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Continua of Interactions between Pairs of Atoms in Molecular Crystals
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Abstract: The electron density distribu-
tions in crystals of five previously stud-
ied DMAN complexes and five Schiff
bases (two new ones) have been ana-
lysed in terms of various properties of
bond critical points (BCPs) found in
the pair-wise interactions in their latti-
ces. We analysed the continua of inter-
actions including covalent/ionic bonds
as well as hydrogen bonds and all other
types of weak interactions for all pairs
of interacting atoms. The charge densi-
ty at BCPs and local kinetic and poten-
tial energy densities vary exponentially
with internuclear distance (or other
measures of separation). The parame-

ters of the dependences appear to be
characteristics of particular pairs of
atom types. The Laplacian and the
total (sum of kinetic and potential)
energy density at BCPs show similar
behaviour with the dependence being
of the Morse type. The components 4;,
Ay, Az of the Laplacian at BCPs vary
systematically with internuclear dis-
tance according to the type of atom

Keywords: charge density distribu-

tions - hydrogen bonds - protona-
tion - Schiff bases « weak interac-
tions

pair. For 4, and 4, the distribution is of
the exponential type, whereas 4; does
not seem to follow any simple function-
al form, consistent with previous theo-
retical findings. Analytical nonlinear
dependences of Laplacian on charge
density have been found. They agree
reasonably well with those obtained by
least square fit of the Laplacian to
charge density data. There are four dis-
tinct regions of the \/’0pcp/Opcp Space,
generated by Epcp=0 and Ggcp/ppcp=
1 conditions. Two regions clearly corre-
spond to the shared-shell and closed-
shell interactions and the other two to
some intermediate situation.

Introduction

Following our previous findings,"! we have utilized Bader’s
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AIM theory®¥ to extend the analysis of the continuum of

weak interactions to all pairs of interacting atoms found in

their crystal lattices, starting from the covalent bonds and

finishing with van der Waals contacts, through the whole
range of hydrogen bonds, m---m stacking, H--H interactions.

The following
[O--H-~O0],

types of
OH---0,

were  studied:
CH--O, OH-N,

interactions
[N*H-O],

[NH--N]*, CH-N, CH--Cn, Cr-Nm, Cm-Cm, CH-Cl,
HH’ Nonitro."Ha Nonitro“.cna Nonitm."Nn’ Nonitro."NOnilm?

0--0, O--Cm, N-H, O-H, C-H, C-C, C=C, C-O, C=0, C-N,
C=N, N=0, C,,C,..

This work also follows up extensive studies by Espinosa
et al.’"”! on the topological and energetic properties of the
electron density distributions in hydrogen-bonded systems
in which the analysis of 83 published charge density experi-

ments on compounds with X-H--O (X = C, N, O) hydrogen

bonds is presented. They found a close fit of the local kinet-
ic and potential energy densities at hydrogen bond critical
points to an exponential function for closed-shell interac-
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tions.!*! They also found a number of relations between ki-
netic and potential energy densities and Hessian eigenval-
ues.> Espinosa et al.*”) showed that the interaction poten-
tial derived from the total energy density follows well-de-
fined functional forms, such as Morse, Buckingham, or Mat-
suoka—Clementi—Yoshimin.”’ In some recent papers based
on quantum-mechanical calculations for X-H-F hydrogen
bonds, they found a similar functional form for the variation
of Laplacian at critical points with H--F distance.’®*!
Spackman!™! proved that the essential behavior exhibited
by multipole-refined electron densities for X-H--O contacts
could be described by the superposition of electron densities
of O and H atoms. The promolecule, a model of non-inter-
acting overlapping spherical atomic electron densities, con-
tributes the dominant part of the electron density in the in-
termolecular regions. The values of the electronic kinetic
energy densities Gycp are quite successfully reproduced by
the promolecule model, however, experimental estimates

Abstract in Polish: Rozktady gestosci elektronowej w krysz-
tatach pieciu uprzednio przebadanych komplekséw DMANu
oraz pieciu zasadach Schiffa (w tym dwéch nowych zwigz-
kach) przeanalizowane zostaty w funkcji réinych wtasnosci
punktow krytycznych wigzan/oddziatywan (BCPs). BCPs
charakteryzuja oddziatywania miedzy parami atomow w sie-
ciach krystalicznych. ZnaleZlismy continua oddziatywan
sktadajace si¢ z oddziatywan kowalencyjnych/jonowych jak
réwniez roznych typow wigzan wodorowych oraz innych sta-
bych oddziatywan wszystkich par oddziatujgcych atomow.
Gestos¢ elektronowa w punktach krytycznych wigzan, lokal-
na gestos¢ energii kinetycznej i potencjalnej zmieniajg sie
eksponencjalnie w funkcji odlegtosci miedzyatomowej (lub
innego parametru charakteryzujacego te odlegltosé). Parame-
try takich zaleznosci okazujg sie by¢ charakterystyczne dla
poszczegolnych par oddziatujacych atoméw. Laplasjan oraz
catkowita lokalna gestos¢ energii w punktach krytycznych
oddziatywan (suma lokalnej gestosci energii kinetycznej oraz
potencjalnej) podlegaja podobnym zaleznosciom opisywa-
nym krzywymi typu funkcji Morsa. Sktadowe Laplasjanu, \,,
Ay, A3, w punktach krytycznych oddzialywan zmieniajg si¢
systematycznie jako funkcja parametru odlegtosci migdzyato-
mowej oraz rodzaju oddziatujacych atomow. \; i \, zaleZg
eksponencjalnie od parametru odlegtosci, natomiast \;
wydaje si¢ nie podlegaé Zadnej prostej i znanej zaleznosci.
Jest to zgodne z przewidywaniami teoretycznymi. Zostatly
znalezione analityczne nieliniowe zaleznosci Laplasjanu od
tadunku. Sg one zgodne 7z zaleznosSciami uzyskanymi po-
przez dopasowanie Laplasjanu metodg najmniejszych kwad-
ratéw do danych opisujacych gestosci elektronowe w punk-
tach krytycznych. Znalezione zostaly cztery obszary w prze-
strzeni rozpietej na warto$ciach laplasjanu i gestosci (\/°pgcr/
Pacp) przez warunki Egcp=0 oraz Ggep/ppep=1. Dwa obsza-
ry zwigzane sg 7 oddziatywaniami kowalencyjnymi i jonowy-
mi, natomiast pozostate dwa nie sq jeszcze zbadane i wydajg
sig opisywac sytuacje posrednie.
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for potential energy densities at BCP, Vycp show systematic
differences from the prediction of the promolecule model
for H-O distances smaller than 2.3 A.

The role of neutron data in experimental charge density
evaluation was previously examined by Espinosa et al.l
They analysed the topological properties of hydrogen bond-
ing such as amount of electron density, Laplacian of electron
density and Hessian values [ppcp V0Opcn and Aspcp] at the
bond critical points with respect to H--CP, CP---acceptor and
H---acceptor distances. They concluded that the implicit neu-
tron information introduced by means of average distances
observed from neutron experiments was presently good
enough to describe the topological properties.

Alkorta et al." found a logarithmic relationship between
the bond distances (dcy) in covalent C—H and C---H hydro-
gen bonds and pgcp in their computational studies. They also
suggested that a logarithmic relationship between the elec-
tron density and the bond length should be found for any
A-B pair of atoms.

Abramov!"™ proposed a new approach for the evaluation
of G(r) and V(r) from experimental (multipole-fitted) elec-
tron density. This approach allows a relatively accurate de-
scription of the closed-shell medium-range (~1-4 Bohr =
0.53-2.12 A) behavior of the kinetic energy density. In this
approach, the short-range (core region) and long-range
values are not well reproduced. The ratio Ggcp/Pgcp should
be less than unity and Epcp should be negative for a shared-
shell interaction (covalent bond) and this ratio should be
greater than unity for a closed-shell interaction (ionic, hy-
drogen or van der Waals bond). The differences between
theoretical values and those obtained from their expressions
are about 10% for Ggyep and about 20% for Vyep at about
22 A separation. As Abramov!'? pointed out, the biggest
contribution to the systematic error in Ggcp is expected to
be due the /’0pcp term. The v/%0 displays dependence on
(sin6/2)*™ and is very sensitive to improperly deconvoluted
thermal motions.

Finally, Costales et al."¥) presented some general theoreti-
cal considerations regarding interactions of pairs of atoms as
a function of interatomic separation and stressed the role of
the equilibrium distance on main atomic pairs in variety of
different bonding regimes.

In the present work, we aim to analyse relationships be-
tween parameters of electron density at the bond critical
points in the previously studied DMAN™! and its com-
plexes!"'®" and a series of already studied"! and some new
Schiff bases N,N’-bis(2,5-dihydroxybenzylidene)-1,2-diami-
nobenzene (S4) and tris(3-formyl-5-methyl-2-salicylidenami-
noethyl)amine (S5, see Figure 1). S5 forms molecular crys-
tals consisting of two tripodal moieties which form different
types of intramolecular hydrogen bonding with O-H:N hy-
drogen bonds in all three wings of the first moiety and
[O~H-N*] hydrogen bonding in the other moiety. Extend-
ing our previous findings!"! we want to verify how consistent
the charge density data are for so much different classes of
compounds as proton sponge complexes and Schiff bases.
We also want to include different covalent bonds into our

Chem. Eur. J. 2006, 12, 1941 -1949
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Figure 1. Compounds studied: a) ortho-hydroxy Schiff bases, b) DMAN [1,8-bis(dimethylamino)naphthalene] and its ionic complexes. S5 consists of two
tripodal moieties with different types of hydrogen bonding in their molecular fragments.

analysis and a larger range of the weakest interactions (for
example H--H interactions and various van der Waals con-
tacts) so as to encompass all bonding interactions present in
the crystal lattices. Finally, both ppcp and /’0gcp are ex-
pressed in terms of a measure of separation. However, we
will try to obtain, by elimination of separation parameter
from these dependences, the exact functional dependence of
V’Opcp ON Ppcp Which—in general—should be not linear.
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Experimental Section

Experimental electron density measurements: Crystals of the newly ob-
tained Schiff bases studied were orange prisms, grown from acetone/
hexane 1:1 (S4) and acetonitrile (S5). They were obtained by using rou-
tine synthetic methods of condensation of aldehydes with appropriate
amines."”

Single-crystal, high resolution, low temperature X-ray diffraction data for
S4 compound were collected for a single crystal of dimensions 0.35x
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0.30x0.25 mm® by using the Bruker-Nonius Kappa CCD diffractometer
and Oxford Cryosystems low temperature attachment. Data reduction
and empirical absorption corrections were carried out with the
DENZOP? and SORTAV.?!

The S5 crystal (dimension 0.30 x0.30x 0.20 mm®) data were collected by
using the Rigaku RAPID curved IP system equipped with AFC-9 gonio-
stat and controlled by HKL2000?" program suite. The high-resolution
diffraction experiment was carried out at 103 K using the X-stream Cryo-
genic Cooler System (Molecular Structure Corporation, Rigaku). The
Moy, X-ray radiation (60 kV, 40 mA) was further monochromatized by
graphite monochromator. A total of 960 frames divided into seven
omega scans with various y offsets resulted in a nearly complete data set
to 0.46 A resolution. The exposure time of a single diffraction image was
120 s with 1° oscillation angle. Indexing, integration and scaling were per-
formed with HKL2000. Ka,—Ka, split was not taken into account. The
space group was determined as R3. In the merging procedure, the 283394
measured reflections were reduced to 21559 unique reflections. The
multi-scan absorption correction was applied in the scaling procedure.
The transmission factors 7., and T, were 0.985 and 0.897. The refined
mosaicity was 0.5° Completeness [%] was equal to 99.6(97.9)*, average
redundancy was 13.2(4.7)*.and the average I/ol) 43.7(2.6)*, where the
data for the highest resolution shell (0.48-0.46 A) are reported in paren-
thesis and marked with asterisk.

Multipole refinement: The program XDLSM of the package XD was
used for the multipole refinement. The Hansen—Coppens formalism,?*
was applied, the atomic electron density being divided into three compo-
nents:

P (rk) = Peore (rk) + Pvalence K}pvalence (Krk)
Imax +

+1 Z R (1'ry) Z Py s (V9

1=0 m=-1

a) a spherically averaged free-atom Hartree-Fock core contribution, p...;
b) a spherically averaged free-atom Hartree-Fock normalized to one
electron valence contribution, Py, With population parameter P, ;.
and modified by the dimensionless expansion—contraction parameter «;
and c) a deformation term representing the deviation of the valence den-
sity from spherical symmetry modified by the dimensionless expansion-
contraction parameter «’. The deformation is expressed in terms of a nor-
malized Slater-type radial function R(r,) modulated by density normal-
ized, real spherical harmonic angular functions d,, . (¥,¢) defined on local
axes centered on the atoms and with population parameters P, .. Aniso-
tropic temperature factors were applied to describe the thermal motion
of non-hydrogen atoms. Scattering factors for C, H, O and N were de-
rived from wavefunctions tabulated by Clementi and Roetti.””!

The multipole expansion was truncated at the hexadecapole level for
carbon, oxygen and nitrogen atoms, and at the dipole level for hydrogen
atoms. Since most of the atoms were in general positions the space group
symmetry places no restrictions on the allowed multipole functions. The
exceptions are N1 and N3 amine atoms in S5 structure, for which con-
straints adequate for threefold axis were applied. Separate x, k' were em-
ployed for aromatic C, methylene C, N, O, and H. Their values were al-
lowed to vary, except for those relating to H and «’ for O of S4 which
were fixed at theoretically derived values.

CCDC-265417 (S4) and -265418 (S5) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

The other numerical data analysed can be found in the Supporting Mate-
rials of references [1] and [18].

The data collection and processing statistics are given in Table 1.

1944 —— www.chemeurj.org
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Table 1. Crystal data for S4 and S5.

Compound S4 S5
formula CyH;60,N, [C33H306N,],
F, 348.36 1169.3
T [K] 100 103
1 [A] 0.7107 0.7107
crystal system triclinic trigonal
space group Pl R3
unit cell dimensions
a[A] 8.6760(1) 14.4694(1)
b [A] 8.9570(1) 14.4694(1)
c[A] 11.3060(1) 49.5068(4)
al?] 101.968(1) 90.0
B 108.540(1) 90.0
v [°] 97.169(1) 120.0
v [AY] 797.48(2) 8976.28(4)
VA 2 6
Peated [Mgm ] 1.451 1.289
[$in60/A] ax 1.08 1.03
u [em™] 1.0 0.9
F(000) 364 3720
index ranges

—18<h<18 —31<h<31

—-19<k<19 —31<k<31

—24<1<24 -107<1<107
no. of data 16428 21482
refls included 12146 17022
Ry 0.038 0.028
refinement method
[Z/0(I)] threshold 3 1
N, /Nv 12.69 14.24
GOFw 2.2788 2.4024
R{F} 0.0313 0.0363
R{F? 0.0506 0.0250
R.{F} 0.0627 0.0637
R {F% 0.0546 0.0267
R {F} 0.0336 0.0176
R|F? 0.2244 0.0350
DMSDA (max) [A?] 12 19
max(shift/esd) 4x1077 5x10°®
largest diff. peak and hole [e A3 0.38, —0.36 0.18, —0.21

Results and Discussion

The BCP position: The position of BCP along the bonding
path depends on the difference in electronegativities of
atoms X and Y. Figure 2 illustrates the relationship between
the distance XCP from the atom X to the critical point, and
the distance CPY from the critical point to the atom Y.
Data points represent any kind of X--Y interaction. They
were prepared in such way that XCP is always shorter than
or equal to CPY. The sum of XCP and CPY will hereafter
be abbreviated as R;. The graph of CPY versus XCP gives
lines with slope —1 and intercept R;. Each negative diagonal
line CPY = —XCP+R; represents a constant R; value. The
points laying on the XCP = CPY line obviously represent
those interactions in which BCPs are equally distant from X
and Y atoms.

The covalent bonds to hydrogen atoms (those with R; ca.
1 A) keep constant values of R; because they are constrain-
ed to have the average values obtained from neutron dif-
fraction. However, we still observe a systematic variation of

Chem. Eur. J. 2006, 12, 1941 -1949
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Figure 2. Scatter plot of the XCP and CPY distances for the X--Y atom
pair interactions in the crystal lattices of the Schiff bases. The data are or-
dered in such a way that XCP is less than or equal to CPY.

the CP positions, which allows the electron density to adjust
to the constraints imposed. It is particularly well seen for
H—C covalent bonds, for which the variation of the CP posi-
tions is bigger than in the case of C—C covalent bonds. Sys-
tematic variations of BCP position in bonds are observed
for computational results obtained for model isolated mole-
cules.”

One can not exclude that a similar effect is present for
noncovalent H--X interactions in crystals. In general, there
is a random distribution of data points for all atom pairs
other than X-H. In the case of pairs of the same atom type,
most of the points do not lie on the line corresponding to
their average R;. Additionally, there is a spread resulting
from variation of CP positions.

p and Laplacian versus R;: It appears that instead of one
continuum, as we observed previously,['! there are separate
continua for each pair of interacting atom types. In Fig-
ure 3a, we illustrate two classes of such continua for H--X
and C--X pairs, where X stands for C, N or O atoms. The
separation between the curves depends on the sum of elec-
trons of interacting atoms. The goodness of the fit is insensi-
tive to the definition of internuclear distance (Rj;, interatom-
ic distance XY, length of the bonding path BP).

In the case of some better represented interactions such
as H--N, H--O, C--C, C-~N and C--O, it has been possible
to obtain meaningful ppcp(R;) dependencies for individual
atom pairs. For H-+N and H--O atom pairs the differences
in the exponent function parameters are significant. It ap-
pears that for the shortest Rj, that is, covalent bonds with R;
less than 1.2 A, the amount of electron density at BCP is
larger for H-O than for H-N bonds. The opposite is true
for the hydrogen-bond region. In the case of nonhydrogen
atom pairs there are no significant differences among the
fitted exponential function parameters, however, there is a
very significant difference between their exponential coeffi-
cients and the ones obtained for the H--N and H--O atom
pairs.

Chem. Eur. J. 2006, 12, 1941 -1949
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Figure 3. Exponential dependences of pgep on: a) different measures of
separation (the sum R; of the distances from nuclei to the critical point,
XY internuclear distance and BP the length of the interaction line) for
H--X and C--X pairs of atoms for the Schiff bases and proton sponge
complexes; b) R; for H-N, H--O, C--C, C-~N, and C--O pairs of atoms.

The Laplacian values appear to be more sensitive than
electron density values at BCPs to type of interacting atoms
(Figure 4), as well as to the level of errors associated with
experimental procedures and electron density distribution.
In this case, we have been able to fit separate Morse curves
to the H-+-O and H--N data. The position of the maximum
for the O--H interactions [1.53(3) A] is shifted towards
smaller values compared to the position of maximum for the
N--H interactions [1.89(9) A]. The multiplier of the expo-
nent differs for the two curves and has the values of
—2.46(15) A% and —1.6(3) A2 for H--O and H-N, respec-
tively. The lack of experimental data points in the interme-
diary region of R; does not allow for interpretation of these
differences. For the other atom type pairs, only covalent
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Figure 4. Morse-type dependences of />0pcp on the sum R; of the distan-
ces from nuclei to the critical point for X---Y pairs of atoms for the Schiff
bases and proton sponge complexes.

bonds and very weak interactions are available, therefore
we have not fitted any curves to these data.

One can analyse the components 4, 4, and 4; of the Lap-
lacian individually (as shown in Figure 5). The 4, and 4, dis-
tributions fall into two groups as found for the Laplacian
itself. Both these distributions take the exponential form
compared with the Morse-type dependence of the Lapla-
cian. A, varies in an anomalous fashion in the range R; from
1.2 to 1.6 A. The distribution of data points does not follow
any simple analytical form. However, it is qualitatively simi-
lar to the behaviour of A; found by Espinosa etal.’! for
computed equilibrium structures containing the H---F inter-
actions.

Additionally, there are strong relationships between the
local energy densities and the length of the interaction lines
(see Figures 6 and 7) again separate for the H--X and C--X,
X = C, N, O) classes of interacting atom types. These rela-
tionships have similar features as the dependence of pgcp On
R;. According to Volkov,”! the use of his expression for
Gpep and Viyep is justified only for the closed-shell medium-
range (~1-4 Bohr=0.53-2.12 A) interactions. However, in
this work we have extended the analysis of the kinetic and
potential energy densities to include covalent bonds as well
as long range interactions. Although the continua are seen
to apply (Figures6 and 7) to the kinetic and potential
energy density distributions throughout the range of Ry, it
does not necessarily follow that the energies are estimated
correctly in the covalent bond region.

The dependences of the local kinetic and potential energy
densities develop the relationships found by Espinosa et
al.?! for energies calculated from topological and structural
data for a set of 83 accurate electron density studies involv-
ing X-H--O (X = C, N, O) hydrogen bonds. The parameters
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Figure 5. Dependences of the Laplacian components a) 4;, b) 4, and c) 1,
on the sum R; of the distances from nuclei to the critical point for XY
pairs of atoms for the Schiff bases.

of the exponential functions fitted to the data in Figure 5
differ significantly from those found by Espinosa et al. This
probably is due to a wider range of types of interactions
present in our study.
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Figure 6. a) Exponential dependences of Vgcp and Gyep on the sum R;; of
the distances from nuclei to the critical point for X---Y pairs of atoms for
the Schiff bases and proton sponge complexes; b) as was the case for
osce(R;) dependence, separate energy curves may be fitted for some indi-
vidual atom pairs.

For selected pairs of interacting atoms, that is, H--N,
H--O, C--C, C-+-N and C--O, we have been able to obtain
individual exponential functions for both local kinetic and
potential energy densities. For Ggcp the parameters of the
fitted functions show significant differences among the atom
pairs. This is not the case for Vcp on R;; dependences. The
parameters for potential energy densities are similar for
C--C, C-+N and C--O interactions, and that stays in agree-
ment with previous observations for the ppcp on R;; depend-
encies.

The total energy density Epqp (Figure 7) describes which
type of energy density dominates for a given range of R;. A
positive value signifies that the kinetic energy density domi-
nates and this is the case for the ionic type of interactions. If
Egcp is negative the potential energy dominates as is the
case for the covalent interactions. The dependence of Epcp
on R; takes the form of the Morse function with a very
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small maximum (ca. 20 kimol™'Bohr™ for the H--O pair
for example). The region where Eyzcp = 0 corresponds to
the boundary between the covalent and ionic interactions.

Usually ppcp and 7%0pcp are expressed in terms of a mea-
sure of separation (Figures 3 and 4), with pgcp described as
an exponential function of separation:

b(Rij—Ry)

Pecp(Ry) = €
and Laplacian as a Morse-type dependence:

Vpscp(Ry) = d(1—(1—ef)?)

where R; is a measure of separation, b and R, are parame-
ters describing exponential function and d, ¢ and R, describe
the Morse-type dependence. When the parameter describing
separation is eliminated from these dependences, one can
obtain the exact functional dependence of /°Opcp ON Ppcp
which is not linear (dashed lines in Figure 8):

Vppep(Ppcp) = d(1—(1—e =) (pBCP)'L))

This dependence has its maximum (ca. 0.3 e A~ for the
H--N and 0.5 for the H-O interactions) and smoothly goes
from the positive to negative values of the Laplacian.

These two variables, 7%0pcp and pgcp can also be fitted di-
rectly (solid lines in Figure 8). For the H--O data points
(red lines), there is a good agreement between the fitted
and analytical dependences. For the H--N the correspond-
ence between the two lines is slightly worse, especially in
the region of the highest values of pgcp An exception to
these fits is apparent in the case of some C=O and all N=O
double bonds.

Figure 9 contains the same data as Figure 8 with illustra-
tion of two conditions Epp=0 (green dashed line) and
Ggep/pger = 1 (red dashed line). These two conditions
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Figure 9. Same data as in Figure 8 with the addition of values for Egcp=0
(green) and Gycp/pgep=1 (red dashed).

divide the whole area of the plot into four different regions.
The first of them (Ggep/Ppcp <1 and Egcp<0) corresponds
to shared shell interactions. Next, the region with (Ggep>1
and Egcp>0) corresponds to the closed-shell interactions.
The other two regions with (Ggep<1 and Epcp>0) and
(Ggep>1 and Egcp<0) seem to be intermediary. The ques-
tion arises whether these regions are equivalent or qualita-
tively different.

Conclusion

The electron density distributions in crystals of five DMAN
complexes and five Schiff bases have been analysed in terms
of various properties of BCPs found in the pairwise interac-
tions in their lattices. Despite so significant difference be-
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tween these two classes of compounds, the charge density
data describing both strong and weak interactions allow to
find a number of relations between the charge density pa-
rameters at BCPs.

CP positions are not, in general, correlated with each
other. Even for atom pairs of the same type there is a varia-
tion of the internuclear distance. The exceptions are the H—
C, H-N and H—O covalent bonds, in which these distances
were constraint to their standard values obtained from neu-
tron diffraction and which are, therefore, 100 % correlated.
Here positions of the CPs vary along the internuclear vec-
tors. So when one is aiming at the highest possible quality of
experimental charge densities, the neutron data are highly
desirable.

The charge density at BCPs varies exponentially with in-
ternuclear distance, this behaviour extending from weak in-
teractions to covalent bonds. The parameters of the depend-
ence appear to be characteristics of particular pairs of atom
types. The Laplacian at BCPs shows similar behaviour, the
dependence here being of the Morse-type.

The components 4, 4,, 4; of the Laplacian at BCPs vary
systematically with internuclear distance according to the
type of atom pair. For A, and 4, the distribution is of the ex-
ponential type, whereas A; does not seem to follow any
simple functional form, consistent with previous theoretical
findings.

Local kinetic and potential energy densities, calculated
from the experimental electron density and Laplacian
values at BCPs, vary with internuclear distance in an analo-
gous fashion to the charge densities, again depending on the
type of atom pair. Furthermore, the parameters of the distri-
bution show some variation from those found for a different
set of molecular crystals in other published work. The total
(sum of kinetic and potential) energy density varies with the
internuclear distance as a Morse function with a very small
maximum.

Elimination of the internuclear separation from the fitted
dependences on it of charge density and Laplacian, leads to
an empirical, nonlinear dependence of Laplacian on charge
density. Distinct forms for different atom type pairs necessa-
rily exist as a result of the derivation, and these analytical
dependences fairly well match those obtained by direct fit-
ting to the Laplacian versus electron density data. The
V2Pscr/Ppep Space is divided into four distinct regions by
two lines, being the conditions Epcp=0 and Ggcp=1. Two of
these regions clearly correspond to the shared-shell and
closed-shell interactions, the other two to some intermediate
situation.
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