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Abstract: A two-term model is proposed for hydrocarbon and N-containing zz-radicals which are in close
contact with one another. The first term is attractive (due to partially occupied frontier z-orbitals), and the
second, repulsive (due to hard-core repulsion between close-lying atoms). This model is applied to dimers
where intermolecular contacts are closer than <0.95 x the sum of the atomic van der Waals radii. The
maximin principle is proposed. The maximin principle states that the lowest energy conformation maximizes
overlap of the frontier orbitals while simultaneously minimizing intermolecular contacts. A Hiickel Hamiltonian,
the u,-Hamiltonian, which contains the above attractive and repulsive terms, is applied. The interaction
surfaces of two z-hydrocarbon radical cations were calculated for the three systems known crystallographi-
cally to contain cations in close contact: naphthalene, fluoranthene, and pyrene. The global minima of
these surfaces correspond to the experimentally determined structures. The u,-Hamiltonian energy surfaces
of the naphthalene cation dimer are qualitatively similar to those calculated at the RHF/6-311G(d,p) and
MP2/6-311G(d,p) levels. The maximin principle is applied to N-containing zz-radicals. Except in the case of
tetracyanoethene, the maximin principle correctly predicts the most common dimer crystal packing. (MgPc)-
(NO3)-0.5THF and (MgPc)(Re0,)-1.5THF (Pc = phthalocyanine) were prepared: both new crystal structures
follow the maximin principle. The maximin principle is used to suggest the dimer cation ground state of
oligoacenes, cations important as organic hole-based semiconductors.

1. Introduction and other¥24find this role can be more fully understood if
interatomic repulsive energies are explicitly included. We
propose a general crystal packing principle: the maximin

principle. This principle states that the favored orientation of
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interacting hydrocarbon or nitrogen containimgystems is one
which both maximizes HOMOLUMO overlap and simulta-
neously minimizes interatomic contacts.

hexadiene (BTCQY? and tetracyanoethene (TCNE).’> (See
Supporting Information for CSD search results.) We further
prepare two new phthalocyanine based cation radical salts which

It proves possible to find a simple quantum mechanical model further verify the utility of the maximin principle.

which incorporates both components of the maximin principle

and whose standard predictions accord with observed experi-2- Technical Procedures

mental geometries. This model is the-Hiickel Hamiltonian,
a Hamiltonian dominated by both attractive frontier overlap
interactions and repulsive interatomic nonbonding teffivgith

2.1. Introduction to the u,-Huckel Method. Before explicitly
stating the equations used in-Hickel calculations, some further
introductory statements abamtsystem intermolecular interactions are

this Hamiltonian, we generate intermolecular energy surfaces helpful. We begin by noting that frontier orbital pictures have not proven
which agree both with known experimental crystal packings and very useful in accounting for-system packing interactiois!é Instead,

with higher level ab initio calculatior®-31 The numerical
agreement between the-Huckel and ab initio HartreeFock
surfaces, coupled with the fact that the-Hamiltonian is
dominated by the frontier orbital and interatomic repulsion
terms, confirms the underlying accuracy of the maximin
principle. Hydrocarbon systems treated include all known
m-systems with short G-C contacts: naphthalerdé fluoran-
thene3? and pyren# cation dimers. These results suggest that
both traditional electronic effects, such as frontier orbital mixing,

the two commonly observed aromatic packing motifs, both the staggered
n—am stacking and the herringbone pattern of pairs of aromatic rings,
are generally viewed as two different minima of the quadrupole
quadrupole electrostatic interaction surface.

The small role frontier orbitals play in these packings can be
understood qualitatively. The leading term in frontier orbital interactions
is proportional t&/AE, whereSandAE refer to respectively the orbital
overlap and the difference in energy between the HOMO and LUMO.
In neutral aromatic systems, the-€ intermolecular distances are long
and the HOMG-LUMO energy gap is large. The numerator and the

and steric effects, such as hard sphere atomic repulsion, can bgenominator of the frontier orbital interaction term are, respectively,

incorporated in the same simple tight-binding (of dkel)
Hamiltonian.

But the maximin principle is geometrically simple enough
that it can be applied without actual dimer calculations. We
show for a number of N-containing-systems that, from a
knowledge of the HOMO or LUMO alone, we can correctly
predict the most common crystal packingSystems considered
include all those N-containing systems with short-C, C---

N, or N---CN contacts (distances 0.95 x the sum of the van
der Waals radii): phthalocyanine (2HF€)metalated phthalo-
cyanine (MPc}%-38 metalated tetrabenzoporphyrin (MP§)#
1,2,3-tris(dicyanomethylene)cyclopropane (HC¢¥#$7,7,8,8-
tetra-cyanoquinodimethane (TCN&)85 N,N'-dicyano-1,4-ben-
zoquinodiimine (DCNQIf® 1,1,2,5,6,6-hexacyano-3,4-diaza-
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small and large; the overall frontier orbital interaction is tiny.

In this paper by contrast we consider a very different set of
m-systems. We considercations and anions with-€C intermolecular
interactions less than 3.2 A. Such cations and anions have partially
filled HOMOs and LUMOs, and as the interatomic distances are short,
overlaps are large. The two contrasting cases are shown in Figure 1. It
is not suprising that frontier orbital interactions are small for the former
systems but large for the latter ones.

At the same time, it is evident that the maximizationmwbverlap
is not by itself sufficient to account for the observed geometries of
interacting w-systems. Were maximization of-overlap alone the
governing principle behind intermolecular interactions, the preferred
orientation of neighboringr-systems would be a fully eclipsed one,
with one z-system directly on top of a similarly oriented second
molecule. Such an eclipsed stacking would necessarily maximize

(47) van der Wal, R. J.; van Bodegom, Bcta Crystallogr.1978 B34, 1700~
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Figure 1. Frontier orbital interactions in neutral naphthalene and cationic -4 32 38 W 50
naphthalene species. In neutral molecules, intermolecular distances are long : intermolecular C-C distance, d (A)

and the frontier orbital overlaps are small. In the cationic molecules, o ) ] ] )
intermolecular distances are short and frontier orbital overlaps are large. Figure 2. A qualitative diagram of the €-C interatomic potential plotting
interaction energy vs intermolecular-€C distance. The interaction energy

HOMO—HOMO contact of a partially filled HOMO. But, except in glrjlug;um lies nead = sum of the atomic two carbon van der Waals radii

some of the simpler-system$8-75 such fully eclipsed geometries are
not seen. E; =U(r) — V(r) 1)

This can be understood if we consider the-C interatomic potential.
As is well-known, such interatomic potentials have a short-range highly where U(r) is a hard-core interatomic repulsion enerd{r) is an
repulsive component coupled with longer range attractive tétiis. attractive bonding energy, amds a parameter dependent on the size
The repulsive component dominates the interaction energy at distancesof the system. In our case, the repulsive energy is roughly proportional
shorter than the sum of the van der Waals radii of the pair of interatomic to the number of intermolecular contacts and the attractive energy is
atoms. In the case of carbon, with a van der Waals radius of 1.70 A, dominated by frontier orbital interactions. The total enefgys given
this sum is 3.40 A. The interaction energy minimum occurs to the right as
of this sum, near 3.80 A for carbon.

In this paper we are interested insystems where the shortest C Er=vy J: i (E — E,,0%(E, r) dE+ ﬁ = Ep(E,r)dE  (2)
--C distances are less than 3.2 A, a number significantly less than 3.40 ® ®
_A' As the molecules are planar, and as the lowest energy geometries, yare the above integrals represent the repulsive and the attractive
involve molecules where these planes are face-to-face, all Closeenergies, respectively. HeygE, r) is the electronic density of the
neighboring atoms are perforce at the same sher(QCdistance. In\ gjence bandsE: is the Fermi energyEa.e is the average energy of
Figure 2, we draw a generic diagram of the-C interatomic potential ¢ glectronic density of states, ani a proportionality constant. The
(from empirical G--C interaction energy parameté&)s As this figure density p(E, r) is found from the diagonalization of the Hamiltonian
shows, such close-€C distances are in a highly repulsive regime of aix As has been discussed elsewhere, the above repulsive and
the interatomic potential. Figures 1 and 2 present the two portions of aractive energies are controlled by, respectively, the number of
the maximin principle. We wish to optimize the HOMQUMO intermolecular contacts and the frontier orbital interactions.
interaction between neighboring molecules (Figure 1) while minimizing  Rather than explicitly calculating, we use the second moment
the number of interatomic contacts (Figure 2). In the next section, we scaling approximatiod’:”® Following the literature, the difference in
give the specific equations which incorporate the two effects. energy between two structures A and B is approximately

2.2. ux-Huckel Calculations. In the u>-Hiickel method used in this

7,7 i 00

paper?”"the total energyEr is expressed by Ex(A) — E{(B) = ﬁoo Epa(E, rexm) dE — fi: Eps(E, Fecared d(Fé)

(68) Lemenovskii, D. A.; Stukan, R. A.; Tarasevich, B. N.; Slovokhotov, T. L.;

9288?@&" ¥<s Kalinin, A. E.; Struchkov, Y. TiKoord. Khim.198%, 7, where the size of the B system has been scaled so that
(69) Miller, J. S.; O'Hare, D. M.; Chakraborty, A.; Epstein, AJJAm. Chem.

So0c.1989 111, 7853-7860. 00 2 0 2
(70) Bock, H.; Ruppert, K.; Fenske, D.; GoesmannZdAnorg. Allg. Chem. f (E = Eavd PalE, Teyp) dE= f (E — Eovd Pe(E: M'scaied dE

1991, 595,275-284. - - (4)
(71) Olmstead, M. M.; Speier, G.; SZaba J. Chem. Soc., Chem. Commun.

1994 541-543.
(72) Johnson, M. T.; Campana, C. F.; Foxman, B. M.; Desmarais, W.; Vela, As eqs 2 and 3 imply, under such scaling conditions, the repulsive

73) 'géf éel\gitlcl)eth.ES_.(éIg;r?rglrEuE J[')Z.O,a%l eGr' l\lsgy_/;gzlr%mmnﬂool 47 energy cancels and the difference in energy between the two structures
1- ' ’ ’ ’ ' ' is the difference in the attractive energies.

(74) 1L§1§EM12 Sfisokha, S. V.; Kochi, J. KI. Am. Chem. So@003 125 Diagonal elements;, are set equal to prescribed Coulombic integral

(75) Jung, Y. Head-Gordon, MPhys. Chem. Chem. Phy2004 6, 2008 values, while off-diagonal elements are based on the Wolfsberg
2011. _ ) Helmholz approximationt = Y,KS;(H;ii + H;).8° The parameter K

(76) Heine, V.; Robertson, I. J.; Payne, M.Bbnding and Structure of Solids; is set to 1.75, and orbitals are assumed to be sin§leter type orbitals.

Haydock, R.; Inglesfield, J. E.; Pendry, J. B., Eds.; Royal Society: London, Ny
1991. We use the standard extendedddel parameters for both carbon and

(77) Stone, A. JThe Theory of Intermolecular ForceSjarendon Press: Oxford, — hydrogen. The carbon parameters are loosely based on atomic Hartree
(78) Mirsky, K. The determination of the intermolecular interaction energy by FOCK calculations. The parameters for the carbon atomsig@s) =

empirical methods. '€Computing in Crystallography: Proceedings ofan’  —21.40 eV,H;(2p) = —11.40 eV;{(2s) = (2p) = 1.625, while for

International Summer School on Crystallographic Computing Held in — — 81
Twente, The Netherlands 24 July-1 August, 193&henk, H., Olthof- the hydrogen atoms they af(1s) 13.60 eV and(1s)= 1.30:

Hazekamp, R., Koningsveld, H. V., Eds.; Delft University Press: Delft,
1978. (80) Wolfsberg, M.; Helmholz, LJ. Chem. Phys1952 20, 837—843.

(79) Lee, SAnnu. Re. Phys. Chem1996 47, 397—419. (81) Hoffmann, RJ. Chem. Physl963 39, 1397-1412.
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2.3. Ab Initio Calculations. Electronic structure calculations were
performed for the neutral structures of naphthalene, fluoranthene,
pyrene, HPc, MgPc, MgPp, HCCP, TCNQ, DCNQI, BTCQ, DCNQI,
and TCNE using th&Saussian 98software8? These structures were

optimized at the Restricted HartreEock level with the 6-31G(d) basis X

set. Pictures of the frontier orbitals for the resulting geometries were b
generated using the Molden program.

Calculations on the naphthalendimer were also carried out. Two

naphthalene molecules (in the RHF-optimized structure described in

the previous paragraph) were placed in 308 symmetrically distinct Cx X @

conformations (based on a 14 28 grid) in z—x contact with an

interplanar spacing of 3.2 A. Single-point calculations were carried out 0 &

on each conformation, with at2charge for the dimer and a singlet  Figure 3. Crystal structure of (naphthalenBfs. C, red and blue; P, purple;
spin state, at the RHF/6-311G(d,p) and MP2/6-311G(d,p) |&¥dlse F, green. Note the 90rotation between the stacked naphthalene moieties

magnitude of the basis set superposition error (BSSE) was checkedin red and blue.
using the counterpoise method at the minimum energy georffefior.
the RHF surface, the BSSE energy was 0.08 eV, small compared to
the energetic variations between dimer conformations (61320 eV).
The BSSE energy was larger for the MP2 calculations (0.24 eV), so a
correction was added to the calculated MP2 energies interpolated from
a 4 x 8 grid of BSSE calculations.

2.4. Electrocrystallization of Phthalocyanine SaltsMagnesium-
(I) phthalocyanine (MgPc) was purchased from Strem Chemicals and
was purified by sublimation at 40TC twice prior to use. Crystals of 3. Results
1 (MgPc)(NG;)-0.5THF and2 (MgPc)(ReQ)-1.5THF were grown by
applying anodic constant current, respectivelyl, at4 and 2uA using

Supporting Information for CSD search results. Due to the large number
of hits on TCNQ, only part of the TCNQ references are given here.)
We added to the database two magnesium(ll) phthalocyanine radical
cation salts which we have electrochemically synthesized and structur-
ally characterized (see both above and Supporting Information). For
TCNQ—metal complexes, systems where the short contact was due to
a hydrogen bond were manually removed.

3.1. Oxidized Hydrocarbonz-Systems. 3.1.1. Naphthalene

platinum wire electrodes! (= 2 cm, d = 0.8 mm) and a two- Cations. Only a single crystalline compound of naphthalene
compartment electrocrystallization cell. The electrolyte support was a cation radicals with short &C distances (€-C = 3.20 A) i§
solution of either 63 mg off:BusN)NO; (for 1) or 68 mg of -BuN)- known: (naphthalengFs.3285Its structure has been determined

ReQ (for 2) dissolved in 10 mL of freshly distilled tetrahydrofuran  at both low temperature (123 K) and at room temperature. Both

(THF). MgPc (8 and 6.5 mg fot and2, respectively) was dissolved  crystal structure determinations are similar and are based on

in the anodic compartment. Black air-sensitive crystals suitable for stacks of naphthalene radicals. Within each stack, neighboring

X-ray diffraction were harvested after 5 days-&% °C for 1 and 12 naphthalene molecular rings are rotated b§ &th respect to

days at 20°C for 2. each other, giving the naphthalene stacks an alternating appear-
2.5. CSD Search ParametersOur Cambridge Structural Database  gnce. The closest-€C contacts are at 3.28.21 A between

(CSD) search om-hydrocarbon radicals assumed intermolecular C . b0 oo me at the 1, 4, 5, and 8 positions (see Figure 6 for

-C distances between 2.50 and 3.25 A (CSD version 5.25, which . - . . .
: ; — ring numbering schemes) of neighboring naphthalene molecules;
contains structures through Nov. 2003). Only organic structures with see Figure 3

3D coordinates were considered. As we were interestedigdro- . . .
carbon structures, N, Si, O, and S elements were excluded. All systems Y€ compare this structure with model calculations on two

containing spcarbon atoms were excluded. Fullerene molecules were Naphthalene cations. In Figure 4, we plot theHUckel energy
excluded. We manually verified that the resultant structures involved for a pair of naphthalene cations. As in this article we are
ionic radical species. The search uncovered only two structures: interested in face-to-face orientations of thesystems, we
(naphthalenePFs (CSD codes: naphtpOl naphtp10®># and consider only geometries in which these planes are parallel with
(fluorantheneAsFs (bosjug.** We added to this search the structure  each other at the fixed distance of 3.2 A. Under such a
of (pyrene)o(la)«(l2)10, @ crystalline compound which we have recently  restriction, the geometry of two naphthalene molecules reduces
prepared and which meets the above critéfia. o to just three variables: the displacement of the center-of-mass

The same procedure was adopted in our N-containirmgdical of the two molecules and the different orientation of the two
search except, of course, we allowed the presence of nitrogen atoms, . slecules. As Figure 5 shows, these three parameters can be
The resulting data can be split in two groups: phthalocyanine (Pc) or expressed as the three variablesy, and6.

related macrocycles, A2¢3 MPc 3638 and MPF** (we kept those The electroni f . ted ¢ h
Pc molecules coordinated to metal atoms, M), and nitrile derivatives, € €lectronic surface IS presented as a contour map where

HCCP4243 TCNQ#4-65 DCNQIS® BTCQS” and TCNES® 7™ (See red and blue correspond, respectively, to low and high energy.
In Figure 4, the contour map as a function fandy are
(82) Frisch, M. J. et alGaussian 98revision A.9; Gaussian Inc.: Pittsburgh, presented for four different values 6f 0°, 30°, 60°, and 90.

PA, 1998. o ) As this figure shows, the principal minima are found xty()
(83) The problem of the most quantitatively accurate method of calculation of __ L K
intramolecular energy goes beyond the realm of this paper. It has recently = (0, 0). The global minimum is at these values withk= 90°.

been shown that to calculate ab initio intermolecular energies, the highest This global minimum is 0.22 eV lower in energy than the fully
level of theory can be required. Our purpose here is to show that a simple

Hiickel method bears features in common with experimental structural data €Clipsed configuration{ = 0°). This theoretical minimum is
and also with good but not the highest level of ab initio calculations. See i
(a) Sinnokrot, M. O.; Valeev, E. F.; Sherrill, C. D. Am. Chem. So2002 the one observed experlmentally.

124, 10887-10893. (b) Sinnokrot, M. O.; Sherrill, C. DI. Am. Chem. The global minimum structure can be understood through
So0c.2004 126, 7690-7697. (c) Sinnokrot, M. O.; Sherrill, C. OJ. Phys. _ i imi g
Chem. A2004 108, 10200-10207. (d) Hgelmann, A. Jansen. G.: St kngwledge of the HOI\'/IOr.orbltaI and the maximin principle.
M. J. Chem. Phys2005 122, 014103. This HOMO is shown in Figure 6 at both the kel and RHF/
(84) Boys, S. F.; Bernardi, Mol. Phys.197Q 19, 553-566. 6-31G(d) levels. As these calculations show, the HOMO has a

(85) Le Maguets, P.; Lindeman, S. V.; Kochi, J. KOrg. Lett.200Q 2, 3567 .
3570. strong presence at the 1, 4, 5, and 8 sites, a smaller presence at
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HOMO HOMO Ring

Molecule (Hiickel) (RHF 6-31G(d)) Numbering

Naphthalene

Fluoranthene

\ X(A) 20 1)((13&) 2
0.59 eV 0.00 eV

Pyrene

Figure 4. Contour maps ofio-Huckel calculations showing the variation
of energy of (naphthaleng) dimer with respect to its geometry (higher
energy areas in blue and lower in red). See Figure 5 for definitionsyof
and 6. The global energy minimum geometry is shown in red box.

Figure 6. HOMO orbital configurations of naphthalene, fluoranthene, and
pyrene moieties at both the kel and RHF/6-31G(d) levels. Canonical
ring numbering of these molecules are also shown on the right column.

Figure 5. The three parameters used in the energy contour map:and
6. x andy: the relative position of the center-of-mass of the naphthalene
moieties.f: naphthalene rotation angle.

the 2, 3, 6, and 7 sites, and (by symmetry) no presence at the
8a or 4a positions. The maximin principle suggests that we
would like to have contacts between the adjacent 1, 4, 5, and 8
positions while at the same time minimizing contacts between
all remaining positions. The most favorable way of meeting
these conditions is by stacking naphthalene rings directly on
top of one another with a 90otation to one of the molecules.
We may compare the,-Hickel energies to those from higher
level ab initio calculations. In Figure 7 we plot higher level
electronic surfaces (calculated with the RHF and MP2 methods)
using the same, y, and@ variables considered previously. A
comparison of Figures 4 and 7 show great similarity between

the two surfaces. In both cases there is a minimumxoy)(= ) - ) _

0, 0) and a ring of high energy structures in an approximate Figure 7. Contour maps of ab initio energies (top, RHF,_ bottom, MP2)
(. ’ g g gy ) p.p. calculated for the (naphthalen®) dimer (interplanar spacing of 3.2 A,
circle for (x, y) values roughly 1.5 A away from this minimum.  pasis set 6-311G(d,p)). See Figure 5 for definitions, gf andé and Figure
(Ab initio calculations were also conducted for (naphthalgrie) 4 for color conventions.
dimer atx =y = 0, 6§ = 0° conformation and compared to the system involves a dimer cation with a total single positive
x=y =0, 0 = 90° conformation. The Dgeometry was found  charge. Both tha,-Hickel and ab initio results were for a dimer
to be 0.40 and 0.20 eV higher in energy than thé @ometry cation with an overall plus two charge. We can compare these

at the HF and the MP2 levels, respectively.) TieHuckel experimental vs theoretical cases as they are related. As Figure
energy (0.22 eV) is in good agreement with the MP2 level 1 suggests, in the case of (naphthalgh®)the intermolecular
calculations. bonding HOMO orbital is completely occupied and the inter-

In comparing theoretical to experimental results, we have so molecular antibonding LUMO is empty. By contrast, in the
far compared somewhat different cases. The experimentalsingle positive charge dimer, there is one additional electron in
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Figure 9. Crystal structure of (fluoranthen®rs. C, red and blue; P, purple;
F, green. The two stacked fluoranthene moieties are rotatédviB0respect
to one another.

&RB..

Figure 8. Contour maps ofio-Hickel calculations showing the variation
of energy of (naphthaleng) dimer with respect to its geometry (higher =L
energy areas in blue and lower in red). See Figure 5 for definitionsyof
and 6. The global energy minimum geometry is shown in red box.

the antibonding orbital. This antibonding term will reduce
roughly half the attractive potential found in the2 system.

The monocharged dimer electronic surface is shown in Figure
8. As a comparison of Figures 4 and 8 shows, it resembles the
dication surface, but where the attractive potential is decreased
roughly by a factor of 2. This antibonding term is more
pronounced in the case where there are more intermolecular
contacts i.e.f) = 0°, resulting in a higher energy surface.

As the interest of our paper is in the minima due to frontier
orbital interactions, it is worthwhile to pay closer attention to
the sharper dication energy surfaces rather than the flattened
monocation surfaces. For the remainder of this paper, we will
consider only the dication surface. By considering such pictures
we pay closer attention to the frontier orbital terms rather than Figure 10. Contour maps ofio-Hiickel calculations showing the variation
the interatomic repulsion. By doing so we take into account of energy of the (fluorantheng) dimer with respect to its geometry. The
the fact that, in a:,-Hiickel calculation, one does not include ~ 9'obal energy minimum geometry is pictured in red box.
the attractive portion of the van der Waals forces. Lessening ) i
the contribution of the van der Waals repulsion helps compen- guoranthene molecule at distances ranging from 3.14 to 3.26
sate for this absence.

3.1.2. Fluoranthene CationWe apply the same methodology
to the fluoranthene cation. Here again only one single-crystal
structure is known with short ©C distances, (fluor-
anthene)PFs.3% Another structure revealed by CSD, (fluor-
anthene)Asks, was determined at low temperature (120 K)
where a slight distortion in the structure due to low-temperature
phase transition was observ&#® The structure of (fluor-
anthenePF; is illustrated in Figure 9. As this figure shows,
the fluoranthene molecules appear as stacks, with neighboring . -
molecules in the stacks beingp:glated to each other by inversionprec'smy the geometry observed in the (fluoranthétfg)crystal

. . . structure.
centers. There are six closest contacts between neighboring " L
molecules. Neighboring 6a and 10b sites are at 3.24 A of each 1€ global minimum can be understood through application

other. (See Figure 6 for atomic numbering scheme.) Also the 3 f the maximin principle. In Figure 6, we show the HOMO of
and 4 sites lie directly next to the 7 and 10 sites of the adjoining € fluroanthene molecule at both thédHel and RHF/6-31G(d)
levels. As this figure shows, the dominant atomic contributions

(86) Enkelmann, V.; Gekelmann, K Ber. Bunsen-Ges. Phys. Chel887, 91, are atthe 3, 4, 6a, 7, 10, and 10b positions. Smaller contributions
950-957. ' o are found at the 1, 2, 5, 6, 8, and 9 positions. At the 3a, 3b, 6b,

In Figure 10, we plot th@,-Huickel energy surface for a dimer
of fluoranthene cations with respect to the center-of-mass
variablesx andy and the orientational variablé (a picture
showing these parameters for fluoranthene is given in the
Supporting Information). Figure 10 presents contour plots for
four different 6 values: 0, 9¢°, 12C°, and 180. There are
numerous minima on these energy surfaces. The geometries of
the four lowest are illustrated in this figure. The global minimum
is at , y) = (0.8, 0) andd = 18C°. This global minimum is
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Figure 11. Triple-decker stack illustration in (pyreng(ls)a(l2)10 crystal
structure.

and 10a positions, there is essentially no atomic orbital presence.
Applying the maximin principle we therefore wish to maximize
contacts between the first 6 sites while simultaneously minimiz-
ing contacts with the remaining 10 sites. It is geometrically
straightforward to see that the observed inverted geometry
maximizes the former contacts while minimizing the latter
contacts. Figure 12. Contour maps ofio-Hiickel calculations showing the variation
3.1.3. Pyrene CationAlthough there are no pyrene cations of energy of the (pyrengj* dimer with respect to its geometry. The global
with short G--C contacts listed in the CSD, we have recently €nergy minimum geometry is boxed.
prepared such a speci¥sits chemical formula is (pyrengy impossible to find a stacking arrangement which has contact
(I3)4(l2)10. The structure is a complex one with eight crystallo-  petween the 1, 3, 6, and 8 positions with the centers of mass of
graphically inequivalent pyrene molecules in the crystal struc- ¢ adjacent pyrene molecules near to each other.
ture. However, if we restrict our attention to those pyrene  The observed crystal packing has found a remarkable alternate
molecules with &-C contacts of less than 3.25 A, the crystal solution by using a triple-decker arrangement. Two of the 1, 3,
structure can be substantially simplified. All short pyrene g ang 8 sites of the outer pyrene molecule are in close contact
contacts occur in triple-decker stacks of three face-to-face pyreneyith 1. 5 6. and 10 sites of its pyrene neighbor. Of the four
molecules. One of these triple stacks is illustrated in Figure 11 ontacts involving the central pyrene molecule, two involve the
(there are two such stacks in the unit cell: they are crystallo- 1, 3, 6, and 8 sites and two involve the 4, 5, 9, and 10 positions.
graphically inequivalent). As the former positions have larger HOMO coefficients than
As Figure 11 shows, the outer two pyrene molecules are boththe |atter positions, contacts involving the former atoms are
oriented the same way, while the inner pyrene molecule is shorter than those involving the latter (3-1%.18 A vs 3.18-
rotated 60 with respect to them. Each pyrene molecule has 323 A)
seven carbon atoms in close contact with each of its pyrene  The preferred orientation can also be seen in direct calcula-
neighbors. However not all of these seven contacts are at thetions on pyrene cation dimer systems. In Figure 12, we show
same short distance. In the example of Figure 11, contact lengthscontour maps of two face-to-face pyrene molecules. The three
range from 3.16 to 3.37 A The former Iength is COﬂSiderab'y parameters used in these contour p|ot9@wand9_ As in the
shorter than the sum of the van der Waals radii, while the latter case of naphtha|ene, the and y parameters refer to the
is not. This variation in contact distance is due to a slight tilt in - translational shift of the center-of-mass of the adjacent molecules
the central pyrene molecule. (we assume the pyrene molecular plane is strictly normal to
If we restrict our attention to C-C contacts less than 3.23  the z-axis), while thef angle refers to the orientation of one
A, there are only two contacts between neighboring pyrene molecule with respect to the other. (a figure illustrating these
molecules. The 1 and 3 sites of the topmost pyrene molecule parameters is given in the Supporting Information)
are in contact, respectively, with the 10 and 1 site of the middle  The surfaces shown in Figure 12 have a number of minima.
pyrene molecule, while the 6 and 8 sites of the bottom-most The global minimum is found a¢ y, and® equal to respectively
pyrene molecule are, respectively, near the 5 and 6 sites of theg°, 0°, and 60. This relative orientation bears features in
middle pyrene molecule. Thus the two ends of the middle pyrene common with the observed experimental structure. An examina-
molecule are in contact with different outer pyrene molecules, tion of Figure 11 shows that any pair of neighboring pyrene
giving the triple-decker, something of the form of the letter Z. molecules in the triple-decker sandwich involve two pyrene
These short contacts range from 3.16 to 3.23 A. molecules where the relative orientation of the neighbors has a
We can qualtitatively understand this triple decker configu- 6 value of 60. The 60 dimer packing therefore optimizes the
ration through the maximin principle. In Figure 6, we show the dimer cation surface. (But as we noted above in the experimental
HOMO of pyrene at both the Hikel and RHF/6-31G(d) levels.  structure, this dimer configuration is then placed in a larger
As this figure shows, the largest contributions to the HOMO trimer piece to further maximize HOMO overlap while mini-
come from the 1, 3, 6 and 8 positions on the pyrene molecule. mizing C--C contacts.)
Slightly smaller contributions are found at the 4, 5, 9, and 10  3.2. Oxidized N-Containingz-Radicals: Pc and Pp.n this
positions. Unlike the naphthalene and fluoranthene cases, it issection, we apply the maximin principle to oxidized N-
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containingz-radicals with CG--C, C---N, and N--N contacts the observed 45rotation. The X-form is therefore the dimer
approximately 5% less than the sums of the van der Waals radiiconfiguration most compatible with the maximin principle.
(C-+-C, 3.20 A; G+*N, 3.09 A; and NN, 2.95 A). Our CSD 3.3. Reduced N-Containingr-Radicals: HCCP, TCNQ,
survey shows that such systems are limited to the well-known DCNQI, BTCQ, TCNE. In the CSD, reduced N-containing
macrocycles Pc and Pp. In all the CSD examples, the Pc or Ppz-radicals with short &-C, C++N, or N-++N contacts (contact
configurations involve a face-to-face arrangenmént! As distances< 0.95 the sum of the van der Waals radii, i.e.,
model quantum calculations would require assessing not justdistances shorter than respectively 3.20, 3.09, and 2.95 A) all
C-+-C but G--N intermolecular contacts, and as ionicity might prove to be nitriles. The five nitrile radicals uncovered
play a significant role, we do not feel that the-Hickel (HCCP#243TCNQA* 55 DCNQI S BTCQS” and TCNES-75)
Hamiltonian would be useful in an unadapted form. In this are shown in Figure 13. All these species are in an open-shell
section, we therefore focus on the qualitative ability of the form, with an anionic charge between 0.5 and 1. With one
maximin principle to rationalize observed Pc and Pp crystal exceptiof’ these radical anion salts have been obtained by
structures. reduction of the neutral species. As these systems are anions,

Interest in oxidized phthalocyanine molecules stems from vs the cations of the previous portions of the paper, our attention
their conducting propertie¥:87-92 Here the Pc and Pp rings  in this section turns to the partially occupied LUMO. As in the
are oxidized radicals with Pc and Pp charges ranging ff@h33 previous section, we wish to demonstrate that the maximin
to +1. C--C contacts between rings can be quite short-ranged, principle based on the partially filled frontier orbital allows us
as short as 3.16 8 To understand these short contact distances, to understand the observed crystal packings.
we examine the frontier orbitals. The HOMOs (which in these  3.3.1. HCCP. HCCP is a three-fold symmetric planar
systems are partially filled) are pictured in Figure 13. The 2HPc, molecule with a triangle of garbon atoms in the center, three
MPc, and MPp HOMOs are qualitatively similar. The atoms exo-carbon positions, and six peripheral nitrile groups. lIts
with the highest contribution to the HOMO come from the LUMO is pictured in Figure 13. This LUMO preserves the three-
carbon atoms of the inner 16-atom ring. There are eight suchfold symmetry of the HCCP molecule, with the biggest
carbon atoms (the so-called 5, 7, 12, 14, 19, 21, 26, and 28contribution coming from the three exo-carbon atoms (the 4, 5,
positions), arranged in an octagonal pattern around the ring and 6 positions). The maximin principle tells us that these atoms
center. The phase of these eight sites alternates as one progressedll try to establish short contacts to each other, whereas the
around the ring. By contrast, the eight nitrogen sites of the others will not. It is not geometrically possible to have contacts
central 16-atom ring have either zero or rather small contribu- between all central carbon atoms and no contacts between the
tions. remaining atoms.

Applying the maximin principle, we therefore expect the eight ~ The observed structure is the optimal one \Agsa the
central carbon atoms to be in contact with one another while maximin principle??*3In the observed packing two of the 4,
the other atoms to stay away from each other. This is in 5, and 6 positions are superimposed on top of the neighboring
agreement with the known experimental determinatféns:%4.95 molecule, but all other positions are significantly removed from
Our CSD search, together with the additional crystal structures each other. Thus only atoms with the largest LUMO terms are
reported in this paper, reveals that there are fourteen crystalin close contact with each other.
structures with short €-C, C---N, or N---N contacts. All have 3.3.2. TCNQ and DCNQI.TCNQ is the most widely studied
essentially the same intermolecular orientation (two 2HPc of all nitrile z-radicals. Its LUMO is pictured in Figure 13. The
structures, 10 MPc structures, and two MPp structures). This 1, 4, 7, and 8 carbon atoms in this molecule are the sites with
orientation is called the X-form; see Figure 13. It consists of the largest contribution to the LUMO. Somewhat smaller
two macrocycles, one directly above the other but rotated aboutcoefficients are found on the 2, 3, 5, and 6 carbon positions.
45° with respect to its neighboring molecule. The two new There are even smaller contributions from the four nitrile groups.
structures reported in this paper, (MgPc)@THF and By the maximin principle, the optimal arrangement would
(MgPc)(ReQ)1.5THF, are further examples of this X-form: the involve contact between these four sites and no contact between
full description of their structures given in the Supporting nitrile groups. Some thought shows that the optimal arrangement
Information therefore gives complete details on this structure would be a face-to-face stacking of two similarly oriented TCNQ
type. molecules in which one TCNQ molecule is displaced along its

The X-form is an ideal outcome of the maximin principle. long axis. In such an arrangement there would be close contacts
The eight atoms which contribute most significantly to the between three of the four atoms with the largest LUMO
HOMO are in close contact, while the other atoms are not. presence, and no contact between any other atoms.
Furthermore, the phase alternation between the neighboring 5, The CSD reveals 71 structures with short contacts. All but
7,12,14, 19, 21, 26, and 28 positions allows good overlap after one have TCNQ molecules in a face-to-face arrangement. In
all cases the two neighboring TCNQ molecules have the same

(87) Petersen, J. L.; Schramm, C. S.; Stojakovic, D. R.; Hoffman, B. M.; Marks, orientation. (The lone exception to face-to-face packing has two
T.J.J. Am. Chem. S0d.977, 99, 286-288. P At ; ; :

(88) Thompson, J. A.; Murata, K.; Miller, D. C.; Stanton, J. L.; Broderick, W. nitrile moieties  of nelghbqung TCNQ mOIeCU|eS_ in close
E.; Hoffman, B. M.; Ibers, J. Alnorg. Chem.1993 32, 3546-3553. contact’?® a geometry previously analyzed as being due to

(89) Morimoto, K.; Inabe, TJ. Mater. Chem1995 5, 1749-1752.

(90) Matsuda, M.; Naito, T.; Inabe, T.; Hanasaki, N.; TajimaJHViater. Chem.

2001, 11, 2493-2497. (94) Martinsen, J.; Pace, L. J.; Phillips, T. E.; Hoffman, B. M.; Ibers, JJA.

(91) Inabe, TJ. Porphyrins Phthalocyanine®001, 5, 3—12. Am. Chem. Socl982 104, 83—91.

(92) Asari, T.; Naito, T.; Inabe, T.; Matsuda, M.; Tajima, €hem. Lett2004 (95) Yakushi, K.; Sakuda, M.; Hamada, |.; Kuroda, H.; Kawamoto, A.; Tanaka,
33(2), 128-129. J.; Sugano, T.; Kinoshita, MSynth. Met1987, 19, 769-774.

(93) Palmer, S. M.; Stanton, J. L.; Jaggi, N. K.; Hoffman, B. M.; Ibers, J. A.; (96) Matsumoto, N.; Nonaka, Y.; Kida, S.; Kawano, S.; Uedéndrg. Chim.
Schwartz, L. H.Inorg. Chem.1985 24, 2040-2046. Acta1979 37,27—36.
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Compound Neutral Frontier Orbital Involved  Experimental Packing CsSD
(n=1,2) Structure?® (RHF/6-31G(d)) (CSD search) Frequency

(2HPc)o N+ 2/2
(MPc)n+ 10110
(MPp)p+ 212
(HCCP),N- 2/2
(TCNQ),- 57/71
10/71
Ny
(DCNQl)2~ \Nz@zw\\ 11
M
Vo
(BTCQ)p2- ,)T“Lf’ 11
o
N\\ /}\I
(TCNE),"- >=< 1313
7N\

aExcept BTCQ

Figure 13. Frontier orbital configurations of nitrile anions and phthalocyanine cations and their corresponding crystal packing geometries and frequencies
observed from CSD searches. Stars indicate atoms with the largest frontier orbital contributions.

nitrile—nitrile dipole moment interaction§y. The two most found in 57 of the 71 observed exampf@46.48.49.51,52,55,58,62,64,65
common of the arrangements of the remaining 70 structures This arrangement is the one predicted by the maximin principle.
are shown in Figure 13. The most common form (which we  The second most common arrangement (which we term
term staggered-long axis) has two molecules staggered such thagtaggered-short axis) is also shown in Figure 13. In this
the 1, 4, and 7 positions lie directly above, respectively, the 8, arrangement the top TCNQ molecule is shifted along the short
1 and 4 positions of the molecule beneath. This arrangement isprincipal axis of the molecule. In this arrangement the 1, 2, 3,
(97) Lee, S.: Mallik, A. B.: Fredrickson, D. CCryst. Growth Des2004 4, and 4 p_ositions of the top molecu!eT are in closest contact with,
279-290. respectively, the 6, 1, 4, and 5 positions of the molecule beneath.
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Figure 15. Experimentally observed TCNE dianion structure, also known
as the TCNE o dimer.

Figure 14. Pre_fer_red conformation of TCNE anionic_ dir_ner expected by eclipsed TCNE dimer&-75 (It can be noted that in two of these
Eher:“)ax'm'” principle (left) vs the observed TCNE aniodimer structure  irteen eclipsed structures there are also subsidiary short
right).

contacts between non-face-to-face TCNE molectfeé-or a

There are therefore four close contacts in this arrangement, butcomplete list of structures, see CSD search results in the
these close contacts involve atoms with somewhat smaller orbitalSupporting Information.)
coefficients. Qualitatively, this appears to us a slightly less ideal ~ Sufficient work has been carried out on the (TCHE)]ystem
intermolecular packing with respect to the maximin principle. that we are able to rationalize this breakdown of the maximin
This is substantiated by the smaller number of structures (ten)Principle. The maximin principle is a procedure by which to
which adopt the staggered-short axis arrangefiénto535459653 find the global minimum for two face-to-face-radicals at a
This second arrangement, as it involves contacts between atomdxed plane-to-plane distance. But in the case of (TCREhese
all with large (although not the largest) HOMO presences, intermolecular dimers are not themselves stable with respect to
nonetheless seems a reasonable alternative. the formation of a single dianion molecule. Thus while the

In the remaining three structures, each one adopts their owngeometry expected by the maximin principle is not observed,
different arrangement. In one case the TCNQ molecules are fully the dianion illustrated in Figure 15 is knowhin other words
eclipsed, with one molecule directly on top of the otffein in the case of the maximin geometry, frontier orbital interactions
the other two cases, the neighboring molecules are fully are so strong that interatomic repulsions are unable to prevent
Staggered a|0ng the |0ng axis: one of the nitrile groups of one true bond formation. Indeed perhaps the reason that the eclipsed
molecule is in contact with the other molecalé® These TCNE form is observed is that, in this latter geometry, due to
remaining three configurations therefore do not follow the the nitrile contacts, there are greater interatomic repulsion
maximin principle. Thus the maximin principle helps us e€nergies, thus stabilizing the intermolecular system.
understand only the most common intermolecular arrangement, 3.3.5. Summary Examination of the HCCP, TCNQ, DCNQI,
the arrangement which presumably corresponds to the globaland BTCQ compounds shows that the atoms which contribute
minimum of the dimer system. most to the partially filled frontier orbital have short contacts

Finally, we consider DCNQI, a molecule highly related to between each other, whereas chemical groups with small frontier
TCNQ. In this molecule there are only two nitrile groups. Its orbital contributions do not. Nitrile moieties are not sterically
LUMO is nonetheless similar to that of TCNQ; see Figure 13. bulky, but as they have small frontier orbital presences, they
Following the maximin principle, the expected packing is the tend to repel each other. Short contacts between nitrile groups
staggered-long axis arrangement discussed previously forare indeed almost never observed. Interestingly, the maximin
TCNQ. The single observed structure reported in the CSD principle appears to apply equally well to mixed valence systems
confirms this expectatioff. as non mixed valence systems.

3.3.3. BTCQ.The structure of BTCQ is illustrated in Figure 3.4. Predicted Oligoacene Cation Structuresin the preced-
13. Its partially occupied frontier orbital is also shown in this ing sections we have shown that the maximin principle can be
figure. The atoms most involved in the frontier orbital are the Used to rationalize known aromatic hydrocarbon and N-
peripheral 1 and 6 carbon atoms and the central 3 and 4 nitrogercontainingz-system ion dimer structures. Its success in rational-
positions. All other atomic contributions are small. The single izing ion dimer structures suggests that this same principle can
known crystal structure accords well with the maximin prin- be used for prediction as well as rationalization. Such predictions
ciple 87 In this structure each BTCQ molecule is in close contact could be useful as it is sometimes extremely difficult to
with two molecules. In the primary neighbor there are four close Synthesize chemically stabfe- ion structures.
contacts between BTCQ molecules with a shortest contact [N this section we consider some larger arene cation radicals,
distance of 2.82 A (an N-N contact), while in the secondary ~ the oligoacenes. Oligoacenes are oligocyclic hydrocarbons
neighbor there is only one close contact at 3.00 A (&NC consisting of fused benzene rings. Due to their semiconducting
contact). The geometry between each BTCQ molecule and itsProperties, these compounds are extensively studfet®
primary neighbor is shown in Figure 13. Its four close contacts (Pentacene with five fused aromatic rings is currently the organic
all involve the four atoms with large LUMO coefficients. Thus semiconductor with highest field-effect mobility at room
all large orbital coefficient atoms are involved in a close contact temperaturé?-113)
and all remaining atoms do not form a close contact, in )

(98) Miller, J. S.; Glatzhofer, D. T.; Vazquez, C.; Mclean, R. S.; Calabrese, J.

agreement with the maximin principle. C.; Marshall, W. J.; Raebiger, J. ihorg. Chem2001, 40, 2058-2064.

i i i (99) Zhang, J.; Liable-Sands, L. M.; Rheingold, A. L.; Sesto, R. E. D.; Gordon,
. 3.3.4. TCNE'Te”aC.yanoe,thene (TC.;NE). anion radical is the D. C.; Burkhart, B. M.; Miller, J. SChem. Commurl998 1385-1386.
simplest of all the radicals discussed in this paper. The LUMO (100) Kivelson, S.; Chapman, O. Phys. Re. B 1983 28, 7236-7243.

i i (101) Wiberg, K. B.J. Org. Chem1997, 62, 5720-5727.
is predominantly located on the ethylene carbon atoms. By the(102) Herwig. P. T Milen, K. Adb. Mater, 1099 11. 480-483.

maximin principle one would expect the preferred conformation (103) Bock, H.; Gharagozloo-Hubmann, K.; Sievert, M.; Prisner, T.; Havlas,

- in Fi Z. Nature200Q 404, 267—269.
to haye the staggered-form shown in Figure 14 (left). Instead, (104) Houk, K. N.: Lee, P. S.. Nendel, M. Org. Chem2001, 66, 5517
as Figure 13 shows, all 13 observed structures have fully 5521.
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As hole conductors, the implicit cation states are transient in

nature. In this paper the focus is on the crystal structure adopted

by nontransient holes. Even here our knowledge of cation
packing is limited. No crystal structure of any oligoacene cation

with more than three fused benzene rings has ever been reported.
To confer stability on these larger systems, apparently substantial

substituents are need&d.11° We therefore can apply the
maximin principle to predict the stacking geometry of crystalline
oligoacene cations (holes).

In Figure 16, we show the HOMOs of the series of oligoacene
systems presented at the ¢kel level. As can be seen in this
figure, the HOMOs are all structurally similar. The atomic
coefficients of all bridged sites are uniformly small. The
principal HOMO contributions come from nonfused carbon sites
o to bridging positions. These principal contributions are largest
toward the center of the molecule, with coefficients of neighbor-
ing nonbridging siteso( to the fused positions) of opposite phase
to one another.

The structural consequences of this HOMO have been
previously discussed for the simplest of all oligoacenes,
naphthalene itself. The lowest energy dimer structure, which
both maximizes the HOMGHOMO contact and minimizes the
number of interatomic contacts, is the one in which the two
molecules are oriented at 9t each other. Given the similarities

between the naphthalene and larger oligopacene HOMOs, it is

not surprising that the oligoacene cation dimer global minima
generally involve two molecules with such a°9@rientation
with respect to each other.

In Figure 17, we show an energy contour map for two
hexacene cations rotated *9@ith respect to each other. (We
have surveyed angles over the full range of possilflesalues,
and the Hgkel global minimum proved to be &= 90°. We
have also calculated the RHF energies at just two geometries
x=y=0,0=0°andx=y=0,0=90°. At the RHF 6-311G-
(d,p) level, the global minimum predicted ly-Huckel calcu-
latons is decidedly below the eclipsed geometry, by 1.35 eV.)
The Hickel contour map at this angle is plotted with respect to
two variables,x andy. These variables refer to the lateral

translation of the center-of-masses of the two hexacene mol-

@
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+

Figure 16. HOMOs of a series of oligoacene cation systems presented at
‘the Hickel level. Their lowest energy stacking geometries &t&@ also

shown in the right column.

that these planar molecules are normal to zwdrection). As
Figure 17 shows, there are a number of local minima in this
structure. Each of these local minima occur when carbon atoms
o to the bridging sites come into close contact with the adjacent

ecules (we have assumed that the hexacene molecules arenolecule.

perfectly face-to-face to each other at a distance of 3.2 A and
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For all local minima there are only four closest contacts.
Differences in energy between these minima are up to 0.42 eV,
with those local minima involving more central carbon atoms
the lowest in energy. This does not mean, however, that
intermolecular interactions involving the most central carbon
atoms should be the experimentally favorable geometry. With
a molecule of sufficient size, such as hexacene itself, if one
has intermolecular contacts involving the more peripheral carbon
atoms, it becomes possible to place two hexacene cations above
or beneath each other, thus doubling the number of good
HOMO—-LUMO contacts.

4. Conclusions

It is well-known that structures and reaction pathways are
governed by electronic (frontier orbital) and steric (hard-core
repulsion) factors. The maximin principle applied in this paper
is an embodiment of these two principles. The maximin principle
though does tell us something beyond the invocation of
electronic and steric factors. It points to a structural transition.
When molecules are further apart than the sum of the van der
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y maximin situation. Indeed, for the structures discussed in this
paper, which all involve dimers near the onset of the repulsive
van der Waals regime, there are still substantial attractive van
der Waals terms. These attractions presumably play a role in

X bringing the centers-of-mass of neighboring molecules close to

0.21eV 0.27 eV | 0.42 eV each other, an effect which has been seen throughout this paper.

Second, our numerical studies involving the-Huckel
Hamiltonian suggest a simple way in which steric repulsions
can be incorporated into the kel formalism. The accuracy
of this approximation has been tested by comparison with ab
initio theory. Traditionally, such repulsions arise from the
extended Hakel approximation where repulsive energies come
from the filled antibonding orbitals being more antibonding than
filled bonding orbitals being bonding. Here we use an alternate
tactic, where repulsion comes not from occupation of the
antibonding terms but from the trace of the square of the
Hamiltonian, a quantity independent of the number of filled
antibonding orbitals. This latter term is chosen as this trace is
proportional to coordination number. As repulsive interactions
are short-range, a linear relation between repulsive energy and
the number of contacts seems reasonable. It would be of interest,
to adapt this Hamiltonian to either the N-containimgadicals
discussed in this paper or more ambitiously to sulfur systems
(which may contain new terms due to the third row sulfur atoms)
or fluorinated hydrocarbons (which may contain substantial ionic
terms).
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and frontier orbital interactions have significant attractive
components; one cannot reduce each of these terms to mere
attractive or repulsive roles; and the maximin principle can break
down. The maximin principle is therefore clearest when
intermolecular contacts are 5% less than the sum of the
constituent atoms’ van der Waals radii.
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