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Abstract: The effects have been studied of mono- and dibenzannulation of a benzyl radical
with hybrid density functional theory (B3LYP) and quadratic configuration interaction theory
(QCISD). Bond dissociation energies and enthalpies are reported that were determined at the
common level QCISD/6-311G**//B3LYP/6-31G* for the benzylic C—H bonds of toluene 1H, the
monobenzannulated polycyclic aromatic hydrocarbons (PAH) 1- and 2-methylnaphthalene 2H
and 3H, the dibenzannulated PAHs 9-methylanthracene 4H and 9-methylphenanthrene 5H, and
the model hydrocarbons 1-phenylpropene 6H and propene 7H. The conformational preferences
and the symmetries of 1H—7H and of their corresponding radicals 1—7 have been determined.
The analysis of the electron and spin density distributions of radicals 1—7 at the QCI level are
reported, and these high-level data are discussed in comparison to results obtained with density
functional theory and with an awareness of a general perception shaped by Hiickel molecular
orbital theory. The results show in a compelling fashion that electron and spin delocalization
onto an annulated arene is not the decisive principle for stabilization of the benzyl radicals formed
by homolysis of the methylated PAHs C1oH7;—CH3; and C14Hgo—CHg, and instead, the analysis
of QCI spin density distributions suggests that spin delocalization onto annulated arenes is
avoided as much as possible while spin polarization does occur to a significant extent.

Introduction toluenes that “both electron-donating and electron-withdraw-

The homolysis of toluene to yield a benzyl radical is N9 groups reduce the bond dissociation energy (BDE) of
discussed in many textbooks on organic chemistry as thethe benzylic C-H bond [by 0-3 kcal/mol] because both
prima facie example of the benefits of electron and spin 9roups cause spin delocalization from the benzylic radical
delocalization (Chart 1). The hyperfine coupling in electron center.”

spin resonance (ESR) spectra shows that spin delocalization While restricted HartreeFock (HF) theory presents a
occurs, and quantum chemistry shows the spin delocalizationgood starting point for the computation of closed-shell
to occur with some spin polarization (Figure 1). Dust and molecules, studies of radicals are more challenging for a
Arnold argued that increased spin delocalization should number of reasorsRestricted and unrestricted open-shell
increase radical stability and proposed a relation betweenHF (ROHF and UHF, respectively) theoriéshave been
ESR hyperfine coupling constants and radical stabilizétion. developed. While ROHF theory completely neglects spin
The textbook view on spin delocalization permeates the polarization, UHF theory suffers from spin contamination
modern research literatufe; and for example, Wu et &l.  (j.e., an overestimation of spin polarization). Spin contamina-
concluded from their studies of neutral para-substituted tion of the UHF solution can be remedi&#, but spin

polarization intrinsically is a correlation effect, and correlated

* Corresponding author e-mail: glaserr@missouri.edu. methods are required to compute meaningful spin density
 Department of Chemistry. distributionst*~*2 In practice, this is often accomplished by
¥ Department of Biochemistry. post-Hartree-Fock treatmentd either with perturbation
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Figure 1. Spin density distributions of benzyl and allyl radicals color-coded (—4.432 x 1073 to 4.432 x 1078) and displayed on
isosurfaces of the electron densities (value 0.04).

Chart 1. Spin Delocalization in Benzyl Radical 1 and Its Dibenzannulated Derivative 4
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methods (i.e., MgllerPlesset perturbation thedPy or Chart 2. Benzyl Radical 1, Benzannulated Benzyl
configuration interaction treatments (i.e., quadratic config- Radicals 2—5, Model System 6, and Allyl Radical 7

uration interaction, QCI, theo¥). Studies of radicals have . ) s
become more frequent with the availability of density Hy o
functional methods, and the usual spin contaminations are 652 fz
moderaté’-18This knowledge has been the implicit justifica- N0 NN 8
tion for the use of density functional theory (DFT) methods

even though problems with spin-projected density functional

theory are knowr?2° Aside from the theoretical challenges, 48 et
computations of radicals push the limits of computational 72
feasibility because unrestricted theory doubles the number © 3
of orbitals and thereby greatly increases the post-HF task.

Hence, accurate studies of benzene-sized radicals are scarce,
higher-level studies of benzannulation effects of radicals have6_31G* for the benzylic G-H bonds of toluenelH, the

not been reported, and the conceptional knowledge about : )
spin density distributions in benzannulated systems has notmonobenzannulated polycyclic aromatic hydrocarbons (PAHS)
1- and 2-methylnaphthaler® and3H, the dibenzannulated

been well-developed.
In this article, we report the results of a theoretical study PAHS 9-methylanthracendH and 9-methylphenanthrene

of benzannulation on the stabilities and the spin distributions 9H. and the model hydrocarbons 1-phenylpropéhiand

of benzyl radicall and its benzannulated derivatives5 propenerH. Conformational preferences and symmetries of

(Chart 2). Allyl radicalss and7 serve as models fd&. Bond 1H—7H and 1-7 have been explored. Analyses of the

dissociation energies and enthalpies are reported that wereelectron and spin density distributions of radicits7 have

determined at the common level QCISD/6-311G**//B3LYP/ been performed at the DFT and QCI levels, and the results
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Table 1. Bond Dissociation Energies, Enthalpies, and Free Energies?

parameter and theor. level 1H 2H 3H 4H 5H 6H 7H
BDE B3LYP/6—31G* :=A 94.90 93.82 94.21 88.50 94.28 87.23 92.19
B3LYP/6—311G**//A 94.12 94.16 94.76 88.94 94.63 87.47 92.60
QCISD/6—311G**/IA 95.34 96.60 96.66 91.73 99.38 89.13 91.62
BDHo B3LYP/6—31G* 86.48 85.23 85.77 80.16 85.57 79.01 83.57
B3LYP/6—311G**//A 85.70 84.38 85.13 79.41 84.74 78.07 82.80
QCISD/6—311G**/IA 86.92 88.00 88.21 83.38 90.67 80.91 83.00
BDH2gs B3LYP/6—31G* 87.07 85.96 86.38 80.77 86.37 79.62 84.30
B3LYP/6—311G**//A 86.28 85.12 85.75 80.02 85.54 78.67 83.53
QCISD/6—311G**/IA 87.50 88.73 88.83 84.00 91.47 81.52 83.73
BDG B3LYP/6—31G* 79.57 77.69 78.61 72.81 77.84 72.17 76.20
B3LYP/6—311G**//A 78.79 76.85 77.97 72.06 77.01 71.23 75.43
QCISD/6—311G**/IA 80.01 80.47 81.05 76.03 82.94 74.07 75.63

2 All energies in kilocalories per mole.

are discussed in the context of “common knowledge” shaped of surface maps of spin density distributions. Pertinent results

by Huckel molecular orbital (HMO) theory. are summarized in Table 2, and details are provided in the
Supporting Information.
Theoretical and Computational Methods Spin density distributions are illustrated as surface maps

in Figure 1 for the prototypical benzyl and allyl radicals and
in Figure 2 for radical—6. The generation of such a surface
begins with the determination of an isodensity surface of
the molecular electron density for a given value of the
electron density. We employed the same isodensity surface
in all cases, and specifically the one computed at level “B”.
The value of the spin density is then determined for the entire
. . . isosurface, and its distribution is presented via color-coding.
edly, we find that radica#t shows a slight preference for a Regions shown in blue indicate highspin density: those

nonplanarCssymmetric structure; that is, its Gtgroup is shown in green are relatively spin-free, and regions shown
moved out of the best plane of the anthracene. The structures 9 Y sP ' 9

. - . . In red show the accumulation @gfspin density.
of all radicals were optimized without symmetry constraints . ; ;
. S Y Calculations were performed with Gaussiarf40@n the
and starting with slightly asymmetric initial guess structures .
. : : 64-processer SGI Altix system of MU Research Support
so that the resulting de facto symmetries were established

- X . . Computing. Even though the performance of this system is
for the minima and confirmed by the analytical computations ~ ™. . . .
of the Hessian matrices. Details of the potential energy quite astounding, the magnitude of the computational task

surface analysis are provided in the Supporting Information, presented by the present study still posed challenges. The

and the data include Cartesian coordinates and molecularQCISD calculations of the large radicalsand 5 required

S the option “trarclJAB” so that the integral transformation
models of the optimized structures, total energigs, . . . .
L . ; ; was possible with the available disk space usage (ca. 1 TB)
vibrational zero-point energies VZPE, thermal energies TE, . : )
. and, in fact, proceeded with a rather small disk usage (ca.
and molecular entropieS 25 GB). Even then, these radicals were too large to compute
Bond dissociation energies BDE AE(R—H — Re -+ H), ! g P

. = - the QCI density by the default process. Instead, the value of
enthalpies BDl = A(E + VZPB and BDHgs = AE + CONVER had to be reduced such that the convergence on
TE), and free energies BD&G A(E + TE — 298.15%) are

ized in Table 1. Th | firet d . dthe wavefunction was set to 10 Control calculations of
summarized in Table 1. Tnese values were |r§t eterminedyy, o spin density distribution and the natural bond order data
with the data obtained at the level of optimization, B3LYP/

o . of the allyl radical with default and less-restrictive CONVER
6-31G* (= level “A"). More accurate energies were

settings showed that the spin density distribution had
computed with the 6-311G** basis set in two ways: again g P y

with the B3LYP method and then also with the quadratic converged.

configuration interaction method QCISD. These single-point

energy calculations were based on the structures determinedResults and Discussion

at the level B3LYP/6-31G* (= A), for example, B3LYP/  Experimental Bond Dissociation EnergiesThe accurate

6-311G**//A and QCISD/6-311G**//A, and the BDH and  measurement of the bond dissociation energy of toluene has

BDG data in Table 1 include the thermal corrections been difficult. Early on, the bond dissociation energy of

determined at the level of optimization. toluene in the gas phase was thought to be as lowHsg
Electron and spin densities were computed for all systems= 77.5 kcal/moPk® whereas the modern values are close to

at the levels B3LYP/6-311G**//A & level “B”) and 90 kcal/mol. In 1990, Hippler and Tré&ereportedAH,gg =

QCISD/6-311G**//A (= level “C”) and for comparison also  90.4+ 1 andAH, = 88.9 £ 1 kcal/mol, and these values

with extended HMO theor$? Electronic structures were were based on the direct measurements of the rate constants

examined by natural population analy3iand by inspection  of the forward and backward reactions of the equilibrium

Structures were optimized at the B3LYP/6-31G* level and
characterized by vibrational analysis using restricted and
unrestricted wavefunctions fatH—7H and 1—-7, respec-
tively.? The closed-shell hydrocarbons &esymmetric and,
except for toluene, th€s plane coincides with the molecular
plane. Except fod, the radicals also ar€s-symmetric and
planar, and radical& and7 are C,,-symmetric. Unexpect-
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Table 2. Spin Density Distributions in Radicals 1—7

parameter 1 2 3 4 5 6 7
B3LYP/6—311G**
CH; 0.68 0.59 0.64 0.40 0.59 0.46 0.62
Cipso(CH2) —0.14 -0.15 —0.14 -0.14 —0.15 -0.17 —0.20
Ci—CH; 0.54 0.44 0.50 0.26 0.44 0.29 0.40
Co—H 0.21 0.30 0.11 0.38 0.50 0.62
Cn—H —0.10 -0.12 —0.09
Cp—H 0.23 0.30 0.42
Coin CH 0.21 0.31 0.11 0.39 0.52 0.62
Cnin CH -0.10 —0.12 —0.09
CpinCH 0.24 0.31 0.43
Coin CR 0.12 0.17 0.06
Cmin om—CR -0.07 —0.10 —0.04
Cmin mp—CR —0.08 —0.09 —0.10
CpinCR 0.13 0.13 0.15
CoH2 0.11 0.18 0.03
om-CyC4H4 0.09 0.16 0.01
mp-C2CaHa 0.15 0.17 0.21
QCISD/6—311G**
CH, 0.69 0.60 0.65 0.42 0.60 0.46 0.61
Cipso(CH2) —0.20 -0.22 -0.21 -0.21 -0.22 —0.22 -0.23
Ci—CH; 0.49 0.38 0.43 0.22 0.38 0.24 0.38
Co—H 0.26 0.36 0.18 0.45 0.57 0.63
Cn—H —0.15 —0.19 -0.15
Cp—H 0.29 0.36 0.48
Coin CH 0.26 0.38 0.19 0.47 0.59 0.66
Cnin CH —0.15 —0.20 —0.16
Cpin CH 0.30 0.37 0.50
Coin CR 0.18 0.24 0.13
Cmin om—CR -0.13 -0.17 -0.12
Cmin mp—CR —0.15 —0.16 -0.17
Cpin CR 0.20 0.21 0.19
CoHy 0.11 0.17 0.03
om—C,C4H4 0.09 0.15 0.02
mp702C4H4 0.14 0.15 0.19
Extended Huickel Theory
CH, 0.53 0.41 0.47 0.23 0.41 0.33 0.50
Cipso(CH2) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ci—CH 0.53 0.41 0.47 0.23 0.41 0.33 0.50
Co—H 0.15 0.21 0.05 0.29 0.38 0.50
Cmn—H 0.00 0.00 0.00
Cp—H 0.17 0.22 0.29
Coin CH 0.15 0.21 0.05 0.29 0.38 0.50
Cnin CH 0.00 0.00 0.00
Cpin CH 0.17 0.22 0.29
Coin CR 0.06 0.09 0.02
Cmin om—CR 0.00 0.00 0.00
Cmin mp—CR 0.00 0.00 0.00
Cpin CR 0.08 0.09 0.09
CoH2 0.15 0.21 0.05
om—C,C4H4 0.16 0.24 0.05
mp—C,C4Hs 0.23 0.25 0.29

CeHs—CHsz == CgHs—CHye + eH. The valueAH,qs = 88.5 equilibrium, the gas phase acidity of methanol, the electron
+ 1.5 kcal/mol was given in the 1994 review by Berkowitz affinity of the benzyl radical, and an estimation of the thermal
etal.?”and in 1996, Ellison et &E reported the valueAHzqo correction AHy = AHzp0 — 1.6 & 0.2 kcal/mol). With the

= 89.84+ 0.6 andAH, = 88.1+ 0.6 kcal/mol. These values  more recent value for the gas-phase acidity of methanol
were derived from the measurement/&B;q, for the gas- reported by Ervin and DeTuri in 2082as AG,9g = 375.5
phase equilibrium gHs—CH; + CH;0™ == C¢Hs—CH,™ + =+ 0.6 kcal/mol and 0.4 kcal/mol higher than the earlier value,
CH30H in conjunction with the knowledge @S;o for this the derivation by Ellison et al. results in 0.4 kcal/mol
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Figure 2. Spin density distributions of benzannulated benzyl radicals 2—5 and model 6. Spin densities are color-coded as in
Figure 1 from —4.432 x 1078 to 4.432 x 1073 and displayed on isosurfaces of the electron densities (value 0.04).

increases to the valuégHzoo= 90.2+ 0.6 andAH, = 88.6 We first sought corroboration of the finding that BRJgt
+ 0.6 kcal/mol. Thus, there exists complete agreement (2H) and BDHygg(3H) are onlyslightly reduced compared
between the measurements of the bond dissociation energyo BDH,og(1H) only to find that the QCISD calculations
of toluene by the two different approaches. show that the BDbbg(C) values for2H and3H actually are
Benzannulation is thought to provide additional radical slightly higher than for 1H. The difference between the
stabilization because benzannulation is thought to result in BDH,gg values of2H and 3H relative to1lH change from
additional electron and spin delocalization as indicated for —1.2 and—0.5 at level B to+1.2 and+1.3 at level C,
radical4 in Chart 1 B-1—B-4 etc.). Yet, the experimental respectively, and these changes are about 2 kcal/mol. The
and theoretical records on benzannulated benzyl radicals argespective differences for the larger systethkand5H are
scarce, and this assumption has never been really testedsignificantly larger, and they can be as high as about 5 kcal/
Finkelshtein’s compilation indicates reductions of the bond mol; the difference between the BR4d values of4H and
dissociation energies of 1-methylnaphthalene and 9-methyl-5H relative tolH change from-6.3 and—0.7 at level B to
anthracene by 3.4 and 4.4 kcal/mol for single and double —3.5 and+4.0 at level C, respectively. It is common practice
benzannulation, respectivelyThe bond dissociation ener- to seek corroboration at higher levels. It also is common
gies computed by Bauschlicher and Langhoff at the B3LYP/ practice to seek this corroboration only for small systems
4-31G level for 1-methylnaphthalene, 1-methylanthracene, and to then argue that the insights gained for the small
and 9-methylanthracene are respectively 0.7, 0.6, and 3.7systems would carry over to larger systems. The latter
kcal/mol lower than for toluen# The suggestion that approach, as common and as accepted as it is, fails quite
monoannulation would have but a negligible effect on the significantly in the present case!
benzylic C-H bond dissociation energy was stated without  The theoretical methods employed in the present study
comment in spite of its apparent inconsistency with the give BDH,ggValues for toluene that are about2 kcal/mol
available experimental daté. lower than the experimental value (vide infra), and the
Computed Bond Dissociation EnergiesThe hydrocar- BDHags value derived at the QCISD/6-311G**//B3LYP/6-
bons all are neutral, nonpolar, and strain-free; basis set effect81G* level is within 2.5 kcal/mol. The bond dissociation
are expected to be small, and they are; and BDE(A) and energy of propene allows for a second direct comparison
BDE(B) data are in excellent agreement. Unless noted with experimental data of high quality. With the modern gas-
otherwise, the bond dissociation enthalpies BR{B) are phase acidity of methanél,the equilibrium measurements
discussed, and the results are as follows: (1) Monoannulationby Ellison et ak® yield AHzq0 = 89.2 + 0.4 andAH, =
hardly alters the benzylic €H bond dissociation energy. 87.8+ 0.4 kcal/mol, and these values need to be compared
The BDHyegB) data forl—3 are almost the same, 8546 to the computed values of BDbt = 83.7 and BDH = 83.0
0.5 kcal/mol. (2) Dibenzannulation in the anthracene deriva- kcal/mol (Table 1). The allyl data suggest that the agreement
tive reduces the BDH value by ca. 6 kcal/mol. (3) Diben- of the computed and experimental benzyl data is perhaps
zannulation in the phenanthrene derivative results in a BDH better than one can generally expect at this theoretical level.
value that falls in the range of 8546 0.5 kcal/mol foriH— Nevertheless, to achieve these high levels of agreement
3H. between experiment and theory for homolyses is quite
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remarkable. For homolyses, the underestimation of the bondChart 3. Avoidance of Benzyl Delocalization as Primary
dissociation energy is systematic because the UHF treatment®elocalization Mode: Allyl and Homoallyl Systems and
of the hydrocarbon radicals are more complete than the RHFAlternative Benzyl Systems as Secondary Modes of
treatments of the hydrocarbons. The post-HF methods mustRadical Delocations

correct, and the QCISD method accomplishes this very 1
effectively. Furthermore, the computed thermal correction

for the bond dissociation enthalpy of toluene is BIgfilH)

— BDHg(1H) = 0.6 kcal/mol (Table 1) and about 1 kcal/

mol lower than the thermal correction employed in the
experimental studie®¥:?® Part of the underestimation of the

bond dissociation enthalpy is thus due to errors in the
computed thermal energy correction. Overall, we can be quite
confident that the wavefunctions of the radicals are of high

quality, and considering that trends in general are less primary mode of radical delocalization

sensitive to the completeness of the theoretical method, it is seconday mode of radical delocalization

justified and safe to conclude the following: “Benzannulation )

per se” does not necessarily lower the benzylieFChond sysFem, and the elgctronlc structurg of the 1-phenylallyl
dissociation energy. Compared to BRH1H), the BDHes rad|c§1I6 resul_ts. This same electronic structure also_ chgr-
values of 2H and 3H are about 1 kcal/mol higher, the —acterizes radicab, and its second benzannulated ring is
BDH.es value of 6H) is about 4 kcal/mol higher, and only essentially spin.-free. Spin delocalization occurs via nonan-
BDHaeg4H) is about 3.5 kcal/mol lower. nulated bonds ir2, 3, and5, and this is not possible iA.
Nonetheless, upon homolysis, massive spin delocalization

computed for radicalé—7 with DFT and QCI densities are ~ °Nto the para CH group does occuf(EpH) ~ 0.55], and
given in Table 2. The spin density distributions computed e SPin populations of the,C,H, fragments are lower than
for benzyl and allyl radicals are illustrated in Figure 1, and " 1. Hence,4 features the electronic structure of a'2,2.
the DFT and QCISD results are in qualitative agreement in ethenylene-bridged diphenylmethyl radical. The overall spin
these cases. However, even the qualitative agreement doe€ the Gess—CH fragment amounts to a mere @,2and the
not carry over to the benzannulated systems, and the spirfSSence o is its diphenylmethyl radical nature.
density distributions shown for radic&s-6 in Figure 2 were Radicals3, 5, and6 are of special interest because they
determined at the QCISD level. contain 1-phenylallyl moieties and allow for a direct
The spin delocalization in the allyl radical must result in  comparison of the propensity for benzyl-type spin delocal-
equala-spin densities of the CHyroups, and the methodo-  ization. The ortho CH group and the, @toms of3, 5, and
logical differences only can effect the spin polarization. Spin & show a-spin populations that are greatly increased as
delocalization in the benzyl radical is much more interesting compared to the respective moietiediand2, respectively,
because there are no such symmetry constraints, andgand well-recognizable “allyl radical spin systems” result. The
consequently, whether spin delocalization occurs, to whatimportant point here is the finding that this delocalization
extent spin delocalization occurs, and how spin delocalization Of spin density onto the phenyl substituted C atom would
effects spin polarization, all of these questions now become allow for benzyl-type delocalization into the “annulated
dependent on the correlation method. TRCH,) data arene” (shown in blue in Chart 3) and that such benzyl-type
computed with the DFT and QCI densities are very similar, delocalizaton actually occumiuch lesshan in radicalsl
but the consequences of the spin delocalization are qualita-and 4 where benzyl-type delocalization is the only option.
tively different in significant ways, and we discuss the QCI- The same argument applies 2ovhere the para CH group

Spin Density Distributions. Complete sets off° data

derivedg? data. and G carry large a-spin populations but benzyl-type
Spin delocalization in the benzyl radical leaves about two- delocalization into the “annulated ring” is only modest.
thirds of one full o spin on the CH group, and the The spin density analysis thus explains the low value for
delocalization of one-third of an spin leads to strong spin  the benzylic G-H bond dissociation energy éH: Homo-
polarization: the spin densities on the orthe @.260) and lysis creates the diphenylmethyl radi¢galwhereas radicals

para & 0.29%) CH groups add up to-23 times the amount 2, 3, 5, and6, on the other hand, are homoallyl or phenylallyl
of delocalized total spin, andif, (= 0.28) and the meta  systems. There is one-half of anspin density on the ¢
CH groups £ 0.153) carry 5-spin populations. group of4, that is, the “methyl moiety” of the diphenylmethyl
The illustrations in Figure 2 show in a compelling fashion radical (cf.B-4 in Chart 1). Compared to the benzyl radical
that spin delocalization onto a benzannulated fragmemitis  itself, the second benzene leads to the additional delocal-
the decisive principle and that the spin distribution remaining ization of merely 0.1 of an unpaired spin! This very fact
in the benzyl fragment depends on the type of benzannula-shows that delocalization per se is not the general principle
tion. In 2, the spin population on the annulated ortho C atom for stabilization it is thought to benot even when benzyl
declines and those on the ortho and para CH groups increaseradical stabilization is the only option. The key insight here
and the resulting spin density closely ressembles that of theis that radical is not stabilized because twice as much spin
homoallyl radical (Chart 3). 113, all the spin delocalization  delocalization occurs as in the benzyl radical itself. Rather,
occurs to that ortho CH group that is part of a second benzyl radical4 can achieve spin delocalization while minimizing
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Figure 3. Conceptualization of the spin density distributions
in the allyl radical (top) and benzyl radical (bottom). For each
radical are shown the HOMO (top, left) and mapped surface
plots of the spin densities computed with Hiickel theory
(bottom, left), density functional theory (top, right), and
quadratric Cl theory (bottom, right).

J
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o ) ) ) o Figure 4. Conceptualization of the spin density distributions

the destabilization associated with “spin delocalization onto o the penzannulated benzy! radicals 2 (top) and 3. See

an aromatic ring.” caption to Figure 3.

Spin Delocalization and/or Spin Polarization. The
qualitative patterns of the spin delocalizations can be in Figure 3 features much lessspin accumulations on the
predicted by any linear combination of atomic orbitals ortho and para positions as compared to the DFT and QCISD
molecular orbital (LCAO-MO) theory: from Hikel methods; this is the graphical manifestation of the fact that
theory?-34 and extended Hikel theory® to Hartree-Fock spin delocalization has significant consequences on spin
theory®37by inspection of the shape of the highest occupied polarization! Many organic chemists might react with
molecular orbital (HOMO) or by spin density analy&is? disbelief when confronted with the HMO spin-density
Quantitative methods for spin density analysis must accountmapped electron density surfaces 6 because there is
for spin polarization and require electron correlation, that hardly any spin delocalization into the arenes.
is, the application of post-HF methods in the context of MO  Figures 3-5 show in a compelling fashion that the spin
theory. On the other hand, spin polarization enters naturally density distributions cannot be understood, not even quali-
in valence bond (VB) thought cultuf The DFT and the  tatively, without consideration of spin polarization. QCISD
QCI methods recover the-spin distribution pattern sug- theory shows significantly more spin polarization and extends
gested by VB resonance theory, but these methods differover a longer range as compared to the B3LYP method.
greatly in their effectiveness. While molecule-wide spin polarization occurs, there is a

In HMO theory, spin density distribution usually is tendency to keep the extent of spin delocalization into the
discussed by inspection of the HOMO. To provide for a annulated areness low as possibleSpin delocalization into
direct comparison by way of the DFT and QCISD spin- an arene comes at a cost because spin delocalizatjires
density mapped electron density surfaces of Figures 1 andspin polarization and thereby causes electronic structures that
2, we computed such surfaces also at the HMO level usingare less ideal from the perspective of aromatitity.
extended HMO theory. Figures-% show the results for the
prototypical radicald and7, the annulated systems, and the Conclusion
diannulated systems, respectively. The HMO spin-density Chemists use valence bond theory whenever they engage in
mapped electron density surface for the benzyl radical shown“electron-pushing”, and doing so for radicals creates the
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Figure 5. Conceptualization of the spin density distributions
of the dibenzannulated benzyl radicals 4 (top) and 5 (center)
and of model 6. See caption to Figure 3.

perception of the possibility of molecule-wide spin delocal-

ization in conjugated systems. On the other hand, whenever

chemists employ computational methods, they are likely to

Sui et al.

satisfactory. At the core of this problem is a general lack of
understanding of “spin polarization” outside of the small

circle of theorists. Graduate education in chemistry must
begin to include at least qualitative discussions of the effects
of spin polarization as a fundamental concept for long-
distance communication in molecules. It is hoped that the
present article contributes to furthering this long-term goal.

As a more immediate result, the present contribution
demonstrates the need for experimental measurements of
bond dissociation energies of the benzannulated systems.
These data are most pertinent in and of themselves and as
the key reference for theoretical studies that will advance
fundamental conceptions about bonding.

From the theoretical perspective, the present paper high-
lights significant differences between the wavefunctions
computed with the most widely used implementation of
density functional theory and the QCISD method. Consider-
ing the computational demand of large-molecule calculations
with QCI theory, one wonders whether DFT-based methods
can be developed that account more fully for spin-polariza-
tion with regard to both magnitude and reach.
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