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The multipolar model of the valence-electron-density distribution for S atoms
has been optimized based on theoretical structure factors for six organic
molecules. The evaluation of different sets of radial function parameters shows
that: (a) the ratio of the n(l) values for different / is more important than their
absolute values, as parallel changes in all n(/) for a given atom are compensated
for by a change in the refined value of the «’ parameter, and (b) the (2, 4, 6, 8) set
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As charge-density studies are being extended to more and more
complex molecules, including those containing heavier atoms, the
proper choice of the density function for heavier atoms merits
additional attention. This is especially true for phosphorus and sulfur
which are common in molecules of biological interest.

In the Hansen—Coppens formalism (Hansen & Coppens, 1978)
implemented in the XD program (Koritsanszky et al, 2004), the
pseudoatom density is defined as

]
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where the first term represents the spherically averaged free-atom
Hartree—Fock core, p.or, and the second the spherical Hartree—Fock
valence density, p,,, modified by the expansion/contraction par-
ameter . The terms in the summation on the right are the atom-
centered deformation functions (which may include a monopole),
each described in terms of a normalized single Slater-type radial
function R,(k;r), multiplied by density-normalized real spherical
harmonic angular functions d,,,.(rx/r) defined in a local coordinate
system. The radial functions are given by the expression

(rej0ur )"(1)
[n(D) +2]!

where n(l) > [ to obey Poisson’s electrostatic equation, and values for
o, are estimated from the Hartree—Fock optimized single-§ exponents
of the valence-orbital wavefunctions calculated for free atoms
(Clementi & Raimondi, 1963; Clementi & Roetti, 1974; Macchi &
Coppens, 2001).

Typically, the «; are set to be the same for all / and are calculated as
the average of the valence-orbital exponents weighted by the orbital
occupations. As they are multiplied by the refinable expansion—
contraction parameters «’, the precise initial value of ¢; is somewhat
arbitrary.

The values of n(l) may be inferred from the origin of the multipole
functions as a product of atomic orbitals (Hansen & Coppens, 1978).
The hydrogenic orbitals with principal quantum number » have radial

R,(kjr) = (kj0,)’ exp(—Kr),

of n(/) with «’ refined as a single value is an optimal choice of radial function
parameters for S atoms.

functions that are polynomials in » of order n — 1, with n — [ — 1
radial nodes. In the Slater-type orbitals, the radial nodes are omitted
but the power of r is preserved. As the valence-density functions for
second-row atoms are products of n = 3 orbitals, this leads to n(/) = 4
for all deformation functions of such atoms. But obviously, the
neglect of the radial nodes is an approximation, while the deforma-
tion functions of the pseudoatoms also must account for electron-
density delocalized into the covalent bonds. It was found that, for
highly accurate Pendellésung data on silicon and low-temperature
data on NH,SCN, a better fit is obtained when using n(1, ..., 4) =
4,4,6,8 (Hansen & Coppens, 1978), whereas a careful study on
H;PO, indicated a better fit with the (6,6,77) set for the P atom
(Moss et al, 1995). The (4,4,6,8) set was also used to refine
experimental data for several sulfur-containing organic molecular
crystals [‘hypervalent’ sulfur nitrogen species free radical (Pillet et al.,
2001); ‘hypervalent’ sulfur nitrogen species (Leusser et al, 2004);
thiapentalene (Fabius et al, 1989) or tetrathiane derivatives
(McCormack et al., 1996)]. For thioacetamide crystals, the (4, 4, 4) set
was chosen (no hexadecapoles) on the basis of a fit to theoretical
structure factors (Hambley et al., 2002). Also, after extensive analysis,
the (4, 4, 4, 4) set was finally used in the experimental charge-density
analysis of the charge-transfer complex BTIDMTTF-TCNQ (Espi-
nosa et al., 1997). On the other hand, (6,6,7 7) and (6, 6, 8, 8) sets,
used with the KRMM method [k-restricted multipole model (Volkov
et al., 2001)] were shown to give a reasonable fit to experimental data
in a series of other studies (Dahaoui et al., 1999; Hibbs et al., 2003; Lee
et al., 2004; Overgaard & Hibbs, 2004).

An alternative to testing the various choices on experimental data
is the evaluation of the n(/) set based on electron densities as
predicted by theory. Following this approach, we have generated
structure factors from a series of theoretical densities of a number of
isolated molecules, listed in Table 1. The ab initio calculations were
performed at the DFT or MP2 level with GAUSSIANO3 (Frisch et al.,
2004) and based on molecular geometries retrieved from the
Cambridge Structure Database (CSD; Allen, 2002). All X—H bond
lengths were set to average values obtained from neutron diffraction
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Table 1
List of molecules included in the analysis.
Chemical diagram Name CSD code Reference
I N\ N 1,3-Propanedithiol QEKXUZ Thalladi et al. (2000)
/\S/ Ethyl methyl sulfide LIQWEN Yokoyama & Ohashi (1999)
ﬁ 1-Methylthio-2-methylsulfonylethane PINPAO1 Hauback et al. (1994)
S,
s \\\/\s/
o
H N-Acetyl-L-cysteine NALCYS02 Takusagawa et al. (1981)
\”/ SH
o -
o) @]
NH+ oH L-Cysteine LCYSTNO4 Gorbitz & Dalhus (1996)
o [¢]
NH+ S/S\/\(O L-2-Amino-4,5-dithiaoctanedioic acid CUVFOO Rajeswaran & Parthasarathy (1985)
_ OH
(9] [¢)

® ()

Figure 1

Three-dimensional residual electron-density maps after multipolar refinement of
theoretical (B3LYP/6-31G**) valence-only structure-factor data for 1,3-propane-
dithiol with different sets of n(/) and «; values used: (a) (4, 4, 4, 4) and «; the same
for all /; (b) (4, 4, 4, 4) and «; separate for each [; (c) (4, 4, 6, 8) and «; the same; (d)
(4,4, 6,8) and «; separate; (e) (2, 4, 6,8) and «; the same; (f) (2,4, 6,8) and «;
separate; (g) (6, 6, 6, 6) and «; the same; (k) (6, 6,7 7) and «; the same. Contours
are at the 0.1, 0.05, —0.05, —0.1, e A3 levels, blue surfaces are positive and red are
negative.

(International Tables for X-ray Crystallography, 1992). The valence-
only structure factors were obtain in the 0 < sin /A < 1.1 A range
with a metrically cubic cell of 30 A edges. Both expansion—contrac-
tion parameters («, k') were refined independently for each atom with
the exception of the chemically equivalent H atoms which shared the
same k and «’ parameters. The pseudoatom expansion was truncated
at the hexadecapolar level (/,.x < 4) for the non-H atoms and at the
quadrupolar level (/,.x < 2) for H atoms for which only bond-
directed functions of /, m = 1, 0 and 2, 0 were refined. The number of
independent multipole populations was restricted by imposing local
symmetries. The theoretical phases were kept fixed during the
refinement.

Several combinations of n(/) radial-function parameters for sulfur
were tested together with different basis set functions and levels of
theory. Besides the standard (4,4,4,4) set, we tested (4,4,6,38),
(6,6,6,6), (6,6,8,8), (6,6,77), (5,55,5), (7,7,7,7), (8,8,8,8) and
(2,4,6,8), the last four never examined before. Additionally, non-
constrained refinement of «; parameters for S atoms were performed,
in which the ¥’ parameters were allowed to be different for different /.
The o, parameter was kept constant at 3.851 25bohr ™.

16 5.20
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¥ 1.2 1 - 4.20 o
1 - 3.70
08 T T T 3.20
2 4 6 8 10

n(t)
Figure 2
Correlation plot between n(l), set to be equal for all /, and «’ (diamonds) and the
agreement factors Ry (stars) for 1,3-propanedithiol (QEXUZ, blue) and ethyl
methyl sulfide (LIQWEN, red) molecules [QEXUZ: «’ = 0.158n(l) + 0.2411, R* = 1;
LIQWEN: ' = 0.1605n(l) + 0.2452, R* = 1].

Acta Cryst. (2006). A62, 224-227

225

Dominiak and Coppens « Radial-function parameter



short communications

Table 2

Selected details for valence-only structure-factor data of six organic molecules
(QEKXUZ, LIQWEN, PINPAO1, NALCYS02, LCYSTN04 and CUVFOO)
calculated at different levels of theory and refined with different sets of radial
function parameters [n(/) and «].

Appin A Piax

n(l) K Ry [e A7 Ky — K}y
QEKXUZ
B3LYP/6-31G** 4444 —1 484  —-0.10023 0.87%§
4444 +9 385  —0.080.15 1.84 0.97 0.77 0.68
4468  — 424 —0.090.19 1.07
4468  + 377  —0.080.15 1.87 0.97 1.06 1.22
5555 — 483  —0.10022 1.03%
6666  — 484  —0.100.22 1.19%
6677  — 440  —0.100.19 1.27
6688  — 423 —0.100.18 1.36
7777 — 486  —0.10022 1.35%
8888  — 489  —0.11021 1.51%
2468  — 380 —0.070.16 1.05
2468  + 368  —0.070.15 1.21 0.96 1.06 1.22
B3LYP/6-311++G** 4444  — 546  —0.11031 0.85%
4444 + 454  —0.06 0.25 1.98 1.01 0.77 0.68
4468  — 496  —0.09 0.30 1.09%
2468  — 449  —0.06 0.26 1.07
2468  + 438  —0.050.24 1.311.00 1.06 1.23
MP2/6-311++G** 4444 — 512 —0.17 0.09 0.90
4468 478  —0.16 0.07 1.09
2468 — 445  —0.140.04 1.06
LIQWEN
B3LYP/6-31G** 4444 — 359  —0.08 0.09 0.89
4444 + 296  —0.08 0.06 1.45 0.99 0.74 0.66
5555 — 361  —0.08 0.09 1.05
6666  — 367  —0.08 0.09 121
4468  — 318  —0.08 0.07 1.06
2468  — 301  —0.08 0.06 1.03
2468  + 291 —0.08 0.06 0.98 0.99 1.03 1.18
B3LYP/6-311++G** 4444  — 392 —0.090.14 0.88
4444 + 327 —0.050.13 1.54 1.01 0.75 0.67
4468  — 343 —0.05013 1.07
2468  — 327  —0.050.13 1.05
2468  + 319  —0.050.13 1.06 1.02 1.03 1.20
PINPAO1
B3LYP/6-31G** 4444 — 305  —0.110.11 0.89 /0.72+%
4444 + 2.68  —0.09 0.08 1.51 0.99 0.74 0.66 /
1.91 0.71 0.73 0.65
4468  — 274 —0.08 0.09 1.05/1.03
2468  — 263  —0.08 0.08 1.02/1.03
2468  + 244 —0.07 0.08 1.02 0.99 1.04 1.20 /
1.410.71 1.02 1.18
B3LYP/6-311++G** 4444  — 319  —0.11018 0.87/0.71
4444 + 281  —0.080.15 1.63 1.02 0.75 0.68 /
1.65 0.55 0.72 0.65
4468  — 296  —0.080.17 1.06 / 1.03
2468  — 287  —0.080.16 1.04/1.03
2468  + 265  —0.060.15 1.131.021.051.22/
1.17 0.56 1.01 1.18
NALCYS02
B3LYP/6-31G** 4444 — 324 —0.090.11 0.87%
4444 + 3.04  —0.08 0.08 1.61 0.98 0.76 0.68
4468  — 313 —0.08 0.09 1.07
2468  — 311 —0.08 0.08 1.04
2468  + 302  —0.08 0.08 1.10 0.97 1.05 1.22
B3LYP/6-311++G** 4444  — 333 —0.100.18 0.86%
4444 + 307  —0.050.15 1.70 1.01 0.77 0.70
4468  — 315  —0.06 0.15 1.10
2468  — 307 —0.050.15 1.07
2468  + 3.04  —0.050.14 1.19 1.01 1.06 1.26
LCYSTNO04 moll
B3LYP/6-31G** 4444 — 318  —0.080.13 0.91%
4444 + 283 —0.09 0.09 1.54 1.00 0.75 0.68
4468  — 292 —0.090.10 1.08
2468  — 280  —0.09 0.08 1.05
2468  + 276 —0.09 0.08 1.10 1.00 1.05 1.22
B3LYP/6-311++G** 4444  — 350 —0.100.18 0.90%
4444 + 313 —0.06 0.14 1.76 1.02 0.78 0.69
4468  — 323 —0.060.16 1.07
2468  — 311 —0.060.14 1.08
2468  + 3.08  —0.060.14 1.251.02 1.07 1.24
LCYSTNO04 mol2
B3LYP/6-31G** 4444 — 324 —0.080.10 0.90%
4444 + 286  —0.080.10 1.550.98 0.76 0.68
4468  — 298  —0.080.10 1.07%
2468  — 285  —0.08 0.09 1.04

Table 2 (continued)

Appin APmax

n(l) K} Ry [e A7) Ky — K}
2468 + 2.81 —0.08 0.09 1.10 0.97 1.06 1.23
B3LYP/6-311++G** 4444 - 3.51 —0.10 0.18 0.89%
4444 + 3.18 —0.07 0.15 1.82 0.99 0.78 0.70
4468 — 3.35 —0.08 0.17 1.10%
2468 — 3.18 —0.07 0.16 1.07
2468 + 3.14 —0.07 0.15 1.29 0.99 1.08 1.26
CUVFOO
B3LYP/6-31G** 4444 — 3.20 —0.11 0.19 0.87 7 0.88%%
4444 + 2.99 —0.11 0.16 1.47 0.93 0.73 0.64 /
1.54 0.94 0.77 0.67
4468 - 3.07 —0.11 0.19 1.02/1.04
2468  — 297  —0.110.13 0.98/1.01
2468 + 2.92 —0.11 0.13 0.980.94 1.01 1.13/
1.03 0.95 1.09 1.19
B3LYP/6-311++G** 4444 — 3.42 —0.10 0.24 0.88/0.87
4444 + 322 —0.08 0.21 1.53 0.94 0.75 0.64 /
1.63 0.95 0.77 0.66
4468 - 3.30 —0.08 0.24 1.04 /1.04
2468 - 3.20 —0.08 0.19 1.00 / 1.02
2468 + 3.17 —0.08 0.18 1.03 0.94 1.04 1.15 /

1.09 0.95 1.07 1.19

+ — means the same for all /. 4 + means separate refinement for each . i We were
not able to refine ' for the H atom bonded to this S atom, its ' value wassetto 1.2. § «’
is an average of two values for two thiol S atoms present in the molecule, which are
essentially equal. 11 Number(s) before the slash correspond(s) to the thioether S atom,
after to the sulfonyl. #f Two sets of numbers correspond to two S atoms in an S
bridge.

The results are summarized in Table 2. Examination of the R
factors in the table shows that the best fit is obtained with the
(2,4,6,8) set. It may be noted that the crystallographic R value
calculated for the valence-only structure factors provides a more
sensitive figure of merit of the fit than the R factor for the total
structure (Koritsanszky et al., 2002). The better fit of the (2, 4, 6, 8) set
is confirmed by the residual density maps shown in Fig. 1, which
exhibit smaller residual features for this set. This result is quite
independent of the basis set or level of theory applied. Only in two
cases (LIQWEN and NALCYS02, B3LYP 6-311++G**) does the
(4,4,6,8) Apmax value equal that for (2,4,6,8). However, the R
factor is worse and examination of the details in the residual maps
shows the features to be unrealistically sharp in the former case.

The features in the residual density tend to be somewhat higher
(up to ~02 ¢ AOC3) for the large basis sets, which better represent
sharp features in the density near the nuclei, which are not fully
accommodated by the Slater-type radial functions of the multipole
model. Such features are not visible in experimental data because of
thermal motion.

It is quite interesting that the (4,4,4,4), (5,55,5), (6,6,6,06),
(7,7,7,7) and (8, 8, 8, 8) sets give almost identical statistics (Table 2)
and residual maps (Figs. 1a and 1g) but with different refined «’ values
(Table 2). As n(l) increases, i.e. the function becomes more diffuse,
the increase in «’, which represents a contraction, compensates for the
increase in n(l). This is well demonstrated by the correlation plot for
«' and n(l) shown in Fig. 2. Remarkably, as a result, the R factor is
practically independent of the values of n(/) (Fig. 2). Clearly, the most
important choice is not the n(l) values, but rather their ratio n(1) :
n(2) : n(3) : n(4), with the higher functions being more diffuse. The
higher functions are products of higher / orbitals, which have fewer
nodes but are also more likely to represent bonding density.

For the (2,4, 6,8) model, the refinement with separate «; values
does not give a significant improvement over the single «’ refinement
in terms of R factors and residual maps. The constrained refinement
of k' parameters with experimental data is notoriously difficult and
separate refinement almost impossible. We conclude that the
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(2,4,6,8) set of n(/) with &’ refined as a single value is an optimal
choice of radial function parameters for S atoms. According to the
results, this conclusion applies equally to the different types of S
atoms studied, which include thiols (QEKXUZ, NALCYS02,
LCYSTNO04), thioethers (LIQWEN, PINPAO1), an S bridge
(CUVFOO) and a sulfonyl group (PINPAO1).

Support of this work by the National Science Foundation
(CHEO0236317) is gratefully acknowledged.
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