) Gillespie, R. JAngew. Chem., Int. Ed. Endl967, 6, 819;J. Chem.
Educ 197Q 47, 18.

(23) Campanelli, A. R.; Ramondo, F.; Domenicano, A.; Hargittal. I.
Phys. Chem1994 98, 11046.

(24) Shriver, D. F.; Atkins, P. W.; Langford, C. thorganic Chemistry
Freeman: New York, 1990; pp 3B3, 646-1.
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Table 5. Substituent Effects on Bond Shift and Electrochemical
Reduction for Carbon Group Substituted Cyclooctatetraenes

steps 1+ 22 step 3 step 4

cmpd  substituent  AAGHL AEY, — AAGHE AR

1b C(CHy)s +4.8 +1.6 +1.7

1c Si(CHs)3 +3.1 -23 2.7
ig Sr?((g:f)): igg :ig :gg Figure 2. Interaction diagram showing the mixing of the lowedt
1f CH;s 423 +0.6 +0.8 orbital of # symmetry ¢*,) on Si, Ge, or Sn with the symmetric

HOMO of COT (left) or the radical anion (right). Orbital energies are
aSee Scheme 1 for definition of steps-4; positive and negative not to scale.

numbers signify greater and lesser energy requirements, respectively, . ‘o
relative to cyclooctatetraenky, values are from ref 12 AG*,{COT- between these orbitals (as shown by electron transmission

M(CHas)s) — AGH{COT); £0.2 kcal/mol.c AEY, = El(COT) — spectroscopy of (CBsMCI# and (CH)sM,?° which givese,)

El2(COT-M(CHs)s; 0.3 kcal/mol.9 E%5(COT) — E?(COT— decreases in the order SiGe > Sn. (The energetic effect of

M(CHs)s); £0.1 kcal/mol. the donor groups (methyl artdrt-butyl) is determined by,
(substituenty-*(COT) interactions.)

electron (Si< Ge < Sn) vs two-electron (Sn< Ge < Si) The reversed trends in steps 3 and 4 can now be understood

electrochemical reduction dfc—e. In Table 5 we presentthe  on the basis of the following model (see Figure 2). Since the
substituent effect on the energetiCS of several of the steps inn_o*ﬂ energy gap is re|ative|y |arge in the bond shift transition
Scheme 1 by comparing substituted cyclooctatetradhes state Bc—e), the stabilization of step 3 relative to COT (Si
with the parent compound.g). Bond shift AG*,g) corresponds  Ge > Sn; Table 5) is determined primarily by the-®1 overlap,
to the sum of steps 1 and 2 in Scheme 1, whereas reduction ofwhich is proportional to the numerator of eq 2 and decreases in
310 4 (AEY, — AAG and4 to 5 (AE?y;) correspond 10 the order Si> Ge > Sn2’ On the other hand, is destabilized
steps 3 and 4, respectively. (Two-electron reduction of cy- on reduction to the radical anion due to the addition of an extra
clooctatetraene is given by the sum of stepst) electron to ther system, resulting in a decreaseen_ — ;.
The two donor groups (methyl artdrt-butyl) increase the  Thjs, coupled with a relatively unchanged resonance integral,
energy for step 3 by about the same amount as that for step 4.causes the relative stabilization of step 4 (SGe > Si) to be
In contrast, not only do the electron acceptors (SifgHe- controlled by the denominator of eq 2. The energetics of the
(CHa)s, and Sn(CH)3) decrease the energies of steps 3 and 4, first and second reduction steps f—e relative to COT can
but they decrease that of step 4 more in every case. Note thate said to result fronoverlap controlandenergy gap control
our bond shift data show that the opposite orders of the first respectively. We are currently attempting to assess the general-
and second reduction potentials fbr—e are maintained even ity of this model?8
after the energy of the ring flattening step is factored out of the
first reduction potential. Acknowledgment. We thank the National Science Founda-
Since the interaction between the highest symmetric @OT tion and the Carnegie Mellon SURG program for partial support
orbital (i.e., that with large coefficients omQCs, Cs, and G) of this research.
and the lowest™* orbital of 7z symmetry on the substituent group  jx953350p
(o* ») is relatively small, we may estimate the interaction energy i i i
(E) between these orbitals by second-order perturbation theoryChgr? “,é'ﬁ;’;l”g';gﬁ&fgaé‘&("ar" F.; Distefano, G.; Guerra, M.; Jones, D.

(eq 2), (26) Giordan, J. C.; Moore, J. H. Am. Chem. Sod983 105, 6541.
(27) The same order was found for the M®@Derm of the I, transition

GlH 'lo* ﬁ of M(CH3)s-substituted benzene and was attributed to a reducedonance
E— [H|lo*, ) integral in the order St Ge > Sn: Michl, J.TetrahedroriL984 40, 3845.
T e . — € ( ) (28) This explanation may be oversimplified since it ignores a possible
Oy 7 role for configuration interaction, vibronic coupling, and the Boltzmann

effect. However, we believe that our model addresses the major elements

I ; ; ; ; of the substituent effect in these COTSs. A reviewer has suggested that the
whereH "is the interaction Hamiltonian a@*ﬂ ande; are the presence of close-lying HOMOs and LUMOs of different symmetries in

energies of the interacting*, and xr orbitals, respectively.  1c—emay be responsible for the order Bty if the singly occupied MO
Because of the atomic radius of M and the concomitant increasechanges from antisymmetric to symmetric on going frém™ to le.

in the G-M bond length, the overlap betweenando* , (and However, even if an electron is added to an antisymmetric orbital, the
' 7z delocalization onto the substituent of theelectrons in the corresponding

therefore the square of the resonance i.ntegiHH'IO*nG)) symmetric orbital will increase due to the increase inviterbital energy
decreases in the order Si Ge > Sn, while the energy gap illustrated in Figure 2. It is this delocalization that is addressed by our model.



