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The static electron densities of the title compounds were extracted from high-resolution X-ray diffraction
data using the nucleus-centered finite multipole expansion technique. The interpretation of the data collected
for the N-phenylpyrrole crystal revealed a static disorder that could be successfully resolved within the
aspherical-atom formalism. The local and integrated topological properties of the density obtained via a
constrained multipole refinement are in statistical agreement with those calculated at the B3LYP/cc-pVTZ
level of theory for the isolated molecule and for those derived from the experimental density of the para-
fluorinated derivative N-(4-fluorophenyl)pyrrole. The topological analysis of the densities indicates neither
pyramidal character of the pyrrole N-atom nor a quinoidal structure of the phenyl rings in either molecule.
The fluorine substitution appears to have only a minor effect on the density of the remaining constituents but
it results in markedly different features of the electrostatic potential of the two compounds. The consistency
of the multipole refinement is validated by residual density analysis.

Introduction

In the investigation of intramolecular charge transfer (ICT)
in the singlet excited state taking place in electron donor(D)/
acceptor(A) molecules, N-phenylpyrrole (PP) and its derivatives
4-cyano-N-phenylpyrrole (PP4C) and 4-fluoro-N-phenylpyrrole
(PP4F) have played an important role.1,2 From the similarity
of the ICT reaction of these N-phenylpyrroles with their
planarized counterparts fluorazene (FPP), 4-cyanofluorazene
(FPP4C), and 4-fluorofluorazene (FPP4F), it has been con-
cluded that the ICT state of these molecules has an overall planar
structure (Scheme 1).1 This finding is in support of the planar
intramolecular charge transfer model. It, however, contradicts
the twisted intramolecular charge transfer approach, which
claims that the D and A moieties of a D/A molecule are in a
mutual perpendicular configuration in the equilibrated ICT state.2

In the discussion of the structural aspects of the ICT reaction
with D/A molecules, information on the molecular structure of
the electronic ground state (S0) of these substances is of
substantial importance. This structure also plays a role in
comparing the results of computations with structural experi-
mental data.1 In the case of 4-(dimethylamino)benzonitrile and
a number of its derivatives, X-ray structure analysis has been
an important starting point in the investigation of the structural
aspects of the ICT reactions of these molecules.3 In general, a
detailed analysis of the bonding situation of the N-atom at the
electronic level of molecules such as PP and PP4F in the
electronic ground state S0 is thus important for a better
understanding of the structural changes accompanying and
governing excited state processes in such A/D molecules.

The solid state electron density can be derived by an X-ray
diffraction experiment, provided accurate high-resolution Bragg
intensity data are interpreted within an aspherical-atom formal-
ism such as the nucleus-centered multipole expansion model.4

Since the success of this procedure is subject to the applicability
of the kinematical theory of diffraction, experimental charge
density studies have consistently avoided systems for which
noncoherent, inelastic scattering cannot be neglected or corrected
for. In many of these systems the translation symmetry is
temporarily destroyed by local structural changes due to
electronic or thermal transitions. Recent advances in data
collection have opened new perspectives to study dynamic
processes. It is now feasible to collect several data sets within
a short period of time, extending the data analysis by a new
dimension, such as temperature5 or time.6 A static structure
disorder, i.e., a disorder that persists at any temperature, cansin
contrast to dynamic disordersin principle be resolved from
accurate high-resolution data using the conventional structure
factor model. Currently, most charge density studies start from
entirely ordered small molecule structures.7 Adequate modeling
of disordered sites, however, becomes essential as X-ray density
determination is being extended to large systems.8

In this paper we describe a constrained multipole refinement
protocol that led to a reliable static electron density of the
disordered PP molecules. The success and reliability of disorder
modeling was proven by a residual density analysis.9 In this
approach, a measure of total deviations of the model from the
data in a volume under consideration is given by egross, the gross
residual electrons. Therefore, a lower value of egross indicates a
progress in modeling. Furthermore, the whole residual density
distribution of the entire unit cell is mapped onto a two-
dimensional graph. This graph, the fractal dimensionality
distribution of the residual density, reveals even tiny disorder
or any other structural information present in the residual density
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by deviations from the ideal parabolic shape. The results for
PP are furthermore compared to those obtained experimentally
for the para-fluorinated derivative PP4F (Figure 1) and to those
derived by quantum chemical calculations at the B3LYP/cc-
pVTZ level of theory for the corresponding isolated molecules.

Experimental Methods

Data Collection and Processing. The data for both com-
pounds were collected on a Bruker Apex-CCD diffractometer
with a D8 three-circle goniometer using graphite-monochro-
mated Mo KR radiation (λ ) 0.71073 Å) and the SMART
control software.10 The oil-coated crystals were mounted on the
tip of a glass fiber. To minimize thermal motion, the measure-
ment was performed at 100(2) K, employing an open circle
liquid nitrogen cooling device.11 The data were collected in
ω-scan mode with variable �-positions at a sample-to-detector
distance of 5 cm. The data for the “low-angle batch” were
measured at a detector position of 2θ ) 32° with a step width
of 0.2° per frame, while for the “high-angle batch” the detector
position was set to 2θ ) 75° with a step width of 0.2° per frame.
This strategy resulted in a completeness of 99.6% and 99.9%
for PP and PP4F for the resolution of (sin θ/λ)max ) 1.05 Å-1

and (sin θ/λ)max ) 1.00 Å-1, respectively. To avoid scaling
problems due to the limited number of reflections present in
both batches, all reflections of the high-angle batch that were
also present in the low-angle batch were removed and the two
batches were processed independently. In all subsequent refine-
ments, individual scale factors were assigned to the two batches.
More details of the data collections are presented in Table 1.

The reflections were integrated with the program SAINT12

using orientation matrices determined with SMART. Reflections
above sin θ/λ ) 1.05 Å-1 for PP and 1.00 Å-1 for PP4F were
excluded from the refinements (Table 2). The raw data were
scaled using SADABS13 and the space group determinations
and merging were performed with XPREP.14

Structure Refinements. Both structures were solved with
the program SHELXS15,16 using direct methods. The conven-
tional refinements based on the independent-atom model (IAM)
were carried out with SHELXL.17,16 The coordinates and
anisotropic displacement parameters (ADP) of the non-hydrogen
atoms were initially refined against high-order reflections (sin
θ/λ g 0.80 Å-1) since the bias introduced by the IAM is
negligible beyond this limit.18 The hydrogen atoms were placed
at calculated positions with constrained CsH distances of 0.95
Å and refined using a riding model. The Uiso(H) values were
set to 1.2Ueq(C) of the carbon atoms they are attached to. After
convergence had been reached, the hydrogen atom positions
were shifted along the bond vectors to distances in accord with
neutron diffraction data.19

The detailed inspection of the low-order reflections (in terms
of figures of merit such as the internal agreement factor for the
symmetry equivalents Rint or the Rσ value) and the parameter
estimates obtained after initial refinements of PP led to

promising results with excellent intensity statistics and residual
density peaks exclusively located in the bonds. Hence, the data
collection was completed up to a resolution of (sin θ/λ)max )
1.069 Å-1. However, the residual density based on all data
showed features characteristic of disordered structures; the peaks
were no longer located in the bonds but close to atomic positions
(Figure 2a,b).

The residual density peaks were identified as the non-
hydrogen atoms of the minor component. The occupancies of
the two components, which are related by a twofold rotation
about an axis normal to the molecular plane through the CsN
bond, refined to 90% and 10%, respectively. Distance and
similarity restraints were applied. The ADPs of the atoms of
the minor component were constrained to match those of the
major component. After convergence of the high-order refine-
ment, the hydrogen positions were shifted to neutron positions,
leading to the starting model for the multipole refinement.19

Multipole Refinements. Multipole refinements using the
Hansen-Coppens formalism4 implemented in the XD program
package20 were carried out against F2 with reflections F2 >
2σ(F2) and statistical weights of 1/σ2(F2). Default radial
functions were chosen for the core, spherical valence, and
deformation densities.21 The multipole expansion was terminated
at the dipolar (l ) 1) and octapolar (l ) 3) level for the hydrogen
and non-hydrogen atoms, respectively, while the F-atom in
PP4F was described at the hexadecapolar level (l ) 4). Atoms
at general positions were constrained to obey local mirror plane
symmetry, the plane being defined by bond vectors to adjacent
non-hydrogen atoms. Hydrogen atoms were grouped according
to the chemical similarity of the C-atoms. The shifts in the
monopole populations were subject to an electroneutrality
constraint in each refinement cycle. A detailed description for
the individual structures follows in the next two paragraphs.

Multipole Model for the Disordered Structure of PP. The
structure was first refined with XD without taking the disorder
into account. Figure 3a shows the corresponding residual density
of the multipole refinement. The residual density distribution
of the entire unit cell is far from being parabolic in shape (Figure
3b), which proves the existence of non-Gaussian (i.e., systemati-
cally) distributed residual density. The residual density distribu-
tion is not symmetric as the positive shoulder is much wider
and more structured in comparison to the negative one. A
positive residual density value stems from regions where the
“observed” density is higher than the model density; therefore,
a neglected disorder typically generates a large positive residual
density shoulder. The flatness, i.e., the difference between the
maximum and the minimum residual density value, is, in view
of the light atoms, with 0.89 e Å-3 high as is the total integrated
absolute residual density value of egross ) 15.93 e. The flatness
appears as width of the baseline in the residual density plot.

For taking the disorder into account, the refinement was
constrained in terms of linear equations involving different
variables in XD. The ADPs of the non-hydrogen atoms of the
minor component were restricted according to a segmented rigid-
body model treating the phenyl and pyrrole rings as two
independent rigid groups and thus allowing only for relative
librational and translational displacements about the C11sN2
bond. This was achieved by starting from averaged Uiso values
for the non-hydrogen atoms and invoking a necessary number
of rigid-link constraints on the shift of ADPs. Carbon atoms
exhibiting the same connectivity in each ring were considered
chemically equivalent. This corresponds to imposing a pseudo
mirror plane normal to the plane of each ring through the CsN
bond vector. The deformation density of the minor component

SCHEME 1: Molecular Structures of PP, PP4F, FPP,
and FPP4F
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was demanded to be the same as that of the major component
(Plm(C3) ) Plm(C5) ) Plm(C13) ) Plm(C15), Plm(C2) ) Plm(C6)
) Plm(C12) ) Plm(C16) in the phenyl rings and Plm(C7) )
Plm(C10) ) Plm(C17) ) Plm(C20), Plm(C8) ) Plm(C9) )
Plm(C18) ) Plm(C19) in the pyrrole rings). Individual radial
expansion/contraction parameters κ were assigned to each
chemically unique atom, leading to six κ-sets. However, the
deformation screening parameters (κ′) for the C- and H-atoms
were fixed to values obtained from model refinements against
theoretical structure factors.22

Figure 4a shows the residual density after a multipole
refinement, taking the disorder into account. The residual density
map is featureless after the multipole refinement accounting for
the disorder (Figure 4b).

The number of gross residual electrons, which describes all
model inadequacies and noise in the data, falls to 6.16 e and
the flatness of the residual density decreases to 0.23 e Å-3. For
a comparison of residual density descriptors prior to and after
taking disorder into account, see Table 3. All ADPs of the major
component are consistent with the rigid-bond criterion of
Hirshfeld,23 indicating a proper deconvolution of the electron

density from thermal motion. Please note that only the minor
component was subject to rigid-link constraints.

Multipole Model for PP4F. The asymmetric unit of PP4F
contains two half molecules. To stabilize the preliminary
refinement and to reduce the number of parameters, the
multipole coefficients of the corresponding atoms in the two
molecules were constrained to be the same. The complexity of
the model was increased in a stepwise manner, starting with
the adjustment of the scale factors, followed by adjustment
of the monopole populations (Pv) together with the radial
screening parameters (κ), followed by the multipole populations
(Plm) of the non-hydrogen atoms. Positional parameters and
ADPs of the non-hydrogen atoms were refined thereafter. The
parameters of the hydrogen atoms were kept fixed at the values
of the starting model until the coordinates and ADPs of the
non-hydrogen atoms were included in the refinement. They were
adjusted after each step of the refinement using only the
reflections with sin θ/λ e 0.5 Å-1, keeping the CsH distances
fixed and restraining the Uiso(H) values. Pv and Plm of all atoms
were refined together with positional and thermal motion
parameters of the non-hydrogen atoms and with the scale factors.

Figure 1. Molecular structures of PP (a) (left, top view; right, side view) and PP4F (b). Anisotropic displacement parameters are depicted at the
50% probability level. The major component of PP is drawn in black and the minor component in white.

TABLE 1: Details of the Data Collection of Compounds PP and PP4F

PP PP4F

crystal size [mm3] 0.40 × 0.20 × 0.05 0.40 × 0.40 × 0.05
temperature [K] 100 100
detector positions (2θ) [deg] 32, 75 32, 75
(low angle, high angle)
�-positions (low angle) [deg] 0, 45, 90, 135, 180, 225, 270, 315 0, 90, 180 (2 times each), 45, 135, 225, 270, 315
no. of frames per run/∆ω [deg]/exposure time [s] 895/-0.2/10 895/-0.2/10
�-positions (high angle) [deg] 0, 45, 90, 180, 225, 270 0, 45, 90, 135, 180, 225, 270, 315
no. of frames per run/∆ω [deg]/exposure time [s] 895/-0.2/90 901/-0.2/60
(sin θ/λ)max [Å-1] 1.069 1.041
reflections collected (low-angle batch) 20609 29212
reflections collected (high-angle batch) 25467 45273
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Subsequently, three sets of expansion/contraction parameters
of the deformation radial functions (κ′) were introduced for the

chemically distinct C-atoms. For the hydrogen atoms, κ and κ′
values suggested by Volkov et al. were used and kept fixed

TABLE 2: Crystallographic Data for Compounds PP and PP4F

PP PP4F

crystal system orthorhombic monoclinic
space group P212121 P2/c
a [Å] 5.6405(2) 9.2746(2)
b [Å] 7.5996(2) 10.8053(3)
c [Å] 17.6532(2) 9.0264(2)
� [deg] 90 118.810(2)
V [Å3], Z 756.60(13), 4 792.61(3), 4
µ [mm-1] 0.07 0.10
reflections used in the multipole refinementa 3746 5465
(sin θ/λ)max [Å-1]a 1.05 1.00
completeness to (sin θ/λ)max [%]a 99.6 99.9
no. of unique reflections (low-angle batch)/Rint

a 910/0.0060 1575/0.0270
no. of unique reflections (high-angle batch)/Rint

a 2836/0.0234 3890/0.0687
limiting indices -12 e h e 12 -18 e h e 16

0 e k e 16 0 e k e 22
0 e l e 38 0 e l e 18

R1 (I > 2σ(I)) after IAM refinement to (sin θ/λ)max
a 0.0399 0.0527

wR2 (I > 2σ(I)) after IAM refinement to (sin θ/λ)max
a 0.1079 0.1428

R1 (I > 2σ(I)) after multipole refinement to (sin θ/λ)max
a 0.0268 0.0581

wR2 (I > 2σ(I)) after multipole refinement to (sin θ/λ)max
a 0.0332 0.0518

GoF 2.61 2.50
Nrefl/Nparam 17.03 29.70

a The cutoffs (sin θ/λ)max and I > 2σ(I) were applied.

Figure 2. Contour plots of the residual densities of PP after IAM
refinement without taking the disorder into account: (a) refinement with
reflections up to (sin θ/λ)max ) 0.625 Å-1; (b) refinement with reflections
up to (sin θ/λ)max ) 1.05 Å-1 and atomic positions from a high-order
refinement with (sin θ/λ)min ) 0.85 Å-1. Contour step width is 0.1 e
Å-3; positive contours are drawn in solid and negative contours in
dashed lines.

Figure 3. (a) Contour plot of the residual density after multipole
refinement of PP without taking the disorder into account; positive
contours are drawn in solid lines, negative contours are drawn in dashed
lines, and the zero contour line is dotted, the step width being 0.1 e
Å-3. (b) Fractal dimensionality distribution of the residual density in
the whole unit cell. The residual density flatness ∆F0 is 0.89 e Å-3.
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during the refinement of both compounds.22 In the final step,
all parameters except for κ′ of all non-hydrogen atoms and x,
y, z, and Uiso of the hydrogen atoms were refined together.

Results and Discussion

All numbers given for PP refer to the major domain if not
stated otherwise. In PP and its para-fluorinated derivative PP4F

the nitrogen atom is part of a five-membered ring. A comparison
of the geometrical features around this N-atom with those of
aminobenzonitriles with a noncyclic group is of considerable
interest. The twist angle, defined as the angle between the plane
of the pyrrole and the phenyl ring, is only 5.8° for PP and
increases to 22.3° and 27.9° in the two PP4F molecules in the
asymmetric unit. From theoretical calculations (B3LYP/cc-
pVTZ24) dihedral angles of 35.2° for PP and 37.6° for PP4F
are obtained. The sum of the angles around the nitrogen atom
indicates the absence of a pyramidal character caused by a
stereochemically active lone pair. In both compounds this sum
is close to 360°, the ideal value for a planar N(sp2) atom, but
considerably different from that often found for 4-(dialkylamino)-
benzonitriles.3,25

In contrast to the observations regarding some 4-aminoben-
zonitriles,3 there is no indication for a quinoidal structure of
the phenyl ring in either molecule. Such a partial quinoidal
character would be evident from different bond lengths in the
phenyl ring (i.e., the C2sC3/C5sC6 bond in PP and the
C2sC3 and the C12sC13 bonds in PP4F would be shorter).
The differences in the CsC bond lengths, however, only scatter
around 0.01 Å. The N-phenyl bond lengths (1.4201(7) Å in PP;
1.4153(13) Å (N1sC1) and 1.4197(13) Å (N11sC11) in PP4F)
are slightly longer than the standard N(sp2)sC(sp2) single
bond.26 This suggests a relatively free rotation about the
N-phenyl bond. Inversion at the N(sp2) atom in the pyrrole ring
can be excluded.

A head-to-tail herringbone stacking of the molecules is found
in the crystal of PP, with molecules clearly deviating from a
coplanar arrangement. In the crystal of PP4F the molecules form
chains via bifurcated (CsH)2 · · · ·FsC hydrogen bonds. Every
second chain points in the opposite direction. The angle between
the two mean planes of the chains is almost exactly rectangular
(90.3°). The distance between fluorine and the hydrogen atoms
of neighboring molecules is 2.725 Å for one set of independent
molecules and 2.720 Å for the other. Both distances are in the
range quoted for weak CsH · · · ·FsC hydrogen bonds (Figure
5).27

Electron Density and Related Electronic Properties. Local
and integrated topological properties of the experimental density
were evaluated with XDPROP,20 while the theoretical properties
(B3LYP/cc-pVTZ24) were calculated with AIM200028 and
DGrid.29 These include the BCP locations, the density F(rBCP),
and the Laplacian 32F(rBCP) at these sites and along the bond
paths, and the AIM charges and volumes from the integration
over the atomic basins.30 The experimentally and theoretically
derived bond properties of the most important bonds are given
in Table 4.

The BCP properties (FBCP and 32FBCP), providing also
sensitive measures of the covalent/ionic character of a bond,
can moreover be used for quantitative validation of model
densities. Instead of direct comparison of these topological
figures for each chemically equivalent bond in different
molecules, derived either from theoretical or experimental
densities, we use here the mean of their absolute deviations
(MAD)scalculated with the inclusion of all bond pairs to be
comparedsas overall reliability indices. The comparative
topological analysis of the theoretical densities of PP and PP4F
allows for estimation of the effect of fluorine substitution on
the bonds. The MAD values based on six bond pairs (due to
the mirror symmetry, only two CsN and four CsC bonds,
excluding the (F)CsC bond, are considered) are found to be
0.002 e Å-3 and 0.096 e Å-5 for FBCP and 32FBCP, respectively.
This indicates a negligible substitution effect; that is, the bonds

Figure 4. (a) Contour plot of the residual density after multipole
refinement of PP with disorder taken into account; the major disorder
component is shown with bold lines. Positive contours are drawn in
solid lines, negative contours are drawn in dashed lines, and the zero
contour line is dotted, the step width being 0.1 e Å-3. (b) Fractal
dimensionality distribution of the residual density in the whole unit
cell after the inclusion of disorder. The residual density flatness ∆F0 is
0.23 e Å-3.

TABLE 3: Residual Density Descriptors Calculated on a 56
× 76 × 176 Grid prior to and after Taking Disorder into
Account within the Multipole Model

d f(0)a egross
b [e] ∆F0

c [e Å-3]

disordered PP 2.5589 15.93 0.89
disorder modeled PP 2.6120 6.16 0.23

a df(0) indicates the value of the fractal dimensionality for the
residual density value zero. This value is dependent solely on
the residual density grid size, the experimental resolution, and the
density model. In most cases a greater value indicates decreasing
features in the residual density. b egross describes the total amount of
density badly accounted for; it may stem from model inadequacies
or from noise in the data. In the latter case the fractal
dimensionality distribution of the residual density is parabolic in
shape. c ∆F0 indicates the flatness of the residual density distribution
(highest residual density peak minus lowest residual density hole).
The density model fitting procedure minimizes the flatness.
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in PP4F, excluding those to the fluorinated C-atom, are indeed
equivalent with the corresponding bonds in PP. The comparison
of the experimental densities of the two symmetry independent
PP4F molecules in terms of five CsC and two CsN bond pairs
leads to MAD values of 0.065 e Å-3 and 1.435 e Å-5. The
comparison of the experimental BCP properties of PP with those
of the same bonds (averaged over the two molecules) in PP4F
gives MAD values of 0.074 e Å-3 and 2.416 e Å-5. The theory
versus experiment analysis, however, results in 0.068 e Å-3 and
6.625 e Å-5 for the MADs in PP and 0.050 e Å-3 and 4.662 e
Å-5 in PP4F. This simple test suggests an internal consistency
for the experimental densities and it validates the reliability of
the density of the disordered PP molecule. In other words, the
uncertainty in the BCP properties derived for the two compounds
from independent data is comparable with the uncertainty in
reproducing these properties for the two chemically identical
PP4F molecules from the same data. The results are also in
line with earlier findings that the experimental and theoretical
densities closely resemble each other in terms of their values,
but can considerably differ in terms of their curvatures at the
BCP. For both molecules, the experimental 32FBCP values are
consistently less negative than the theoretical ones for all bonds
except for the CsN bonds in the pyrrole rings and the CsF
bond for PP4F.

The BCPs of all aromatic CsC bonds in the phenyl ring of
PP are slightly shifted toward the C-atom located closer to the
electronegative nitrogen atom. This is accompanied by an
increase/decrease in the F(rBCP)/32F(rBCP) values for all but the

C1sC2 and C1sC6 bonds. No quinoidal character for the
phenyl ring can be deduced from the bond topological indices.

The comparison of the Laplacian along the NsC bond paths
of PP and both molecules of PP4F shows that these bonds are
almost identical in terms of the spatial arrangement of charge
concentrations (Figure 6). The same graphs for the different
bonds show an increased polarity in the sequence CsC, NsC,
and FsC, as can be seen by an increased bonded valence shell
charge concentration near the more electronegative atom.

The AIM charge of the nitrogen atom in PP is more negative
than that in PP4F (see Table 5). The polarization introduced
by the N-atom is mirrored in the charges of the carbon atoms
in PP. The C-atom bonded to the N-atom (C11) has a distinct
positive charge, while the other carbon atoms in the phenyl ring
are increasingly negative with increasing distance to the nitrogen
atom. In PP4F, the carbon atoms of the phenyl ring at the 2-,
3-, 5-, and 6-positions (C2/C12 and C3/C13) are almost neutral,
while those bonded to the electronegative N- and F-atoms (C1
and C4) exhibit positive charges. The theoretically derived
charges are systematically shifted to more positive values for
all atoms in the pyrrole ring and the carbon atoms in 2-, 3-, 4-,
5-, and 6-positions in the phenyl ring. In contrast, C1 and all
hydrogen atoms are more negative than those in the experiment.
Individual comparison of theoretically and experimentally
derived charges show occasionally distinct differences; however,
there is an overall correlation with agreement greater than 73%
(PP; a linear regression between the charges Q yields: Qexp )
1.1185Qtheo + 0.0003; R2 ) 0.7364) and 94% (PP4F; Qexp )

Figure 5. Crystal packing in (a) H4C4N(C6H5) (PP) and (b) H4C4N(C6H4-pF) (PP4F).

TABLE 4: Experimentally and Theoretically Derived Topological Properties of the CipsosN and CsF Bonds in PP and PP4F
at the BCPa

compound AsB d(AsB)b [Å] d(AsBCP) [Å] d(BCPsB) [Å] F(rBCP) [e Å-3] 32F(rBCP) [e Å-5]

PP C1sN1 1.4201(7) 0.5850 0.8352 1.935(5) -15.397(45)
1.4143 0.5355 0.8788 1.9578 -20.5674

PP4F C1sN1 1.4153(13) 0.5852 0.8301 2.063(8) -18.575(33)
1.4146 0.5374 0.8772 1.9588 -20.5997

PP4F C11sN11 1.4197(13) 0.5714 0.8483 2.024(12) -17.709(49)
PP4F C4sF1 1.3561(16) 0.5718 0.7842 2.066(15) -14.862(57)

1.3490 0.4469 0.9021 1.7783 0.3207
PP4F C14sF11 1.360(2) 0.5318 0.8279 1.975(20) -18.172(86)

a Values in italics are from the theoretical calculations of PP and PP4F.28 b d(AsB) is the bond length between the atoms A and B,
d(AsBCP) and d(BCPsB) denote the distances of the atoms A and B from the BCP, respectively, F(rBCP) is the charge density, and 32F(rBCP)
is the Laplacian at the BCP.

Experimental Charge Density Studies of PP and PP4F J. Phys. Chem. A, Vol. 113, No. 35, 2009 9689



0.9377Qtheo + 0.0002; R2 ) 0.9407). The larger variation in
the case of PP may be attributed to the larger difference in the
dihedral angle between the phenyl and the pyrrole ring from
theory and experiment, which has an impact on the dipole
moment and on atomic charges. A trend to reduced atomic

volumes for carbon atoms bonded to more electronegative
partners like N and F is observed.

X-ray charge density is a unique technique to derive all three
components of the dipole vector of molecules in the solid phase.
For PP, the dipole vector is found to be oriented along the CsN
bond vector (from C1 to N1) with a magnitude of 1.92 D,
indicating a slight enhancement relative to that observed for
the liquid state (1.39 D).31

The dipole moment in PP4F is oriented in the same direction
(from C1 to N1, 3.01 D, and 3.28 D for the two independent
molecules). In the liquid state a dipole moment of 0.32 D1e is
observed; however, its direction cannot be determined reliably.

The results from gas-phase optimizations are -1.46 D (i.e.,
opposite direction compared to the experimental result) for PP
and 0.01 D (i.e., in the same direction but considerably weaker
than that in the experiment) for PP4F. Comparing the dipole
moments from C2V geometry restricted optimizations at the same
level of theory (B3LYP/cc-pVTZ) with dihedral angles set to
90° (-0.60 D) and to 180° (+0.41 D) shows that the dipole
moment is extremely sensitive to changes in the dihedral angle,
which, in turn, is strongly affected by the crystal environment.
Therefore, the comparison of such values should be taken with
caution.

Figure 7 shows a comparison of the color-coded isosurface
representations of the electrostatic potential for the molecules.
This function, calculated from the solid state multipole ED and
in principle including all crystal-field effects, reveals features
that are less apparent in the density. While the negative potential
is located mainly above and below the aromatic ring systems
in PP, it is shifted from the phenyl ring to the F-atom in PP4F.
The areas with negative potentials on the top and bottom of the
pyrrole ring are polarized toward the nitrogen atom in both
compounds. Since the potentials are almost identical in the two
molecules of PP4F, only one is depicted in this plot.

Figure 6. Laplacian along the bond paths in PP and PP4F. (a)
Comparison of the NsCipso bonds in PP and PP4F. (b) Comparison
of three bonds with different polarity in PP4F. The x-axis gives the
distance to the BCP in Å and the y-axis the Laplacian in e Å-5.

TABLE 5: Experimentally and Theoretically Derived
Charges and Volumes from the Integration of the Electron
Density over the Atomic Basins in PP and PP4Fa

PP PP4F

chargeb [e] volumeb [Å3] charge [e] volume [Å3]

N1/N11 -1.36 12.67 -1.20/-1.23 12.12/12.32
-1.21 11.63 -1.21 11.52

C1/C11 +0.61 8.08 +0.39/+0.45 8.87/8.39
+0.33 9.20 +0.35 9.11

C2/C12 -0.11 12.35 -0.04/-0.09 12.00/12.24
-0.01 11.98 0.00 11.75

C3/C13 -0.31 12.89 -0.08/-0.12 12.23/12.25
+0.02 12.15 +0.03 11.82

C4/C14 -0.34 13.08 +0.49/+0.36 9.09/9.49
-0.01 12.24 +0.51 8.91

F1/F11 -0.61/-0.70 15.72/15.83
-0.68 16.11

a The total molecular volumes are 188.48 Å3/194.44 Å3 for PP
(exp/theor) and 192.44 Å3/191.32 Å3 for PP4F (exp/theor). b Values
in italics are from theoretical calculations of PP and PP4F.
Theoretical charges are calculated with DGrid29 and volumes with
AIM2000.28

Figure 7. Electrostatic potential of PP (a) and PP4F (b) in the solid
state. The red isosurfaces represent the negative potential at the -0.065
e Å-1 level and the blue isosurfaces the positive potential at the +0.300
e Å-1 level.
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Conclusion

The results of the multipole refinements and the topological
analyses affirm that it is possible to extract a reliable electron
density distribution even from a disordered structure, provided
that the scattering power is high and proper constraints are
imposed on the multipole refinement. A residual density analysis
proves that no systematic errors in the residual density distribu-
tion, i.e., no features, remain in the entire unit cell after taking
the disorder into account.

In conclusion, we regard the results discussed here to be
important for recent research in chemistry, as they guide the
way to charge density studies even for disordered structures.
Many crystals contain coordinated or noncoordinated solvent
molecules that suffer from disorder. Even those problematic
crystal structures might be promising candidates for charge
density studies in the future.
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(28) Biegler-König, F.; Schönbohm, J.; Bayles, D. J. Comput. Chem.
2001, 22, 545.

(29) Kohout, M. DGrid, V 4.4; Radebeul, 2008.
(30) Bader, R. F. W. Atoms in Molecules: A Quantum Theory; Oxford

University Press: Oxford, 1990.
(31) Lumbroso, H.; Bertin, D. M.; Marschner, F. J. Mol. Struct. 1988,

178, 187.

JP9026157

Experimental Charge Density Studies of PP and PP4F J. Phys. Chem. A, Vol. 113, No. 35, 2009 9691


