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Abstract: The high symmetry and stability of phenalenyl systems, both as the planar z-radical (Ps) and as
the sr-cation (P™), are desirable characteristics of prototypical aromatic donor/acceptor pairs that encourage
their use as (binary) models for the study of intermolecular interactions extant in stacked molecular arrays.
Thus, quantitative ESR spectroscopy of the paramagnetic Pe identifies its spontaneous self-association to
the diamagnetic P», previously characterized as the stacked z-dimer by X-ray crystallography. Likewise,
the rapid cross-association of Pe with the closed-shell P* leads to the stacked z-dimer cation P2** with the
“doubled” ESR spectrum diagnostic of complete (odd) electron delocalization. These z-associations are
confirmed by UV—vis studies that reveal diagnostic near-IR bands of both P, and P,**—strongly reminiscent
of intermolecular charge-transfer absorptions in related aromatic (donor/acceptor) w-associations. Ab initio
molecular-orbital calculations for the zz-dimer P, predict a binding energy of AE, = —11 kcal mol=2, which
is in accord with the experimental enthalpy change of AHp = —9.5 kcal mol™ in dichloromethane solution.
Most importantly, the calculations reproduce the intermonomer spacings and reveal the delicate interplay
of attractive covalent and dispersion forces, balanced against the repulsions between filled orbitals. For
comparison, the binding energy in the structurally related cationic sz-pimer P,** is calculated to be significantly
larger with AEp ~ —20 kcal mol™* (gas phase), owing to favorable electrostatic interactions not present in
the neutral z-dimer (which outweigh the partial loss of covalent interactions). As a result, our theoretical
formulation can correctly account for the experimental enthalpy change in solution of AH, = —6.5 kcal
mol~! by the inclusion of differential ionic solvation in the formation of the s-pimer.

Introduction units, either with themselves or with diamagnetic (closed-shell)
counterparts.

Intermolecular (electron) delocalization between discrete
m-systems was first recognized as aromatic cation-radical
associates with their parent (neutral) donors by the appearance
of new (charge-resonance) absorption bands in the electronic
spectr&®and by “doubling” of well-resolved hyperfine splittings
in the ESR spectraFurther studies of paramagnetieradicals
and ion radicals in the solid state and in solution have revealed
their tendency to also undergo facile self-associatibrc-
cordlngly, our objective now is to examine quantitatively the
reversible energetics and to understand the basis for such
intermolecularz-associations. We choose to focus here on the
tricyclic (Dsn) phenalenyl system for three important reasons:

Columnar stackings of planar systems derived from extended
aromatic donors constitute important synthetic objectives of
organic materials science, especially for new electrical conduc-
tors, molecular magnets, eté Effective interdonor (electronic)
communications between such neighboring aromatic moieties
are critical requirements that are usually achieved by the
coupling of molecular units with unpaired spihise., aromatic
mr-radicals,r-ion radicals, etc. The bulk properties of these solid-
state materials have been successfully approached from the
theoretical consideration of macroscopic ensembtétowever,
for closest scrutiny at the molecular level, interdonor interactions
need to be separately examined as pairwise (ferromagnetic or,
antiferromagnetic) interactions of paramagnetic (open-shell)
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(i) the highly symmetric diamagnetic cation, the paramagnetic Chart 1
radical, and the diamagnetic anion are all planar and persistent/
stable species whose spectroscopic properties are well estab-

lishedi®11(ii) the extended aromatic framework is still amenable
to rigorous (ab initio) theoretical computatiotsiand (iii) the
solid-state (bulk) properties of various derivatives are continuing
to attract considerable attentiéh!>Of particular interest is the
intermolecular self-association of phenalenyl radical to form the
m-dimer and its cross-association with the diamagnetic phen-
alenyl cation to form the positively charged radicadimer

(5) (a) Lewis, L. C.; Singer, L. SChem. Phys1965 43, 2712. (b) Howarth,
O. W.; Fraenkel, G. KJ. Am. Chem. Sod966 88, 4514. (c) Howarth, O.
W.; Fraenkel, G. K.J. Chem. Phys197Q 52, 6258. (d) Badger, B.;
Brocklehurst, BNature1968 219, 263. (d) Badger, B.; Brocklehurst, B.;
Dudley, R.Chem. PhysLett. 1967, 1, 122. (e) Badger, B.; Brocklehurst,
B. Trans. Faraday Socl969 65, 2582. (f) Badger, B.; Brocklehurst, B.
Trans. Faraday Sod 969 65, 2588. (g) Badger, B.; Brocklehurst, Brans.
Faraday Soc197Q 66, 2939. (h) Meot-Ner, M.; Hamlet, P.; Hunter, E.
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Chem. Soc1999 121, 1619. (b) Fukui, K.; Sato, K.; Shiomi, D.; Takui,
T.; Itoh, K.; Gotoh, K.; Kubo, T.; Yamamoto, K.; Nakasuji, K.; Naito, A.
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S.; Tamaki, K.; Suzuki, S.; Fuyuhiro, A.; Yamamoto, K.; Sato, K.; Shiomi,
D.; Naito, A.; Takui, T.; Nakasuji, KAngew. Chem., Int. EQ2002 41,
1793. (d) The coordinate system fofP, used in the electronic structure
calculations was based on the X-ray structure of the 2,5 @trbutyl-
substituted derivativé?in which the two phenalenyl moieties lie parallel
to thex, y plane and are staggered by’60rhe G-to-centroid bond of the
lower phenalenyl was arbitrarily placed on tkexis.) (e) The alternative
eclipsed conformational isomer @fP; (as in the perchlorinated derivati¥®
may also be an energy minimum, and we hope to address its electronic
structure at a later tim&e

(12) (a) Takano, Y.; Taniguchi, T.; Isobe, H.; Kubo, T.; Morita, Y.; Yamamoto,
K.; Nakasuji, K.; Takui, T.; Yamaguchi, KI. Am. Chem. So@002 124,
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(henceforth referred to as thepimer for brevity) in Chart 1.
Quantitative evaluation of the energetics of reversible dimer-
ization Kp) versus pimerizationkp) in solution is the relevant
experimental objective, and the comparative bondings in the
two-electronr-dimer versus one-electron-pimer provide the
requisite theoretical underpinnings for an understanding of
intermolecularz-associations of open-shell aromatic systems.
To facilitate the presentation, the following results are first
presented as the experimental measurements and then the
theoretical computations of-dimerfz-pimer bindings.

Experimental Results

The phenalenyl radical for use in this study was quantitatively
generated as the 2,5,8-substituted derivative wettt-butyl
groups to inhibit kinetic lability according to Goto et’al*6.17
Indeed, the X-ray crystallographic analysis of this phenalenyl
derivative, hereafter designatedRtsestablished the existence
of m-dimers in the solid state with interplanar (noncovalent)
separations of 3:23.3 A1L18 which are too short for a
conventional van der Waals complex, but far too long for a
conventional chemical bond.

1. Quantitative Evaluations of Phenalenybr-Dimerization.

Two independent spectroscopic methodologies were employed
to evaluate quantitatively the reversible dimerization of the
phenalenyl radical in dichloromethane solutions according to
the temperature-dependent equilibrium
P+ P ~ 7-P, Q)

A. Temperature Modulation of the ESR Spectrum. The

phenalenyl radical B*) in dichloromethane solution exhibits

(14) (a) Chi, X.; ltkis, M. E.; Patrick, B. O.; Barklay, T. M.; Reed, R. W.; Oakley,
R. T.; Cordes, A. W.; Haddon, R. G. Am. Chem. Sod999 121, 10395.

(b) Chi, X.; ltkis, M. E.; Kirschbaum, K.; Pinkerton, A. A.; Oakley, R. T;
Cordes, A. W.; Haddon, R. Cl. Am. Chem. So®001, 123 4041. (c)
Koutentis, P. A.; Chen, Y.; Cao, Y.; Best, T. P.; ltkis, M. E.; Beer, L.;
Oakley, R. T.; Cordes, A. W.; Brock, C. P.; Haddon, R.JCAm. Chem.
Soc.2001 123 3864. (d) Pal, S. K.; ltkis, M. E.; Reed, R. W.; Oakley, R.
T.; Cordes, A. W.; Tham, F. S.; Siegrist, T.; Haddon, RJCAm. Chem.
S0c.2004 126, 1478.

(15) (a) ltkis, M. E.; Chi, X.; Cordes, A. W.; Haddon, R. Science2002 296,
1443. (b) Miller, J. SAngew. Chem., Int. ER003 42, 27. (c) Tomovic,

Z.; Mllen, K. Angew. Chem., Int. E®004 43, 755.

(16) (a) Then-dimers of aromatic radicals and ion radicals are characterized
by cofacial sandwich structures (irrespective of overall charge) with
interplanar separations of-3.6 A in contrast too-dimers in which the
two equivalent units are directly connected by a covalent band. (b) Cationic
st-pimers are structurally equivalent to the correspondindimer less one
electron and akin to the anionicpimeffc with one additional electron.

(17) (a) Use of bulkytert-butyl groups to sterically inhibit-dimerization of
aromatic radicals was first described by Griller and Ingold: Griller, D.;
Ingold, K. U. Acc. Chem. Red.976 9, 13. (b) It is important to note that
the parent phenalenyl radical {flg*) cannot be prepared pure owing to
the goompetitive formation of-dimers and related (diamagnetic) byprod-
ucts?

(18) (a) Such large interannular separations, together with the molecular
conformation, suggest th&rt-butyl groups exert little or no steric effect
on the thermodynamics of-dimerization ofP* relative to its parent. (b)
The cofacial phenalenyl moieties in thedimer are staggered {lrelative
to each other to minimize the steric effects between pairs of interannular
tert-butyl substituent3!2 (c) The reversibler-dimerization of phenalenyl
radicals relative to their reversible/irreversibledimerization will be
reported separately.

J. AM. CHEM. SOC. = VOL. 126, NO. 42, 2004 13851



ARTICLES Small et al.

A B
1.6 1.2
1.2 oo
o Dog 0.8
o 9 og
4
& 081 o § o]
04 18 61
o £ 4
0.4 1 24
o 0 T
0 0 ] 0.004 ]?TO?é‘) 0.006
0.0 . . . . .
160 200 240 280 320 0.003 0.004 0.005
T(K) T K'Y

Figure 1. Temperature dependence of (A) the ESR intensitygd and (B) the monomer fractiorufs) of the radicalP* with co = 2 mM (O) and 5 mM
(d) in CHCl,. Solid lines: calculated dependencies based on the same concentrationsHvith—9.5 kcal/mol andAS = —36 eu. Insets: (A) ESR
spectrum ofP*; (B) temperature dependence of the dimerization condtgnt

well-resolved proton hyperfine splittings in the ESR spectrum
initially measured at 23C—simply consisting of the binomial
septet due to six equivalent aromatic protons veith= 6.2 G 2
(g = 2.0028)!12 (Both parameters were essentially the same
(ash = 6.3 G,g = 2.0028) as those of the par&hbut with
additional small quartet splittings ey = 1.8 G due to the 2-,
5-, and 8-protons.) Upon lowering the temperature, the spectral
intensity first increased gradually in the range 3240 K in
accord with the usual CurieWeiss behavior, and then dropped
precipitously as the temperature was further lowered to 180 K
(see Figure 1A). Since such temperature-dependent (intensity)
changes were quite reversible, and the deviation from Curie
Weiss behavior was more pronounced with increasing initial . i .
concentrations of the radical, the major drop in signal intensity 400 500 600 700 800
was readily assigned to the formation of diamagnetic (ESR- Wavelength (nm)
silent) 7-dimers according to eq 1. Indeed, the quantitative ) )
Figure 2. Temperature-modulated spectral changes of the solution of radical

analysis of the ESR intensity (coupled to appropriate controls) p. (Co= 5 mM in CH,Cl,). Temperature from bottom to top): 5, —40,
allowed the Curie-Weiss effects to be quantitatively separated —s0, —60, —66, —72, —76, —80, —82.

from the consequences of changing radical concentrations (see .
the Experimental Section for details). As a result, the fraction ~ Most importantly, the temperature dependence of the mono-
of monomeric radicaldy) was evaluated directly by double ~mer fraction, as determined by such BVis spectral measure-

integration of the ESR spectra, and this allowed the dimerization ments, coincided with that derived from the ESR spectral
constantKp = 0.15+ 0.01 M to be calculated at 298 K  changes at the same concentrations, and the thermodynamic

Absorbance

according to eq 1. The linear dependence of kggshown in parameterf\Hp = —8.8 kcal mof* andAS, = —33 eu were
Figure 1B (inset) afforded the thermodynamic parameidts consistent with those evaluated from the ESR data (Figure S1
= —9.5 kcal mot! and AS, = —36 eu at 298 K for the  in the Supporting Information). Thus, independent electronic
-dimer20 and ESR spectral methodologies accurately and quantitatively
B. Temperature Modulation of the UV—Vis Spectrum. demonstrate (1) the temperature/concentration modulation of the

P+ in dichloromethane solution appeared pink at room temper- reversible dimerization of* according to eq 1 and (2) the
ature owing to a weak (very broad) absorption band at 595 nm €Xistence of a diamagnetic-dimer (P,) with the distinctive

in addition to the principal band @ax = 540 nm,es40 = 103 (strongly allowed) electronic transition atp = 595 nm
mol~ cmr. Most noteworthy was the dramatic growth of only ~ (eo = 2.0 x 10* mol~* cm™) which is substantially red-shifted
the 595 nm absorption with decreasing temperature (Figure 2),relative to that of the parent-radical monomer wittiy = 540

and its quadratic dependence with changMgoncentration "M (em = 103 mof* cm™).

at constant temperature was in accord with the dimerization 2. Quantitative Phenalenylz-Pimerization with the Dia-
equilibrium in eq 1. Quantitative treatment of the spectral magnetic Phenalenyl CationIntermolecular association of the
changes (see the Experimental Section) yielded the extinctionParamagnetic phenalenyl radical with its closed-shell (cationic)
coefficient of thesr-dimer, ep = 2.0 x 10* mol-1 cm™1, and counterpart was quantitatively evaluated as the reversible

the dimerization constankp = 0.16 & 0.08 M1, at 298 K. equilibrium

(19) The proton hyperfine splittings asgy = 6.3 G andasy = 1.8 G1° P+ Pt = n-P2°+ (2
(20) For comparison, thermodynamic parametergfdimerization of the parent Kp
phenalenyl radical in dichloromethane akélp = —10 kcal mof! and

AS, = —17 eul® Close values of these parameters were obtained earlier ; ; B B
in toluene (\Ho = —10 keal Mol %, AS, — 11 et and in GGlsolutions by employing the same pair of spectral methodologies in the

(AHp = —11 kcal mott, AS, = — 15 eu)ioh following way.

13852 J. AM. CHEM. SOC. = VOL. 126, NO. 42, 2004
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Figure 3. Temperature dependence of the ESR spectrum of an equimolar solut®ranfl P in dichloromethane.

A. Doubling of the ESR Spectra inz-Pimerization. The 1
prominent ESR spectrumfoa 3 mM solution of P* in
dichloromethane containing an equimolar amourf?d{as the
tetrakis(pentafluorophenyl)borate salt) is shown in Figure 3a
as measured at room temperature. However, close scrutiny of °
Figure 3a revealed the presence of additional lines in the ESR 3 051
spectrum in addition to the characteristic binomial septd®°of
illustrated in Figure 1A (inset). These new hyperfine lines lay
equidistant from the original spectrum of the pure radical, and ®
the line intensities grew dramatically (relative to those of the 0 T T
nearby lines) as the temperature of the solution was progres- 150 200 250 300
sively lowered as shown in Figure 3 (Essentially the same T (K)
change in relative line intensities could be reproduced at constantzg, e 4. Temperature dependence of thepimer P+ fraction () in
temperature by the incremental additionRf(CsFs)sB~ to a solution with an equimolar concentration of radi¢land cationP* (3
given concentration of the radical.) Ultimately, all the ESR MM in CHxCly) as determined from ESR#) and electronic @) spec-
spectra converged to the final ESR spectrum consisting of theaz‘flffg'nedsg‘i'd_"lge;ﬁfsue'?tegsd;‘;%giter:ﬁ :tafgegr:l(m; rr;ig’()';‘é?:\ gto
doubling of the number of hyperfine lines with half the hyperfine  the z-pimer P+
splittings with the binomial intensity ratio shown in Figure 3f.
Such spectral features were readily assigned to the paramagneti€igure 2. Indeed, the quantitative analysis of the near-IR spectral
m-dimer cation radicaP2"*, herein to be referred to as the changes was successfully carried out (see the Experimental
m-pimer. The fraction of the residud®* radical (), as Section for details) for the formation of the paramagnetic
calculated by double integration of the ESR spectra at various phenalenyz-pimer (P+) with extinction coefficientp = 9 x
temperatures, is plotted in Figure 4, and it yielded an equilibrium 108 M~ ¢! and association constalis = 70 M1 at 298 K.
constant oKp = 90 M~ for the second-order pimerization in  The linear dependence & on (inverse) temperature yielded

eq 2 at 298 K. The linear dependence of g on (inverse) the thermodynamic parametesddp = —5.5 kcal mot® and

temperature led to the thermodynamic parameits = —6.5 AS = —12 eu for ther-pimerization according to eq 2. Most

keal mpl‘l andAS= —13 eu. _ importantly, both sets of thermodynamic parameters obtained
B. Diagnostic Near-IR Bands of Phenalenyk-Pimers. The from the near-IR measurements coincided with those determined

addition of the phenalenyl cation, a®a(CeFs)B~ salt, to a3  fom the ESR measurements of the paramagnefpimer, as
mM solution ofP* in dichloromethane resulted immediately in g0 in Figure 4 by the fits of both sets of experimental data

the appearance of a new absorption band in the near-IR regiony, yhe caiculated temperature dependence for the same concen-
with Amax = 1560 nm (Figure 5), which increased linearly with trations based onHp = —6.5 kcal mot! andAS> = —13 eu.
further incremental additions of salt. Such a near-IR band was

diagnostic of the intermolecular-pimer since neither the  glectronic Structure Calculations

phenalenyl radical nor cation alone exhibited any absorption in

the low-energy region beyond 1000 nm, even at high concentra- A. General Considerations In the phenalenyl radical, the
tions and low temperatures. Furthermore, the progressivesingly occupied molecular orbital (SOMO) is composed of six
lowering of the temperature led to an accompanying absorbancep, orbitals, with each orbital out of phase with its neighbors as
increase similar to that of the 595 nm band of theimer in depicted in Chart 2. Owing to the presence of this unpaired

J. AM. CHEM. SOC. = VOL. 126, NO. 42, 2004 13853
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the benzene quadrupole moment are known to be significant.
Induction effects are also recognized as very important in
cation—z interactiong® Since phenalenyl radical is more
polarizable, and has a higher quadrupole moment than benzene,
these electrostatic interactions will surely be operativestr.
It is accordingly very interesting to compare the magnitude and
origin of the binding inzz-pimer Py** relative tozz-dimer Pa.
Additionally, the theoretical calculations should account for their
distinctly different electronic transitions in the near-IR region
(see Figures 2 and 5).
B. Computational Methods. While density functional theory
T y T T (DFT) calculation¥” are the most common choice for organic
500 1000 1500 2000 molecules, they are not necessarily appropriate for systems such
Wavelength, nm gst an.dP2°+ because they dq not properly desc.ribe dispersion
] Spectral changes upon incremental addition of ca@orto the Interactlonioor the §eparat|on of chgrge#—dlmers Imo-
T?#I(/T gﬁlutign of radicaP* in CH.Cl; at 295 K. Concentration (mM) of fragments®*°Caution is also necessary in using wave function
P+ (bottom to top at 1500 nm): 0, 1, 5, 10, 15. Inset: Gaussian Methodd" because of the small HOMELUMO gap (1.14 eV

Absorbance

deconvolution of the near-IR band. at the B3LYP/6-31G* level) irP,. This small gap means that
there are important static correlations arising between the
Chart 2 HOMO and the LUMO, and the system thus has multireference

(or diradicaloid) character. The minimal description of this is a
two-configuration self-consistent field wave function, which is
equivalent to perfect pairifg with one pair, i.e., PP(1). The
lowest energyN — 2) electrons are restricted tN (- 2)/2 spin-
paired orbitals, and the remaining two electrons are held in a
spin-antisymmetric geminal pair formed from the HOMO and
LUMO.

The paramagnetig-pimer Py arises from the removal of a
single electron from the PP wave function. The resulting
(N — 1)-electron wave function again h&s— 2 electrons in
spin-paired orbitals, while the remaining electron is found in a
singly occupiedd spin) orbital. This is simply a restricted open-

electron, the covalent interactions in thedimer P,?! resulting
from theintermolecularz-dimerizationof phenalenyl radicals
derive from the linear combination of the two SOMOs to form
z-bonding andr-antibonding orbitaldld22 In addition, such
interacting planar organic molecules also inevitably lead-tar
stacking interactions that largely arise from dynamic electron ! )
correlation effects such as dispersidnAlthough previous ~ Shell Hartree-Fock (ROHF) wave function, so this was the
theoretical studiég®? have not included dispersion effects starting level of theo.ry. chosen fmr—plmerPlz'ﬁ o )
(presumably due to computational limitations), we believe that A method for describing the long-range dispersion interactions
it is the tradeoff between attractive covalent and dispersive IS S0 likely to be essential for a system of this type, as shown,
interactions and repulsive interactions between the filled levels for €xample, in recent studi¥s’® of Kx(TCNE), and as is
of each monomer that determines the equilibrium structure. Well-known for stacking of closed-shell aromatics such as
Indeed, the phenalenyl structure is known from solid-state X-ray benzené.“ Dispersion is largely a result of dynamic electron
crystallographi? to be intermediate between a fatbond and  correlation, and is absent at the PP(1) and ROHF levels of
dissociation, and therefore, thedimer is also likely to possess ~ theory. The simplest way in which dispersion can be reincor-
some diradical charact&t24which we find interesting to assess  Porated is by performing second-order perturbation theory
quantitatively. corrections to PP(1) (as MRMP® and ROHF (as restricted
The intermolecular-pimerization of phenalenyl radical with ) ) , —
its diamagnetic cation leads #®"" with a formal bond order (26) ;35‘5“1"5'557*6595'“"’3' M.; Uchimaru, T.; Mikami, M. Phys. Chem. A
of 1/2, and all the interactions described above for the neutral (27) Kohn, W.; Becke, A. D.; Parr, R. G. Phys. Chem1996 100, 12974~
m-dimer will be operative, but the strength of the covalent (2g) kristyan, S.: Pulay, FChem. Phys. Lettl994 229, 175-180.
interactions must necessarily be diminished. However, the (29) Bally, T.; Sastry, G. NJ. Phys. Chem. A997 101, 7923-7925.

R - L. . . . (30) Ouir first calculations on-P, andzz-P,* were based on KohnSham DFT
m-pimerP;" possesses an additional interaction stemming from using the B3LYP functional, but presumably due to the limitations

its (positive) charge distribution reminiscent of those that are mentioned abov& it failed to yield even qualitatively reasonable potential
. . . . curves, as described in the Supporting Information.
well-known in cation-z (benzene) interactior8. In such (31) Helgaker, T.; Jorgensen, P.; Olseridlecular electronic structure theory

systems, electrostatic interactions between a positive charge ang,, ‘gi)'eégd%gfé‘e\f\}ekl.J',fgrgi%%O'L BAnnu, Re. Phys. Chemi978 29

363—396. (b) Cullen, JChem. Phys1996 202, 217—-229. (c) Van Voorhis,
(21) For convenience, in the theoretical treatment we employ the same notation T.; Head-Gordon, MJ. Chem. Phys2002 117, 9190-9201.
(P) to denote the parent phenalenyl moiety sinceritsonding behavior is (33) (a) Jakowski J.; Simons J. Am. Chem. So003 125 16089. (b) Del

equivalent® to that of thetert-butyl derivative. Sesto, R. E.; Miller, J. S.; Lafuente, P.; NovoaChem—Eur. J. 2002 8,
(22) Haddon, R. CAust. J. Chem1975 28, 2343. 4894. (c) Note that, due to the Coulombic repulsion of anion radicals,
(23) (a) Salem, L.; Rowland, @ngew. Chem., Int. Ed. Endl972 11, 92. (b) quantum mechanical calculations lead to net binding within (TGNE)

Dohnert, D.; Koutecky, JJ. Am. Chem. Sod98Q 102, 1789. (c) Borden, only in the presence of counteriofsi3?

W. T.; Iwamura H.; Berson, J. AAcc. Chem. Red.994 27, 109. (34) (a) Tsuzuki, S.; Honda, K.; Uchimaru, T.; Mikami, M.; Tanabe JKAm.
(24) (a) Jung, Y.; Head-Gordon, MChemPhysCher2003 4, 522. (b) Jung, Chem. Soc2002 124, 104. (b) Sinnokrot, M. O.; Valeev, E. F.; Sherrill,

Y.; Head-Gordon, MJ. Phys. Chem. 2003 107, 7475. C. D.J. Am. Chem. So002, 124, 10887. (c) Sinnokrot, M. O.; Sherrill,
(25) (a) Dougherty, D. ASciencel996 271, 163. (b) Ma, J. C.; Dougherty, D. C. D.J. Phys. Chem. R003 107, 8377.

A. Chem. Re. 1997, 97, 1303. (35) Nakano, HJ. Chem. Phys1993 99, 7983.
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MP2%), MP2 methods have been shown to be reasonably
accurate for calculations of stacking interactiéhs.

Calculations of intermolecular interaction energies are notori-
ously sensitive to basis set superposition errors (BSSESs).
Therefore, we apply a counterpoise correctidn the calcula-
tions to produce a corrected estimate of the binding energy.
Computational limitations restrict the size of the basis set we
can apply to 6-31G*, which is considered small for problems
of this type, although the extension from 6-31G* to 6+33*
had little effect in the related KTCNE), systemt3

Electronic excited states were calculated by time-dependent
density functional theory (TDDFT), which has been shown to
be superior to simple single-excitation CI for most molecular
problems?®® Asymptotic self-interaction problerffsvith TDDFT
are avoided by calculating excitation energies only at the
equilibrium geometries. Although the lack of dispersion in DFT
is an issue for the binding energy, it fortunately does not pose
a severe problem for the electronic spectrum calculatiéns.

Binding-energy calculations for the-pimer P>+ and all
excited-state calculations were performed using the Q-Chem
program?! while binding-energy calculations for the-dimer
P, were performed using the GAMESS progré#tinally, we
emphasize that, for computational reasons, all calculations
reported here omit the bulkyert-butyl groups used in the
experimental studie’s.

C. Binding-energy surfaceswere calculated at various
P-to-P separations. At each separation, the geometries were
optimized with PP/6-31G* and ROHF/6-31G*, holding the
distance between the two central carbons fixed by a Lagrange
multiplier constraint® Total energies at each point were
calculated with MRMP2 (or MP2) and counterpoise corrected.

1. The Phenalenylz-dimer surface optimized with PP/6-
31G* in Figure 6 shows no minimum, which indicates that
covalent interactions alone are insufficient to yield overall
binding. By contrast, the highest level of theory, CP-MP2, shows
a pronounced minimum in the CP-MP2 surface, which clearly
reveals the key role of dispersion im-dimerization. The
calculated binding energyAEp = —11 kcal mof?, in the
m-dimer is consistent with the experimental valdé]p = —9.5
kcal molL. Despite the importance of dispersionApbinding,

(36) Knowles, P. J.; Andrews, J. S.; Amos, R. D.; Handy, N. C.; Pople, J. A.
Chem. Phys. Lett1991, 186, 130—136.

(37) Boys, S. F.; Bernardi, MMol. Phys.197Q 19, 553.

(38) (a) Bauernschmitt, R.; Ahlrichs, Ehem. Phys. Lett1996 256, 454—

464. (b) Hirata, S.; Head-Gordon, NLhem. Phys. Letfl999 302 375—
382.

(39) Dreuw, A.; Weisman, J. L.; Head-Gordon, W.Chem. Phys2003 119,
2943-2946.

(40) The impact of dispersion effects is greatly diminished for the following
reason. It is typical for the most important excitations to arise from the
highest few occupied molecular orbitals and the lowest few virtual orbitals.
In contrast, dispersion effects evolve as the cumulative effect of correlations
between all the occupied and virtual orbitals. Thus, although the lack of
dispersion in DFT is an issue for the binding energy, it does not pose a
problem for the spectral calculations.

(41) Kong, J.; White, C. A.; Krylov, A. I.; Sherrill, D.; Adamson, R. D.; Furlani,
T.R.; Lee, M. S,; Lee, A. M.; Gwaltney, S. R.; Adams, T. R.; Ochsenfeld,
C.; Gilbert, A. T. B.; Kedziora, G. S.; Rassolov, V. A.; Maurice, D. R.;
Nair, N.; Shao, Y. H.; Besley, N. A.; Maslen, P. E.; Dombroski, J. P.;
Daschel, H.; Zhang, W. M.; Korambath, P. P.; Baker, J.; Byrd, E. F. C,;
Van Voorhis, T.; Oumi, M.; Hirata, S.; Hsu, C. P.; Ishikawa, N.; Florian,
J.; Warshel, A.; Johnson, B. G.; Gill, P. M. W.; Head-Gordon, M.; Pople,
J. A.J. Comput. Chen200Q 21, 1532-1548.

(42) (a) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A,; Elbert, S. T.; Gordon,
M. S.; Jensen, J. J.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S.;
Windus, T. L.; Dupuis, M.; Montgomery, J. Al. Comput. Chem1993
14, 1347-1363. (b) The GAMESS program was used for MRMP2
calculations.

(43) Baker, JJ. Comput. Cheml997 18, 1079.

50.0

40.0

PP(1)

30.0

20.0

10.0

0.0

10
-10.0

Relative energy (kcal/mol)

-20.0

-30.0
R (A)

Figure 6. Potential energy surface for the neutratlimer as a function of
the interplanar separatiorR, CP-MRMP2 denotes the counterpoise-
corrected MRMP2 energies.

Chart 3

LUMO

HOMO
Table 1. LUMO Occupation Numbers of the Neutral zz-Dimer P, at
Different Geometriest!d
interplanar occupation interplanar occupation
separation (A) number separation (A) number

2.6 0.15 5 0.95

3.1 0.25 7 1

3.3 0.32

the interaction is clearly stronger and occurs at significantly
shorter distances than conventiomatsr stacking of closed-
shell aromatic molecules, which are usually separated by van
der Waals contact. This difference is attributable to some
attractive (SOMG-SOMO) bonding interaction, which is clearly
evident, for example, in the correlating HOMO and LUMO for
7-P, in Chart 3, which shows the monomer SOMOs to be
overlapping. Such interactions cannot occurriir stacking

of closed-shell aromatics. Bonding in the phenalemydimer

can be further understood via the electron occupation number
of the PP LUMO (listed in Table 1 for ead¢hto-P separation),
since it can be used as the criterion for diradical char&gdr.
(For the present purposes, it is sufficient to state that a LUMO
occupation number of 1.0 corresponds to a pure diradical,
whereas a value of 0.0 indicates a closed-shell species with no
diradical character.) As applied # at the equilibrium point

of the CP-MRMP2 curve, the LUMO occupation number
according to Table 1 is 0.25, and thedimer has 25% diradical
character, with 75% bonding character. As such, the nature of
the P-to-P interaction is tantamount to a weak 12-centered
covalent bond together with an appreciable (synergistic) disper-
sion component that stabilizes an otherwise unusually high
degree of diradical character. This is quite similar to the
K2(TCNE), system that we recently studiégl.
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Figure 7. Potential energy surface for the catiarpimer.

Table 2. TDDFT Results for Low-Lying Electronic Transitions!d

excitation oscillator transition

energy (eV) strength moment (au)
P, 2.01 0.2567 0.0002; —0.0180,Y; 2.2845,2
Pt 1.21 0.1419 0.0001X; 0.0000,Y; 2.1862,Z
P 2.76 0.0008 —0.0393,X; —0.1002,Y; 0.0000,2

2. Phenalenyl z-pimer surfaces are bound via both the
ROHF and CP-MP2 computations shown in Figure 7. Why is
the ROHF curve foiP,** bound while the corresponding PP
curve forP; is not? The answer must be that while covalent
effects alone forP, are insufficient to yield overall binding
(dispersion is required), theombination of covalent and
electrostatic interactions fd?,*" is sufficient to yield overall
binding. The interaction of permanent and induced moments
with positive charge is well-described by Hartreeock theory,

and comparison of Figures 6 and 7 indicates that these effects

are significant. Indeed, catienr interactiond® are typically
quite strong-with small cations tending tar-bind aromatic
donors more tightly than their bulkier counterparts, often with
energies that can exceed 10 kcal molPresumably because
of charge delocalization, the calculated binding energixB$

= —6 kcal mol* by ROHF/6-31G* is not quite so strong. At
the ROHF equilibrium separation of 3.7 A in the cationic
m-pimer, the covalent bonding interaction is weak enough to
be considered negligible, and this interaction is largely elec-
trostatic. Dispersion interactions R» andPy"t are expected to
be roughly comparabl¥, and hence, the monomer fragments
are brought closer together in the MP2 calculations, and are
more tightly bound, by over 20 kcal ntdl By contrast with
neutralP,, the dispersion interactions in the catiofig™ are
working in concert with two effects: (i) one-electron covalent
bonding and (ii) cationr interaction. The overall result is
relatively unusual: the one-electron bond in the catianmer

is more strongly bounthan the two-electron bond in the neutral
m-dimer, because loss of part of the covalent interaction is
outweighed by the gain from catiefr interaction.

D. Optical Transition Energies. The results for low-lying
electronic transitions obtained at the TDDFT-B3LYP/6-31G*
level of theory are summarized in Table 2. In b&handP,
the dominant orbital contribution to the electronic excitation is

(44) Dispersion interactions depend primarily on the number of interacting
n-electrons, which is 26 and 25 féh, and Py", respectively. Thus, their
dispersion attractions should be similar.
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Chart 4

Chart 5

Chart 6

P,

the HOMO— LUMO transition. This can be seen clearly in an
attachment/detachment density analy8isThe detachment
density is that part of the ground-state density which is promoted
and rearranged in the transition, to become the attachment
density. Thus, electronic transitions can be visualized as
attachment density> detachment density.

Chart 4 shows that the detachment densitieB0ind P,*"
strongly resemble the HOMO &%, in Chart 3 (the HOMO for
P>t is similar, though not shown). Correspondingly, the
attachment densities ¢¥, and P,** in Chart 5 are similar to
the LUMO also shown in Chart 3.

The experimental red shift in the UWis spectra and the
stark contrast in absorption intensities betwBemndP,* are
also observed in the TDDFT results. In particular, the excitation
energies in Table 2 are in satisfactory agreement with the
experimental results shown in Figures 2 and 5@gandPy"*,
respectively. The transition moments in Table 2 also show that
the excitations are markedly dipole-allowed as given by the
relative extinction coefficients ofp = 2 x 10* M~ cm! and
ep = 9 x 10° M~ cm™L. These experimental results are
reinforced in the transition density plots depicted in Chart 6,
which show distributions clearly polarized in the direction along
the interplanar P-to-P) axes.

Discussion

The calculated gas-phase binding energy-afl. kcal mof?
for formation of thes-dimer P, is in satisfactory agreement
with the experimental value o0f9.5 kcal mof! obtained in
dichloromethane solution. On the basis of this agreement, we
conclude that the effect of solvation on thisdimerization is
relatively minor. It also supports the view that the butieyt-
butyl groups do not significantly impact the energetics of

(45) Head-Gordon, M.; Grana, A. M.; Maurice, D.; White, C.JAPhys. Chem.
1995 99, 1426114270.
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m-association (apart from the important steric role of inhibiting Table 3. Near-IR Absorptions for Phenalenyl z-Associations
o-dimerization)820From the calculations, the bonding is a weak energy (eV) intenstty (relative)
12-center covalent interaction (roughly 25% diradicaloid in

- . . . . ) theor? exptl® theor® exptld
character), stabilized by dispersion forces, to give an interaction 20 21 1o 22
strength 2 or 3 times larger than expected for a van der Waals p2.+ 12 0.8 10 10
complex. It is the 75% covalent component that accounts for P 2.8 2.3 0.006 0.01

the preference for antiferromagnetic coupling in theimer
seen experimentally.

The enthalpy change for-dimerization AHp = —9.5 kcal ] } - )
mol-1) is experimentally found to be significantly larger than and relative band intensities. Note the results in Table 3 are

the corresponding enthalpy change upon formation of the arbitrarily normalized to the-pimerP,**, and for the purposes

aHOMO—-LUMO excitation energy® Donor/acceptor charge-transfer
energy.c Oscillator strengthd Extinction coefficient.

paramagnetic radical-catian-dimer P>+ (AHp = —6.5 kcal of this study are mainly pertinent to the direct comparison of
mol-1). On the surface, this difference would appear to reflect the properties oP, andPz*.
the change im-bonding energies d?, versusP,** to parallel Summary and Conclusions

the different numbers of frontier electrons involved. Indeed, such

a direct conclusion also accords with transition enerdiesr Intermolecularz-associations in phenalenyl systems in the
of P, (16.5 x 10% cmY) relative toPy*+ (6.4 x 10° cm~1) in form of bimolecular radical/radical and radical/cation interac-

Figures 2 and 5, respectively. tions Iead_to the diamagnebie_dimeer a_nd the cationic (open-.
shell) z-pimer P*, respectively. Satisfactory agreement is
qualitative disagreement with this interpretation, because the ©Ptained between experimental measurements and theoretical
calculated energy for formation d®, (—11 kcal mot?) is calcula_ltlons forl_:’z only When both covalent_ ar_1d d_|sper3|ve
substantially smaller than that 8+ (over —20 kcal mot?). attractlon_s are included in the _Iattgr. T!neblndlng is thus_
According to the analysis of the calculations, the stronger characterized by aweak, (25%) diradicaloid covalent interaction,
binding for P>+ versusP, is a result of strong stabilizing stablllged by attractive dlsper3|qn interactions, giving an
electrostatic interactio%in the radical cation that outweigh ~ (€xPerimental) enthalpy of formation a@Hp = — 9.5 kcal

the partial loss of covalent interactions. The remaining attractive M0l - This interaction is fascinating as it lies between normal
dispersion interactions are roughly the s&hfer both systems, van der Waa_lls complexes and normal chemical bonds in strength
as are the repulsive Coulomb and exchange interactions betwee@d properties. _ _

filled orbitals. While the calculations are consistent among | ne difference inz-binding (and bonding) between diamag-
themselves, what is the origin of the qualitative discrepancy petlc P, and paramagnetie;"* emerges as a most intriguing
with experimental observations? The answer, we believe, lies INterplay of several factors. According to the gas-phase calcula-
in differential solvation effects on the association energy fONS: 0SS of covalent character in thepimerP;™" (a nominal
observed experimentally in dichloromethane solution, but which °ne-électron bond) relative ta-dimer P, (a nominal two-
are omitted from the gas-phase electronic structure calculations £/€Ctron bond) is outweighed by strong stabilizing electrostatic
(Separate gas-phase experimental studies ofrtdemers in

interactions in ther-pimer that are absent in the neutradimer.
. -
different charge states would be very desirable to confirm the 11US, thez-pimerP>*™ is more strongly bound by theofybut
calculations.)

experimentally the opposite is observed in dichloromethane

A rough estimate of the magnitude of differential solvation Selution. This apparent discrepancy is resolved by considering
effects in dichloromethane solvent can be made using the Born!ONic solvation effects, which more strongly stabilRerelative

model#® which accounts for ionic solvation effects to leading

to P,** owing to its more compact size. As a result, we expect
order. The Born solvation energy for a unit electronic charge that, in the absence of solvation such as in stacked phenalenyl
on an ion of radiug in a solvent of dielectric constantis

(solid-state) arrays, the principal electronic communication will
AGs = —(1 — e Y)/2r. The m-pimer P>+ is clearly larger in occur between neighboring radical/cation centers relative to the
size and will therefore be more weakly solvated than the

competitive annihilation of radical/radical pairs.
combination of separat@e and P*. A reasonable estimate of It is a challenge for the future, with substantial relevance to
the P+ solute radius i ~ 5 A. Together with dielectric

The theoretical calculations reported above are, however, in

the rational design of organic materials with controllable spin

constante = 9 for dichloromethane, the solvation energy of couplings, to consider tuning the interactions identified here by

P+ will be roughly AGs = —30 kcall molL. If the effective altering the size of the stacked aromatic species, as well as the

radius of P* is taken as about two-thirds of that f&s**, its substituents employed at the 2-, 5-, and 8-positions. Larger

solvation energy will then be-44 kcal moi™ to yield an overall aromatic donors will lead t.o strongarstacklng energies, wh|le

solvation-corrected binding energy in qualitative agreement with (€ strength of covalent interactions can almost certainly be

experiment. influenced by the choice of substituent, as well as the overall

There is also satisfactory agreement between the experimentafYMMetry of the aromatic framework.

values of the diagnostic optical transitions in the near-IR region Experimental Section

for both P, and P>+ and the values calculated using TDDFT i . . ) -

methods Zln thiszcase solvation corrections Ror* agre not Materials and Synthesis. Chloranil (Aldrich) was purified by

expecte(:i 0 be requiréd because they will cancel between therepeated recrystallization. 2,5,8-Tert-butylphenalene was synthesized

ground and the excited states. Table 3 presents the comparisomu7) (a)ﬁsinailar situation exists \&vitr;] the alkallil-metal %imders s%ch a@fﬂdasusbl
it H Na,* and K versus K*, and theoretically ascribed to the unfavorable

between the measured and calculated lowest transition energies concentration of the valence-electron charge within the ion cébeb)

Roach, A. C.; Baybutt PChem. Phys. Let197Q 7, 7. (c) Compare also
(46) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027. Esterhuysen, C.; Frenking Gheor. Chem. Ac2004 111, 381.
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according to a literature procedure and identified by'ts NMR Electronic spectroscopywas carried out on an HP 8453 spectro-
spectrum, GC/MS analysis, and melting pdihtt P was prepared via photometer or a Cary 500 spectrometer using a Dewar equipped with
a modified literature methdéby reaction of phenalene precursor and  a quartz lens and a cell equipped with a Teflon valve fitted with Viton
chloranil (2:1 molar ratio) in benzene under air-free conditions, followed O-rings as described earli#®The band at-595 nm was assigned to

by extraction of radicalP formed with degassed pentane. Evaporation  z_dimerP; on the basis of quantitative treatment of the Ui spectral

(in vacuo) of the clear, slightly blue-colored pentane solution afforded changes (the band intensity was proportional to the square of the radical
radicalP- as deep blue needles in 59% yield. Mp: Z&Ddec. Uv- concentration and increased reversibly with the lowering of the
vis (hexane):Amax (€) = 545 (100), 392 (330), 374 (4540), 341 (27300), temperature). This assignment was supported by comparison of

i i +
298 (3130). T(.) synthesize catioR", 300 mg (0.33 m_mO') of electronic spectroscopy in solution with the results of the EPR spectral
triphenylcarbenium perfluorotetraphenylborate (from Asahi Glass Co., . . .
studies, X-ray crystallography, and solid-state electronic spectroscopy.

Ltd.) |n_2 mL. of CHCl, was added under argon.to the solution of The extinction coefficiente¢p) and thermodynamic parametetsp(
2,5,8-tritert-butylphenalene (140 mg, 0.42 mmol) in 4 mL of gH,. S S
AHp, AS) for dimerization were calculated by an approximation

Subsequent addition of 8 mL of hexane to the reaction mixture resulted ) . .
in precipitation of red crystals, which were separated and recrystallized Method based on the measurement of the intensity of the absorption of
from ether/hexane (1:2) to afford red needlesPoB(CeFs)s . Yield: the purez-dimer band with a maximum at 595 nm. The procedure
0.20 g (62%). Mp: 264£C dec. UV-vis (CHCL2): Amax (€) = 519 included the variation of the extinction coefficient and the thermo-
(660), 502 (730), 485 (815), 468(800), 423 (4500), 260 (22509). dynamic parameters to minimize the difference between.the experi-
NMR (CDCL): 6 1.58 (s, 27Ht-Bu), 9.15 (s, 6H). X-ray analysis ~ mental and calculated values of the absorptioA.ath = X(A'expu —
confirmed the structure d®B(CsFs)s~ (Figure S2 in the Supporting  Alacd®. Experimental values ofNeqn Were measured at different

Information). temperatures and initial concentrations, &hg.q= e lcp = e.l[(4KpCo
ESR measurementsvere performed on either a Bruker ESR-300 + 1) — (8KpCo + 1)°9/8Kp, with Kp = exp[—(AHp —TAS:)/RT] and
X-band or a Varian E-line Century 100 ESR spectrometer fro20 | = 0.1 cm. The reliability of the thermodynamic parameters obtained

to —90 °C in the EPR tube with a Teflon valve under an argon in this way was confirmed by the independent ESR measurements based
atmosphere. The intensity of the ESR signkls; was determined by on the fraction of monomeric radical (vide supra).
double integration of the averaged spectra after baseline correction.

The fraction of monomersyy, in the solution ofP* was determined
from lgpr (Normalized as described earfierto account for the Acknowledgment. V.Z,, S.V.R., and J.K.K. (Houston) thank

temperature variation related to the Curie law and instrumental factor). the R. A. Welch Foundation and the National Science Founda-
The equilibrium constarip was calculated a$p = (1 — om)/2Cram2, tion for financial support. M.H.-G., D.S., and Y.J. (Berkeley)

whereck is the overall concentration ¢ added to solution, and the  were supported by the Director, Office of Energy Research,
thermodynamic parameters for dimerization were calculated by the least-Office of Basic Energy Sciences, Chemical Sciences Division
squares procedure from the (linear) dependence Bb)ngn 17T The of the U.S. Department of Energy under Contract DE-ACO03-

. - I
ESR spectra of the_s_,olutlons containing both radll’:aehnd_catlori?+ 76SF00098, supercomputer time from NERSC, and Grant CHE-
represent superposition of the spectra of mondmeands-pimerP,*. h . -

9981997 from the National Science Foundation.

The fractions of monomeny, in such systems were calculated (i) by
computer simulation via the addition of (digitized) spectra of pure
monomer andz-pimer and variation of their fractions until the best Supporting Information Available: Temperature dependence
correspondence with experimental spectra were obtained and (ii) from 5¢ the monomer fraction of radic# determined by ESR and
the ratio of the intensities of the central line in the ESR spectra (which electronic spectroscopy (Figure S1), X-ray structures détti-

is determined by the sum of the concentrations of monomer and butvl-substi d oh | | . Fi S2 d Its of
s-pimer) to the intensities of the closest line, which appeared upon utyl-substituted phenalenyl cations (Figure S2), and results o

addition of cation and is related to the concentratiomgfimer alone the DFT calculations (B3LYP/6_'31G*)3 potential energy sur-
(both methods of calculation agreed within 5%). On the basig\of faces for the neutrat-dimer P, (Figure S3) and for the cationic
the equilibrium constant of-pimer formation was calculated &s = z-pimer P>t (Figure S4) (PDFJ° This material is available

(A — am)/l(cc = {1 — am}cr)an], wherecc andcr are the overall  free of charge via the Internet at http:/pubs.acs.org.
concentrations of cation and radical added to the solution. The (linear)

dependence of liK) on 1/T afforded thermodynamic parameters

AHp andASs . JA046770I
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