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On the Spectacular Structural Isomorphism between GHs Monoradical and Cp+sHst3
Diradical Benzenoid Hydrocarbons: From Reactive Intermediates to Vacancy (Hole)
Defects in Graphite
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The formula/structure informatics of monoradical and diradical benzenoid hydrocarbons that are potential
reactive intermediates is studied. Some new enumeration and structural results with analytical expressions
are presented. The topological paradigm and one-to-one correspondence between the monoradical and diradical
constant-isomer series is demonstrated. Constant-isomer benzenoid monoradicals of the fgtinltve

a one-to-one correspondence in isomer number and topology to constant-isomer diradicals of the formula
Cn+sHst3. Some electronic properties of benzenoid radicals are delineated. Excising out a monoradical or
diradical benzenoid carbon molecule from a perfect hexagonal graphite layer leaves a matching monoradical
or diradical vacancy hole defect called an antimolecule; this observation can be generalized to include excising
out all nondisjoint and obvious benzenoid polyradicals from a perfect (Kakllleexagonal graphite layer.

It is shown that the characteristics of graphite vacancies (antimolecules) can be deduced from knowledge
about the carbon molecules removed in their formation.

Introduction carbocations. The synthesis and characterization of bedizo[
eryleny! 11 and trinaphthdjcdfghjkllphenalenyl (GiHas,
Free-radical benzenoid hydrocarbons corresponding to theEe;yzo[:ﬁ];()%g:ﬁleno[l,z,s, z)qraJdge(:y?Q:\yI]i%m)“z cat?lorgcs?:lh;/e
first- and second-generation members of our monoradical one-p o, accomplished. Phenalenyl:48s), benzog]phenalenyl
isomer serie$,the Dy, phenalgnyl/circumphenalenyl {&Eo/ (benzanthrenyl, GH11), and benzaidjpyrenyl (CigHa1) anions
Ca7H1s), C2, benzopc]pyrene/circumbenzof]pyrene (GeHy/ have been preparédThe synthesis and reactions of the cation
Cs7H17), andC;, benzopclcoronene/circumbenzbflcoronene ¢ hen,opdpyrenyl was reported in 196%.The synthesis and
(C2iH19/CeeH1g), have been identified as intermediates in 14 \vR of the triangulene (&H1y) dianiorand the dibenzo-
acetylene and benzene flames by time-of-flight mass SpeCtrom'[dajk]pentacenyl (GH19)'® and dibenzajehilnaphthaceny

etry? Also, free-radical benzenoids and/or their carbocation (Co4H12)" dications and dianions have been reported. Note that
analogues can possibly form in the outflows of red giant stars ;, “1hage examples, the monocations and monanions are ana-
and are candidates for diffuse interstellar spectroscopic band%ogues of odd carbon monoradicals. and the dianions and

Of interest to astronomers and astrophysids@omberg’s dications are analogues of even carbon diradicals. Recently, an
triphenylmethyl monoradical and Schlenkie-iphenylmethyl)- - jnarest in monocationic odd carbon benzenoids as being

triphenylmethyl diradical are well-known chemical speci®s. .5, qidates for galactic extended red emission has been re-
Free-radical benzenoids have potential applications in the ported?® In some of this work, Hudgins and co-workers report
synthesis of organic electronic and magnetic matefidde- the B3LYP-computed IR spectra of the first and second
pending on solid-state packing, magnetic susceptibility measure-yeneration of members of our monoradical one-isomer séries,

ments suggest that such radicals may not exist as isolated freg},o Dan phenalenyl (GsHs), Cz, benzopc]pyrene/circumbenzo-

radicals but can engage in considerable sisipin interactions [bd] ;
. T pyrene (GgH1/C47H17), and C,, benzopc]coronene/cir-
between the moleculésThe triangulene diradical has been cumbenzdjccoronene (GyH15/CsgHi) 18

shown to have a triplet ground state both experimentally and This paper is a continuation of our quest for the development

. g . . :
Lhedoretlcally. Bupolecular for_mat|on| Or. benf;engnd radlcalg by of a unified structure theory of conjugated hydrocarbons. Herein,
ydrogen transfer occurs in coal liquefication processes. we present a systematic study of monoradical- and diradical-
tBenge_ngld fIrETDeRradlcalts pIa;; a LOIe IP p't|Ch mesobphase forma- related benzenoid hydrocarbons (i.e., polycyclic aromatic hy-
'En' | el spic ra of p ﬁna enyl 1(359)6 benzo{a]- drocarbons composed of only hexagonal rings). Extended
phenalenyl (G, benzofidanthracenyl), anﬂé enzof|- monoradicals and triplet diradicals with singly occupied MOs
pyrenyl (GgHi) monoradicals has been reported. in their energy gap are molecular analogues of semiconductors

Comparing relatively more reactive open-shell (i.e., free- \ih defect states. Thus, understanding mono- and diradical
radical) to closed-shell molecular species is important from the pe6n0ids has implications toward reaction chemistry and
point-of-view of understanding fundamental bonding principles ., iecular electronics.

and reaction mechanisms proceeding via radical intermediates.
Also, there are strong relevant parallelisms between these

; - - : Results and Discussion
benzenoid radicals and the corresponding carbanions and

Some Preliminaries and Definitions. Aromatic Kekule
* To whom correspondence should be addressed. E-mail: diasj@umkc.edu.structures have no unpaired-glectrons and correspond to one-
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Figure 1. The smallest topologically concealed and partially concealed benzenoid hydrocarbon radicals.

factor subgraphs. The number of different arrangementsof p  construct them. While even-carbon diradical benzenoids, like
bonds in a benzenoid (nonradical)-conjugated system corre-triangulene (G:Hyy), are triplet diradicalg,in compliance with
sponds to Keklleesonance structures and is designate®by  Hund’s rule, the concealed even-radical benzenoid systems have
The numbers of different electronic arrangements possible in alow-stability singlet electronic ground states that are nearly
benzenoid-radical-conjugated structure having one or more degenerate with their triplet stat€sWhile, in the valence bond
unpaired pr-electrons are resonance structures (SC) but are notperspective, catafusenes are invariably Kedmn)dneptacene and
Kekule structures (i.e., they have no one-factor subgraphs). In larger acenes have very small HOMO/LUMO gaps and are very
general, benzenoid radicals have far more resonance structureseactive?? Thus, longer (linear) acenes will probably have close-
than Kekulan benzenoids of similar size. lying singlet/triplet ground states and might even be regarded
There are two major types of benzenoid hydrocarbon radicals, as singlet diradicals. Concealed non-Kélanéenzenoids and
those which obey the GordetDavison peak-to-valley test and  longer acenes should be candidates for bistable devices in which
those which do not? A benzenoid structure can be oriented the lowest singlet and triplet states need to be nearly degener-
three different ways, with approximately one-third of its edges ate?? In fact, phenalenyl-based hydrocarbons having two joined
in a vertical direction. A benzenoid structure so oriented has phenalenyl units with strong resemblance to concealed non-
peaks (upward-pointing vertices on the upper periphery) denotedKekulean benzenoids have been studied via ESR, ENDOR, and
by A and valleys (downward-pointing vertices on the lower optical spectroscopy and cyclic voltammetry for their singlet
periphery) denoted by V. Whenevéxr = V, then the corre- biradical charactet*
sponding benzenoid structure represents a radical species. Odd- The general periodic table for benzenoid hydrocarbons
carbon benzenoid structures always have= V. For well- (polycyclic aromatic hydrocarbons composed of only hexagonal
behaved benzenoid systends,— V = 1 for monoradicalsA rings, Table PAHG6) can be partitioned into even-carbon
— V = 2 for diradicals, and so forth. Wheh =V, the even- formulas, as in Table 1 [Table PAH6(even)], and odd carbon
carbon benzenoid structure may or may not be an even-degredormulas, as in Table 2 [Table PAH6(odd)], by sorting out every
radical. If it is a radical, it is called a concealed (hidden) non- other row. The formulas of the catacondensed benzenoids
Kekulean benzenoidi = 0). Many of this type of radicals have  (Cg+2H2+4, r = number of hexagonal rings) define the right-
a narrow isthmus of fewer vertical edges than peaks or valleys hand uppermost horizontal edge of both Table PAH6 and Table
(cf. Figure 1). Also, partially concealed triradicals (Figure 1) PAHG6(even). The left-hand staircase edges of all of these tables
and higher odd-degree radicals are possible. For example, acontain the constant-isomer benzenoid series. In the columns
partial concealed triradical would have — V = 1 which is of Table PAH6(even), the number of carboNs increases
predicted to be a monoradical by the Gorddavison test. downward from the top according to the even-residue classes
The carbon vertices of any alternate hydrocarbon may be of congruent modulo 6. In thés = 0, 1, 2 column series, for
separated intg starred sites and unstarred sites such that no example, the number of carbons folloNs= 4(mod 6), 2(mod
two members of are adjacent and no two membersuére 6), and O(mod 6), respectively. Table PAH6(even) Nas=
adjacent. By convention, the sets are chosen scosthati. For even number and has corresponding structures with aromatic
a well-behaved, maximally starred radical benzenoid system, it (4n + 2) perimeter circuits, and Table PAH6(odd) Hég =
can be shown that the unpaired electrons are only found on theodd number. The latter has odd radical species with antiaromatic
starred sites. Concealed non-K€landenzenoids formally have  (4n) perimeter circuitsN,c is constant for any given row in these
the same number of starred and unstarred carbon verices ( tables. Thus, partitioning Table PAH6 into Table PAH6(even)
u), have the same number of peaks and valleys<{V), and and Table PAH6(odd) sorts benzenoid hydrocarbons into more
are made by joining together two (obvious) radical benzenoid and less stable sets, respectively. Table PAH6(even) can be
systems having the same — V value through their unstarred  further partitioned to give only formulas with the number of
peaks either directly or through a nonradical spacer group. Suchcarbons divisible by 6 to give Table PAH6(sextet). In Table
constructed concealed non-Kekafebenzenoids are essentially PAH6(sextet), only the total resonant sextet (TRS) benzenoid
disconnected (disjoint)spelectronic systems, and the unstarred isomers are considered, that is, only those benzenoid structures
sites of one of the components become formally starred, thoughwhich are completely covered by disjoint Clar sext&t$able
the unpaired electrons do not travel these $Ré$.Thus, PAHG6(sextet) is a subset of Table PAH6(even), which is a subset
concealed non-Kekl#m benzenoids have their unpaired elec- of Table PAH6. Every third column of Table PAH6(even)
trons confined to the corresponding components used tocontains formulas whens, is divisible by 6 N. = 0(mod 6)].
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TABLE 1: [Table PAH6(even)]. Formula Periodic Table for Benzenoid Polycyclic Aromatic Hydrocarbons (PAH6)
(Ne=3 Ny-14-2dy)

dy=—8 dy=-7 dy=—6 dsg=-5 dy=—4 dy=-3 dy=-2 dy=-1 dy=0 dy=1 Nie
CioHg CiHyo oo {1}
CigHyp CaHya i
FORBIDDEN REGION
(Ne/Ny) <2 CupHpp  CyHu et
() (1)
CooHog CaHip ™ CasHlis CaaHys TG
(1) 9
/ 2< (No/Nw) <3 CiHy  CaHi  CyHig .. 8
(n (8) (69)*
CiHyy CseHg CyHyy  CuHp .10
(6) 66) (622, 1)
CagHig CaaHig CaHag CsgHas |2
(3) (48) (530)* [5259]
CyHys CyHg CagHay Cs;Hpy  CseHy .14
(1) Gl) (445, 1)  [4844]
(Ne/Ny) = 3 CipHyg CygHg CsoHap Cs4Hz, CsgHay CeaHag
(20, 1) (330, 1)*  [4098]
CagHig Csalay CsgHa CeoHay CeaHag CigHlag
@®  (236,2)  [3387]
CsoH g CsyHap CsgHy s
@) (149.1)  [2601]
CsHyg  CsgHyg CeoHaz
() (84,1)  [1951]
CsyHyg CsgHy  CaHn
@0, 1) [1341]
CeoHag CagHan
(15) [880]
CezHag CeaHaz
4) [527]
...CegHp r=dst N +2="Y%N-—Nyg+2)
(280, 6)...

All of the benzenoids having formulas in Table PAH6(odd) left-hand staircase boundary of Table PAH6. The excised
(Table 2) are odd-degree radical species, which, as a group,internal structures are indicated in bold in many of the following
are the least stable benzenoids. While some of the benzenoidigures.

isomers having formulas in Table PAHE(even) (Table 1) may  Even (Carbon) Degree RadicalsThe numbers in paren-
be even-degree radical species, most are nonradical (KeRule  theses in Table PAH6(even) (Table 1) give, in succession, the
and as a group, they represent benzenoids of intermediatenumber of diradical, tetraradical, hexaradical, and so forth
stability. No radical benzenoid isomers belong to Table PAH6- isomers, if known. In regard to Table PAH6(even) (Table 1),
(sextet), which, as a group, comprise the most stable ben-only the even-radical isomers are considered in this table. For
zenoids?® example, while the formula of £H;, has a total of three

A distinctive result of Table PAH6 is the edge effect where benzenoid isomers, bengbliperylene, anthanthrene, and tri-
the right-hand horizontal boundary possesses only the formulasangulene, the number 1 beneathd;, in Table PAH6(even)
for the characteristically unique catacondensed benzenoids andTable 1) is for the triangulene diradical isomer only. The
the left-hand staircase boundary contains formulas belongingnumbers in square brackets only give the total number of even-
to the constant-isomer seriedhe catacondensed benzenoids degree radicals; this data was extracted from the papers of
have zero internal degree-3 molecular graph vertibiks=£ 0) Brinkmann, Caporossi, Grothaus, Gutman, and Hansen, includ-
and no perimeter region bearing three consecutive degree-2ing the personal communication with Grothaus, by subtraction
molecular graph verticesy§ = 0), whereas pericondensed Of the number of Kekuilen benzenoid isomers from the total
benzenoids doNic > 0 andzs > 0). Strictly pericondensed  number of benzenoid isomers [e.g., fogd822 (r = 20) 5726
benzenoids additionally havg = 0 (i.e., no benzo appendages) — 3775= 1951]2¢ Many of the other radical isomer numbers
and connected excised internal structures. Constant-isomercan be extracted from Tables-4 and 6 in the work of Brunvoll,
benzenoid series are generated by a repetitive process involvingCyvin, and Cyviré” The asterisk gives the number of concealed
at each stage, circumscription of isomeric sets of conjugated diradicals [e.g., (622, 1*means that @Hzo has 3 concealed
C.Hs hydrocarbons with a conjugated<sHs cycle to give a diradicals among its 622 diradicals and 1 tetraradi#allhe
ChtosteHste benzenoid isomer set. For example, benzerel{C numbers of concealed benzenoid diradicals with more than 16
can be circumscribed with cycloocta-1,3,5,7,9,11,13,15,17- hexagonsr(> 16) or 16 internal degree-3 verticeld{ > 16)
nonaene dodecy! (GHs) to give coronene (§H;2). Coronene  are unknown. The smallest concealed diradicabfigs, called
is strictly pericondensed with benzene as its excised internal Clar's goblet}* and tetraradical (6H-4) are shown in Figure
structure. Circumscribing coronene in the same way gives 1. The first concealed £H. benzenoid was probably depicted
circumcoronene (6H1g). Successive repetition of this process by Dias?®
leads to theDgn CiHs (n = 6p? ands=6p,p=1, 2, 3, 4, ...) A number of interesting patterns are revealed by the radical
constant one-isomer series, all having formulas located on theisomer numbers in Table 1. The isomer numbers increase as
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TABLE 2: [Table PAH6(odd)]. Formula Periodic Table for Benzenoid Polycyclic Aromatic Hydrocarbons (PAHG6)
(Ne=3Ny-14-2dy)

dy=—8 de==7 dy==0 dy==3 dy=—4 dg==3 dg=-2 dsg=-1 ds=10 ds=1 Npe
CizHy CyrHyy ata |
() (h
FORBIDDEN REGION Gl | eIl 3
(NN < 2 (1) 4)
CysHpiz  CoHys e 3
CooHoo TR . AL e
CaxrHys CaHys CssHlys Iy |
2 < (No/Ny) <3 0 (15) (123)
CasHys CyHpiz  CyHyp a9
(8. 1) (98.2) (864, 14)
CRiHli C;QH]? CJ;HN C.;-,-H‘u .11
(2) (60, 1) (693, 15) (6426, 168)
CasHys CyHyz CysHyo CyoH CassHas e ]
(1 34. 1) (517, 16) (5438, 174)
CysHyz CyrHyg Cs1Hy CssHys  CsgHas -..15
(Nc/Ny) =3 (15.1) (336, 11) (4341, 160)
Ciystly7 Cagtlyy Cs3ty Cs7Hz Calzs CesHar
4) (213, 10y (3272, 142)
CyrHiz CsiHpo CssHa Caghly CezHas CeHyy  CoiHyp
(1) (111, 6) (2322, 115)
Cs;Hw C57H2| Cg',]H:}
(50, 3) (1558, 89)

CssHyg  Csolly Cestlzs
(17. 1) (950, 539)
Cs7Hyo CeiHar  CesHa
4) (548.38. 1)
CsoHpo CezHyy Cy7Hpz
1)  (270,20)

CesHa, CogHoas

(118.8) r=ds+ N +2=Y(Nc = Ny+2)
...CqHaa .

one goes along a row toward the right and as one goes down in4 of ref 30. Figure 2 gives the SC for another select diradical
a column. The left-hand staircase edge starts with a three formulaseries in theds = —1, —2, —3, —4, —5, ... columns with a
step followed by two and one formula steps. In the first row, corresponding analytical expression; note that the first-row series
the catacondensed benzenoidlg €& 0) are incapable of having  that starts with triangulene (S€ 306) is not explicitly shown

valence bond diradicals. In the second rd\ (= 2), the first in Figure 2, but solving the overall analytical expressiontfor
diradical is dibenzajghilnaphthacene (5H14). All diradicals = 1 gives SC= (1/120)(&° + 260n* + 2480 + 10480 +

in theN;c = 2 row of Table 1 must have molecular graphs with 15692 + 7800) for that series. The structural origin of the first
disconnected internal degree-3 vertices. In the third = coefficient in these series can be obtained by pruning off
4), the first diradical is triangulene §&H;>), followed by benzo- m-quinodimethane from the lower right-hand corner of every

[a]triangulene (GgH14). For the rows headed by the formulas member in a given row seri€.This process gives structures
of the members of the three Kekate (nonradical) one-isomer  having the sam& values which, when multiplied by 2, give
series (G4H12, CsoH14, CaoH1e, CsqHig, ...), the next row formula the corresponding first coefficient of the analytical expression.
(CsoH14, CasHis, CagHis, CsoHzo, ...) has diradical isomer  For example, pruning offm-quinodimethane from the lower
numbers of increasing magnitude and contains connectedright-hand corner of the first structure{¢€14) in Figure 2 gives
diradical excised internal structures. As these formulas increaseanthanthrene (§H1», dibenzoflefmndchrysene) withK = 10
and the formulas within each corresponding row increase, sowhich, when multiplied by 2, gives 20; in fact, performing this
do their numbers of isomers. Only for the rows headed by the process on every member of this series gives a successor
formulas of the members of the three Kelardeone-isomer molecular graph witkK = 10 as a result of bond fixation. The
series are there no radical isomers; all other rows are headedSC and other data for benzjfriangulene (GsH14) can be found
by formulas with radical isomers. Circumscribing the triangulene in the work of Hosoya and co-worke¥#s.
diradical (GzH12) gives the circumtriangulene diradicalst;g) The GgHxo concealed diradical is shown in Figure 1. Because
further down the staircase edge of Table 1. The rows headedof the presence of an isthmus, concealed radicals cannot occur
by CsHi4 and CoHie are diradical members of the first- for benzenoids having molecular graphs with less than four
generation matching four-isomer series (three Kedulend one  internal degree-3 verticé821-28note that the asterisks only occur
non-Kekulan isomers), both wit,, symmetry. The formulas  at or after the third formula of each row in Table 1 below the
of CyoH12, CsoH14, and GoHi6 correspond to the first-generation N = 2 row. Circumscribing Clar’s goblet @gH1g) Six times
members of the three one-isomer diradical series. gives GyHss, which is the first-generation formula of a
The structure count (S& number of resonance structures) constant-isomer series. Whilg£gHs4 has an unknown number
for select diradical isomer series in thiz = 4, 8, 12, 16, 20, of Kekulean and diradical isomers, it has 1 concealed diradical
24, ... rows of Table 1 starting with formulas 0f4815, CsoH14, and 162 tetraradicals, where the latter number was deduced from
CagH16, CaeH1s, CsaH20, Cs2Ha2, ... has been published in Figure  our topological paradigr®*
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0, S0, (UD00 SO0,

C30H 14 SC=1256  C36H;6, SC = 3200 Cy4oHyg, SC = 6792 CysH,0, SC = 12812
SC = (1/120)(201° + 690n* + 74001° + 35430n° + 642200 + 42960)

SEE SE5008 SRR000,

C3sHyg, SC =3986 CaqHyg, SC = 9261 CsoHyg, SC = 18576 SC=33694
SC = (1/120)(401° + 14901 + 17760n° + 94990n% + 2001201 + 163920)

S, G,

CygHig, SC=10723 csszo, SC=23112 SC = 44148
SC = (1/120)(70n +28251* + 371007° + 21929512 + 5245501 + 502920)

SC= (1/40320)[( 1124 + 672¢ + 12321 + 672)n + (4207 + 50407 + 214207 + 38640¢ + 21840)n* + (5607 + 9520¢* +
666407 + 2256807 + 3494407 + 181440)° + (336/° + 73927 + 718207* + 3712807 + 10248847 + 13819687 +
663600)n° + (9617 + 2464(° + 293447 + 196560r* + 7661927 + 16919847 + 1840624+ + 745248)n + (128 + 3527 +
487215 + 390887 + 1904287* + 5632487 + 9134887 + 7077121 + 201600)]

Figure 2. Two-dimensional array of diradical benzenoid series with analytical expressions for counting the number of resonance structures (SC).

C44H20, C44H22’

& aage

CyeHps 7
CyeHig 1

Figure 3. Representative smallest benzenoid tetraradicals with their excised internal structures shown in bold. Their number of tetraradical isomers
are given after the comma.

The GHayo tetraradical in row 6N = 10) of Table 1 is appropriate model for graphite. The singittiplet splitting of
shown in Figure 3, and thegHyo tetraradical in row 8Nc = the CigH1g tetraradical has been computed by the unrestricted
14) is shown in Figure 4, both of which cannot be circumscribed Hartree-Fock Hubbard methotf. This C4¢H15 tetraradical was
because they have a cove on their perimeter. Figure 4 also giveslso depicted as structusan Figure 75 in an extensive review
the tetraradical isomer ofggH,g in row 10 (N, = 16), which, by Randic’3” The GyoH24 concealed tetraradical is shown in
because of the presence of a cove, cannot be circumscribedFigure 1. Among the largest literature depictions of benzenoid
Figure 5 gives the other isomer o120 The bay region of diradicals, GeHs2 and G4dHso can be found in the work of Dietz
this benzo GoHyo predecessor isomer allows one to successively and co-workers8 where the GsHs; diradical contains a Schlenk
generate the only tetraradicals 04820, CseH20, and GgHzo hydrocarbon substructure; there are 298 286 894 diradi-
by successive attachment of the &ifbau unit. cal, tetraradical, and so forth benzenoid ison?érs.

The CHig triangle-shaped tetraradical shown in Figure 3~ Odd (Carbon) Degree RadicalsThe numbers in parentheses
belongs to row 9N = 16) of Table 1 and, when circumscribed in Table PAH6(odd) (Table 2) gives, in succession, the number
twice, gives GaHso, Which is the first-generation member of of monoradical, triradical, pentaradical, and so forth isomers,
the one-isomer tetraradical series; this is the most condensedf known; if only the total number of radical species is known,
tetraradical. Since the infinite graphite sheet has a total of four then this is indicated by square brackets. The isomer numbers
degenerate nonbonding molecular orbitals (NBM®)he increase as one goes along a row toward the right and as one
compact triangular gHig tetraradical might serve as a more goes down in a column. The left-hand staircase edge starts with
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/\COVB Cs3Hss triradical was depicted along with other radical ben-
zenoids by Randic’ in his Figure ?3.Figure 6 also gives the
two triradical isomers for gH;7in row 5. In row 6 of Table 2,
the GgH7 triradical is shown in Figure 7. Figure 7 also shows
how the bay region of this £gH;7 isomer allows one to
successively generate the only triradicals @ftG; and GzHi7
by successive attachment the &lifbau unit. The threedgH1g
triradicals in row 11 ic = 21) of Table 2 are shown in Figure
8. The G aufbau attachment to the bay regions either of the
lower two GzHigisomers in Figure 8 generates the sarpgHes
CysHyg triradical as that shown in Figure 9, which can be circumscribed
to give the first-generation membergdE,s) of one of the three
one-isomer triradical series. TheEl»; triradical in row 13 of
cove Table 2 (shown in Figure 10) can be circumscribed four times
to give the first-generation member 4gH,5) of one of three
one-isomer triradical series.
Algorithm for Generation of the Constant-lIsomer Series.
Using the series in Figure 10, we will now more fully describe
the generation of the constant-isomer series per our previously
published algorithm and the corresponding topological para-
digm3* We now review the steps of this algorithm: (1)
systematically enumerate all excised internal structures of the
CsyHyg formula G,-2s—sHs-6 (Nic = N — 2s + 6) and circumscribe them
Figure 4. Two tetraradical benzenoids that cannot be circumscribed with a perimeter ofg, = 2s + 6 carbon atoms, incrementing
because of the presence of a cove (two adjacent bay regions) on theithem with six hydrogen atoms to give strictly pericondensed
perimeter. benzenoids of the formula8s; (2) if Ch—4Hs—2 exists in Table
PAH6, obtain all combinatorial benzo derivatives; (3) if
a three formula step followed by two and one formula steps. ¢ ,H, , exists in Table PAH6, obtain all ethenyl and dimeth-
All of the rows in Table 2 headed by formulas having one yjeny| derivatives; (4) if G_1Hs_1 exists in Table PAH6, obtain
monoradical isomer are those which correspond to the threeg)| methylenyl derivatives; (5) if G 1Hs_1 exists in Table PAHS,
one-isomer series (first generatiomss, CreH11, CoH13 second  optain all combinatorial deletions of solo positions. (6) in doing

generation @/His, Cs7Hi7, CsgHig, ...). There are 153 4gH17 steps 2-4, be sure that two carbon gaps exist everywhere on
(in theN,c = 5 row) monoradicals and 1 triradical; one pair of = the perimeters. (7) sum the results of stepstland subtract
the GaH17 monoradicals was shown to be isospectt&tartially the results of step 5; circumscribe all of thesgHCisomers
concealed triradicals (cf. Figure 1) and higher odd radicals from step 6 to obtain all of the Gas16Hs+s benzenoid isomers.

have not been the object of study. At this point, it is worthy to (g) jterate until steps 25 cannot be further performed. The
note that the idea of local confinement of Unpaired electrons resul“ng isomer set of Stnctly pericondensed benzenoids
used to construct concealed or part|al|y concealed non-Kakule represents the base (first_generation) members of a constant-
benzenoids by joining two components through their unstarred jsomer series. One can verify that the resulting isomer set

positiong®2'was utilized by Morikawa and co-worket&This represents the first-generation members of the constant-isomer
work depicts examples of &H17, CaaHig, and GsHzz mono- series by using the following equatitn

radical benzenoids; the number of;8;7 and GgsH;o radical

isomers can be found in Table 2, and there are 51 63#H & n=s+ 2[3}/12(52 — 8s+19)0 1)

radical isomers. An example depiction of one monoradical
Cr7Hs1 out of 262 398 390 radical benzenoid isomers can be Here, XOis the floor function and corresponds to the largest
found in the work of Dietz and co-workef&The structure count  integer not larger tharx. Equation 1 determines the first-
(SC = number of resonance structures) for select monoradical generation formula for any given constant-isomer series. To use
isomer series in thBlc = 1, 3,5, 7, ... rows of Table 2 starting  eq 1, input the number of benzenoid hydrogens for the formula
with formulas of GsHo, CioH11, CosHis, CaiHis, ... has been  of the resulting isomer set. For exampées= 11 givesn = 11
published in Figure 3 of ref 30. The enumeration, SC, and other + 2[4.3331= 11 + 2 x 4 = 19, which gives GHi; as the
data for radical benzenoids having= 7 can be found in the first-generation formula for the&,, one-isomer monoradical
work of Hosoya and co-workefS. benzenoid series. As another exampgle; 14 and 16 given =
Triradicals cannot occur for benzenoids with less than three 14 + 2[8.587= 14 + 2 x 8 = 30 andn = 16 + 2[12.251=
internal degree-3 vertices (i.e., they do not occur for benzenoids 16 + 2 x 12 = 40, which gives GH14and GoHsg, respectively,
having formulas in row 1N = 1] of Table 2). In row 2 of as the first-generation formulas for the matching pair of four-
Table 2, the first triradical occurs for the formula o8, isomer series, each of which has one diradical isomer member.
tribenzoflehi,Imlhexacene, which has a molecular graph con-  Application of our published algorithtfistarting with GiHa1
taining three disconnected internal degree-3 vertices. All leads to the constant-isomer benzenoid series that begins with
formulas bordering the left-hand staircase edge of Table 2 mustCs,sHss, as shown in Figure 10. Successive application of this
have connected excised internal structures (cf. with Figures algorithm beginning with the £sHas first-generation isomer
4—10). The smallest and most condensed triradical is t3e {5 set leads to no further increase in the number of isomers because
triangle-shaped structure in Figure 6, which has its correspond-only the circumscribing process becomes operative. The dis-
ing formula at the head of row 3N = 9) in Table 2 and can  tribution of isomer numbers for ggHz1, CiodH27, and GedHss
be circumscribed to give the first-generation membegic:) can be found in Table 6 in the work of Brunvoll, Cyvin, and
of one of the three one-isomer triradical benzenoid series. This Cyvin,2> which collected data from various sources, including
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B B B

CsoHpo Cs,Hy CsqHpg
C56H20 8H20

Figure 5. Successive tetraradicals generated by attachment of tla@f6au to bay regions.

B0

C33H, 5 triradical C3,H,; triradicals
Figure 6. Triradical benzenoids belonging to th& = 9 row series.

—

CsoHy7 CaiHyy Cy3Hyy
Figure 7. Triradical construction succession fromgB7 to CssH;7 via the G elementary aufbau unit.

our prior work. Using a modified form of our algorithm, Cyvin Topological Paradigm. Part of our topological paradigm is
and Brunvoll deduced that the constant-isomer series begins withthat congruency of the isomer numbers exists between the
CsosHas and has 1634 benzenoid isom&3.he determination various sets of constant-isomer series of different radical degrees
of this number required that they knew thats{El39 had 1624 and the one-to-one correspondence in the topology between the
benzenoid isomers, but this could not be found in any of their members having the same isomer numis&r4 The following
papers. Using our topological paradigm, we subsequently list gives the formula of the first-generation members for the
showed that @sHss had 162 triradical and 1 tetraradical known odd-carbon constant-isomer series and their correspond-
benzenoid isomers, leaving 1471 monoradical isorh&r8? ing monoradical isomer numbers in parentheses:

Reversing our algorithm from 435H45 shows that there are no CisHg (1), CoHi1 (1), CoHi3 (1),

benzo isomers of £1Hz9 (i.€., there are no extreme left-hand CasHis (2), CasHi7 (4), GsH1g (4),

staircase edge&Hs7 formulas in Table PAH6) but that there CeoH21 (12), GeaH23 (19), GogHos (19),

are methylenyl isomers of iH3s (i.€., GaoHss is an extreme Ci115H27 (46), CiaHag (70), GisaHs (70),

left-hand staircase edge formula in Table PAR®Y: In fact, Ci73H33 (162), GosHss (239), GidHzr (239),

CaadHssg is the sixth-generation member of the naphthalene (or  CysgHzg (504), GedHar (726), GoHas (726),

ovalene) one-isomer series. Figure 11 gives 2 of the 10 possible  CgagHss (1471), GssHaz (2062), GgHao (2062).

methylenyl isomers of &iHsg shown in bold with their For comparison, the following list gives the formula of the
corresponding circumscribedsfsHas benzenoids. Thus, there  first-generation members for the known even-carbon constant-
are 1461 monoradical, 162 triradical, and 1 pentaradieaHzs isomer series and their corresponding diradical isomer numbers

benzenoid isomers. in parentheses:
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Figure 8. The only three GHag triradical benzenoids with their excised
internal structures shown in bold.

C53HI‘)

CssHig

Figure 9. The GsHig triradical, which is constructed by attaching the
C, aufbau to either of two £Hag triradicals in Figure 8.

CooH1z (1), CaoHia (1), CaoHis (1),

CsoH1s (2), CszH2o (4), CreHa2 (4),

CooH24 (12), GiodH26 (19), GiadHos (19),
CiaH30 (46), GieHz2 (70), GiedHza (70),
Cao6H3s (162), GaoHsg (239), GseHao (239),
Cag2Haz (504), GioHaa (726), GadHas (726),
CaroHas (1471), GoHso (2062), GaeHsz (2062).

J. Phys. Chem. A, Vol. 112, No. 14, 2008267

CoiHyy (548, 38,1)

|

CiooHay (1172,125, 1)
CieoH33 (1403, 155, 1)

CoaiHso (1461, 162, 1)

l

CyosHys (1471, 162, 1)

CaecHs; (1471,162, 1)

|

Figure 10. A pentaradical precursor to the first-generation,§8.s)

Dsh constant-isomer series. The number of mono-, tri-, and pentaradical
isomers are given in parentheses at each stage of circumscrihidg (C
- Cn+25+6HS+6)-

numbers and one-to-one matching in topology, they are said to
be isotopological. To illustrate this paradigm more completely,
consider the monoradical and diradical benzenoid structures in
Figure 12. The four one-isomer series beginning with the
formulas of Qngl, C27H13, C30H14, and Q()Hle all have Cz,,

point group symmetry, no bay regions, and one selective
lineation. The monoradicalgH11 and G7H13 constant-isomer
series are correspondents as are the diradigil;cand GoHis
constant-isomer series, and the former pair is an associate to
the latter pair. Correspondents and associates are isotopological.
The two two-isomer series beginning withs815 and GoHis

each have one member wi@ symmetry and no bay regions

or selective lineations and another member v@trsymmetry

and one bay region and one selective lineation. The four four-
isomer series beginning with the formulas afs&17, Cs7H1q,
Cs2H20, and GeHa2 (structures not shown) each have one isomer
with Cy, symmetry, no bay regions, and one selective lineation,
one isomer ofCs symmetry, one bay region, and no selective
lineation, and two isomers @ symmetry, one bay region, and

As these lists show, the isomer numbers for the diradical two selective lineations. Selective lineation is a quick topological
constant-isomer series are exactly the same as the isomemethod to determine the presence of HMO eigenvalueslof
numbers for the monoradical constant-isomer series. Note theand is a line drawn from one side of a polyhex benzenoid graph
repetitive a, b, b isomer number pattern. For those sets havingto the other, such that each end is relatively conlvex.
the same constant-isomer numbers, there is a one-to-one The correspondence between the formulas in Table 1 for
matching of the topology (i.e., symmetry and the number of diradicals and Table 2 for monoradicals, which associates the
bay regions and selective lineations) between benzenoid mem-equivalence between the constant-isomer series, is given by
bers belonging to the sets. These same isomer numbers and one-

to-one topological correspondence are also found for the
triradical, tetraradical, pentaradical, and so forth constant-isomer

N (diradical)= N (monoradical® N,(monoradical)

series. When two constant-isomer series have the same isomer Ny(diradical)= Ny(monoradical}- 3
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Figure 11. Two of the 10 methylenyl &iHss benzenoid derivatives are shown in bold, which, when circumscribed, give 10 correspoasiiig C
benzenoids.

CisHo .. CyHps ..
CioHyy ... CyoHpy .
CosHyz . CysHig
CysHys GiHys CyoHyg ..
CasHys - CugH g
C3sHys monradical/diradical CsoHig ...
CyH);s  CyHys .. associates

Cy3Hy7 ...
N (dirad) = N {monorad) + Ny (monorad)

Ny (dirad) = Ny (monorad) + 3
CsoHia
C19H11

CyoHis
CorHyz

CsoHg

C4sH;7 and Cs7H o Ce2Hag and CrHoo

4 diradical
benzenoid isomers

4 monoradical

benzenoid isomers
Figure 12. Constant-isomer monoradicals of the formula gHChave a one-to-one correspondence in isomer number and topology to constant-
isomer diradicals of formula GHs:s.

It needs to be emphasized that this one-to-one correspondencand 2) and are formulas of first-generation members of the two-
is strictly for members of the constant-isomer series and that isomer series (Figure 12).

constant-isomer series have formulas only on the left-hand Let us look at formulas §H;s (Table 2) and GsH1s (Table
staircase boundary edge of Table PAH6. The equations in this1), which are compliant with the equations in the prior paragraph
paragraph map all of the formulas between Tables 1 and 2. Thus,and are more remote to this staircase boundary edge, that is,
we see that they show thatdEl15 gives GoHig, these are located  they are not first-generation constant-isomer formulas. There
on the staircase boundary edge of Table PAH6 (and Tables lare 15 monoradical £2H;s (Figure 13) and 20 diradicalfH1s
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Figure 13. All C33His monoradical benzenoid hydrocarbons.

Figure 14. All C4H1g diradical benzenoid hydrocarbons.

(Figure 14) benzenoids. The first 15 structures in Figure 14 are generation formulas for constant-isomer series having:441gy
isotopological to those in Figure 13; the carbocation of the first monoradicals and 461G:H3o diradicals, respectively. It can be
Can CsiHis structure in Figure 13 has been synthesiZed. determined that there are 27 circumscribable methylenyl-
Employing our algorithm on both of these sets of structures, it substituted GH14 benzenoids with the formula of 3gH;s.

is found that after circumscribing twice, we obtain first- Adding these 27 structures to the 14 circumscribable structures
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£23212 +2.5300, £ 2.5300
+2.3904 37964
+2.6111 '
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Figure 15. Representative £H1s benzenoid isomers out of 49 Kekalg 20 diradical, and 1 tetraradical benzenoid isomers.

in Figure 13 and circumscribing gives 4%48,; benzenoids;

the second structure in Figure 13 has a cove and cannot be

circumscribed. There are 5 methylenyl-substituteeHg, cir-
cumovalene (dicircumnaphthalene) benzenoids of the formula
Ces7H21, which, when added to the 41 prior benzenoid isomers,
gives 46 structures that can be circumscribed to give 46437
monoradical benzenoids. Similarly, there are 22 circumscribable
diradical methylenyl-substituted 464;7 benzenoids of the
formula of GgHis. Adding these 22 structures to the 19
circumscribable structures in Figure 14 and circumscribing gives
41 GggHo4 benzenoids; the second structure in Figure 14 has a
cove and cannot be circumscribed. There are 5 diradical
methylenyl-substituted §H.3 (dicircumbenzagdpyrenyl) ben-
zenoids of the formula §H»4, which, when added to the 41
prior benzenoid isomers, gives 46 structures that can be
circumscribed to give 46 {3Hs3o diradical benzenoids. What
these examples illustrate is that the equations in the prior

CygHyg

Figure 16. The least and most stablag8,, benzenoid hydrocarbons.
The only GgHyo tetraradical and the only £H. TRS benzenoid
hydrocarbons.

dependence d, on the number of NBMOs. A number of other
features for the structures in Figure 15 are relevant. First, the

paragraph associate the isotopological sets of monoradical anchumber of selective lineations (lines drawn through the molec-
diradical constant-isomer series on the left-hand staircase edgeular graphs from one convex perimeter sections to andtfeer)

of Table PAH6 and the nonboundary formulas which correspond

equal to the number of eigenvalugd. Second, the tetraradical

to antecedent benzenoid structure sets that, when circumscribednolecular graph can be embedded by Hall pentadienyl sub-

and augmented per our algoritfha sufficient number of times,
give isotopological monoradical/diradical constant-isomer series.
Relative Stability of Kekuléan versus Non-Kekul@an
Benzenoids.It is well-known that radical benzenoids are less
stable than their nonradical isomers. For example, thelf
diradical, dibenzalehilnaphthacene, has an HMO totalelec-
tronic energy ofE, = 33.45543 compared to its Keklbn
isomer, dibenzdf,op]naphthacene, witlk, = 34.16444, and
triangulene diradical (£H1,) has an HMO totalr-electronic
energy ofE, = 30.80983 compared to its Kekubn isomers,
anthanthrene and benmnbiijperylene, withE, = 31.2529 and
31.42514, respectively. It is of interest to compare the relative
stability of a diradical versus tetraradical isomer. Figure 15
presents one Kekid@, one diradical, and one tetraradicadtis
benzenoid isomer along with their HM@-electronic energy
levels (molecular graph eigenvalues) and tota&nergy E);
as expected, the-energy decreases in that order. This decreas-
ing of E; upon the increase in the number of NBMOs is in
agreement with the results of Gutman and co-workess the

graphs (shown in bold), which means that the eigenvalues of
the pentadienyl radical#1, ++/3, 0) must be among the
eigenvalues of the tetraradicddl*> Third, because of the three-
fold symmetry of the tetraradical, two-thirds of its eigenvalues
must be a doubly degenerate suldééf.Figure 16 gives the
only CsgH2 tetraradical and TRS benzenoid, where the former
is the least stable isomer and the latter is the most stable isomer;
the GgHoo TRS benzenoid is the leapfrogdds — Can—as+sH2s—6)

of the G7H13 monoradical shown in Figure 12. At the HMO
level, the GgHis concealed diradical (Clar's goblet in Figure

1) is less stableH, = 54.2524p) than its obvious diradical
isomer, tetrabenzalefkl,plcoronene E, = 54.4476 ). In
general, the more NBMOs a benzenoid has, the less stable it is
on a per carbon basis.

Resonance-Theoretic Treatment of Conjugated Radicals.
The quantitative number and qualitative location of unpaired
electrons and their spin densities are dealt with by the resonance-
theoretic approach of Klein and co-workérfsThis resonance-
theoretic approach gives the correct ground-state spin multi-
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1/6 1/6
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C & PMO

1/6 1/3 1/6 2/11 8/33 2/11
R-T PMO

Figure 17. Comparison of resonance-theoretic (R-T) and PMO determinations of spin densities of radical benzenoid hydrocarbons.

plicity (no. unpaired electrons s — u) for alternate hydrocarbon . -1/3
(AH) pz-molecular systems. The simple rules for determining
the zero-order unpaired-spin density given by Klein and co-

workers are the following: (a) assign zero-ordelbond orders 173

of 1/3 to each edge issuing from a site of degree-3; (b) assign*

the remainingz-bond orders to be as large as possible, subject

to the constraint that the sum of thebond orders into no site

exceeds 1. (c) calculate zero-order free valenggsite spin /6 13 1/3

density) at each siteas the deficit from 1 of the sum of the  Figure 18. Modified resonance-theoretic determination of the spin
mt-bond orderg. incident at that site (i.ey = 1 — X pe); (d) density of radical benzenoid hydrocarbons in that starred positions are
the unpaired spin density at an edge is the difference betweenpositive and unstarred positions are negative. Zeros are omitted from
the net free valence of the starred and unstarred sites nearby off'e molecular graphs.

an edge. We will now illustrate the application of these rules  We now add a modification to Klein’s assignment of free-
to the phenalenyl monoradical. In Figure 17, rule (a) gives A, valences. (¢ Free valences on starred positions are always
rule (b) gives B, and rule (c) gives C. Result C is exactly what positive, and on unstarred positions, they are negative; this also
is obtained using the maximum starring/zero-sum rule procedurerequires that the word “difference” in (d) be changed to “sum”.
of Longuet-Higginé® extensively employed in Dewar’s pertur-  In this way, the sum of zero-order free valences is always 1
bation molecular orbital (PMO) methdf By Herndon’s cor- electron on benzenoid monradicals, 2 electrons on benzenoid
rected structure count (CS&the phenalenyl monoradical has diradicals, 3 electrons on benzenoid triradicals, and so on, that
CSC= 18, and by the maximum starring/zero-sum rule method, is, the sum of free valence for radical benzenoids corresponds
it has been shown that the unpaired electron is localized at eachto the number of electrons in the NBMOs. Application of this
starred perimeter site 3 times out of 18 corrected resonancemodified Klein's method of assigning zero-order free valences
structures; the central starred vertex is coincidentally 0. Thus, to one of the first-generation members of the two-isomer
both methods seem to eliminate the antiaromatic contribution monoradical benzenoids (cf. Figure 12) is given in Figure 18.
of the 4 perimeter of phenalenyl by maintaining the unpaired In general, solo starred positions always have a zero-order free
electron on the perimeter so as to exclude compliance to thevalence oft1/3 and are the most chemically reactive positions,
antiaromatic 4 = number of pr-electrons rule; this is a type  the noncentral trio starred positions always have a zero-order
of electron-correlation effect. As another example, consider free valence oft-1/6 and are the second most reactive positions,
triangulene also in Figure 17. The resonance-theoretic methodthe unstarred solo positions always have a zero-order free
gives the spin densities shown on the first molecular graph, andvalence of—1/3 and are the least reactive positions, and the
PMO gives the spin densities shown on the second molecularnoncentral trio unstarred positions always have a zero-order free
graph. From these two examples, it should be evident that thevalence of—1/6 and are the second least reactive positions. As
sum of free valences (spin densities) on the perimeter of the examples, consider benba]ovalene monoradical in Figure 18.
monoradicals is 1 electron, and on the perimeter of the Radical substitution at either of the-1/3 positions gives
diradicals, it is 2 electrons, as it should be. Also, the resonance-Kekulean benzenoid successors havikg = 60 and 45,
theoretic method places greater spin density on the perimeterrespectively, from left to right, radical substitution at eithel/6

of radical benzenoids and is easier to apply and has been showposition gives vinylovalene-related isomers havihg 50, and

to become more reliable when applied to the boundary edgesradical substitution at the-1/3 position gives a diradical

of more extended conjugated systeths. benzenoid successor.
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Figure 19. Comparison of spin densities determined by three different methods for the bdpgo¢nyl radical. The zero spin densities are not
shown.

Figure 20. Excising out the carbon skeleton corresponding to trianguleagH{g} from tricircumcoronene (dHso) gives a diradical GgHa
diradical circulene, but in comparison, excising out thgHgs concealed diradical leaves the:&4s Kekulean (nonradical) circulene.

In Figure 19, the first molecular graph of benadpyrene Hole Defects in Graphite.Removal of a single carbon atom
(CigH11 in cf. Figure 12) gives unpaired electron spin densities from a graphite system generates a point defect that is a one-
determined by the Klein resonance-theoretic method (R-T), the atom hole (called a Schottky defeé¥)A type of graphite lattice
second one gives those determined by the zero-sum PMO, andlefect involving larger (multiatom) holes can be modeled by
the third one gives the McLachlan unpaired electron spin circulenes (coronoids), which we now consiéiefhe extensive
densities determined by Lewis and SingerClearly, the work published on coronoids by Cyvin and co-workers can serve
resonance-theoretic and the McLachlan unpaired electron spinthe reader with backgrourtd. Consider a macromolecular
densities values agree more closely; the latter computed spinhexagonal graphite structure (i.e., polycircumcoronene Njth
densities gave a high correlation when plotted against ENDOR = 6p? andNy = 6p, p =1, 2, 3, 4, ...) comprised of only six
proton coupling constants for this and other benzenoid mono- duo (7> = 6) and the remaining solay{ = 6p — 12) perimeter
radicalstC sites. Well-defined nanosized polycyclic aromatic hydrocarbons

Electronic Conductivity and Molecular Magnetism in like the larger members to polycircumcoronene are called
Graphite-Like Systems.Let us consider graphitic monolayers graphenes by Mien and co-worker8? Excising out the carbon
having either triangle-shaped or hourglass-shaped boundariesskeleton of a monoradical benzenoidif) from any appropri-
The triangle-shaped monolayers considered are those like theate polycircumcoronene (graphenes D§, symmetry) and
polyradical systems shown in Figures 80, and the hourglass-  installings hydrogens to the internal dangling bonds within the
shaped are those like the ones shown in Figure 1. The rapidremaining hole will give a monocirculene (coronoid) which is
escalation in the number of resonance structures in radicalsalso a monoradical. Excising out a benzenoid diradical in a
relative to equally sized Kekid@é benzenoids, as illustrated in  similar manner will generate a diradical monocirculene. Figure
Figure 2, no doubt also contributes to the conductivity of 20 shows a diradical monocirculene 16842) generated by
graphite systems. Because of the greater variety of triangular-excising out the carbon skeleton of triangulengxXG,) from
related mono- and polyradical benzenoid systems, it is antici- tricircumcoronene (&oHzo). With the exception of concealed
pated that fabrication of conductive graphite-related systems will benzenoid radicals, excising any radical benzenoid from a
be relatively easy. Such conductive benzenoids would constituteperfect hexagonal graphite layer will generate a radical vacancy-
what is referred to as synthetic metals. like hole. In general, excising any nondisjoint diradical, like

Because in concealed radical benzenoid hydrocarbons thethe trimethylenemethane diradical, from a perfect hexagonal
exchange integral, which determines the separation between thegraphite layer will generate a diradical hole. This observation
singlet and triplet ground state is zero, the “excited singlet” will of excising a nondisjoint even-carbon diradical from an even-
be (nearly) degenerate with the triplet ground staféhis singlet carbon Kekulan benzenoid to generate a diradical monocircu-
requires two determinants to describe it; therefore, it cannot be lene is equivalent to the phenomenon noted by Ivanciuc, Klein,
represented by conventional Kekigeuctures. If one of these — and Bytauta&' for vacancy defects in graphite where the net
concealed radical benzenoid hydrocarbons can be synthesize@pin density of the vacancy and the deleted set of contiguous
or such an hourglass-shaped graphite structure can be fabricated;arbon atoms are identical.
it should be relatively stable in its singlet state but would acquire ~ Vacancy Defects as AntimoleculesThe excised carbon
a strong magnetic moment in a magnetic figidPartially molecule from graphite leaves a hole (vacancy) defect called
concealed radical benzenoids should be both conductive andan antimoleculé’ A perfect graphite has a local balance of
acquire a strong magnetic moment in an applied filed. starreds and unstarredi sites, and in the formation of an



Structural Isomorphism betweentds and GsHst3 J. Phys. Chem. A, Vol. 112, No. 14, 200873

antimolecule, the balance or unbalance of starred and unstarredf the antimolecule diradical of triangulene should be more
sites in the region of the antimolecule ¥ s) must be the same  favorable (by approximately 320 kcal/mol) than the formation
as that in the carbon molecule removea:(u), except for sign. of 1 of the 12 antimolecules corresponding to the carbon
If the excised carbon molecule has an aromatic or antiaromaticmolecule of the @H14 benzenoids. Figure 20 gives examples
circuit on its outer perimeter, then the perimeter of the cavity of the triangulene antimolecule diradical in @&142 graphene.

of the antimolecule formed is also an aromatic or antiaromatic

circuit, respectively. This shows that the excised carbon Conclusion

molecule/vacancy hole antimolecule matching relationship al-
lows one to transfer what is known about benzenoid hydrocar-
bons, which are hydrogen analogues of the excised carbon
molecules, to the vacancy antimolecules formed upon excision.
Thus, the isomorphism, including the number of isomers
topology,_ and radica_ll character, that_exigts between & C ;s are uniquely associated tg.GHs. 3 diradicals.

benzeno_|d monoradicals anq*g_k.” diradicals can be trans- . The study of radical benzenoid hydrocarbons is important
ferred directly to the corresponding vacancy hole defects in ¢, numerous points of view. They and their closed-shell

graphite and graphenes. analogues are representative of reactive intermediates in pyro-
Let us examine more generally the concept of the excised |ytic and astronomical processes and have many implications
carbon molecule/vacancy hole antimolecule and their matchingin the understanding and fabrication of electronic materials.
relationship. Because the variation of the nature of the periphery Some understanding of how both types of boundary edge effects
has a distinct impact upon the electronic properties of grapfénes, and vacancy hole defects can dramatically affect the electronic
let us consider the topology of the vacancy hole antimolecule properties of benzenoid hydrocarbons and graphite-like materials

This work presents an organized framework for studying the
radical benzenoid hydrocarbons and related graphenes. A one-
to-one relationship between the structures having diradical
formulas in Table 1 and the structures having monoradical
» formulas in Table 2 has been further clarifiediHs monoradi-

in graphite systems versus the perimeter topdibgyof the has been uncovered. In general, the body of knowledge
corresponding benzenoid analogue to the excised carbonapplicable to benzenoid hydrocarbons can be transferred to the
molecule. The number of peripheral degree-3 vertibls,on vacancy antimolecule resulting from removal of a carbon

the perimeter of a benzenoid (polyhex) molecular gragkyis molecule analogue of the corresponding benzenoid hydrocarbon.
= Ny — 6, whereNy = number of degree-2 vertices. There Herein, one will find a comprehensive summary of lead
can be 0, 1, 2, 3, and 4 successive degree-2 vertices betweeneferences to the field benzenoid free radicals.

any two nearest peripheral degree-3 vertices designated as bay,

solo, duo, trio, and quarto regions, respectivety;n1, 172, 13, References and Notes
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