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In the present study, we employ a set of different sutftitrogen compounds, which contains eight different

SN bonds of varying polarity, to study descrepancies between experimentally and theoretically derived electron
densities characterized by their topological properties at the bond critical point according to Bader’'s quantum
theory of atoms in molecules approach. First, the convergency of the computationally obtained parameters
with respect to the theoretical approach (flexibility of the basis sets, method of computation, influence of
substituents) is presented. A comparison with the experiment is performed by a direct comparison of the
theoretical and experimental counterparts and by an investigation into what extent the various data sets exhibit
relationships to the nature of the bonds. This approach allows testing of the self-consistency of the theoretical
and experimental data, respectively. Finally, the outcomes of the atoms-in-molecules approach is compared
with results obtained from the natural bond orbital approach and natural resonance theory.

. Introduction single amino acids)*?2-%6 It is clear that a success would open
not only the possibility to describe the electronic properties of
biological macromolecules but also the determination of the
bonding strengt422-27 (e.g., within an enzyme inhibitor
complex, which is essentially for the development of agents
against infectious diseases).

The conditio sine qua non for all of these goals is that the

The electron density distribution (EDY(r) represents a
fundamental quantity which determines all chemical and physi-
cal phenomena, for example, intra- and intermolecular forces,
molecular geometry, electrostatic potential, and chemical
bonding!~7 It is the underlying quantity in density functional

theory (DFT}**and is also readily av_aile_lblg from wavefunction- . experimental electron density is not biased by assumptions or
based approaches. However, despite its importance, the dens'tzhortcomings of the procedures necessary to get it from the

is discussed less frequently in theoretical investigations, although I - - "
9 y g g measured quantities (i.e., Bragg reflections and their intensities).

it represents a physical observable phenomenon. It is measur- : AR
able, for instance, by high-resolution X-ray diffraction experi- Indeed, various recent studies indicate that the Han€eppens

ments236.10 multipole formalism?-28 which is mostly used to derive the ED

. I .. from the experimental diffraction data, introduces such a
The development of area detectors, often in combination with .~ 54 51 . :
X . ) bias? It results because the basis sets used to describe the
the usage of very bright third-generation synchrotron sources, TS .
has opened new horizons for the use of X-rav diffraction in the electron density distribution seem to be not flexible enough to
P S y reflect the subtle details of electron densities in polar bonds.
experimental determination of the electron density, because the : )
. o - . As discussed by the authors, this seems to be at least partly the
time necessary for data acquisition shrinks considerdihy. : .
SR - ; reason for the differences found between experimentally and
A very enticing intrinsic feature of an experimentally determined

A o theoretically determined topological properties at the bond
electron density is the fact that 't.'r.‘CI.Udes all many body effects critical point (BCP). As shown in many investigations, such
(e.g., electron correlation, relativistic effects, influence of the

environment). This renders it an ideal tool to analyze the differences appear particularly for polar bonds. These exhibit

shortcomings of theoretical approaches, which, because of thenonsymmetrlc interatomic densities and Laplacian distribu-

complexity of the systems, have to neglect or approximate artstions'216'14'2}27'32FOr nonpolar bonds experimentally and theo-
piexity of the Sy ’ 9 ppre P retically derived, bond topological values are in excellent
of the interactions. The quantum theory of atoms in molecules 333414 . :
. agreement:23341t is also found that in most cases experiment
(QTAIM) approach developed by Bader and co-worKeis, o . -
which the topological properties of the electron density are and theory agree qualitatively; for example, in the number of
interpreted rF:e regsentspthg most straightforward com );risonbond critical points or the number of valence-shell charge
P » rep 9 P concentrations (VSCC)4.3536A bias could also be introduced

between experimental results and theory, but other approaches o
19 In specific cases where two or more parameter sets of the
are also under developmélft.

- . . multipole model exist, which are of similar quality in residual
An even more attractive goal of high-resolution X-ray b 9 y

. ; . e . density and statistical quality. Such nonunigqueness was dem-
diffraction experiments represents their ability to describe large onstra)t/ed (e.g., by Pergs et%,) q
systems such as biological macromolecules which are still too However .th”e disagreement .in the absolute numbers of the
large for a reliable theoretical descriptiét?! One direction of e a9 ; .
. A . topological properties could also result from shortcomings in
the ongoing research in this area is the attempt to construct sucq

. . he theoretical description. On one hand, the influence of the
systems from the overlay of the density of smaller subunits (e.g., crystal environment or?the molecule, which is often not included

- o R in the theoretical description, seems to be too small to explain
* Corresponding author. E-mail: bernd@chemie.uni-wuerzburg.de. . .
* Institut for Organische Chemie. the descrepancies between experimental results and theory, as
* |nstitut fir Anorganische Chemie. already showrd® 4% On the other hand, the HartreEock

10.1021/jp047840a CCC: $27.50 © 2004 American Chemical Society
Published on Web 10/01/2004



Electron Densities of Polar Bonds J. Phys. Chem. A, Vol. 108, No. 43, 2002443

approach, for example, is well-known for predicting bonds
which are too polar (e.g., the inclusion of correlation effects is
important to obtain reliable electron densifieg3). The MP2
approach already predicts topological parameters in close

MP4 or QCISD?244 A similar behavior is found for DFT if
hybrid functionals are used, while results obtained with gradien
corrected functionals deviate more strongfi§* Also, the
influence of the flexibility of the AO basis sets employed in
the computations were tested to some extent. An influence is
seen, but it is too small to explain the deviations between
experimental results and theory. However, with the exception
of very small model systems, the tested basis sets do not exceed
triple-¢ quality 2244 oy
Besides the comparison of absolute numbers, an investigation
of the correlations between the topological parameters and the
bonding type can also reveal important information about the
quality of the results. Such correlations are expected and are  csg,
used in many investigatiors.6:3445350One example is the cor
position of the bond critical point, which, as shown by Cremer
and Kraka, correlates with the polarity of the bdfd=rom c62
Bader's QTAIM approach,correlations are also expected for
the density, its second derivative along the bond pag)) &énd
the bond ellipticity ¢, which is obtained from the second
derivatives of the density perpendicular to the bond paths (
Ald, — 1). The latter also gives information about the
delocalization within a molecuf®:*® Consequently, results

tC11

biased to some extent. This is especially true if correlations are .,
found for the less sensitive parameters (e.g., density) but are
missing for more sensitive ones (e.g., Laplacian values). For
the homoatomic CC bonds okgfullerene derivatives, Wagner
et al3* found the expected relationships between the density at
the BCP and the bond distances and between the Laplacian at 3 4
the BCP and the bond distances. This shows that high-resolutionFigure 1. The connectivity of the molecules under consideration: The
synchrotron diffraction experiments are able to give very sulfinic ac!d,la;_ the sulfinic acid as a dimer, as in th_t_e s_olid stdte,
accurate descriptions of such covalent nonpolar bonds. However [ sulfonic acid2a the S(NHR)(NR)CH, 2b; the diimide,3; and
. . ‘the triimide, 4.

whether this also holds true for polar bonds is unclear.

In a previous pape we employed theoretically and experi-
mentally determined electron density distributions of methyl- shed some light onto the self-consistency of the data, we also
(diimido)sulfinic acid H(NBu);SMe (1), methylene-bis- investigate possible relationships between the density and its
(triimido)sulfonic acid HC[S(NtBu),H(NtBu)], (2), sulfurdiimide Laplacian at the BCP with the bond distances. Additionally,
S(NtBu), (3), and sulfurtrimide S(8Bu); (4) (see Figure 1) to  the convergency of the NBO/NRT approdthwith repect to
elucidate the characters of the different SN bonds. For this the method of computation is tested, and its predictions about
instance, we applied the topological theory of molecular the bond characters are compared to those obtained from the
structure of the QTAIM approach for the interpretation of the topological parameters of the QTAIM approach.
(theoretically and experimentally determined) electron densities
and compared the results to the NBO (natural bond orbital)/
NRT (natural resonance theory) description, which is based on !l Computational Methods
the wavefunctions obtained from the computations. Experimental
and theoretical values were found to be in good agreement Gas-phase structures of the model compounds were optimized
regarding the overall picture of the nature of the bonds as for different substituents R= H, Me, andtBu, respectively,
obtained from the numbers, shapes, and positions of the VSCCsemploying a great variety of theoretical methods. Stationary
Excellent agreement was obtained for the qualitative spatial points were checked by frequency calculations. All calculations
Laplacian distributions and the reactive surfaces; however, thewere performed with th&aussian 9®ackage’® The subsequent
quantitative values at the BCP differed considerably. topological analyses were performed with #EVi2000 pack-

Because this set of model systems contains many bonds ofage’® while the NBO/NRT analyses were performed with the
varying polarity, it is ideally suited to study discrepancies NBO 4.Mpackagé€.’ As far as bond orders are discussed outside
between theory and experiment. For this, we first investigate NBO/NRT theory, we are referring to bond orders according
the convergency of the theoretical values with respect to the to Cioslowski®® This approach divides the total number of
method of computations, employing different DFT approaches electrons in atomic and diatomic contributions by means of
and, also, the MP2 method. To study the influence of the basis evaluating the atomic overlap matrix under consideration of the
set, we go up to basis sets the size of cc-pV5Z. The computedatomic boundaries and yields positive, purely covalent bond
values are compared to their experimental counterparts, and toorders.

Y
C11
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TABLE 1: Bond Topological Properties at the BCP of the Formal SEN2 Double Bond in 1a; R= Me?
d 0 V2p ' A2 A3 € d(N) d(s) d(N)/d(S) [A1l/As
B3PW91
6-31G(d) 1.55 1.76 8.36 —10.01 —7.14 25.52 0.40 0.96 0.60 1.61 0.39
6-31G(d,p) 1.55 1.76 8.33 —10.02 —7.14 25.5 0.40 0.96 0.60 1.61 0.39
6-31G(2d,p) 1.54 1.83 —522 —-11.25 —8.27 14.30 0.36 0.92 0.62 1.48 0.79
6-31G(3d,p) 1.53 1.86 146 —11.65 —8.57 21.68 0.36 0.92 0.61 1.52 0.54
6-31+G(d) 1.55 1.76 8.02 —10.01 —7.15 25.18 0.4 0.96 0.60 1.60 0.40
6-31+G(d,p) 1.55 1.76 7.89  —10.00 -7.15 25.04 0.40 0.96 0.60 1.60 0.40
6-311G(d,p) 1.54 1.80 6.14 —10.31 —7.51 23.96 0.37 0.95 0.60 1.58 0.43
6-311G(2d,p) 1.53 1.86 —6.68 —11.45 —8.44 13.21 0.36 0.91 0.63 1.46 0.87
6-311G(3d,p) 1.53 1.87 0.45 —11.70 —8.61 20.76 0.36 0.92 0.61 1.50 0.56
cc-pvbDZz 1.56 1.67 9.25 —8.85 —6.46 24.58 0.37 0.96 0.60 1.60 0.36
cc-pVTZ 1.54 1.86 365 —11.02 -7.77 22.43 0.42 0.94 0.60 1.56 0.49
B3LYP
6-311G(d,p) 1.55 1.79 462 —10.31 —7.50 22.44 0.37 0.95 0.60 1.58 0.46
MP2
6-31G(d) 1.57 1.67 4.40 —9.09 —6.46 19.94 0.41 0.97 0.61 1.61 0.46
6-31G(2d,p) 157 171 -7.82 —9.98 —7.42 9.58 0.34 0.93 0.64 1.44 1.02
Experimental
1.53 2.24 —9.38 —12.58 -11.73 14.92 0.07 0.74 0.79 0.94 0.84

aThe geometry was optimized at the indicated level of theory. Distances are given in A, densities are givénandeskcond derivatives are
given in e/&.

TABLE 2: Bond Topological Properties at the BCP of the Formal SE-N1 Single Bond in 1a; R= Me?

d P VZp A A2 A3 € d(N) d(s) d(N)/d(S) |A1l/23
B3PW91
6-31G(d,p) 1.75 1.31 —8.46 —6.94 —6.34 4.81 0.09 0.98 0.77 1.27 1.44
6-31G(2d,p) 1.74 1.30 —6.35 —7.10 —6.45 7.20 0.10 0.94 0.80 1.18 0.99
6-31G(3d,p) 1.73 1.36 —8.49 -7.32 —6.65 5.49. 0.10 0.98 0.75 1.31 1.33
6-311G(d,p) 1.75 1.32 —8.58 —7.32 —6.71 5.45 0.09 0.95 0.80 1.19 1.34
6-311G(2d,p) 1.74 131 —6.67 —7.37 —6.64 7.34 0.11 0.92 0.82 1.13 1.00
6-311G(3d,p) 1.73 136 —885 —7.56 —6.86 5.56 0.10 0.95 0.77 1.23 1.36
cc-pvDZ 1.77 1.24 —6.25 —6.06 —5.55 5.36 0.09 0.99 0.78 1.28 1.13
cc-pvVTZ 1.73 1.38 —9.95 —7.84 —6.98 4.88 0.12 0.94 0.79 1.20 1.61
B3LYP
6-311G(d,p) 1.75 1.30 —8.40 —7.32 —6.74 5.67 0.09 0.95 0.80 1.18 1.29
Experimental
1.68 1.76 —7.95 —10.26 —9.66 11.97 0.06 0.83 0.85 0.98 0.86

aThe geometry was optimized on the indicated level of theory. Distances are given in A, densities are givénandescond derivatives are
given in e/&.

TABLE 3: Bond Topological Properties at the BCP of the S+-C3 Bond in 1a; R = Me?

d P VZp A A2 A3 € d(s) d(C) d(S)d(C) |A1l/23
B3PW91
6-31G(d,p) 1.81 1.30 —8.65 —7.42 —7.02 5.79 0.06 0.96 0.85 1.13 1.28
6-31G(2d,p) 1.80 1.27 —6.69 —6.90 —6.50 6.71 0.06 0.95 0.85 1.12 1.03
6-31G(3d,p) 1.80 1.33 —8.98 —7.56 —7.12 5.69 0.06 0.95 0.85 1.12 1.33
6-311G(d,p) 1.81 1.29 —8.09 —7.52 -7.11 6.55 0.06 0.97 0.84 1.15 1.15
6-311G(2d,p) 1.80 1.25 —6.08 —7.01 —6.60 7.53 0.06 0.95 0.85 1.12 0.93
6-311G(3d,p) 1.80 1.32 —8.30 —7.62 -7.19 6.51 0.06 0.95 0.84 1.13 1.17
cc-pvbDZz 1.81 1.29 —-9.19 —6.99 —6.57 4.38 0.06 0.96 0.85 1.13 1.60
cc-pvTZ 1.80 1.32 —8.32 —7.82 —7.34 6.84 0.06 0.95 0.85 1.12 1.14
B3LYP
6-311G(d,p) 1.82 1.27 —7.69 —7.44 —7.06 6.81 0.05 0.97 0.85 1.14 1.09
Experimental
1.79 1.54 —8.70 —9.18 —8.72 9.20 0.05 0.99 0.80 1.24 1.05

aThe geometry was optimized at the indicated level of theory. Distances are given in A, densities are givénandeskcond derivatives are
given in e/®.

lll. Results and Discussion S—C bond of the same compound (Table 3). The tables contain

A. Investigation of the Method Dependency of Bond the computed bond distance of the_given bond, deznote:dj as

Topological QTAIM Properties and Comparison with Ex- the density at the BCRy, the Laplacian at the BCR“p, the
perimental Results. Tables 13 summarize the computed bond ~ d€composition of the Laplacian into its three Eigenvalwiés
topological properties of some typical bonds of our set of model =41+ 42+ 43, the ellipticity e = 44/4, — 1, and the respective
systems as a function of the method of computation. For a distances of the BCP to atom A(A) and to the other atom,
formal SN double bond, we picked SN2 of compoundla d(B). Additionally, the ratiod(A)/d(B) is shown. The ratioi,|/
(R = Me, Table 1), while S£N1 of the same compound was 4s, which is expected to be smaller than 1 in ionic bonding
chosen for a formal SN single bond (Table 2). As a typical modes! is also given. At the BCP, the negative Eigenvalues,
example for the less polar SC and NC bonds to a methyl (or 11 and/,, describe the local charge concentrations in a plane
butyl) group, we give the bond topological properties of the with normal vector in the direction of the interatomic
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line; 11 is defined to be greater thap, such that the ratid,(r)/ basis set flexibility is increased. Far andA,, the (1d,p), (2d,p),
A2(r) always exceeds 1. A large value of this ratio indicates (3d,p) series of polarization functions show smooth behavior.
mt-like electron distribution. The positive Eigenvaligdescribes As a consequence of the strong changgsijrthe Laplaciarv?p

the local charge depletion due to monotonic decreasing electroneven changes its sign if the number of polarization functions is
densities from the nuclei to the BCP. Like the electron density, increased [6-311G(d,p} 6.14 e/&, 6-311G(2d,p)- 6.68 e/R,

all of its derivatives, including/?p, 11, A2, andAs, are functions 6-311G(3d,p)+ 0.45 e/A]. Even if the (2d,p) basis set is
of the spatial variable. Thus, the values of, for example, the considered as an outlieN?p still drops appreciably if the
ellipticity ¢, are sensitive to the position of the BEPWe number of d polarization functions is increased.

investigated the convergency of the various properties with  For comparison, Table 1 also gives the experimental values
respect to the flexibility of the basis set and tested their obtained from a high-resolution X-ray stuéfy.As already
sensitivities with respect to the functional (using Becke’s B3 discussed in this paper for the present set of model compounds,

exchange function2d>*in combination with the PW9% and experiment and theory agree qualitatively very well but disagree
the LYP® correlation functionals, respectively) and the MP2 in the absolute values. As shown in Table 1, all experimental
method. As expected from other DFT studig® 23274244 5 values are obviously outside the range spanned by the theoretical

6-311G(2d,p)° %0 or a cc-pVT2 % basis set seems to be data. The experimentally determined density at the BCP is
sufficient to obtain bond distances converged to about 0.01 A considerably higher¢25%) than its theoretical counterpart. For
for the strong formal double bond. For smaller AO basis sets, the formal SN double bonds, the experiment determinesd
variations up to 0.04 A for the present model systems were 1, to be almost equal, while a profound difference is predicted
obtained. Within the QTAIM theory, the properties at the BCP by all computations (see Tables 1 and 8). As a consequence,
play a crucial role such that its position can be expected to also, the experimentally and theoretically derivedvalues
represent a sensitive parameter. As shown in Tabte3 for disagree. Surprisingly, the experimental valuelfs close to
the present model systems, the positions of the BCPs vary onlythe prediction obtained with the (2d,p) set of polarization
slightly as a function of the theoretical method3%). For the functions, which was identified as an outlier in theory. Finally,
formal SE=N2 double bond of compounth, its distance from the positions of the BCPs also differ. For formal double bonds,
the nitrogen center changes from 0.95 to 0.91 to 0.92 A for the the experimental values are approximately in the middle of the
series 6-311G(d,p), 6-311G(2d,p), and 6-311G(3d,p), and also,bond, while theory predicts a position much closer to the sulfur
the flexibility of the sp part (6-31G sets vs 6-311G sets) has a center.
small influence. If the PW91 correlation functional is replaced  Before we come to a more detailed discussion of these
by the LYP functional, only minor differences are found. The giferences, we will first discuss the other types of bonds. For
differences between the MP2 and DFT approaches are somewhaihe selected typical formal SN single bonds (Table 2), the
larger, as discussed elsewhété! For the chosen formal-SN deviation between experimentally and theoretically determined
single bond (Table 2), the position of the BCP varies more pond distances is somewhat larger than for the double bonds
strongly as a function of the theoretical approach in comparison (still 0.05 A for the 6-311G(3d,p) basis set), because the former
to the formal double bonds. For the-& bond (Table 3), the  possesses flatter potentials than the formal double bonds. For
variation is less. It is interesting to note that, going from the the formal SN single bonds, the absolute valuéénd, also,
SI=N2 double bond (Table 1) to the single bond (Table 2), its variations are considerably smaller, compared to the formal
the distance between the BCP and the nitrogen center does no§N double bonds. Also, as a consequence, the Laplagian
change much<£0.06 A), while the distance between the BCP changes to a smaller extent. This also holds true for the other
and the sulfur center increases by approximately 0.16 A. density-related properties, such that the agreement between
The densitiep’s at the BCP as well vary only slightly with  theory and experiment is, in general, better. One example is
the method of computations. For formal double bonds as shownthe position of the BCP. Please note that in comparison to the
in the example of the SN2 bond of compounda within the formal SN double bond (Table 1) better agreement results,
series 6-311G(d,p), 6-311G(2d,p), and 6-311G(3d,p), the valuesbecause the theoretical(N)/d(S)] values change considerably
change from 1.80 to 1.87 e?APlease note that the value from about 1.5-1.6 for the formal double bond to approximately
computed with the cc-pVDZ basis set is smaller than that 1.2 for the formal single bond. The experimentally obtained
obtained with the 6-31G(d,p) basis set, while both cc-pvTZ values for both types of bonds are virtually identical. Another
and 6-311G(2d,p) give similar values. In general, the MP2 example for a better agreementisHowever, while both theory
approach predicts somewhat smaller values than DFT, which and experiment find; and/> to be very similar for the formal
could result from the slightly enlarged bond distances. single bonds, they disagree in the absolute values.

Although the position of the BCP and the density at the BCP  The computed values @t are smaller than their experimental
are not very sensitive with respect to the basis set size andcounterparts for the formal single bonds (Tables 2 and 3). The
method of computation, the Eigenvalues of the Laplacian of smaller theoretical absolute valuesfafand4, and the lower
the densityl;, i = 1, 2, 3, at the BCP vary considerably for theoretical value ofl3 cancel each other, so that theory and
S1=N2 of compoundla (R = Me, Table 1), which was picked  experiment agree with respect to the Laplacian. It is interesting
as a typical formal SN double bond. As shown in Table 1, that, on the basis of, there is no difference between formal
especially 13 changes as a function of the flexibility of the basis ~ single and double bonds in the experimental values.
set (e.g., with increasing numbers of d functions). Please note The topological properties of the—<£ bond of compound
that theds values obtained with the standaB\USSIAN2d,p) 1a, which was selected as a typical bond for the less pota€ S
set of polarization functions deviate strongly from the 1d and bonding, is given in Table 3. For this type of bond, the variations
3d results, and so, the (2d,p) results have to be regarded asvithin the theoretical results are much smaller than for the
outliers. Smaller variations are found fdg and 1,. As a previous two types. In accordance with the former results, the
consequence, also, the computed values farhich according computations again find the (2d,p) to represent an outlier. In
to the QTAIM theory of Bader are used to obtain information addition to the reduced dependency on the method of calculation,
about the bond order, decrease only from 0.40 to 0.36 if the the agreement between theory and experiment is much better
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TABLE 4: Bond Topological Properties at the BCP of the p(r) in [e/A%] 1V2p(r) in [e/A”]
S1=N1 Bond in 3 (R = H), Calculated with the B3PW91 A3
Functional and Indicated Basis Set3

-120

basis set 0 V2o M —2 A3 d(N)/d(S) 105

cc-pvbz 1.66 8.66 8.577 6.569 23.802 1.60

cc-pvVTZ 1.83 2.62 10.738 7.897 21.260 1.56

cc-pvQZz 1.91 0.15 12.384 9.157 21.700 1.55

cc-pVvsZ 1.92 0.83 12.847 9.603 23.280 1.54

6-311G 1.62 —0.09 7.709 6.825 14.442 1.44

6-311G(d) 1.79 5.92 10.073 7.685 23.682 1.59

6-311G(d,p) 1.79 568 10.143 7.741 23.561 1.59 P

6-311G(2d,p) 1.85 —7.19 11.314 8596 12.717  1.46
6-311G(3d,p) 1.86 —0.46 11.524 8.784 19.319  1.51

aThe geometry was optimized on the indicated level of theory.
Distances are given in A, densities are given in3%/dnd second
derivatives are given in efA

for all derivatives of the density at the BCP. For the density /\f 4 distance from BCP,
itself, theory again predicts much lower values. Both theory increments of 0.05A
and experiment locate the BCP closer to the carbon center. Figure 2. Eigenvaluesl (empty circlesO) and the density along the

To investigate the dependency of thevalues as a function bond path (filled circles@®) in 4, R_= tBu, calcula_ted at the B3PW91/
of the basis set flexibility in more detail, we computed the 6-311++G(d,p) level of theory with fixed experimental geometry. At

- . the BCP, the density is(recp) = 1.90 e/, and the Laplacian assumes
topological QTAIM properties of the formal $IN1 double V2o(rsce) = 8.26 elR. The sulfur center is at0.52 A, and the nitrogen

bond of compoun@® (R = H) for the cc basis set series (Table center is at 0.92 A.

4). The SN formal double bonds were found to be problematic

with respect tols. Table 4 also gives the values obtained with TABLE 5: Influence of the Substituents on the Bond
the 6-311G basis set enlarged with an increasing number of d1oPological Properties at the BCP of the SN Bond of 4

functions. With respect to the Laplacia¥p, this bond is found d(N)/
to behave similarly to the $2N2 bond of compoundla d p V% A % A e dN)dS) dS)
described in Table 1 (i.e.Y%o gets initially considerablely R=H

smaller with increasing basis set size). For the cc series, bothg:gifgza%) ig% }'_22 2;@2}2;22 :?;23 3‘2‘;2‘7‘ 8:2? 8:33 8:28 };22
A1 andA, show convergency with respect to the basis set size. R= Me

For 43, however, a change of about 10% is still found if the 6.31G(d,p) 1.54 1.83 5.4410.57 —6.78 22.79 0.56 0.94 0.60 1.58
cc-pVQZ basis set is compared to the cc-pV5Z basis set. The6-311G(d,p) 1.53 1.86 3.6710.91—7.16 21.74 0.52 0.93 0.60 1.56
influence of basis set size on the Laplacké#p at the BCP is R=1tBu

somewhat smaller, because the changes in thevalues 6-31G(d,p) 1.54 1.81 5.32-10.33—6.74 22.40 0.53 0.94 0.60 1.57
compensate to some extent. Table 4 also underlines the facft-311G(d.p) 1.53 1.84 3.9510.61~7.06 21.62 0.50 0.93 0.60 1.55
that results obtained with the standard 2d set of polarization 2The geometry was optimized on the indicated level of theory.
functions of the Pople basis set deviate considerably from thoseDistances are given in A, densities are given in %/dnd second
obtained with other basis sets. derivatives are given in efA

A first hint to the reasons for the dependence ofthealues )
on the method of calculation stems from téN)/d(S)] values. ~ Pehavior of the (2d,p) set. For the 6-31G(2d,p) and 6-311G-
For both formal SN double bonds, SN2 of compoundL (R (2d,p) basis sets, thel(N)/d(S)] values are somewhat smaller
= Me, Table 1) and S£N1 of compound3 (Table 4), values than for Fhe basis sets with 1_d or 3d polarization functions. For
around 1.5 were computed (i.e., the BCP is located considerablyformal single bonds, the variations of tievalues along the
closer to the sulfur center then to the nitrogen center). Similar Pond path are similar, but the BCP is located close to the middle
values are found for all formal SN double bonds of the present Of the bonds. In this region}s also changes slowly. As a
model systems. For the SN1 bond inla (Table 2), values consequence, its dependency on the method of calculation is
around 1.2 were computed, while values of approximately 1.1 considerably weaker.
are obtained for the-SC bond inla. These values are typical The strong deviations between experiment and theory could
for the formal single SN and S-C bonds. This shows that, be caused by the fact that the sterically demanding substituents
when going from formal SN double bonds to formal single employed in the experimental studies are quite often replaced
bonds, the BCP moves away from the sulfur center more into by smaller groups. Sterically demanding substituents mainly
the middle of the bonds. The consequence for the density andchange the kinetic stability, while the electronic structure is less
its Laplacians can be taken from Figw2 , inwhich the density influenced. Consequently, for less sensitive properties, such a
and thel; values are plotted along the SN1 bond path in replacement is surely justified. For more sensitive properties
compound4 (R = tBu). For this computation, the experimental such as the Laplacian at the BCP of polar bonds, one needs to
geometry was used. For this formal SN double bond, the BCP test whether this simplification within theory does not influence
is located in a region, wherg, and A, vary slowly, while A3 such properties too much. For the present model systems, we
abruptly changes toward very large positive values, a situation find only a weak dependency of the bond topological properties,
that can be properly described with the BCP lying in the rampant as shown in Table 5 for the formal SN double bonds of SENR)
edge of the Laplacian. A tiny displacement of the BCP to the R = H, Me, tBu, which were selected as examples, because
right would change the sign of the Laplacian, while a tiny the formal double bonds show a strong sensitivitydgf in
displacement to the left would lead to a strong increase of the particular. Similar variations were obtained for all other
Laplacian. Consequently, already the small changes in thecompounds. Employing the 6-311G(d,p) basis set, the Laplacian
position of the BCP discussed already lead to large changes invaries in the series R= H, Me, tBu from 3.54 to 3.95 e/A
the 13 value and the Laplacian. This explains the strange This change is smaller than the variations obtained
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TABLE 6: Influence of the Theoretical Approach on the Quite often, the bond strength is discussed in terms of the
QTAIM Charges of 4, R = Me? bond order. In the present study, the bond orders according to
Qs) Q(N) Q(Ns)b Cioslowsk?® were calculated. They are a measure of the purely

HF/6-311G(d,p)) 1365 —178 122 coyalent _character of the_bond_. We used compdrRi= Me,
MP2/6-31G(d,p) 1327 —1.64 ~1.10 to investigate the variations in the computed values on the
B3PW91/6-31G(d,p) +2.85 -14 —-0.95 theoretical approach. Table 7 shows the calculated values for
B3LYP/6-311G(d,p) +2.71 —1.32 —0.90 the two SN formal double bonds and the two NC formal single
B3PW91/6-311G(d,p) +2.77 -1.36 —0.92

bonds as a function of some theoretical approaches and basis
2 Geometries have been optimized at the indicated level of theory. set sizes. Additionally, an NN bond order is given. Comparing
Charges are given in &The 5 denotes the summation of the atomic  the bond order variations to those found for the computed

charges of the nitrogen atom and the substituent. topological properties, we found the bond order to be quite
TABLE 7: Bond Orders of S(NCH3),, 3, According to insensitive. This holds true particularly for the bond orders of
Cioslowsk® Y the formal NC single bonds, for which all DFT values are

between 0.99 and 1.01 and the MP2 results deviate only slightly,
and also for formal double bonds for which the Laplacian values
631Gy 178 Bl?’sgvgl 032 0.99 g  and atomic charges varied considerably. The=82 bond

P : : : ) ) orders predicted by DFT are between 1.76 and 1.83. If, as

S1-N2 S1-N1 N2-N1 N2-C2 NI-C1

6-311G(2d,p)  1.83 1.77 0.28 1.01 1.01 _ ) )
6-311G(3d,p)  1.78 1.73 0.29 1.00 1.00 suggested by the analysis of the Laplacian, the (2d,p) set is
6-31G(d) 1.76 1.70 0.33 0.99 0.99 regarded as an outlier, the variations are onhy2%. The MP2
6-31G(d,p) 1.76 1.70 0.33 0.98 0.98 approach deviates from the DFT results by about 5%. Although

6-31G(2d,p) 1.82 177 0.29 1.00 1.00  the topological analysis of this molecule yields no bond path
6-31G(3d,p) 1.77 1.72 0.30 0.99 0.99 between the nitrogen atoms, a bond order of roughly 0.30 is

-pvVDZ 1.76 1.71 0.32 0.98 0.97 . )
cp B3LYP calculated. The B3LYP value differs only 0.01 unit from the
6-311G(d.p) 179 173 0.32 0.99 0.98 corresponding B3PW91 values, while the MP2 values are again
somewhat smaller.
MP2 . .
6-31G(d) 1.64 1.64 0.29 0.93 0.93 Qp_to now, all t_opolog|cal properties were c_omput_ed for
6-31G(2d,p) 1.71 1.69 0.25 0.94 0.93 optimized geometries. To ensure that the variations discussed

already do not mainly result from small changes in the computed
bond distances, we repeated some of the calculations at

. . . experimental geometries. These results are summarized in Table
if the basis set is enlarged from 6-31G(d,p) to the 6-311G(d,p) 8, \F/)vhich shovgs that the variations grand V2p remain (i.e. the

basis set. The ratia[N)/d(S)] remains nearly unaffected also small changes in the bond distances found in the former cases

if the substituents are changed. Thus, within the present SerieS.annot be mainly responsible for the high sensitivity discussed

of model compounds for comparing bond topological properties here). Because experimental geometries were used in combina-

between experiment and theory, it seems reasonable to make;,, yyith the substituents employed in the experiment, Table 8
calculgtmns for the molecules W|th_the smaller sub'_s.tltugnts R provides a direct comparison between theoretical and experi-
= Me instead of R=tBu; even R=His a good approximation.  menta| values for the formal SN double bonds, which seem to
Within the Bader approach, the atomic charges are obtainedpe the most difficult to describe. Therefore, Table 8 also gives
by integrating the charge density over the atomic basins. With the experimental valués.It is obvious that all experimental
compound4 as a typical example, Table 6 summarizes the values at the BCP lie outside the range spanned by theory. Most
variations in the computed atomic charges as a function of someobvious are the different positions of both BCPs which were
methods of calculation and basis sets. Hartifeeck predicts already discussed in combination with the formal double bond
the highest charges, which is expected, because it tends taS1=N2 of compoundla (Table 1). Although the experimental
overestimate the ionicity of bonds. A considerable difference BCP is located almost in the middle of the bond(N)/d(S)]
is also found between the MP2 approach and DFT, and a more~: 1, theory predicts it to be much closer to the sulfur center,
flexible basis set also seems to be of importance. Our attempt[d(N)/d(S)] ~ 1.5. To investigate this disagreement, we
to test even larger basis sets failed because of problemscomputed the values at the experimental position of the BCP,
establishing the strongly curved zero-flux surfaces around the which are given in the last row. This was already suggested by
sulfur centers. ref 25, in which a better agreement was obtained between theory

aGeometry was optimized at the indicated level of theory.

TABLE 8: Bond Topological Properties at the BCP of the Formal S=N Double Bond of 4 with R = tBu [S(NtBu)s] Computed
at the Experimental Geometry?

P V2p A A2 A3 € d(N) d(s) d(N)/d(S)

STO-3G 1.49 21.67 —5.83 —3.53 31.04 0.65 0.93 0.59 1.58
SV 1.69 5.75 —7.86 —6.52 20.13 0.21 0.90 0.61 1.47
6-31G(d,p) 1.88 10.61 —11.00 —7.30 28.92 0.51 0.92 0.59 157
6-311G(d,p) 1.90 8.09 —11.15 —7.51 26.75 0.49 0.92 0.59 1.56
6-311G(2d,p) 1.94 —7.45 —12.09 —8.20 12.84 0.47 0.89 0.62 1.43
6-311G(3d,p) 1.93 —1.06 —12.09 —8.18 19.21 0.48 0.90 0.61 1.47
6-311++G(d,p) 1.90 8.64 -11.76 —7.54 27.36 0.56 0.92 0.59 157

Experimental
2.27 —10.56 —14.40 —11.83 15.69 0.22 0.78 0.74 1.05
6-31H-+G(d,py 1.95 —14.28 —11.26 —7.64 4.48 0.47 0.78 0.74 1.05

aDistances are given in A, densities are given in%e#hd second derivatives are givendg#h®. ® Bond topological values at the position of the
experimental BCP.
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V2p(rgep) in e/A5 V2p(rpep) in e/A5
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-10- . 104 . ¢ e . ¢
-20 -20
T T T T T T T T T T
1.50 155 1.60 1.65 1.70 1.75 1.50 155 1.60 1.65 1.70 1.75
bond distance d in A bond distance d in A

Figure 3. Correlation between bond distandend Laplaciarv?o(rscp) for all SN bonds. Left: Optimized methyl-substituted model compounds
1-4, calculated at the B3PW91/6-311G(d,p) level of theory. Best linearfip(rscp) = —91.11d + 154.53,R? = 0.890. Right: Experimental
values. Best linear fit:V2po(rgcp) = 11.161 — 29.83,R?> = 0.053.

TABLE 9: Comparison between the Experimental and theoretical determination of densities and Laplacians. If the bond
Theoretical Densities in e/& at the Sulfur and Nitrogen topological properties are computed from single point calcula-
Nuclei tions at the experimental equilibrium geometries with medium
experiment theory to large basis sets, the bond distances correlate with the densities
compound  S1 N1 N2 N3 s1 N1 N2 N3 and Laplacians at the BCP. If smaller basis sets are employed,
1b 17974 1391 1392 17462 1310 1313 only a qorrelatlon betwgen bond distances gnd densities at the
2a 17996 1391 1391 1392 17455 1310 1311 1312 BCP exists; the correlation between bond distances and Lapla-
3 17981 1391 1390 17 464 1313 1314 cians is no longer found. For theoretically optimized equilibrium
4 18025 1395 17455 1313 geometries, the correlation also exists in this case. The destruc-

tion of the correlation between the Laplacian values at the BCPs

and experiment. However, for the present compounds, it doesand bond distances found for the smaller basis sets in combina-
not improve the agreement. The deviation in the density remains, tion with the experimental geometries occurs, because such basis
and abetter agreement in the Laplacian results from compensasets tend to overestimate the bond distances of the single bonds
tion betweerni, ands. Both individual values deviate more if  considerably. As compared to the respective equilibrium
the theoretical values taken at the position of the experimental geometry of the given approach, the theory describes com-
BCP are compared with the experimental results. pressed bonds if the experimental geometries are employed.

Table 8 shows that at the theoretical and experimental From this point of view, computations which employ theoreti-
positions of the BCPs the computed density is smaller than its cally optimized geometries seem to be favorable with respect
experimental counterpart, indicating that in the whole bonding to those which use the experimental geometries. If experimental
region the computed density is considerably smaller than the geometries are used, they have to be combined with very flexible
experimental one. It is interesting to note that a similar behavior basis sets. It is also obvious that, as a consequence of the
is also found at the position of the nuclei, as shown in Table 9. different correlations with respect to the bond distances, both

A direct comparison needs, at least, a correlation of the theoretically and experimentally determined Laplacians do not
corresponding experimental and theoretical values. For the givencorrelate with each other. Indeed, we findhvalue of 0.11.
set of model compounds, such a relationship exists for the Consequently, a direct comparison is problematic.
densities (see Figure 2 of ref 36). In ref 36, we showed that The differences between the experimentally and theoretically
both the theoretically and experimentally determined densities determined Laplacian values are not only connected tdlihe
at the BCPs correlate with the bond distances. Figure 3 showsvalues. Also, for thel; andA, Eigenvalues, no correlation can
a similar correlation between the Laplacians at the BCPs andbe expected, because the experimental and theoretical values
the bond distances exclusively for the theoretical description. of ¢ behave differently. Theoretical values obtained for the
Table 10 summarizes the results of the linear regressions forformal single and formal double bonds differ by approximately
the Laplacians versus bond distances and also repeats the resul3, while the experimental values are virtually identical. A
obtained for the correlation of the densities with bond distances. similar situation is found for the BCPs. The theory predicts
The missing correlation between the experimental Laplacian anddifferent positions for different formal types of SN bonds, but
the bond distances is obvious. the experimentally determined positions remain nearly un-

Table 10 also offers information on the extent to which changed (compare, for example, Tables 1 and 2). Because, as
experimentally determined geometries can be employed in adiscussed previousff,the SN formal single and double bonds

TABLE 10: Linear Regression on Theoretically and Experimentally Derived Bond Topological Properties at the BCP(rgcp)
and V2p(rgcp) Vs Bond Distanced for Eight Different SN Bonds?2

p=ad+b Vo=ad+b
calculation a b 23 a b R
experiment sh —-3.12 7.01 0.784 +11.16 —29.83 0.053
B3PW91/6-311G(d,p) sp -2.38 5.50 0.939 -28.37 45.35 0.046
B3PW91/6-311G(d,p) opt —2.22 5.25 0.967 —91.11 154.53 0.890
B3PW91/6-31%+G(d,p) sp —2.24 5.19 0.694 —91.89 144.58 0.633

2 The linear regression implies no model buildifigingle point (sp) calculations were done at the experimental (solid state) geomettBiR
¢ The optimization was performed employing the methyl-substututed compounds.
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TABLE 11: Leading Natural Lewis Structures Obtained TABLE 12: Influence of the Theoretical Approach on the
from the NBO/NRT Analysis? NBO/NRT Expansion and on the Computed Bond Orders of
= a
Ls1 Ls 2 Ls 3 1b (R = Me)
compound 1b MP B3LYP B3PW91
.51 « B a < Ls 1° 56.2% 38.8% 38.0%
Wl ey L ..
b ! ! S1-N1
NU Me  IN2L N1 e N2, N we Rz BOt 0.95 0.92 0.92
NG K7L/ ® NLR BOC 0.68 0.67 0.67
BOi 0.27 0.25 0.25
compound 2b S1=N2
CHs (|:H3 . CHs o BOt 1.05 1.10 1.09
—o |l _ = 2 S =2 = BOc 0.81 0.82 0.81
S 1—Ni— = - IN3— —
R/ms St rlw R R/Na St IN-R R/NS ﬁ1 |r|u1 R BOI 0.24 0.28 023
e‘l“f H el_N% H IN% H s1—C
R R R BOt 0.97 0.96 0.96
compound 4 BOc 0.90 0.90 0.90
R R R BOi 0.07 0.06 0.06
|w2/ eﬁz/ elh|l2/ N2:+-H
20 20 20 BOt 0.01 0.02 0.02
Rt R e RoneSS g BOC 0.00 0.00 0.00
—o | - | - | BOi 0.01 0.02 0.02
R R R

2The corresponding Lewis structures can be taken from Table 11.
b The geometries were optimized with the 6-31G(d,p) basis set and the
indicated method. The initial three lines give the respective weights of
are quite different in nature (considerably higher ionic character the leading resonance structures. The other lines give the total (BOt),
of the formal double bonds), variations in the density-related covalent (BOc), and ionic (BOi) bond orders for different bonds as
properties, as predicted by theory, seem to be reasonable. _obtaln_ed _from '_[he NRT analysisThis calculation was done by

. . . . imposing inversion symmetry.

The discussion shows that, on the experimental side only,
the less sensitive properties at the BCP (e.g., density) reveal aTABLE 13: Influence of the Basis Set Size on the NBO/
correlation with bond distance or with the formal type of bond. NRT Expansion and the Computed Bond Orders of 2b (R=
For the more sensitive parameters (e.g., second derivatives and1€) Obtained from the NRT Analysis®

aOptimized geometries were used.

related quantities), no correlation is found. Despite the depen- 6-31G(d,p) 6-311G(d,p) 6-31G(3d,p) cc-pVDZ cc-pVTZ
dency on the method of calculation for the theoretically |50 33.97% 33.24% 27.20%  33.49% 41.12%
determined data, the corresponding correlations are found forLs2  12.91 13.18 13.36 15.20 3.90
all properties. From the present study, one cannot answer whylLs3  10.95 10.16 12.86 9.65 15.93
the experimental data do not show the expected correlation . S1—N1
This could arise from uncertainties which enter the experimental BOt 0.58 0.57 0.54 0.56 0.70
data during the refining process as was shown by recentBOc ~ 0.36 0.39 0.34 0.37 0.45
investigationg%-31 For the nonpolar CC bonds ofs&deriva- ! 0.22 0.18 0.20 0.19 025
tives, Wagner et al. found all correlations discussed Ffere. SI=N2
o _ BOt 1.18 1.16 1.17 1.17 1.25
B. Investigation of Dependency of NBO/NRT Properties BOc 0.81 0.85 0.78 0.84 0.86
on the Method. In a previous pape QTAIM and NBO/NRT BOi 0.36 0.32 0.39 0.33 0.39
approaches complemented each other in the investigation of the S1=N3
bonding properties of the present set of model compounds. TheBot 1.24 1.23 1.26 1.24 1.11
application of the topological QTAIM analysis enables the BOc 0.86 0.89 0.83 0.88 0.81
comparison of the qualitative features of the experimentally and BOi 039 0.33 0.43 0.36 0.30
theoretically determined density distributions. The NBO/NRT S1—C7
approach allows the detection of more subtle details of the BOt 0.89 0.90 0.89 0.90 0.89
BOc 0.85 0.89 0.83 0.88 0.85

bonding character. They were also present within the QTAIM_ BOI 0.04 001 007 0.02 0.04

parameter; however, because of the strong dependencies dis- ) _

cussed already, a support was necessary to avoid an over- #The corresponding Lewis structures can be taken from Table 11.

interpretation. Because some authors claim a strong dependency 1€ 9eometry optimizations were performed employing the BSPW91
. unctional and the indicated basis set. The initial three lines give the

,On the, method of CompUtat'QnS for the NBO,/N RT restfitae respective weights of the leading resonance structures. The other lines

investigated the dependencies of data obtained from the NBO/gjye the total (BOt), covalent (BOc), and ionic (BOi) bond orders for

NRT approach on the theoretical approach. The results aredifferent bonds as obtained from the NRT analysis.

summarized in Tables 11-16. As for QTAIM inves-

tigations, we chose some typical bonds to illustrate the overall and denoted a®(Xs) = Q(X) + Q(H), Q(Xs) = Q(X) +

behavior. In Table 11, the leading Lewis structures are depicted, Q(Me), andQ(Xs) = Q(X) + Q(tBu), respectively.

which will be denoted as Ls 1 to Ls 3. Tables-16 summarize The tables show that the weights of the leading Lewis
the variations in weights and in the computed total, covalent, structures depend considerably upon the theoretical approach,
and ionic bond orders (BOt, BOc, BOi, respectiiy?). as well as on the size of the AO basis sets. For compdimnd

Finally, the atomic charge€)'s, also obtained from the NBO  for example, the weight of Ls 1 drops from about 56% to about
analyses, are giverQ(X) denotes the atomic charge of atom 38% if we compare the MP2 result with the B3PW91 data
X. When atom X is connected to a substituent=Rd, Me or (Table 12). If the hydrogen or the methyl substituents are
R = tBu, then the summed up atomic charges are also givenreplaced by the bulkyBu groups, which were used in the
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TABLE 14: Influence of the Basis Set Size on the Atomic TABLE 17: Comparison of QTAIM and NBO Charges in e?
Charges of 2b in e, Predicted by the NBO Analysis A[IQQTAIM) | —
6-31G(d,p) 6-311G(d,p) 6-31G(3d,p) cc-pVDZ cc-pVTZ compound center Q(NBO) Q(QTAIM) IQ(NBO)|]
Q(S1p +2.03 +1.94 +2.09 +1.93 +1.98 la S1 1.13 1.32 0.19
Q(N1) —0.94 —0.88 —0.96 —-0.91 —0.87 1a N1 —1.02 —1.07 0.05
Q(N1y)P —0.33 —-0.31 —0.33 —0.31 —-0.31 1a N2 —1.09 —-1.32 0.23
Q(N2) -0.97 —-0.94 -1.00 -095 —0.94 2b s1 1.89 2.42 0.53
Q(N2y)  —0.81 —0.79 —0.83 —0.78  -0.80 2b N1 —1.05 -1.07 0.02
Q(N3) —0.95 —0.93 —0.98 —0.95 —0.92 2b N2 —-1.13 —1.44 0.31
QN3;)  —0.79 -0.77 -0.81 -0.77  —0.78 2b N3 —112 —1.46 0.34
Q(C7) -0.94 -0.78 —0.96 -0.84 -0.81 3 s1 1.13 1.83 0.70
QC7%)  —0.11 -0.07 -0.12  -0.06 —0.10 3 N1 ~0.93 —1.99 0.36
aThe geometry optimizations were performed employing the B3PW91 3 N2 —0.91 -13 0.39
functional and the indicated basis s&The T denotes the summation S1 1.88 2.86 0.98
4 N1 —1.01 —1.36 0.35

of the atomic charges of the respective atoms and the substituents.

TABLE 15: Influence of the Substituents on the NBO/NRT
Expansion on the Computed Bond Orders (BOs) and on
Charges Q's) in e of 42

R=H2 R = Me? R =tBu?

Ls1-3 29.09% 25.12% 15.51%
S=N Bond Order
BOt 1.33 1.32 1.31
BOc 0.96 0.97 0.95
BOi 0.37 0.35 0.36
Charge

Q(S) +1.88 +1.90 +1.96
Q(N) —-1.01 —0.84 —0.89
Q(Ns)P —0.63 —-0.63 —0.65

2The corresponding Lewis structures can be taken from Table 11.
b The geometries have been optimized at the indicated level of theory.

¢The denotes the summation of the charges of the substituents into

the atomic charge.

TABLE 16: Influence of the Theoretical Approach on the
NBO Charges in e of 4, R= Me

Q(S) Q(N) Q(N5)*
HF/6-311G(d,p) +2.23 -0.97 -0.74
MP2/6-31G(d,p) +1.91 ~0.84 -0.64
B3LYP/6-311G(d,p) +1.90 —0.84 -0.63
B3PW91/6-311G(d,p)  +1.90 ~0.84 -0.63
B3PW91/6-31G(d,p) +1.96 ~0.86 —0.65

aThe geometry was optimized with the B3PW91 functional in
combination with the 6-311G(d,p) basis s€The 5 denotes the

a All calculations were performed with the B3PW91 functional in
combination with a 6-311G(d,p) basis set £RH).

correlate with each other. The comparison of the QTAIM- and
NBO/NRT-derived atomic charges of the sulfur and nitrogen
centers in all eight different SN bonds is given in Table 17.
The linear regression of this data set yieQisram = 1.340Qne0
+ 0.09 with a correlation coefficient dR2 = 0.99, showing
that both approaches predict similar trends. The slope of 1.34
in combination with an intercept of 0.09 reveals, however, that
QTAIM charges are higher, which was also found in other
studies (e.g., ref 67). The absolute values of both approaches
agree for some centers but disagree for others. Table 17 shows
that a nearly perfect agreement is found for the N1 centérnof
and the N1 center o2b which form single bonds to three
different neighbors. For all other nitrogen centers which form
one bond to the sulfur atom and one to a carbon center, the
deviation lies between 0.2 and 0.4 electron units. The differences
found for the sulfur are also quite interesting. A@’2 which
possesses only one dominant Lewis structure, a difference of
only 0.19 electron units is found. For compoufdfor which
three equally contributing Lewis structures exist, the largest
deviation of about 1 electron unit is obtained (itee difference
seems to correlate with the number of Lewis structures in the
NBO/NRT approach possessing a weight higher than 0.2).

If the total bond orders computed within the NBO/NRT
approach are compared to those obtained with the Cioslowski
approact® we find a linear regression of BQam =

summation of the atomic charges of the respective atoms and theO.QGBQjBo +0.27,R2=0.91 (i.e., a slope of about 1 is found)

substituents.

experiment, the weights of the leading Lewis structures drop
from around 30% to only 15% (Table 15). However, despite
these strong variations, the computed bond orders and atom

IC

but the Cioslowski approach always give a somewhat higher
bond order. The difference is even larger if it is taken into
account that according to Cioslow&konly the covalent bond
order is computed, while the total bond order of the NBO/NRT
approach is used. If ionic contributions, which are expected from

charges remain almost constant. One example is the decreasing, o high atomic charges, were added to the Cioslowski bond

weights of the leading Lewis structures found for=R H
compared to R= tBu. The corresponding bond orders differ
by only 1-2%. Similar changes are found if the basis set size
or the method of computation is varied. The atomic charges

order, the corresponding total bond orders become quite high.
However, although the QTAIM and the NBO/NRT ap-

proaches disagree in the actual numbers for bond orders and

atomic charges, the trends for the series of compouneé

vary to a somewnhat larger ex';ent, but, for this quantity also, 4re in line with each other. Both approaches predict increasing
the changes are less than 10%. If we compare Table 6 with coyalent as well as ionic contributions when comparing a formal
Table 16, it is obvious that the atomic charges derived with the single bond to a formal double bond. For the formal single-S1
NBO/NRT approach are less sensitive with respect to the methodyn 1 pond of 2b (R = Me, Table 13), NBO/NRT predicts a

of calculation than its QTAIM counterparts. The NBO-derived
charges of the sulfur atoms mimic their formal oxidation state,
as can be seen from Table 17.

C. Comparison of the QTAIM and NBO/NRT Ap-
proaches. As discussed already, in a previous paper, we
combined the QTAIM and NBO/NRT approaches to investigate
the nature of the SN bonds within our set of model compounds.

covalent bond order of 0-:30.4 and an ionic contribution of
approximately 0.2. For the formal double bonds=H#2 and
S1=N3 of the same molecule, covalent bond orders of ap-
proximately 0.8 are computed, and the ionic contribution is
predicted to be 0:30.4. The bond order according to Cioslowski
increases from 1.01 to 1.34 (forR H, see Table 18), and as
can be seen from Table 17, the absolute value of the atomic

This requires that the quantities obtained from both approachescharge also increases from 1.07 for the N1 center to about 1.44
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BOi the Laplacians at the BCP also vary with respect to the
theoretical approach and the size of the AO basis sets. The other
Hessian Eigenvalue$; andA,, change to a smaller extent, and
the density itself varies only slightly. For all other bonds, the
0.40 variations with respect to the theoretical approach are smaller.
It is interesting to note that all data obtained with the (2d,p)
polarization basis set proposed by Pople are found to deviate
considerably from the corresponding values from (1d,p) and
(3d,p) polarization basis sets.

0.301 The strong influence of the theoretical approach onihe
values found for the formal double bonds mainly occurs, because
it varies remarkably near the BCPs. As a consequence, small
variations in the position of the BCP already lead to large
changes inl; and in the Laplacian. Becauge and, and the

0.45

0.204 density change slowly, a smaller dependency of these properties
with respect to the theoretical description results. For all other
040 050 060 070  0.80 090  1.00 bonds (e.g., formal single-SN and S-C bonds), the BCP is
BOc located close to the middle of the respective bond. In this region,

Figure 4. lonic (BOI) versus covalent (BOc) NBO bond order in the 73 @ISO varies slowly, so that smaller dependencies result.
eight different N-S bonds ofLb, 2b, 3, and4 (R = Me), calculated at Despite these strong variations for the formal double bonds,

the B3PW91/6-311G(d,p) level of theory (optimized geometries). the computed densities and Laplacians at the BCPs are found
to show a nice correlation with the computed bond distances

TABLE 18: Comparison of Cioslowski (CIO) and NBO and formal characters of the bonds. Within the NBO/NRT
Bond Orders? - - .
approach, the weights of the leading Lewis structures are found
compound bond NBO Clo A to depend strongly on the method of computations and basis
la S1-N2 0.63 1.10 0.47 set size; however, the derived properties such as bond orders
la N1-N2 131 1.52 0.21 and atomic charges are found to be almost independent.
la S1-C2 0.95 1.03 0.08 . . .
b S1-N1 0.59 101 0.34 Within our set of mode_l compounds, the Cioslowski bond_
2h S1-N2 1.11 1.34 0.23 orders are considerably higher than the covalent bond orders in
2b S1-N3 1.31 1.37 0.07 the NBO/NRT approach, and also, higher atomic charges are
2b S1-C7 0.90 0.99 0.09 obtained in QTAIM theory than in the NBO approach. However,
g 21‘“% 1-@2 i;g 8-2519 although both approaches disagree considerably in the actual
3 Nl_—Nl 015 034 019 numbers, they agree in the trends. Both predict increasing ionic
4 S—N 1.32 1.55 0.23 and covalent bond contributions when comparing the SN formal
4 N—N 0.00 0.25 0.25 single to the formal double bonds.
aAll calculations were performed with the B3PW91 functional in For the present set of model compounds, theory and experi-
combination with a 6-311G(d,p) basis set {RH). ment agree qualitatively in the topological features of the

electron density, but both disagree in the absolute values of the

for the N2 and N3 centers (i.e., also in this picture, the covalent density and the Laplacians at the BCPs. Already the positions
and the ionic bond strength increase). Figure 4 shows the Of the BCPs are quite different. To study whether both can be
correlation for the NBO/NRT approach. directly compared, we studied the correlations between experi-
This trend is also reflected in the densities and Laplacians at mentally and theoretically derived quantities obtained for our
the BCP. For the B3PW91/6-311G(d,p) approach, the formal S€t of eight different SN bonds. Such a correlation is only found
single bonds (SEN1 in 1b and 2b) possess densities at the for the less sensjtive properties, such as density at the BCPS.
BCP of 1.32 and 1.37 eAAThey are associated with Laplacians The more sensitive ones (e.g., the Eigenvalues of the Hessian
of —8.58 and—9.98 e/, respectively, showing that SN formal and the Laplacians) do not correlate. Comparing other relation-
single bonds are comparable in density and Laplacian at theShips, we found that all theoretically derived properties correlate
BCP. All formal double bonds possess increased densities,With bond distances or formal types of bonds; from the
indicating increased covalent bonding. Simultaneously, the €xperimentally derived quantities, such relationships are only
Laplacian values at the BCP are shifted toward positive values, found for the density, while they are missing for the more

which within the QTAIM theory indicate higher ionic contribu- ~ S€nsitive properties. An example is the position of the BCP,
tions (see Figure 3). which exclusively in the calculations clearly distinguishes formal

single and double bonds. It is interesting to note that single point
calculations of the density-related properties at experimentally
derived geometries requires flexible basis sets. For smaller basis
In the present study, a set of suktmitrogen compounds,  sets, the correlations between Laplacians and bond distances
which contain SN formal single and double bonds and include disappear. If both the geometries and density-related properties
nitrogen atoms involved in inter- and intramolecular hydrogen are obtained from theory, the correlations are also found for
bonds, is used to study the dependency of the bond topologicalsmaller basis sets.
QTAIM properties and of the NBO/NRT data on the method  From the present study, we cannot answer why a correlation
of computations. Additionally, the theoretical results are com- between the Laplacians and bond distances is missing for the
pared to each other and to their experimental counterparts.  experimental data. In principle, it could turn out that the
For the SN formal double bonds, our investigations show a Hanser-Coppens formalism in its original form is not flexible
quite strong dependency of thgvalues, and as a consequence, enough to describe the topology (i.e., density and Laplacian at

IV. Summary and Conclusions
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the BCP) of the present SN bonds correctly. The little variation

in the position of the experimental BCP supports this thesis.

Henn et al.

(35) Tafipolsky, M.; Scherer, W.; fale, K.; Artus, G.; Pedersen, B.;
Herrmann, W. A.; McGrady, G. SI. Am. Chem. So2002 124, 5865.
(36) Leusser, D.; Henn, J.; Kocher, N.; Engels, B.; Stalke,J DAm.

On the other side, there are examples of highly ionic bonding cpem. soc2004 126 1781.

modes (e.g., in silicon compourf@swhich show a BCP very

(37) Peres, N.; Boukhris, A.; Souhassou, M.; Gaboille, G.; Lecomte, C.

close to the electropositive atom. The other possibility is that Acta Crystallogr., Sect. AL999 55, 1038.

the HanserCoppens formalism is of sufficient flexibility, but

multiple solutions exist in the least-squares refinement, maybe

some of them of similar quality in the statistical quality measure.
These questions are the matter of our future work.
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