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The experimental charge density of a highly substituted fullerene derivativé,#hemmetrical dodekakis-
(ethoxycarbonyl)-gy-fullerene cocrystallized with difluorobenzene,o@ls0024:2CsH4F,, was determined, on

the basis of a high-resolution synchrotron/CCD data set of more than 350 000 reflections. A full topological
analysis, using Bader’s AIM theory, was performed. Experimental bond critical point (BCP) properties, obtained
by three multipole models, were compared to each other and to those derived by theoretical methods from
HF/6-31G** and from B3LYP/6-31G** calculationg(rece) vs bond distance relationships were investigated

for the different experimental and theoretical models. Based on linear fits obtained for experimental model
densitiesp(rscp) values of further €C bonds can be predicted. Due to substitution, thisderivative has

six chemically different C-C bonds. A statistical analysis of the BCP properties for these bonds was carried
out to explore the reproducibility of different topological descriptors.

Introduction modeld? can lead to experimentalrgce) values (the density

Charge density studies on fullerenes are still challenging tasks,at the bond critical pointrece, where Vp(rgcp) = 0) in
although the application of high-intensity synchrotron radiation, €xceptionally good agreement with those predicted by ab initio
area detectors, and stable cooling devices have made it possibl@'€thods, especially for €C bonds!®* However, considerable
to collect large X-ray data sets of high resolution and accuracy differences have been obtained ffp(rce) (the Laplacian at
within a short period of timé-# These revolutionary technical ~ theé BCP), though to a lesser extent for nonpolar than for polar
advances allow us to study the crystal charge dengity, of b.onds%4 It bepame evident that the source of.the latter
small molecules almost routinely. Comparative studies on an disagreement is the bond curvature (the positive eigenvalue of
entire class of chemically related compounds became alsothe Hessian formed from the second derivatives(of atrecr),
feasiblé and considerable effort is being made to extend the Whose experimental values often lack correlation with their
method to larger systenis® Parallel to the experimental —theoretical counterpartS A recent model study emphasizes the
progress, new density-based quantum chemical methods havdmitation of_the multipole formalism in _reproducmg f_|ne _detalls
gained widespread applications, not only in predicting molecular Of the density along a bond pathThe inadequacy lies in the
properties (density functional theory, DFT)ut also in inter- atomic deformgtion radial fpnctions, which with fi>§ed exponents
preting these in terms of basic concepts of chemistry (theory of (€nergy-optimized for the isolated atom at the singlevel)-’
Atoms in Molecules, AIM)® The topological theory has do not provide the necessary flexibility. The refinement of the
provided a powerful tool for the analysis of X-ray charge Orbital exponents against X-ray date (efinement, where’
densities and led to qualitative and quantitative chemical Scales the exponent) is often troublesome and avoided. To
information, necessary for understanding the electronic structureovercome this difficulty, a'-restricted multipole model (KRMM)
of molecules and solid<. was proposed, in whick’ parameters calibrated to ab initio

The vast majority of experimentai StUdieS, aiming at the densities were used in the interpl’etation of X'ray damsmall
extraction of bond t0p0|ogica| properties from X_ray data, Iibrary of radial SCfeening factors for C, O, N, and H atoms, in
compare their results with those obtained by quantum chemicaltheir most common chemical environment, has recently been
calculationst! Such a comparison is not straightforward due to Published*?
the fundamentally different nature of the two methods. The  The correlation of BCP properties with the bond length (or
topology of theoretical densities is influenced by the level of with the bond path length, the path of maximum density
approximation and the basis set applied, while experimental interconnecting two interacting atoms) has been extensively
densities depend on the precision and resolution of the data,studied by both theoretiddland experimental methodsSimple
the adequacy of the model, and the refinement strategy followedrelationships could be established, especially ferGCbonds
during the data interpretation. Commonly used multipole formed between atoms in their typical hybridizations. An
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SCHEME 1: Formula Scheme of the Title Compound
C1oHe0024 (1), 1:2CsH4Br2 (1b), 1:2CsH4F (1),
1-2CgH4Cl, (1C)

interesting bonding situation occurs in fullerenes and their
derivatives that makes them particularly well suited for explora-
tion of the above-mentioned correlations for a wide range of
intermediate G-C bonds.

Experimental charge density studies on fullerenes are com-
plicated on one hand by the generally poor quality of fullerene
crystals and on the other hand by the high mobility of these
molecules in the crystal lattice, which often manifests itself in

Wagner et al.

TABLE 1: Crystal Data and Multipole Refinement for (1f)

empirical formula GooHe0024°2CsH4F2
molecular weight 1897.68
crystal system triclinic
space group P1 (No. 2)
1

temperature (K) 100
unit cell dimensions:

a(A) 13.1321(1)

b(A) 13.6742(1)

c(A) 14.7739(1)

o (deg) 97.30(2)

p (deg) 112.99(2)

y (deg) 114.59(2)

V (A3 2083.6(8)
calcd density (eem3) 1.515
F(000) 980.0
abs coeffu (mm™?) 0.07
crystal size (mrf) 0.45x 0.40x 0.20
A A 0.5600
max. & (deg) 89.61
(Sin O/A)max (A~ 1.26
limiting indices —32=<h=<30,—34=< k=383,

—37=<1=37

number of collcd refins 365235
symmetry ind reflns 65891
Rint 0.061

static or dynamic disorder problems. Ordered structures are mostg/}, = 1.26 A1 (or d = 0.40 A). The measurement strategy

likely to be obtained for substituted fullerenes and/or through
cocrystallization with guest molecules. After several unsuccess-
ful attempts to crystallize differentggfullerene derivatives we
were able to grow suitable crystals of a highly substituted
derivative, theT,-symmetrical dodekakis(ethoxycarbonyl}C
fullerene, GoHedO24 (1),22 which is known to cocrystallize with

was planned with ASTR® and had to be adjusted to the
geometrical restrictions given by the Eulerian cradle of the
diffractometer. Data were measured at four different positions
of the detector. For the®2positions 30, 0°, —30°, and—60°

a total number of 12 028 frames were collected. The reflection
profiles were found to be rather broad, probably due to the

halogenobenzene solvents (Scheme 1). The crystal structure otrystal mosaicity. Therefore a scan width of 0iB w and @

(2) with 1,2-dibromobenzene as solvent (referred tdlgswvas
reported by Lamparth et &.Since lighter atoms than bromine

was chosen. To obtain the low order reflections hidden by the
beamstop, the detectesample distance was increased from 4.0

are better suited for a charge density study, attempts were madeo 6.5 cm for the = 0° position and the beam stop adjusted

to crystallize the title compound from 1,2-difluoro- and 1,2-
dichlorobenzenelf and1c) and also from benzene. The latter

accordingly. The exposure time ranged between 1 and 12 s.
The data collection was monitored with SMART During

experiments were unsuccessful, but proper quality crystals couldintegration with SAINP4 the primary beam decay was corrected

be obtained forf) and (Lc). For (Lc) only a conventional room-
temperature data set was measured, while 6y hore than

by using reference detector information. The standard narrow
frame algorithm was used for integration. Unit cell parameters

350 000 reflections were collected at 100 K using synchrotron were obtained by a global unit cell refinement using 8192
radiation. This data set was the subject of multipole refinement reflections equally distributed over the 8 high order runs. No

and the resulting model densities were analyzed quantitatively absorption correction was applied, the data were brought onto

in terms of Bader's AIM theory® An earlier experimental
deformation density study on asg&derivative was reported by
Irngartinger et al., where qualitative-XX deformation density
maps were show??

Experimental Section

Yellow crystals were grown from a solution of the title
compound {) in 1,2-difluorobenzene (DFB) and 1,2-dichlo-
robenzene by very slow evaporation of the solvent. Room-
temperature X-ray data fod¢) were measured on a conven-
tional four circle diffractometer with Cu &« radiation. The
structure was solved and refined but not further considered for
a charge density study.

X-ray diffraction data for {f) were measured on a Huber
four-circle diffractometer of the synchrotron beamline D3 of
the storage ring DORIS Il at the HASYLAB/DESY in
Hamburg. A wavelength of 0.56 A for the primary beam was
used. The temperature was maintained at 100 K during the
measurement with an Oxford Cryosystems-gés stream
cooling device. A Brukel K CCD area detector allowed us to
collect 365 235 reflections in 5 days up to a resolution of sin

a common scale with the program SADABSurther details
on the crystal data and the experimental conditions are given
in Table 1.

The structure was solved with SHELXSand routine
spherical atom refinements were carried out with SHEIZXL.
One fullerene molecule cocrystallizes with two difluorobenzene
molecules. Since the center of thg¢€age is on a crystal-
lographic inversion center, the asymmetric unit consists of one-
half of the substituted fullerene and one solvent molecule. The
molecular structure is displayed in Figure la. One of the
substituent’s ethoxy groups was found to be disordered over
two sites (Figure 1b). For these sites the refinement led to well-
resolved atomic positions with a 1:2 ratio of the occupation
factors. The positions of the hydrogen atoms could be located
from difference Fourier maps, except for those of the disordered
group, for which calculated positions were assigned and fixed.

Theoretical Calculations

Ab initio calculations were performed with the GAUSSI-
AN98%” program package at the Hartreock (HF) and density
functional (B3LYP) levels of theory (cf. Table 2). The default
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Figure 1. (a) Structure of the 1:2 complex @fwith 1,2-difluorobenzene (SCHAKAL drawind§.The two substituents perpendicular to the paper
plane are omitted for clarity. The complex is stabilized by three shortHmstst contacts: C(84H(84)--0(211), H--O = 2.70(2) A; C(85}
H(85)+-0(311), H::O = 2.70(2) A; C(202)-H(20b)--F(2), H---F = 2.60(2) A. (b) ORTEP drawirf§ of the disordered substituent;'s at 50%
probability.
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TABLE 2: Summary of ab Initio Calculations SCHEME 2: Atomic and Bonding Equivalence in Free
molecule basis set type Ceo (A) and in the Hexakis Adduct (1) (B)
Ceo (full I, symmetry) HF/3-21G optimization s
HF/6-31 G*  optimization A e 155 CO(OEY
HF/6-311G**  optimization Dyl S
dodekakis(ethoxycarbonyl)s6(1) HF/3-21G* single point (exp geom) S = CO(EY
HF/6-31G** single point (exp geom)
B3LYP/3-21G* single point (exp geom) A B

B3LYP/6-31G** single point (exp geom)

crystal isC;, the 30 crystallographically unique cage carbon

atoms fall into 6 C1, 12 C2, and 12 C3 chemical types and
form 12 D1, 3 S1, 12 S2, 12 S3, and 6 S4 type bonds. Among
the different C atom types only type C1 has a Id€asymmetry

options were used for SCF convergence and threshold limits
applied for the final changes in the maximum forces and
displacements (0.000 45 and 0.0018 au) in the geometry

optimizationg. | . lculati ih th . | that was maintained during the refinement. In the substituents

For (1), single point calculations with t e experimental  ypere gre 6 exocyclic S5 bonds (in the 3 cyclopropane rings), 6
geometry were performed at the levels given in Table 2. C—CO(OEt), and 6 single €C bonds in the ethyl groups.
Although various ab initio calculations for freegare known Grouping of the &C bonds this way is justified by the
(see, for examplef, ref 28), e\I/enl on post HartrBeck Ieve}ls, distribution of bond distances. As discussed below, the distances
we rep.eated a few HF calculations to generate reference,,inin each group are statistically equal, but they are signifi-
topological data for a comparison with the substituted derivative cantly different for different chemical types.

(2). Because of the full icosahedrg] symmetry of the & As alread ;
! y mentioned, an ethoxy group of one ethoxycarbonyl
molecule, only the [6,5] and the [6,6] bond distances are to be substituent was found to be disordered, but this disorder could

optimized. All other parameters needed to describe the geometry, o \well resolved with a ratio of one-to-two for the occupation

.Ofd the gmlecule_ are f|x|ed. Jh's _te)l_lso EOIdS for the ?’V% factors of the corresponding atoms. A preliminary multipole
independent torsion angles describing the curvature of t erefinement, in the course of which, all but the disordered sites

molecule. These are; = [6,6]-[6,5]-[6,5] and 7> = were described by the aspherical-atom model, led to the same

[6,5]—[6,6]—[6,5], which satisfy tarr, = v5-3 and cos, = ratio. In the final multipole model this ratio was fixed and

—1/3V5. chemical constraints were applied to all equivalent atoms of
the substituents. On the deformation density of the methyl and

Density Models and Multipole Refinement the exo-cyclopropane C-atoms, respectively, and Cy, site

The X-ray data were interpreted in terms of the Hansen- symmetries were imposed. Restrictions among the multipole

Coppens aspherical-atom formaligimplemented into the XD populations of the C-atoms in 1,2-difluorobenzene (DFB) were
program packag® The quantity’ Wi FordH) — KFea(H)[? also introduced to mimic the symmetry expected for the isolated
was minimized using the statistical Weicg);m, z O‘Z(ngbs(H)) molecule. Thus, the 2 fluoro-substituted C-atoms were consid-

and only those structure factors that met the criterion of ered to_b.e eq_uivalent and so were the 2 F'athS' as Wel,l as the
FordH) > 30(Fos{H)) were included. The starting atomic 4 remaining ring C'-atoms. For the Igtter ty@egte symmetries
parameters were based on a conventional refinement. The'V€'e invoked, while the deformation density of the F-atoms
multipole expansion was truncated at the hexadecapolar levelWaS described by bond directed multipoles € 0 for all )

for the heavy atoms, while the deformation of the hydrogen exhibiting rota’uonal symmetry along the bonds. The H-atoms
atoms was described by bond-directed dipoles. The core ang@ttached to equivalent atoms were kept the same. Further
the spherical valence densities were composed of HF waveconstraints were introduced among th(_e atomic displacement
functions expanded over Slater type basis functf§ri=or the paramet(,ars._ A” €C bonds Wgre l_<ept r|g|d_ in the sense of
deformation terms singl&-orbitals with fixed, energy-optimized H!rshfeld S .r|g|d-bqnd postulat This was achieved by starting
Slater exponents were us&dNo charge transfer between the With the anisotropic displacement amplitudes, predicted by the
fullerene derivative and the difluorobenzene molecule was "19id-body modef and by constraining their shifts according
allowed, and the unit cell was kept neutral during the refinement. to the rigid-bond condition. Individual Isotropic displacement
The C—H and O-H distances were kept constant (1.09 and parameters for each H-atom were refined independently, but
0.95 A, respectively). To reduce the number of variables those assigned to the disorder sites were constrained to the
constra’ints based on chemical and site symmetries Wer'evalues of the corresponding nondisorder sites. The results of
imposed. These restrictions can be best explored with referencdlrée refinements, dlfferlng in the treatment of the r§d|al
to the symmetry of the unsubstituted cage. In lthisomer of exponents of the deformation density, are discussed in the
the Gso molecule all C-atoms are equivalent, each occupying a following section. The rigid-bond restrictions allowed us to reach
site of Cs local symmetry. Based on the Kel’éwtructure two a convergence with the parameters included as variables in
different types of bonds (D[6,6] double and S[6,5] single) can the fuII-matrllx Ieast-squares refinement. Wg call 'Fhls.appr.oach
be distinguished. Due to the substituents in the title compound, the -unrestrlcte_d multlpple model (KUMM), in conjuction with

6 out of the 30 formally double bonds present ig, Become the corresponding restricted model (KRMM). The refinement

single bonds and the 60 equivalent single bonds split into 3 " Which energy-optimized exponents were kept fixed
sets. This reduction of symmetry is depicted in Scheme 2. There® = 1) is referred to as KIMM. Detqlls of the d|ff¢.erent.
are 3 chemically different C-atoms. A type C1 atom is involved refinements and the, final flgures_of merit are summarized in
in 3 single bonds; 1 long one (S1[6,6]), that is part of the Table 3, a_ndx and « val_ues obtained after the KUMM and
cyclopropane ring attached at the 1,6 position and 2 equivaIentKR'\/”vI refinements are in Table 4.

but shorter ones (S2[6,5]). A type C2 atom forms a double bond
with type C3 (D1[6,6]) and 2 different single bonds (S2[6,5]
and S3[6,5]). Finally, the bonds to atoms of typ&are D1[6,6], (a) Crystal and Molecular Structure. Figure 1 shows the
S3[6,5], and S4[6,5]. Since the molecular symmetry in the 1:2 complex of {) and DFB in the crystal structure. The

Results and Discussion
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Figure 2. Equivalent isotropic displacement parametdgs plotted versus atomic distanceg¢A) from the Gy-cage center folb (circles, dotted
line) and1c (stars, dashed line) at room temperature andlfqicrosses, solid line) at 100 K.

TABLE 3: Figure of Merits of Different Multipole The average bond distances of the five chemically different
Refinement bonds of the G cage are listed in Table 5. The deformation of
K1MM KRMM KUMM the fullerene cage due to thetf2] cycloaddition is most clearly
NREE indicated by the lengthening of the S1[6,6] bond between the
(IFo| > 30(|Fol) 35615 bridging carbon atoms to 1.595(4) A inff. Similar values have
NVAR 1099 1099 1112 been published earliéf 35> The D1[6,6] bond is only slightly
“\C/?ON 683 g%g 806 affected, the average value of 1.397(3) A is close to those found
i i i 33
R, 0.0274 0.0274 0.0268 for monosubstituted & derivatives ¢1.38 A)33and by electron

GOF 200 286 280 diffraction for the free Go (1.40 A)36 but somewnhat longer than
the theoretical value of 1.371 A obtained from the HF/6-311G**
geometry optimization (cf. Table 6).

Two of the three [6,5] bonds (S2 and S4) are longer, while

a2 There were NCON number of constraints applied among NVAR
original variables leading to NV free variables.

TABLE 4: Summary of k and k' Values for Chemically S3 is shorter than those found for the monosubstituted (1.45
Independent Atoms (Atom Numbering in Scheme 2b and A3 or free Go (1.458(6) A)36 The lengthening of the bridging
Figure 1b) [6,6] bond is accompanied by an outward displacement of the
k(KUMM)  «'(KUMM)  «(KRMM)  «'(KRMM) bridging atoms from the molecular surface. The average distance
Cage of the nonbridging atoms from the cage cenR 3.55(2) A)
Cc(1) 1.002(3) 0.91(2) 1.005(3) 0.87 is close to the valueR = 3.53(3) A) found for the monosub-
C(2) 1.013(3) 0.98(2) 1.014(3) 0.87 stituted Go sphere and to the result of our theoretical calculation
cE) 1.001(3) 0.85(1) 1.014(3) 0.87 (R=3.53 A). The average distance of the bridging atoms from
Substituent the center iR = 3.75(2) A. This is also in accord with previous
C(iO(l)) 1.008(2) 0-80(? 1-051(5) 0.87 findings for monosubstituted derivatives; i.e., these atoms are
gglgzg 8:838% 8:2%&3) 0'.8791((?) 8‘_3553 situated approximately 0.2 A away from the surface of the
C(103)  0.947(3) 0.87(3) 0.961(5) 0.97 cage?33’
mobility of the Gso molecule in the crystal at 100 K and at room- The DFB molecules are located between two substituents.

isotropic displacement parametets{ values) of all atoms are ~ H***O/C—H---F contacts (see Figure 1a).

plotted versus their distances from the cage center. For the two (b) Charge Density and Bond Topological Properties.
room-temperature structurekbj and (Lf) theUeqvalues increase ~ Based on %-X deformation density maps, Irngartinger efl.
almost exponentially with this distance, while for the 100 K found that deformation density maxima were outwardly shifted
structure {f) the dependence is linear with a rather flat slope. from the surface of the cage. This observation can be confirmed
The lowestUeqs are seen for the atoms on the cage surfaces, by the inspection of theoretical deformation density maps of
ranging from 0.02 to 0.035 Afor the room-temperature data free Gyo and an experimental static map dffy, In Figure 3

and are close to 0.005 2Afor (1f), indicating a significant such maps, calculated in comparable planes through cage
reduction of thermal motion at 100 K also for the cage atoms. equators, are displayed. Significant nonzero deformation density



6586 J. Phys. Chem. A, Vol. 106, No. 28, 2002

Wagner et al.

TABLE 5: Averaged Bond Lengths for (1f) (A), Electron Density p (e A-3), and the Laplacian V2o and 43 (e A-5) at the Bond

Critical Points

K1MM KRMM

KUMM HF/6-31G** B3LYP/6-31G**

type length no. p V2o A3 0 V2p A3

P V2p 23 P V2o A3 P V2o A3

S5

S11[6,6]
S21[6,5]
S41[6,5]
S31[6,5]
D1[6,6]

1.520(5)
1.595(4)
1.495(3) 12
1.475(2) 6
1.434(2) 12
1.397(3) 12

1.58(1) —6.1(2)
1.35(1) —2.0(2)
1.80(2)-12.8(3)
1.85(1)-12.7(1)
2.01(1)-15.8(2)
2.18(1)—19.1(3)

12.6(1) 1.56(1) —6.0(2)
12.0(1) 1.32(1) —1.3(2)
12.5(1) 1.76(2)-12.1(3)
13.1(1) 1.82(1)—12.7(1)
12.9(1) 1.96(1)—15.0(2)
12.7(1) 2.13(1)-18.5(3)

11.7(1)
11.7(1)
11.3(1)
11.5(1)
11.4(1)

w o

TABLE 6: Critical Points in Free C g from HF/6-311G**
distance (A)

type? bond path () p(A3) V% (eADd) €
D[6,6] bond 1.371 2.232 —25.137 0.29
(3-1) 1.372
S[6,5] bond 1.448 1.966 —20.476 0.16
(3,-1) 1.450
6 memb ring 0.146 3.858
3.1
5 memb ring 0.299 7.040
(3.1)
cage
(3.3) 0.00006 0.0025

aThe integer pair (3;1) indicates a bond critical point, (3,1) is for
a ring, and (3,3) is for a cage critical point.

is concentrated in a shell 8¥1.9 A broadness around the cage
surface with the subshell outside the sphere being-0.8 A
broader than the inner one. This effect is even more visible,

when maps calculated in planes below and above the cage’s

surface (by 0.4 A) are compared (Figure 4). For both the five-

1.56(1) —6.2(2)
1.33(1) —1.8(2)
1.78(2)—12.4(3)
1.84(1)—13.4(1)
1.99(1)—15.2(2)
10.8(1) 2.15(1)—18.9(3)

11.3(1) 1.62(1)-12.2(2) 7.0(1) 1.57(1) —9.9(2) 8.2(1)
11.6(1) 1.40(1) —7.7(2) 6.8(1) 1.35(1) —5.7(2) 7.9(1)
11.9(1) 1.83(1)-17.6(3) 7.3(1) 1.76(1)—14.6(2) 8.7(1)
10.9(1) 1.88(1)-18.6(2) 7.3(1) 1.81(1)—15.5(2) 8.6(1)
11.6(1) 2.03(1)-20.7(2) 7.2(1) 1.97(1)-17.7(2) 8.6(1)
11.1(1) 2.15(1)-22.5(3) 6.7(1) 2.09(1)—19.7(3) 8.2(1)

property program of the XD package (see Table 5). All
intramolecular critical points in the asymmetric unit were located
and for each model the associated propertes-(o(rscp), A1,

A2, A3, and V2p(rgcp)) are compared here with those obtained
by the topological analysis of theoretical densities (performed
by the AIMPAC program systeff). This evaluation involves
89 BCP (45 for the &, 36 for the ethoxycarbonyl groups, and
8 for DFB), 20 RCP (6 five-membered, 10 six-membered rings
in Cgo, 3 three-membered rings in the ethoxycarbonyl groups,
and 1 six-membered in DFB), and 1 CCP properties. In the
following, we concentrate on the SB5 and D1 type €C
bonds. The theoretical properties considered in detail are those
obtained at the HF and B3LYP levels (referred to as HF and
DFT, respectively), both utilizing the 6-31G** basis set. An
obvious reason for using B3LYP/6-31G** properties as refer-
ences is that the radial exponents of the KRMM have been
optimized to densities calculated at this level.

Figure 5 display®(rscp) vs bond-distance relationships. The
straight lines fitted to different theoretice(r scp) values (Figure

and six-membered rings, higher density is found above than ©@) have practically identical slopes but the bond density
below the plane of the rings. On the other hand, the bond pathncreases going from the HF/3-21G* via B3LYP/6-31G** to

lengths for the bonds in question are only slightly longer than
the bond distances (0.06D.002 A). This is in accord with the
results obtained for the bent bonds of the cyclopropane ring in
bullvalene®3

Topological descriptors were derived from a HF/6-311G**

the HF/6-31G** level. The lines corresponding to the three
model densities (Figure 5b) exhibit a high level of internal
consistency; that is, the data points resulting from different
refinements are statistically equal. The experimental values
scatter in a narrow range around the theoretical lines of the

optimization of the free & to serve as reference and to compare higher basis set. The assumption of a linear relationship is
with the experimental and theoretical findings of the hexaadduct Statistically confirmed, though data points corresponding to the
(Table 6). From the charge density values at the bond critical S5 type bonds appear to be outliers. On the basis of the fits

points, pgs = 2.232 andoss = 1.966 e A3 bond orders oh ~
1.83 andh ~ 1.38 can be estimaté@?2°aIn addition to the bond
critical points, Table 6 lists also ring (RCP) and a cage critical
point (CCP), the latter in the geometric center of the $phere
with almost zero electron density.

The experimental static ED’s, corresponding to the three

obtained for the model densitiegy scp) values of various €C
bonds can be predicted.

Table 7 compares the interpolated X-ray density data with

those obtained by independent experimental studies for#@ C

bonds in diamond and in different hydrocarbons. The KUMM
appears to predict this topological index slightly better than

multipole models, were analyzed with the aid of XDPROP, the either the KIMM or KRMM.

Figure 3. (Left) theoretical deformation density of nonsubstituted f@om HF/6-311G** optimization. Right: Static deformation density map of
1f after multipole refinement (KRMM model). In both cases an equatorial plane through two oppesiteodds is displayed (the plane contains
two 6—6 bonds and cuts four-5% and two 6-6 bonds, as indicated on the left).
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C60 6-311g** Plane C8-C10-C4 —0.4A

C680 nach Opt. 8-311g** z-matrix Plane C8-C10 - (¥

C80 6-311g°** Plane C8-C10-C4 +0.4A
\ 4 T~ S T L 3

X S

Figure 4. Theoretical deformation densities of nonsubstitutee f(dm HF/6-311G** optimization. Above: plane through a six-membered ring
(center) and planes 0.4 A below and 0.4 A above the central plane (left and right, respectively) (below/above are defined as directed inward/
outward from the G sphere). Below: corresponding planes for a five-membered ring.

TABLE 8: Agreement Indices between BCP Properties by

TABLE 7: p(rgcp) for Various C—C Bonds As Derived from
Different Methods

X-ray Densities and by Interpolations of the Results from

the Study of the Title Compound® method 1 method 2 ’ /11 /12 T V25
Reby g Plecgigm P ecigme p(Tacigm DFT HF/6-31G* 32 62 56 188 157
diamondt 1.5445 1.596 1.549 1.521 1.530 KLMM 19 36 77 669 355
| . . . . .
ethane 1510 161 1.70 1.66 1.68 KRMM 34 68 58 345 442
ethylene 1336 2.16 2.44 2.38 241 KUMM 27 60 59 382 428
acetylene 1183 284 304 300 306 KIMM  B3LYP/6-31G* 2.7 89 109 51.1 184
benzeng 1392 215 2.20 2.15 2.18 KRMM 12 22 51 366 211
bulvallene KUMM 19 34 61 365 187
C(sp)—C(sp) 15157 1.78 1.67 1.64 1.65 KRMM  K1MM 21 83 63 107 45
C(sp)—C(sp?) 1.3450 2.36 2.40 2.34 2.37 KUMM 11 6.4 53 110 3.2
C(s®-C(r) 1.4727 1.92 1.86 1.82 1.83 KUMM  KRMM 11 23 23 37 33
c(n-c(r 1.5353 1.54 1.59 1.56 1.57

those given by the DFT. The density and the parallel curvatures
obtained by thec'-models (KRMM and KUMM) are lower,
while all other indices are higher than the corresponding values
associated with KIMM. To explore the reproducibility of the
experimental method and the performance of different models
Table 5 lists BCP properties of all bond types obtained from in accounting for theoretical results, we calcula®efhctor type
wave functions and from X-ray data by the three refinement agreement indices for each BCP propef®y/= > pondPmethod1
models. The entries represent arithmetic mean values obtained— Pmethodd?Y bondPmethod?). Table 8 shows, for example, that
by averaging each property over the bonds within each bondthe average relative discrepancy between the two theoretical
type (the standard deviation is evaluated with respect to the p(rgcp) values (R[DFT-HF]) amounts to 3.2%, which is of the
sample mean). All topological indices blgexhibit a monotone same magnitude as the KRMM-HF deviation but larger than
decrease in absolute value as the bond distance increases. Nany other discrepancy obtained for this property. Theoretical
systematic trend can be established for the change in the paralletieviations in the perpendicular curvatures are close in value to
curvature as a function of the interatomic separation. The HF those found between theory and experiment (R[K1MM-DFT],
values of all properties bui(rgcp) are somewhat lower than R[KRMM-HF], and R[IKUMM-HF]), as well as to those found

@ The parameters of the linear fifrsce) = aR+ b area= —4.260,
b = 8.129 (K1IMM); a = —4.100,b = 7.853 (KUMM); anda =
—4.233,b = 8.068 (KRMM)." Reference 3% Reference 40¢ Ref-
erence 41¢Reference 13.
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Figure 5. Variation of p(rscp) vs bond distance. Data points are fitted by straight lines. (a) Theoretical results, least squares lines for HF/3-21G*
solid, for B3LYP/6-31G** dotted, for HF/6-31G** dashed. (b) Experimental results, left side, lines for KIMM solid, for KRMM dotted, and for
KUMM dashed. Units are e & and A. The definition of bond types D1 and S35 is given in Scheme 2b.

by comparing«'-refined and constrained models (RIKRMM-  Conclusion

K1MM] and RIKUMM-K1MM)]). It is a general observation

that«'-refined properties are in a better agreement with the DFT  This state-of-the art study confirms that presently available

than with the HF results and show the best model vs model technical standards allow for accurate experimental charge
correlation. This is true even fdr, the least well reproduced  density determinations on structures containing more than 100
property of them all. In terms of the Laplacian, on the other atoms. The combination of synchrotron primary radiation and

hand, KIMM seems to agree slightly better with both theories. CCD area detection can lead to precise, high resolution data
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within a reasonable measurement time. Uncertainties in experi-We thank Professor A. Hirsch (Erlangen/Germany) for the
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