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Mean-field resonating-valence-bond theory for unpaired mr-electrons
in benzenoid carbon species
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A qualitative resonance-theoretic view is presented for the description of a variety of conjugated
m-network species identified with “subgraphsggither finite or infinite¢ of the graphite network.
Within the framework of this resonance theory, simple rules are described to provide qualitative
information: On ground-state spin multiplicities; on patterns of ground-state spin density; and on
exchange splittings to low-lying “spin-flipped” excited states. Beyond ordinary benzenoid
molecules, illustrative applications are noted to a diversity of extended species, including:
Differently structured edges on semi-infinite graphite; corner structures where edges along different
directions meet; conjugated polymer-strip ends; and local defect vacancy structures in extended
graphite. The variety of simple resonance-theoretic predictions are compared against a
semiempirical unrestricted Hartree—Fock view of some quantitative tight-binding
molecular-orbital-theoretic computations. Agreement in predictions from the resonance- and
band-theoretic viewpoints is taken to engender reliability of the so coincident predictions. A
traditional organic chemical resonance-theoretic view is thence conveniently reformulated and
brought to bear on several extended nano-structured systems to reveal systematic patterns of
m-electronic behavior. €2002 American Institute of Physic§DOI: 10.1063/1.1450547

I. INTRODUCTION relevant in dealing with poly-radicals where the exchange-
~coupling between weakly paired electrons is central in char-
The nature ofm-electron networks has long been of in- acterizing these systems. Notably such poly-radical species
terest, in providing the prototypical case of delocalized bondtaye recently become of much interest in the area of *mo-
ing, where there is more than one classical valence structuiigear magnetism.®” When mixed ionicity or mixed va-
to describe the molecule. Indeed it was emphasized evegnce is not dynamically involved one may often view the
before quantum mechanics that the structures of many beRysiem as made up of interacting localized spins, and a
zenoid species were to be described simultaneously by a Sglisenberg-model description applies, most simply with just
of valence structures, without the compound exhibiting pmp'near-neighbor exchange couplings. Notably in physics there
erties characteristic of what would have been surmised for 8.« heen an on-going focus on such Heisenberg models to
classical mixture. Perhaps this was most clearly said b¥1escribe magnetic properties. Amusingly the Pauling—

C\;rr?llt a(r;d dRobilnsoréri, but soon tthereaft(ra]r Ealljlling banddWheIand VB modél for conjugated hydrocarbons is in fact
elan eveloped a quantum-mechanically Dbase naught but a Heisenberg spin Hamiltonig¢hough usually

“valence-bond”(VB) approach to the phenomenon. But fur- . . . )
. - B N described in a somewhat different manner than is usually
ther they simplified the result to a “resonance theory” mak- . . o
one in the physics literature on magnetisiit is perhaps

ing use just of the VB structures with a maximal degree o ising that th thods of the phvsi f tism th
bonding and closely allied with the classical view. Then 3UrPMsINg that the methods of the prysics of magnetism then
have not been extensively utilized in dealing with such or-

Pauling went on to utilize an even simpler qualitative “enu- ) uaated lecules. But it 1 t th luti
merative resonance theory” as one of several new tools tganic conjugated molecu’es. but as it turns out the solution

understand a vast range of molecular structures, all as e)g_echniques Qeveloped in the traditipnal physics Iiteratgre best
pounded in his masterworfhe Nature of the Chemical apply to Heisenberg models for different structural circum-
Bond And Wheland focusédon conjugatedm-networks in stances, of high “coordination numbefand with antiferro-
organic chemistry, which is perhaps the most successful udnagnetically signed interactions for cases of little “frustra-

of resonance theory, typically in a quite qualitative mannertion”)- For the case of low “coordination number*3 for

And more recently Clardeveloped the qualitative theory in conjugated or'gani()ssolution methodsvia the resonance
terms of his “aromatic sextet.” theory of Pauling and WhelafAdurn out to b& more reason-

Most of this resonance-theoretic work on conjugatedab|e- Thus it is this resonance-theoretic approach that is pur-
m-networks has concerned nonradical species. But in faciued here, in application to organic species including those

one might imagine that this approach should be even mor&hich at least are potentially radicaloid.
Quantitative approaches using the Pauling—Wheland VB

a . . , model have often encountered computational difficulties. A
On leave of absence from Institute of Theoretical Physics & Astronomy, . . .

Vilnius, Lithuania. number of VB-bas_ed_ approaches in chemlstry largely ignore
PElectronic mail: kleind@tamug.tamu.edu resonance-theoretic ideas, perhaps seeking to carry out con-
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figuration interaction computations over all covalent struc-resonance-theoretic ideas to a selection of “corners” on gra-
tures, with there already being100 for 10 7-centers and phitic edges, Sec. V applies the ideas to different types of
~10* for 20 7-centers. Thence this brute-force approach beends of a long polymer strip, and checks are made against
comes prohibitive beyond-30 7-centers. But also there are (brute-force MO-based computations. Section VI addresses
a number of quantitative resonance-theoretic approdtHés the question of vacancy defects in the graphitimetwork.
tending to restrict attention just to Kekule structu@e.,  This is neatly explicated in terms of “anti-moleculeach
exclusively neighbor paired structuyebut not always. Still anti-molecule corresponding to the molecule comprised from
the numbers of such structures increase fairly rapidly withthe set ofm-centers deleted from the latticeAgain checks
system size, so thde.g) there are~10* Kekule structures are made against somewhat more involved MO-based com-
for Cgp buckminsterfullerene, and-10° for typical Go putations. With the successful comparisons it thus seems that
fullerenes. There have been some many-body resonancthe proposed qualitative mean-field resonance theory offers
theoretic computations even for extended systéass re- ready insight, building on traditional chemical resonance-
viewed in Ref. 14, and at a simpler level there has beentheoretic ideas, revealing patterns of behavior, and exhibiting
rather much work just enumerating Kekule structures. But @ range of potential applications, to a variety of nano-
these various resonance-theoretic developments have tygitructures, even defected extended systems, which are oft
cally been somewhat speci@dften for selected nonradical otherwise difficult to deal with theoretically. The ideas
speciey and often are somewhat mathematically sophistithence extend traditional organic chemical reasoning to en-
cated (especially for larger systemsindeed especially for compass some applications often associated with physical
extended systems it seems to have become the general belfdfemistry, and therefore the ideas seem of potential interest
that traditional organic qualitative resonance-theoretic ideafr a wide audience of chemists.
are out of their element.

Here a differently formulated qualitative “mean-field”
resonance-theoretic approach is advocated, for applicatiolllT MOLECULAR-FIELD RESONATING VB THEORY
not only to ordinary benzenoid molecules but also to ex-  The use of resonance theory in a qualitativeor
tended systems, including extended polymers, locally degyantitativé®—*> manner has been applied most widely for
fected graphites, and graphitic edges. In this approach res@table nonradical species. As already noted Pauling’s simple
nance structures are not restricted to be eXCIUSiVEly neareﬁsonance theory is based upon the consideration of sets of
neighbor paired, but in the mean-field approach the variougiferent classical chemical-bonding patterns consistent with
resonance structures appear only implicitly. In the avoidancehe considered molecular graph. For our considerations this
of reference to individual resonance structures, the exponemnolecular graph should preferab|y have few nearest neigh-
tial growth in numbers of such structures is side-stepped, spors, as is the case for conjugated hydrocarbons. For the
that even very larger-networks can be dealt with, even by (neutra) benzenoids there is one-electron per site, and
hand, at least in a qualitativéor sometimes a semi- there are exchange couplings between the electrons on these
quantitativeé sense. This mean-field resonance theory is dedifferent neighbor sites. To each bonding pattern there is
scribed in Sec. Il here, where the neat extension of traditionahqagined a basis wave functiah with singlet spin pairings
simple resonance-theoretic ideas is emphasized. The presggbrresponding tor-bonds of the m-electrons on the sites
predictions madeia this approach concern the ground-stateinterconnected in the bonding pattern. The more important
spin multiplicity, the general location of unpaired spin den-individual bonding patterns are usually those with a greater
sity, and the occurrence of low-lying excitatio@s due to a number of neighbor spin pairinggiving lower energies over
weak spin-pairing between well separated elecrofise re-  the VB exchange-coupling HamiltoniarFurther the greater
lations to more fundamental valence-bond Hamiltonians ishe number of low-energy such VB pattersbs the greater
considered in Ref. 16. And this resonance theory matchethe stabilizationbecause of mutual “configuration” interac-
nicely to some earlier VB theorems which already quite suction amongst them this phenomenon being termedso-
cessfully apply to smaller molecule®enzenoid or ngt  nance But even patterns with non-neighbor pairing can con-
Thus here we choose to focus on its application and testingibute to this resonance especially if first they are not too
for extended nano-structured systems, different types oflifferent from a maximally neighbor-spin-paired pattern and
which are considered in Secs. IlI-VI. Notably real graphitesecond there are a great number of such structures. Thus to
is (e.g., as discussed in Ref.)lquite rich in defects, often of achieve overall energetic stability the tendencies first to
ill-characterized structure, and a variety of conceivable suclnaximize the number of neighbor-paired sites and second to
defects are treated here, as also are some conjugated polynmeaximize the number of resonan@@ VB) structures often
strips and other conjugated nano-structures. Section Ill apare in competition. Generally there is some contribution from
plies our novel resonance-theoretic ideas to a variety of typeson-neighbor bonding, and in some cases this may even be
of translationally symmetric graphitic edges, and then makeslictated by the moleculébeing without a fully neighbor-
comparison to tight-binding band-theoretic results, such apaired VB structurg But as an extension to the preference to
have in fact already been a point of consideration in an eameighbor pairing there is a secondary preference to a slightly
lier study!’ Here the checking against computations basednore distant local “vicinity” pairing. If pairing between very
on a molecular-orbita{lMO) view is more completely done distant sites makes a contribution, then the spin pairing is
(and some of the particular insights developed here are utiweak in the sense that at a very slight energy above the
lized in later sections Section IV goes on to apply our ground-state there should be a state with the electron pair
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FIG. 1. An assignment of stars and unstars to the carbon atoms of 1,3,5

trimethylene-benzene. 0 0 0 0 3
0 0 0 0
0
0 0 0 0 2/3 2/3
truly unpaired—i.e., an excited state with additional unpaired S s 0 5

spin density and an overall spin greater by 1 than the ground

state. FIG. 2. Pauling bond orders and free valences for benzene, naphthalene, and
These general ideas can be given more substance for tif&nethylene-methyl

case ofalternantsystems G, these being those with a conju-

gatedm-network which may be partitioned intstarred and

unstarredsetsA andB of sites, such that each such type of experimertt’ and high-qualityab initio computations> A

grimary difference from the traditional use of Pauling bond

site has nearest neighbors which are solely of the other typ Cders is that develop the bond ord qf |
Thence, e.g., for 1,3,5-trimethylenebenzene one has starr&CE'S 1S that we develop the bond orders and free valences
without explicit generation of the various resonance-

and unstarred sites as indicated in Fig. 1. Now it is crucial in

our considerations that any non-neighbor pairing may pstructures. . . .

stipulated(in the ground stajeto occur solely between sites The ”?a?"m'za“on of the number of ne|ghb0rjpa.ureq sites

in the starred and unstarredsubsets. As long ago not&8a clearly minimizes the free va!enggs. The maximization of.
resonance is also somewhat intuitively clear: Resonance is

double spin-pairing one withid and one withinB may be test when the bondi ft delocalized
reexpressed as a linear combination of two inter-set doupd"eatest When the boncing patterns are as delocallzec as pos-
sible. That is, for maximal resonance one might anticipate

spin-pairings. Note that VB functions with an intra-set spin- o
pairing do not gain energy-stabilization, since there are n&hat the probablllt)_l(or pond—orde)r of a douple bon_d along
intra-set(antiferromagneticexchange couplings in the bipar- any one Of the dlrectllons away from a §|te to its ngarest
tite networkG, and such spin-pairing introduces constraintsne'ghbors IS e_qually I|_kely. For benzenoids the maximum
on the function which otherwise would be absent. There argumber of neighbors is 3 so that resonance would seem
a couple different standai?®bases of VB functions of suit- greatest the more nearly thebond orders are to 1/3. Then

able (ground-statespin designated with spin-pairings solely €Ve" W'th.OUt explicit qoq3|d§ratlon of the Kekulg structures
between the set& or B. Thence it seems that the ground of a species, the maximization of resonance might lead one

state for bipartiteG should have no such intra-set spin- 0 (tentatlve_ly assignzeroth-orderbond orders Qf.lls and
pairings. correspondingzeroth-orderfree valences as deficits of the

The question of the competition between maximizationS4MS of these zeroth-order bond orders incident at a site.

of neighbor pairing and resonance may be rephrased in term-tl)gw"’.It |st,t:]h|s dz?_ro_:t;-ordelr frfe € valt(ra]n(cje ffotrha s(;jltarns ouft t _ct)
of “bond orders” and “free valences.” Theesonance bond ¢ JuSt the deficit from L of one-third ot the degree ot site

order for a neighbor paie of sites is putatively identified as In many cases additional pairing between neighbor sites may

the fractionp, of ground-state contributing structures which further redgce the free valences, yleldmg;t-order. bond
have them-electrons on these two sites spin-paired; and th rders andirst-order free valences. Thence such first-order

free valencdor a m-centeri is the fractionw; of ground-state ree valences for the species of Fig. 2 trn out to be the same

contributing structures which have no spin-pairing to anothef‘_S thteh Plaulmg values tz;lready t'IAUSt;ate?' Ebb?mg 1'3:[’5' ;
m-electron in the vicinity of sité. What is meant by “vicin- - ethylene-benzene the zeroh-order free valences turn ou

ity” here may be given different interpretations. If the vicin- asin F|g. 3 whereas_ the Pauling free valen((_r.]irtamed by
ity is taken as the limit of nearest neighbors with all Spin_generatmg and examining the 18 nearest-neighbor resonance

pairing between such neighbai@nd each of the maximally _Str;ﬁtu;@ turnFqutIIto br? slightl)t/h(jiﬁf(_arent as a:.;o indica:jted
spin-paired bonding patterns is taken to contribute equally tg? IS Tigure. Fnafly shown In this figure are e spin den-

the ground stafe then thep, are called" Pauling bond or- sities for the spin-quartet wave function built from the
ders and the associatag meight be calledPauling free va- Huckel MOs. Evidently the three sets of values are qualita-

lences For instance, in Fig. 2 Pauling bond-orders and free
valences for three molecular speci®sare indicated. It has
been demonstratéd?®® that for a variety of nonradicaloid
benzenoids the Pauling bond-orders correlate closely with
experimental bond lengths. But we do not restrict attention to
nonradicals or limit spin-pairing to near neighbors. Any rem-
nant free valence may be indicative of unpaired spin density, 49 s/g 49 23 y3 23 35 5 35

as in the third case of trimethylenemethane in Fig. 2. Th%IG. 3. Pauling free valences for 1,3,5-trimethylene-benzene, resonant-

pr_ediCt_ion here of two Unpaire_d eIectron_s with spin dens_itytheoretic zeroth-order free valences, and finallickii-Hund spin densities
primarily on the end atoms is known in agreement with(for the same tri-radicl

4/9 2/3 3/5

5/18 5/18 1/3 1/3 2/5 2/5
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tively (and even semiquantitativghsimilar, all having no
spin density on the minority typéunstarred in Fig. 1 of
sites.

Now one may introduce additional pairing between
starred and unstarred sites even if not a neighlitough
preferably as close as possibl@hat is, the first-order free
valences ardat least partly satiated by other more distant
free valences located on the other type of sites, starred
versus unstarred site\s a consequence it is just the differ-
ence between the net free valences inAlendB sets which
results in globally unpaired spirié the ground stade That
is, the overall ground-state spin is predicted to be given in
terms of the free valences as

FIG. 4. Portions of two types of translationally symmetric edges for semi-
infinite graphite. The blackened area is understood to contain further net-
/ 5 work continued in the natural fashion.

@

S

IIl. TRANSLATIONALLY SYMMETRIC

This predicted ground-state spin turns’d@fto be indepen- GRAPHITIC EDGES

dent of details of the definition of the (just so long as they
are deficits of the bond orders from. Indeed using the For the case of translationally symmetric edges, our

zeroth-order estimates this spin can be re-expressed in termssonance-theoretic approach quite easily makes predictions,
of the numbers %, of starred sites of degree and the about the number of unpaired spins per unit cell of edge. For

numbers #,, of unstarred sites of degree thusly instance, for the two types of edges in Fig. 4 one may apply
the resonance-theoretic arguments to reveal 1/3 of an un-
Sr=2#x 11 #x2— 2#01— #0,|/6, (2)  paired electron per unit cell in the firktig—zag case, or 0 in

the secondcorrugated case. The first-order bond orders and
unpaired spin densities for a single unit cell are given in Fig.

?ppearlprimarily Ionbthe sites with r?]ore free-vr?Ier?cealf the5, where also the analysis is repeated for a third type of edge,
ree valences only become sméflerhaps Dat high order with a resultant 2/3 of an unpaired electron per unit-cell

(via pairing between more well separated opposite-typqength of edge. In Fig. 6 we indicate unit cells for a more

Sr']tes)’ ’;]he;’]l th;re are prgdmted E)O be low-lying states WIthcomprehensive list of about two dozen possible edges, and
these high-order spin pairings absent. the zeroth-order free valences are indicated there along with

| An aside of _notebis thagthg prtlediction of Hd) fﬁr finite additional low-order spin pairings. Evidently the predictions
alternants .per3|sts €yond simple resonance t eory, to trJaere quite readily made, though a question of their reliability
nearest-neighbor Heisenberg spin Hamiltonigor spin s

. arises.
=1/2 site3 on the full space of allthomopolay covalent One test of the predictions made in the preceding para-
str_u_ctures. Indeed, if one notes that the numbers of bon raph would bevia Hartree—Fock HF) or unrestricted HF
exiting from  and© sites must match, then the resonance- mputations on these systems with such edges. Most fea-
theoretically predicted ground-state spin may be reexpress

int fiust the total bers.#and ¢ starred and ble would be such quantum chemical computations on
Il;]ns(i;Teros{tL:ass e total numbersy#and #, of starred an wide strips with two edges but well separated from one an-

other, so that there would be little “communication” between

opposite edges. In such a case withde) strips there would

be just a finite number of sites per unit cell, thereby facili-
such as is known to hold for the more “complete” nearest-tating ordinary band-theoretic computations. The restricted
neighbor Heisenberg mod&l;?° as well as the even more
complete Hubbard mod&for these same systems. And the
results seem always to be in agreemenwith full
configuration-interaction computations on more conventional
PPP models. For the nearest-neighbs+ (/2) Heisenberg
model there are some further qualitative theor&mehich
seem also typically to be consistent with our current results
concerning the location of the unpaired spin density. And
there are a. numb.er ddb initio computations V.Vlth V.VhICh . FIG. 5. Unit cells of edge for three types of edgexluding the two of Fig.
agreement Is _tham_ed_se_e’ €.g., Ref. 33_' With this _e?-r“el), with the vertical dashed lines indicating boundaries of the unit cell,
noted dove-tailing with previous VB-theoretic work for finite which continues on downward into bulk graphite. The zeroth-order free
molecules, it is natural to next address extended systemuglances which are nonzero are shown, and curved dashed lines for the

; :second(corrugated and third cases indicate first-order pairings, whereafter
where the present approach promises to be able to deal Wlfﬁe first-order free valences would be 0 for the second case, while for the

local fgatures, and even identify pa'\irings so weak that theyhirg case there would remain a free valence of 1/3 of an electron per unit
are typically better viewed as unpaired. cell of edge.

Notice too that thgunpaired-electronspin density should
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FIG. 6. Unit cells of about two dozen types of edges
showing zeroth-order free valences encoded with values
of 1/3 and 2/3 represented by small and large circles,
with the circles being filled or empty as the site is
starred or unstarred. The curved dashed lines in some
cases indicate higher-order spin pairings.

HF solutions (for uniform bond-length PPP models are states withe=~Ce ", so that for the limit of wide strips it is
equivalent to the solution of the simple ekel model, and  assured that this becomes small enough in magnitude for
the ensuant occurrence of certain unrestricted HF solutionhe UHF instability to occur. Moreover, these edge-localized
pa;zl be r.eadily recognized. .F.irst, for alternapt syste_ms therﬁlcipienﬂy singly occupied MOs are easy to recognize just
is™ a (fairly well-known) “pairing” symmetry in the eigen-  om an energy-band diagram, because they must occur in a
value spectrum about the nonbonding energy here taken as 4ion of this diagram different than the MOs of bulk edge-
This symmetry is that for every eigenvaleghere is a cor- oqq graphite which hd%a 0 density of MO levels at the
responding eigenvaluee. So if there are Hekel molecular nonbonding energy. That is, if there are a substantial number

orbitals (MOs) which are only very weakly bonding.e., . S . . :
: . . of edge-localized incipiently singly occupied M@associat-
MOs with very small magnitude negativg, then there are ing to unpaired electronsthen in a standard MO band dia-

corresponding very weakly anti-bonding MOs. As a conses ram they should occur as portions of otherwise absent
guence in such a circumstance, there is a UHF instability fo y b _
nds very near t&=0. Several such band diagrams for

the associated PPP model, where the weakly bonding and’. X N
anti-bonding MOs mix and end up being singly Occupiedstnps(of widths all takenw=30) are shown in Fig. 7. These

[rather than in the restricted Hartree—Fa@HF) approxi- plots are for discrete sets 0f25) wave vectork between 0
mation solely the bonding MOs being occupied, with the@nd (it being understood that fdc between—m and 0 the
occupancy being doubleindeed this UHF instability ¢35 resultis just the same as already shown with a reflection in a
very easy to understand in that if theare very small in vertical plane atk=0). In all these cases the bulk of the
magnitude, then it costs little orbital energy to so redistributd?ands all fall into a shaded regidshaded because of the
the electrons, while an exchange-energy stabilizatipo- ~ density of MO-energy poinjscorresponding to what occurs
portional to the electron—electron interaction strepger  With bulk (edgelesk graphite. But in many of these cases
sults. Whether such a unrestricted Hartree—Fa#iHF) sta-  there are bands which penetrate out of the shaded region and
bility occurs of course depends on just exactly how sra@l  hug to a portion of the nonbondirigaxis of e=0, it being

in magnitude(as well as on some details of the exchangethese exceptional MOs which must be the edge-localized
interaction for the indicated orbitalsBut as it turns odf for ~ nonbonding ones. If the portion of such as0-hugging
suitable strips of widthw there often are a “flock” of edge band covers a fractiohof the Brillouin zone, then this cor-
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g/ |B1 edge 6¢ edge 6s

B

FIG. 7. Energy level diagram@n the right half of the first Brillioun zonefor several edges identified to their unit-cell diagrams of Fig. 6. Those in the first
row all exhibit an asymptotically nonbonding portion of a band penetrating outside the otherwise densely occupied part of the Brillouin zomethEhose i
second row all exhibit no nonbonding orbitals excepkat+2/3, to give no unpaired-electron-spin density.

responds td unpaired electrons per unit cell. As a test of from those for bulk-graphite MOGn the “shaded” regions
these edge-localization features, Fig. 8 illustrates the logaFhe MOs in the shaded regions are more or less uniformly
rithms of the mean densities of several such MOs as a funcspread across the strip.

tion of their distance from the edge of Fig(j6 For such Now we have predictions for the number of unpaired
orbitals the density is seen to fall exponentially with theelectrons per unit cell of edge, both by the resonance-
distanced from the (nearest edge, though the exponential theoretic approach and by an MO-theoretic computation.
fall-off rate is seen to be different for differektvalues. The Only some of the MO computations are indicated in Fig. 7,
edge-localization is seen to be more severe the greater theth results of some other computations available in earlier
distance in the Brillouin zone of the near-nonbonding MO isarticles!’3"~**The consequent RVB-theoretic predictions for
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In py ) references indicating some partial theoretical treatment, short
edge 6] of the computations such as reported in Fig. 7. Notably there
' ' ' ' is unanimous quantitative agreement betwegn(ftbm our
resonance theoyyand the number guo of nonbonding
electrons per unit cell of edge lengtffrom the band-
theoretic computationsThat is, we find

#nemo= Hu (4)

for all translationally symmetric edges considered, including
not only the nine representative cases of Fig. 7, but in fact all
others occurring in Table I. Further it turns duais indicated

in Fig. 8 that there seems to be qualitative agreement as to
the location of the unpaired electrons. Here in Fig. 8 the

2071

25 ==

=g lix " . . -
” A i u ‘ . n densitiesp,, for an orbital of different indicated from the
o 10 20 30 40 50 60 exceptional band are plotted as a function of positipand

FIG. 8. Logarithmic mean electron density plots as a function of positiont0 SUppress OSCII|at|0r($)et,\Neen* andO) ppata distance

across a strip for various MOs of the exceptiofraa) nonbonding MO n:d+_ 1/2 from_ the edge is tak_en as th_e sum of the squares

band for the case of the edge dj)6 The different curves are for different Of orbital coefficients at the sites at distanatsind d+ 1

band orbitals at the indicated different wave vector vakies from the edge. The resonance theory evidently reveals an
interesting pattern of behavior, giving ready insight into in-

the number # of unpaired electrons per unit-cell of length ::&s;g:gschem|co—phyS|caI characteristics of the various edge

are given in Table | for the two dozen edges indicated in Fig: Itis 1o b hasized that the edge-localized elect
6. Table | also identifies thprimitive translation(x,y) asso- IS 10 be emphasized that the edge-locallzed electrons
ciated with each type of edge, where tifisy) indicates a should be'cruually |m.p(.)rtant for magnetic sus_ceptlbllmes
step ofx hexagons along one direction aptiexagons in the anq zlegttrrzpal (;F)I’ISUC'[IVIty.. Thtt;5e eﬁc;rons Vr;/h'Ch are uln-
direction 60° counter-clockwise to the first direction carriesP2 co Within a first approximation, stift do exchange couple
an edge back into itselfAs an aside we may note that given amongst one another, presu_mably with a ferromagnetic sian,
this (x.y) label for an edge it may be shoWnthat #, is so that Fh_e_y would be very important for the bulk mag_netlc
integer iffx-yis a multiple of 3, and in particular there can be susceptlblllt)_/, even though the_ edges are a s_maII fract|o_n B
no unpaired electrons only ¥y is a multiple of 3) Finally the total. With the edgg-locahzed orb@als singly qcpumed
in Table | references dealing with the various cases from th nd located at the Fe_rm| energy, electrical conductivity may
e much enhanced—it being well-known that b(ékigeless

band-theoretic viewpoint are indicated, with the parentheti graphite though having 0 band gap also®i@s0 density of

states at the Fermi surface. To deal with such properties in

TABLE I. Edge symmetries and edge-localized unpaired electrons per unimore detail a quantitative treatment would be best.
cell of edge.

IV. GRAPHITIC CORNERS

Structure Primitive Unpaired
Fig‘ . ”a?f';;“on e'e;""”s Brz?:r;‘]i‘é;y The general resonance-theoretic argument is readily ap-
: ' . plicable to treating corners on large graphitic fragments. Of
@ (1,09 1/3 17,37 course unpaired electrons at corners are more noticeable if
(b) (1,0 2/3 36 the edges meeting at the corners are of the type which do not
8 8% 1(/)3 ;; ggre themselves lead to edge-localized unpaired electrons, one
© (1:1) 1 17 such being the “corrugated” edge of the second part of Fig.
) 1, 0 here 4. Then for instance, for the four corners of Fig. 9 we predict
(@ 1,9 0 here no edge-localized unpaired electrons for the first two cases,
() (2,0 13 17 while the last two cases are somewhat more complicated. For
8; gg gg g Eg:: these last two cases one sees that full spin-pairing beyond
(k) 2.0 13 17, 39 that of zeroth-order may be achieved, though in these there
() (2,0 2/3 17 are a number of pairings of a more distant nature, so that
(m) 2,9 1/3 17,39 these pairings are somewhat weak. Throughout all of the
Q) 2,9 2/3 cases of Fig. 9 the curved dotted spin-pairings are taken to
Eg; gz ig indicate 1/6 spin-pairing bond orders, so that two sites con-
@ (2:1) 213 nected by two such curved dotted spin-pairings exhibit 1/3
) 2,2 0 here spin-pairing bond order between the two sites. Evidently the
€ 2,2 1 here fourth case of Fig. 9 exhibits more rather distant weakly
® 3.0 0 17, here paired electrons than the third case, while the first two cases
E\‘j; 88; 8 i; exhibit even less of such more distant pairing. It is seen that
w) (311) 213 39, here the different edges meeting at a corner allow electrons at the

corner to pair along the edges on each side of the corner
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1 6 1 16 21
3 I 1 . 1

FIG. 11. HOMO (or near-HOMQ densities for the corners of Fig. 9. The
first, second, third, and fourth corners of Fig. 9, respectively, correspond to:
The lighter-face slightly higher near-level curve; the bold-face slightly lower
near-level curve; the dashed curve which changes somewhat more; and the
bold-face curve which changes most dramatically.

the first type of corner we might try computations on a
hexagonal-symmetry fragment as indicated in Fig. 10. Simi-
lar hexagonal-symmetry fragments are possible for each of
FIG. 9. Four graphitic corners, showing zeroth-order free valences and adhe three other corners of Fig. 9. If the MO approach finds a
ditional higher-order spin pairings. Note that each dashed line is a spin b f ( ) bondi MOs. th Id h

pairing beyond zeroth-order, with the convention taken here that each sucﬂum érn or (néay nonbonding S, then we Wou ave
dashed line contributes 1/6 to the indicated bond order. n/6 per corner. But because the fragments are finite the un-
paired density our resonance-theoretic argument associates to

each corner might end U the resonance-theoretic pictlire

while displacing some local pairings along the edge to morgy5iring weakly with requisite others down the adjacent edges
distant pairings farther along the edge. For more quantitativgismacing what would otherwise being near-neighbor pair-
predictions a more quantitative approach would be desirablgngs along the edges to more distant pairings. Within the MO

Again one may test these qualitative predictions againsgictyre, the orbitals would not then be expected to be quite
those from an MO-theoretic approach. In this case to makgonponding(much as for the edge-localized MOs on finite
the requisite computations it seems convenient to deal Wit@trips of not too great of a widihThus for the four corners
finite but large molecular fragments with the indicated typesys Fig. 9 we have carried out computations on four
of corners. And again it is expedient to compute within ahexagonal-symmetry fragments dfl=684, N=546, N

restricted HF result, it being understood that very slightly:834, andN =552 sites. Thath unoccupied MO above the
bonding restricted-HF MOs would for a related unrestricted,onponding 0 is denoted,,, so that the highest occupied

HF approximation mix with corresponding weakly anti- mojecular orbital-lowest unoccupied molecular orbital
bonding MOs and end up being singly occupiée., un-  (HOMO-LUMO) gap would be 2;. Then these lower-
paired, following the general discussion in Sec. lll. Thus for lying such energies for the three indicated fragments, respec-
tively, are (measured in units of magnitude of the ¢kel
resonance integra®)

9a) 9(b) 9%c) 9(d)
€ (0.1196 (0.1362 0.0807 0.0078
€ (0.1196 (0.1362 0.0807 0.0087
€ (0.1129 0.0087
€ (0.14489

where the(left-to-right) order of these orbital energies corre-
sponds to the order of the edges in Fig. 9, and the parenthetic
values identify MOs which are here considered as outside the
(weakly) non-bonding range. Conditionally identifying those
MOs of energye;<0.010 as nonbonding, we see that their
number for our four fragments then is 0, 0, 4, and 6, which is
FIG. 10. A large hexagonal-symmetry fragment of graphite wita834  IN rough agreement with our qualitative resonance-theoretic
sites and graphitic corners of the third type shown in Fig. 9. predictions of 0, Om, andn (nearly unpaired electrons per
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ably for even larger fragments the decay would presumably
continue to ever smaller densities at ever greater distances
from the corners.

Not only may corners introduce unpaired electrons, but
they may also cause pairing between electrons on two adja-
cent edges which would otherwise be unpaired. For instance,
for (polyacenoid zig—zag-type edges meeting at a corner as
in Fig. 12 we have already seen in Sec. Il that these edges in
isolation should have 1/3 of an unpaired electron per zig—zag
unit of edge, while from Fig. 12 we see that there can be
pairing around the corner. But in order to achieve pairing for
the otherwise unpaired edge electrons far from the corners
FIG. 12. A graphitic comer where two zig-zag edges meet. The spinthe distance of the pairing becomes quite large, and there-
pairing around the corner is seen to pair ever more distant sites. fore, quite weak. Thus some of these electrons remain in
essence unpaired, though what we really have is a gradation
of pairing strengths, and associated degrees of localization. If

corner, withm<n, and the values ofh andn dependent on we carry ou_t an_MO computation for a hexag_onal-sym_metry
fragment with six such corners amd=1014 sites, we find

what one means by “weak” pairing. Now in Fig. 11 we show (in units of|8)
logarithms of the mean densities of the more nearly non-
bonding HOMOs at a distanagfrom the hexagonal center €;=0.0055, 0.0055, 0.0063, for=1-3,
of the molecular fragment. As in the discussion of the edges _ o

the densitypq for positiond is averaged between the densi- €=0.0299, 0.0299, 0.0342,  for=4-6,
ties atd—1/2 andd+ 1/2, so that oft sizable oscillations of €=0.0831, 0.0831, 0.0976, for=7-9,

the densities betweew and O sites are averaged out. The )

HOMOs for the first two cases of Fig. 9 seem from Fig. 11 =0.1551, 0.1551, 0.1899, for=8-11.

not to be corner localized but spread out throughout the fragThat is, we do indeed find the predicted gradation of MO
ment. For the third case of Fig. 9 the logarithms of the avenergies away from the nonbonding value e3f 0. More-
erage densities for the two weakly bonding MOs is plotted inover, in Fig. 13 we consider the densities for the first three
Fig. 11, and it is seen that they are evidently corner localizedsets of triples orbitals as averaged over the three similar-
For the fourth case of Fig. 9 we have plotted the logarithm ofenergy orbitals in each set, plotting the logarithms of these
the sum of the densities for the three weakly bonding MOsaverage densities as a function of the distance from the cen-
and it is seen that they appear to be corner localized. Theer of the fragment. It is seen that the sets of more nonbond-
orbitals which we have conditionally identified as “nonbond- ing orbitals are more edge localized, again nicely matching
ing” on the basis of their energies<0.010) are thence with the resonance-theoretically anticipated gradation.

seen from Fig. 11 to appear to be localized at the outer

reaches of the fragment, and appear to have a density decay

into the interior roughly of an exponential fashion. Presum-y pOLYMER-STRIP ENDS

Polymers being of finite length typically have ends
where the erstwhilénea) translational symmetry is strongly
broken and something special may happen. If the question of
end-localized unpaired spins is to be considered, then this
will be simplest if the edges along the polymer length are
such as not to tend to introduce unpaired electrons, and
thereby interfere with any possible unpaired electrons at the
ends. Thus we might consider a long polymer strip with
“corrugated” edges[as in Fig. 4b)] and a width of one
hexagon, it happening that such polyphene chains are begin-
ning to be experimentally realizé8 Then one may imagine
numerous possible ends, four of which are indicated in Fig.
14. Our resonance theory readily leads to predictions of 0, 1,
1, and 0 unpaired electrons for the respective ends of Fig. 14.

These predictions may be checked againstkeél MO
computations for fairly long oligomers of 100 hexagons in

-11 length. The consequent logarithms of the HOMO densities

measured from the strip end are indicated in Fig. 15. These
FIG. 13. Near-HOMO _orbital_ mean densities measured from_ the_ center of ?:omputations are for strips with both ends of such an oligo-
hexagonal fragment with 6 like corners of one of the types in Fig. 12. The ,
bold line is for the first triplet of orbitals, the fainter line is for the second mer of the same type, and the densities averaQEd over the
triplet, and the dashed line is for the third triplet. sites of a hexagon are reported as a function of the position

-7 -

-9 4
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is seen from Fig. 15 to be quite delocalized. The frontier-
% . d:zzg:b orbital densities for the second and third cases are very simi-
’ lar being indistinguished in the figure and corresponding to
a the lowest(solid) curve—evidently these orbitals are end lo-
calized as expected, and even strongly end-localized, with a
. smooth exponential fall-off to the center of polymer chain.
. The fourth case involves an apparently doubly degenerate
orbital and corresponds to the dashed curve in Fig. 15—it
evidently is also end localized, though this does not corre-
spond to unpaired electrons since the orbital energy is such
as to distinguish it quite clearly from being nonbondifog
w-- even nearly nonbondinglt may be mentioned that in deal-
- ing with graphitic edgegas in Sec. ll] there occasionally
- too are edge-localized orbitals which are not nonbonding
¢ [and seem to be easily recognized as exceptional nonbonding
bands penetrating out of the shaded regions, as in Fifjs: 7
7(h)]. That is, it seems that the prediction of localized un-
paired electrons via resonance theory is sufficidntt not
- necessary for the existence of nonbonding MOs. It is an
interesting question as to whether the qualitative resonance
theory might turn out to predict the localized but bonding—
d anti-bonding orbitals as in the case of the fourth end of Fig.
FIG. 14. Four types of polymer strip ends for a phenanthrenoid polyphen(él'4 (say perhaps because the Kekule structures one can write
polymer. down for this end have localized double bonds for the double
bonds near the ends of the oligomer striput here we do

_ _ not seek to develop this aspect. For our polyphene polymer
of the hexagon along the sjmp. The first and Ias_t cases eVitrips evidently there is notable agreement between
dently have the frontier-orbital energsy notably displaced [og5onance- and MO-theoretic predictiofier end-localized

from 0, 0 €,=0.38272 apdelzo.lgo ", respec;ively, _uppaired electrons and end-localized nonbonding MOs, and
whereas the second and third cases have the frontler-orbnggnsequem electrops

energiese; and e, very nearly 0, to within less than 1&,
so that the observed numbers(eéry) weakly bonding MOs It may be noted that for sqmg cases w'hat goes qn at the
d (polymer ends may be more intimately mixed up with the

turns out for our four considered cases to be 0, 2, 2, an

The corresponding frontier-orbital densities in the first casd'ature of the edges. Firstif there are unpaired electrons along
the length of the polymer, then they would be in nearly non-

bonding MOs delocalized along the length and able to inter-
0 20 40 60 80 100 mix with nearly nonbonding MOs initially assigned to the
polymer ends, so that none of the eigen-MOs might be end
210 - localized. Further, some edges may exhibit a sort of balance
regarding formation of unpaired electrons, so that they would
arise under some very slight perturbation. Notably this cir-
cumstance of “balance” is not overly rare, and has to do with

-20 4 - o .
whether lone solitonic excitations occ(in the neutral con-
jugated network These considerations are best approached
20 with a little more quantitative detail, and has been so dis-

cussed elsewhefe (paying explicit attention to Kekule
structureg, and also are empirically found to correlate with
MO-based results. We do not pursue this interesting aspect
-40 1 further in our present qualitative discussion.

The indicated tests concerning corner and end structures
show quite reasonable agreement between the predictions of

-50 the resonance-theoretic approach and of the MO-theoretic
FIG. 15. Logarithmic mean HOM@r near-HOMOQ densities as a function approach. The main qualification relates to interactions be-
of position along the polymer strip for the four types of strip ends of Fig. 14.tween different near-by edges, whence a quantitative

The first case of Fig. 14 gives the relatively level cuf¥er logarithmic resonance-theoretic mode"ngor a quantitative MO-
values between-5 and—11. The second and third cases give quite similar

solid vee-shaped curves which on our present plot cannot be clearly distir;-heoretlc modelingmay be needed to make better predic-
guished, and the fourth case gives the dashed vee-shaped curve. tions.
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FIG. 16. lllustration of anti-methyl, anti-ethylene, and anti-allyl vacancy defects in a graphite lattice. The zeroth-order free valencesare bigher order
spin pairings are indicated, so that the corresponding higher-order in the case of anti-ethylene becomes 0, while the net amount of unpasredtekctron
first and third cases remains 1 and 2, respectively.

VI. GRAPHITIC ANTI-MOLECULES might be “suitable”—in particular if we are to look for
(neay nonbonding MOs associated to the defect, it would be

) . referable to avoid other near nonbonding MOs, such as
otherwise perfect graphite may also be addressed. One m . . . )
uld arise with certain fragment edges or corners. But in

delete one or more contiguous carbon atoms from the graph- . .
9 g pl?act because of the preceding sections we understand how to

ite lattice, thereby giving what we term amnti-molecule h itable f s | feul le of h

corresponding to the molecule consisting of the internallyC fzozf sfw aole [agmtlag ; n padr cutar Zn exampefothsuc; ?

still connected set of deleted atoms. Thus with deletion of - /a0'€ rfagment would have edges and corners ot the 1irs
or secongl types indicated in Fig. 9, and we have now per-

single C atom we obtain “anti-methyl,” and with deletion of ‘ q X for ab q molecul
two adjacent atoms we obtain “anti-ethylene,” and with de- ormed computations for about a ozen ann-mo ecules near
the center of such a fragment, with=684 sites(before

letion of three consecutive atoms we obtain “anti-allyl.” The . RS ST
resonance-theoretic predictions are relatively straightforward€!€ting the sites in the defgcExamination is made espe-

to make, as illustrated in Fig. 16. In fact one may perceive glally of the HOMO, _and perhaps a fevy MOs nearbyeto
general pattern. Note perfect graphite has a local balance af 0 SO as to ascertain their disposition in the defected frag-
starred and unstarred sites, and note that in the formation §f€nt. The results of these examinations are indicated in Fig.
an anti-moleculer by deletion of the molecule R, the unbal- 17, where_there are plotte_d Ioggnthms of mean MO densities
ance of starred and unstarred sites in the region of the antS @ function of the graphical distance from the center of the
molecule must be the sanfexcept maybe for signas the central hexagon whereat the _defect is placed. When there are
unbalance in the corresponding molecule R. That is, for meSeveral degenerate nonbonding MOs these plots use the av-
thyl, ethylene, and allyl one has an unbalance of 1, 0, and £rage densities _for these different orbitals, and When there
so that this should also be the regional unbalance in sit"® N0 nonbonding MOs the plot shows the density for the
types for anti-methyl, anti-ethylene, and anti-allyl, respec-HOMO. At the top of each plot a depiction of the anti-
tively, and this then leads to this consequent number of unMolecules is shown in bold, with a lighter hexagon showing
paired electrons, to be localized in the region of the correthe position ofs with respect to the central hexagon of the
sponding defecti.e., of the corresponding anti-molecut fragment. And yet further with each plot there is indicated
Thus for a general molecule R with numberg & # of the values of the orbital energiesfor the orbitals which are
starred and unstarred sites, our mean-field resonance theddptted, and in addition in parentheses, there are shown the
predicts(at least |#, —#0| defect-localized unpaired elec- energies; for the next orbital awayfrom the perfectly non-

The question of the effect of local defect structures in

trons for the corresponding anti-moleculén graphite bondinge=0 valug. Upon examination of the results in this
) ) Fig. 17, one sees that the orbital densities for the orbitals
{#a-localized unpaired Je={|#x —#olfor R}. (3 anticipated to correspond to unpaired electrons, indeed gen-

Indeed this result of matching of propertiés particular of ~ erally have nonbonding energy, and in fact this must be the
net spin densitiesor the molecule and anti-molecule, in part case since for the finite fragments used, with equal numbers
justifies our choice of nomenclature of “anti-molecules” for of % andO sites before deletion of the defect, the Coulson—
our vacancy defects. Rushbrooke theoretfiimplies that the unbalance ok and
These predictions might be sought to be checkiacan O in the defected fragment must match the unbalance of the
MO-theoretic approach. Of course with a local defect thedeleted molecule R. The remaining orbitéiet so implied
translational symmetry of the graphite lattice is spoiled, sdo be e=0) are always distinctly different in energy from
that ordinary band-theoretic computations are not directly=0, as perhaps could be surmised from the relatively large
applicable. Thus what one might do is simulate bulk graphittHOMO—-LUMO gap in the undefected fragment. Moreover
with “suitable” large fragments, and delete a few sites fromthe nonbonding = 0) orbitals seem to be more localized in
the center of the fragment to represent the defect. But to dthe region of the defect. In the cas@s anti-ethylene, anti-
this in practice it is crucial to understand what fragmentsbutadiene, and anti-benzenghere no such defect-localized
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FIG. 17. Mean HOMO(or near-HOMQ densities for several anti-molecules, plotted as a function of the shortest-path distance from the defect. The
anti-molecule defect structure is indicated in boldface, while the central hexagon of the erstwhile hexagonal-symmetry fragment is inditaeeddnd|
and the energies of the more nearly nonbonding MOs is also dttiese not enclosed in parentheses being those for which the mean densities arg plotted

orbitals are expected, one sees that in fact the most nearbf the fragment The decay of thee=0 orbital densities

nonbonding MOs are in fact markedly more delocaligesl,

away from the defect appears only roughly exponential, there

more nearly constant, as gauged by the functional deperevidently being some degree of interaction with the edges of
dence of their average density on the distance from the centéne fragment, as does not seem to unreasonable since the
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present distances here are: first, somewhat smaller than thieeoretic predictions seem generally to be in rough agree-
distances between strip edges which involved the nice expanent with numerous computatioffs. Some resonance-
nential decay of Fig. 8; and second, several tihed0)  theoretic predictions as to fine splittings amongst weakly
smaller than the distance between polymer ends where thspin paired electrons have not been gone into because of
dramatic exponential decay of Fig. 15 was observed. Still igenerally accepted inadequacies of the limited MO-based
appears that the number of such nonbonding defect-localizegbmputations we have made, and these predictions naturally
MOs generally exactly matches what is anticipated from oukshould be further addressed in future work. The prediction of
mean-field resonance theory—i.e., the number of such MOghe resonance theory as to whether unpaired electron density
for an anti-molecule is just#, —#o| for the corresponding  appeargprimarily) on starred or unstarred sites seems to be
molecule. correct(though we have not tried to display this so much in
Thus our mean-field resonance theory seems to correctlyyy numerical comparisonsFor smaller molecules the loca-
predict significan.t characteristic; of these various antiyigns of unpaired electron density beyond this aspect is dif-
molecules. Also it may be mentioned that the resonancgqyt with the present qualitative resonance the@y., be-
theory frequently predicts that the unpaired electrons lie prez5,se of the “interaction” between different edges which are
dominaptly on one type of siték or O), and thpugh not necessarily nearby in such spegies
shown in Fig. 17 because of the local averaging, the MO A te\y words of qualification should be included, particu-

computations then generally find the defect localized nonTarly as regards non-benzenoid conjugated hydrocarbons.
bonding MOs on the same type of sites. Thus general a0"®q1e resonance theory as developed here need not apply so

ment is obtained between our MO computations and th‘&a’/vell to systems with cyclobutadiene moieties, because: First,

resonance-theoretic predictions. Pauling’s resonance theory was developed to match to clas-
sical chemical ideas which were clearest for the benzenoids;
second, there are well-known problems of predictions of
The simple resonance-theoretic scheme advocated hefgsonance energies for cyclobutadien@nd related
seems to make quite reasonable predictions as to amount angi-cycle-containing specigsand third, theoretically there
location of spin density. Beyond general agreement withare additional corrections beyond those of the nearest-
other VB-theoretic spin predictiofis **for small molecules, neighbor Pauling—Wheland model for systems with small
the general predictions have here been tested against moggcles. (In fact these last-mentioned correctihare to ac-
tems: About two dozen graphitic edges, a more limited nuUmpant systems the manner of setting up our resonance theory
E)er of graphltlc,; corners and polymer ends, and about a doz&flearly needs fundamental modification, since the alternant
anti-molecule” vacancy defects. The uniformity of agree- cparacter is so intimately involved in our present formulation
ment of the resonance-theoretic predictions with the resultg,. 1o resonance structurdwith pairing solely between

of the M_O-_theoretic computations _enhances the credence _%ﬁtes of different types For the various non-benzenoid con-
the predictions. Especially dramatically for edges and anti- gated networks(nonalternant or with d-cycles, it is
molecules we have the essentially quantitative predictions (J

) . o imagined that though resonance theory will still be appli-
Egs. (4) and (5). That is, we have identified accurately the cable it should need some modification from what is pre-

number of nonbonding nondelocalized orbitals thereby re- . . . o
. : . sented here. Still the benzenoid case is of sufficient interest
vealing a systematic pattern of behavior for these edges a .
. o - at the present formulation should be valuable—and also
anti-molecules. Also the general qualitative predictions for S .
> “'some applicatiorf§ to selected small non-benzenoid mol-
the other casee.g., the cornejsand as regards the location

of the unpaired spin density seems to be in agreement bg_culles havel b?e” iuccessfutlh tth field
tween the two approaches. n conclusion it seems that the mean-field resonance-

It may be noted that there are several other earlier Mogheoretic approach is of much qualitative value, giVing, ?n-
theoretic computations for which some data has beeﬁ'ght to th_e effect of chemlcal structure on electlron pairing
reported® and which seem to be in “rough” agreement with and associated mﬁgnetlc and .conduct-lve propertles, all in the
the predictions of our simple resonance-theoretic Scheméramework of traditional organic chem|cal ideas. The predic-
The agreement is often rough because it may be that there 9N are seen often to be especially neat for extended sys-
not sufficient information reported to reconstruct all the de-{ems, where resonance theory has traditionally been less fre-
sired correspondences, or because there is a gradation of &uently applied. Particular interest arises: First since graphite
bitals from localized to delocalizedand correspondingly is rich in various kinds of impurities or defects, the structures
from nonbonding to less nonbondhﬁ@ome aspects of this of which have seldom been well CharaCteriZEd; and second
problem were revealed in our discussion of the third andsince with the advent of carbon nano-tubes, the question of
fourth types of corners in Fig. 9, and further aspects concerrvarious nano-structures thereon naturally arises. Thus be-
ing the gradation of bonding strengttend associated local- yond application to conventional ordinary molecules and
ization) for the oft-considered case of hexagonal fragmentspolymers, the current mean-field resonance theory may be of
as in Fig. 12. In such cases the partitioning into bonding anegspecially notable aid in characterizing extended nano-
nonbonding is not so clear cut. But our resonance-theoretistructured systems and graphitic defect structures. It seems
approach still readily makes the prediction that such gradathat traditional organic chemical reasoning may be neatly
tions occur, and indeed we again note that the resonancextended in a very easy to use format to understand a variety

VII. CONCLUSION
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