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Bader’s theory of atoms in molecules (AlMprovides a well- Table 1. Electron Densities at BCPs?
d(_afined procedure of partitioning a mole(_:ule into atomic re_gions bond diA 00 [6/A9] Vo0 [elA] .
with zero-flux surfaces (ZFS) as boundaries. Surfaces of this type — N=o 1.1902(3) 3.69(3) —27.30(13) 0.10
establish atomic basins around nuclear attractors of the correspond- 1.196 . —26.60 0.07
) ; . . . ; N-N 1.7586(7) 1.22(1) 0.83(3) 0.19
ing trajectories of the electron density gradient vector field. As a 1781 1.00 1.83 0.13

result, each basin uniquely defines an atomic volume. With the
knowledge of the shape and volume of an atom, a number of atomic
or functional group properties can be evaluated; for instance, atomic Table 2. N-N BCP's of Model Compounds

charges can be obtained by integration over the charge density in HF/6-31G(d) B3LYP/6-31G(d)

a2 Theoretical values in second row.

the given atomic volume. Because of the nontrivial shape of the compound n oo [e/AY] po [e1A%]
ZFS, they are not easy to evaluate. Although this procedure has NoH, 1 2.20 2.04
been applied successfully to charge density analysis in theoretical NaH; 2 3.48 321

pp y g y analy [\ 3 4.80 4.48

calculations, partitioning of experimental charge densities is only
possible very recently, for example with the newly developed

. . . ) .
TOPXD program by Coppens et#ecause the algorithm to derive the AIM! topological analysis was carried out using the MorpR§98

the experimental ZFS is still very time-consuming, present applica- and TOPXB programs. A summary of ex .perime.ntal and theore@ical
tions are restricted to smaller molecules Nitr’ogen dioxide is topological qlt_escnptors at th_e bond C”tlca.l po_lnts (.BCPS defined
therefore considered as an ideal system for'experimental investiga—by the condition thawp, vanishes) of PZD‘? IS given In Tgble L.
) . . : The bond strength (or bond order) of®} is of chemical interest
tion. Furthermore, the electronic structure and bonding of this b f the extremelv lona-M bond lenath of 1.76 A. To
species are of fundamental chemical interestyN&ical is known ecayse 0 o y . 9 Y ) ’
to exist in the crystal as a dimer@,, formed via addition of two obtain quantltat_lve information about the bond ordgy the value
NO; radicals. NO, is character?zga by a very long bond of cha_lrge densityy, at the BCP of a model set of NN and N-O
IengZ]th of 1.76 A¢ I\‘}itrogen dioxide (mp= —15 °C) is a liquid at containing compounds, namelyzls, NaHz, Nz, HaNO, HNO,

’ : HNO,, HNO, N;O, were considered. Since experimental charge

?r?rgltter?é (r:‘r?glgIitéogrsl'.;nr;heczr?llsaermaetxlrc)nsvntrgre‘nm;alr;m?: g;f(}ﬁ:gﬁid densities of these compounds are not available, the B3LYP/6-31G-
y capriary P (d) wave functions were used for this purpose. From the calcula-

_dlrectly on the diffractometer. The (_:ublc phase efhlcrystallizes tions, N-O single and double bonds correspondptovalue of

n th_e space groupm3. Due to the high Laue symmetry, a data set 2.48(32) e/& and 3.60(20) e/A respectively. Thus, the-NO bonds

of h'gh redundancy (averaga' 17.8) COUl.d be cpllecteﬂAfter in N,O, are equivalent to that of a normal double bond. If a linear
mf:rglng, a data set of 7_20 unique reflections (@Ha(//l) =1.249 fit is applied to the bond order/ theoreticalvalue distribution
A-1) was used for a multipole refinement according to the Hansen (Table 2) an estimate bond order of~ 0.5 is obtained for the
Coppens formali.sf"nup to the hexadecapole level with the XD N—N bond in NO,. However, an extrap.olation to bond orders
pr_ogram? T.he refmement led t(.) a reasonable R(F) = 2'17.%) smaller than one is uncertain. For the relation between bond order
with a maximum residual density of 0.14 é/AFrom the obtained and py values Badérsuggests an exponential function for-C
multipole parameter$a topolagical analysis of charge density was bonds and recommends a linear fit for-Nl bonds. In both cases

performed and atomic properties were evaluated. the extrapolation to zero bond order is not well defined. The rather

the ot a0 f miense theoreioa ieFestA comprehanave - eak N-N bond may be atrbuted 1o the strong repsion beteer
theoretical study by Schaefer et al. has shown that this weakly thenc])zygen lone pairs and the strong positively charged nitrogen

tbon?ed sty§st|em gzpt.be dﬁscrlbed rt)rolperzly by .UZ'.ng tSIggtlre] rtefglr:e_zrnce The valence-shell charge concentrations (VSCCs) are illustrated
rela T?.n -in a “03’ ovaﬁlsthe a;. tave |nd|01e i al " by the experimental Laplacian representation in Figure 1. The
cajcuiations can reproguce well fhe SIucture and vibrational spec rapositions of the VSCCs at the oxygen are somewhat surprising

Conjuneion wih the 6-31(6) basis set t nvestgate he e EC3USE ey are ortiogonal o the 1 bond and form an angle

andjchar e density of /0,2 and to compare with thge experimental of 174/156 (experiment/theory) with the oxygen atom. These
findi %N ¢ )tlh tth4 lculat p dN-Ob (;)I th positions can be explained with the sp-hybridized oxygen, which
indings. Yve nole that the calcuate an ond 'engins is in agreement with the theoretically calculated molecular orbitals

?rrethlgr .?] );?e:f.r;ioat?qr:(;g;? ;:Yétztre)é?erzrg??k:'sqri?le %]) ' ;—ZCQS'Sn (MOs). Inspection of the MOs indicates that there are orthogonal
u insight! : uctu IS Intriguing species, s-systems that form the NO bond in addition tar bonding MOs.

* Author for correspondence. Faxt-49(30)838-53464. E-mail: luger@chemie.fu-  Thus, in this case the localized VSCCs on oxygen are involved in

El‘irr'g;djhiversity Beriin the = bonds and do not correspond to lone pairs of the oxygen.
* National University of Singapore. An atomic partitioning making use of the ZFS was performed
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Table 4. Calculated Atomic Charges Based on Experimental

Geometry
Mulliken AIM NPA CHELP

level N 6] N 6] N 6] N 6]
HF/6-31G(d) 0.71-0.35 0.81-0.41 0.71-0.35 0.63—0.31
HF/6-31H-G(d) 0.00 0.00 0.81-0.41 0.69—0.35 0.66 —0.33
HF/6-31H-G(3df) 0.96 —0.48 0.86 —0.43 0.71—-0.35 0.61—-0.30
B3LYP/6-31G(d) 0.60—-0.30 0.73-0.37 0.55-0.27 0.51-0.25
B3LYP/6-31HG(d) —0.10 0.05 0.72—0.36 0.54—0.27 0.56 —0.28
B3LYP/6-31H-G(3df) 0.65 —0.33 0.76 —0.38 0.55—-0.27 0.53 —0.26
MP2/6-31G(d) 0.52—0.26 0.73—-0.37 0.50—-0.25 0.48 —0.24
MP2/6-31H-G(d) —0.15 0.07 0.73—0.37 0.48 —-0.24 0.52-0.26
MP2/6-31H-G(3df) 0.75 —0.38 0.77 —0.39 0.49-0.25 0.48-0.24
PHF/6-21G(d) 0.94-0.47
PB3LYP/6-21G(d) 0.83-0.41
experiment 0.46—-0.24

ibility. 20 Thus, the influence of the model on the AIM charges has
to be further examined.

Both NPA and CHELP procedures give more comparable atomic
charges. Their HF values are somewhat too high, but inclusion of

a b
Figure 2. Experimental (a) and theoretical (b) gradient vector field.

Table 3. Atomic Volumes in A3a electron correlation lowers the computed charges appreciably. At
expt B3LYP/6-31G(d) BLYP/6-311+G(d) BLYP/6-311+(3df) both B3LYP and MP2 levels, the calculated charges are close to
N 7.0 74 77 73 the experimental derived values. It is important to note also that
o 15.5 16.5 16.9 17.2 the observed trend in atomic charges is independent of the geometry
aTheoretical volumes were obtained from electron density contowr of used (see Supporting Information). Further work is in progress to
0.001 au. examine whether our findings are of general nature.

with TOPXD3 As illustrated by the gradient vector field (Figure Supporting Information Available: Additional tables (PDF).

2), the shape and atomic volumes derived by experiment and theoryThis material is available free of charge via the Internet at http://

(Table 3) are very similar. The cutoff= 0.001 au, which is nor- pubs.acs.org.

mally used in theory# seems justified by the TOPXD findings in

that its application to the experiment gives 98% of the ZFS atomic References
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