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The multipolar atom model, constructed by transferring the

charge-density parameters from an experimental or theore-

tical database, is considered to be an easy replacement of the

widely used independent atom model. The present study on a

new crystal structure of quercetin monohydrate [2-(3,4-

dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one mono-

hydrate], a plant flavonoid, determined by X-ray diffraction,

demonstrates that the transferred multipolar atom model

approach greatly improves several factors: the accuracy of

atomic positions and the magnitudes of atomic displacement

parameters, the residual electron densities and the crystal-

lographic figures of merit. The charge-density features,

topological analysis and electrostatic interaction energies

obtained from the multipole models based on experimental

database transfer and periodic quantum mechanical calcula-

tions are found to compare well. This quantitative and

comparative study shows that in the absence of high-

resolution diffraction data, the database transfer approach

can be applied to the multipolar electron density features very

accurately.
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1. Introduction

Quercetin is a naturally occurring flavonoid pigment found in

coloured leafy vegetables, herbs and fruits. This biologically

active compound has gained immense attention from the

research community due to its medicinal properties. It is

reported to possess anticancer (ElAttar & Virji, 1999),

antithrombotic (Gryglewski et al., 1987), antioxidant (Lamson

& Brignall, 2000) and antimicrobial (Formica & Regelson,

1995; Gatto et al., 2002) properties. Recent research supports

the idea that quercetin may be helpful for patients with

chronic prostatitis with interstitial cystitis possibly because of

its action as a mast cell inhibitor (Shoskes et al., 1999). The

presence of quercetin along with other flavonols in our daily

diet is also reported to be associated with a reduced risk of

fatal pancreatic cancer in tobacco smokers (Nöthlings et al.,

2007).

Charge-density analysis of accurate high-resolution single-

crystal X-ray diffraction data is now a matured branch of

modern crystallography, published in a variety of journals,

focusing on an ever-increasing range of inorganic, organo-

metallic, organic and biological materials (Coppens, 1997;

Spackman, 1997; Koritsánszky & Coppens, 2001; Munshi &

Guru Row, 2005a). This technique has now reached a level at

which the experimentally derived electron density can be

compared with the charge density obtained from high-level

theoretical calculations. Experimental and theoretical charge

densities can be used to analyse a range of problems of

chemical (Coppens, 1997) and physical (Tsirelson & Ozerov,



1996) interest since the charge density is a physically obser-

vable quantity. One of the most exciting applications of charge

density analysis is the evaluation of one-electron properties in

molecular crystals (Spackman, 1992).

Bader’s Quantum Theory of Atoms In Molecules (QTAIM)

is an ultimate approach to studying the topological features of

the charge-density distribution (Bader, 1990, 1998). Topolo-

gical analysis via the QTAIM approach is capable of providing

the information about the existence and the nature of

hydrogen bonds. The eight criteria suggested by Koch and

Popelier (Koch & Popelier, 1995; Popelier, 2000; hereafter

referred as KP) based on QTAIM allow a hydrogen bond to

be distinguished from a van der Waals interaction. In this

study we focus on the first four of the criteria.

The possibility of using previously extracted electron-

density parameters within Hirshfeld’s (1971) aspherical

formalism in crystallographic modelling was first realised by

Brock et al. (1991). This work was followed by Pichon-Pesme

et al. (1995), resulting in the construction of the first experi-

mental database of peptide and amino-acid fragments, called

the experimental library of multipolar atom models

(ELMAM) based on the Hansen–Coppens (Hansen &

Coppens, 1978) multipolar formalism. Two more aspherical

atom libraries based on the same formalism but using

computed electron densities were also constructed: University

at Buffalo Pseudoatom Databank (UBDB; Volkov et al., 2004)

and the Invariom database (Dittrich et al., 2004). All three

libraries are in continuous development and were revised

several times. ELMAM was updated in 2004 (Pichon-Pesme et

al., 2004), UBDB in 2007 (Dominiak et al., 2007) and Invariom

was improved in 2006 (Dittrich, Hübschle et al., 2006). The

advantages of using aspherical atom databases in routine

crystallographic modelling were pointed out in several studies

(Jelsch et al., 1998, 2005; Dittrich et al., 2005, 2007, 2008;

Dittrich, Hübschle et al., 2006, 2009; Dittrich, Strümpel et al.,

2006; Dittrich, Weber et al., 2009; Volkov et al., 2007; Zarychta

et al., 2007; Bąk et al., 2009). Improvements to the residual

electron density, geometrical parameters and atomic displa-

cement parameters have been thoroughly discussed. More-

over, some of the databases were also used to compute the

electrostatic interaction energies between host–guest protein

complexes (Dominiak et al., 2009; Fournier et al., 2009).

The ELMAM database has been extended from protein

atom types to common organic molecules and is based on the

optimal local coordinate systems (Domagała & Jelsch, 2008).

New chemical environments (atom types) can be easily added

to the database when new charge-density diffraction data

become publicly available. Details of the construction of this

extended database will be published in a separate paper. In

this work we present the application of the extended database

for the multipolar atom modelling of quercetin monohydrate

(Fig. 1). The most important features of the modelled electron

density of this compound are discussed and are the subject of a

detailed comparison with the theoretical multipole model

based on periodic quantum mechanical calculations. All the

atom models discussed here are summarized in Table 1. The

charge-density parameters transferred to quercetin are

described in the CIF files in the supplementary material.1

2. Experimental and theoretical details

2.1. Crystallization, data collection and data reduction

Quercetin dihydrate (CAS number 6151-25-3) purchased as

a powder from Sigma–Aldrich was dissolved at � 233 K in

acetonitrile. The solution was left overnight to slowly cool

down to room temperature. Yellow crystals of prismatic shape

were crystallized from the solution. A crystal of size 0.35 �
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Figure 1
Chemical structure of quercetin monohydrate.

Table 1
Summary of the atom models.

Model Description

IAM_R xyz, ADPs and scale factor refined versus experimental
structure factors

X—H distances, angles involving H atoms and ADPs of
the H atoms restrained

IAM_UR xyz, ADPs and scale factor refined versus experimental
structure factors

ADPs of the H atoms restrained
TAAM_R xyz, ADPs and scale factor refined versus experimental

structure factors
X—H distances, angles involving H atoms and ADPs of

the H atoms restrained
Multipolar parameters transferred from the extended

database
TAAM_UR xyz, ADPs and scale factor refined versus experimental

structure factors
ADPs of the H atoms
Multipolar parameters transferred from the extended

database
TAAM_OPT Optimized geometry used

Multipolar parameters transferred from the extended
database

THEO_OPT Optimized geometry used
Multipolar parameters refined versus theoretical struc-

ture factors
� and �0 parameters for some H atoms restrained

TAAM_THEO_R xyz, ADPs and scale factor refined versus experimental
structure factors

X—H distances, angles involving H atoms and ADPs of
the H atoms restrained

Multipolar parameters transferred from the THEO_OPT
model

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: GW5011). Services for accessing these data are described
at the back of the journal.



0.19 � 0.16 mm was selected for the experiment. Data

collection was performed using an Oxford Diffraction Super-

Nova Dual Wavelength Microfocus diffractometer equipped

with an ATLAS CCD detector. Reflections were collected at

110 K up to sin �/� = 0.63 Å�1 resolution using Cu radiation.

Data were collected using 91 ! runs, with a 1.0� scan width and

15 s per frame exposure time, resulting in a total of 4921

frames. The average redundancy was 6.7. Indexing, integration

and scaling were performed with CrysAlisPro, Version 1.171

(Oxford Diffraction, 2009). In total, 39 962 reflections were

measured and then merged to 2652 unique reflections. The

multi-scan absorption correction was applied in the scaling

procedure. Further details of the data collection and reduction

are given in Table 2.

2.2. Spherical atom refinements

Structure solution and the initial stages of refinement were

carried out using SHELX97 (Sheldrick, 2008) with full-matrix

least-squares and based on F2. The final refinements on F were

performed using the MoPro package (Guillot et al., 2001;

Jelsch et al., 2005).

2.3. Theoretical calculations

Periodic quantum mechanical calculations using

CRYSTAL06 (Dovesi et al., 2008) were performed for the

crystal structure obtained from X-ray diffraction and, using

this as a starting point, full geometry optimization was

performed using density functional theory (DFT; Hohenberg

& Kohn, 1964) and with the B3LYP hybrid functional (Lee et

al., 1988; Becke, 1993) using the 6-31G(d,p) basis set (Hari-

haran & Pople, 1973). Upon energy conver-

gence (�E ’ 10�6), a periodic wavefunction

based on optimized geometry was obtained.

The index generation scheme proposed by Le

Page & Gabe (1979) was applied to generate

18 404 unique Miller indices up to 1.2 Å�1

reciprocal resolution. Option XFAC of the

CRYSTAL06 program was then used to

generate a set of theoretical structure factors

from the computed electron density and using

a set of prepared indices.

2.4. Experimental modelling

Initially the quercetin monohydrate struc-

ture was modelled using the independent atom

model (IAM) approximation. Atomic displa-

cement parameters (ADPs), positions (xyz

coordinates) and the scale factor were refined

with the appropriate weighting scheme and

restraints. X—H (where X = C or O) distances

were shifted and restrained to the average

neutron diffraction distances (Allen et al.,

1987, 2006). Angles involving C—H bonds

were also restrained using similarity restraints.

The ADPs of the H atoms were scaled

according to Ueq of the carrying atoms (URATIO restraint) in

an analogous way to SHELX (Sheldrick, 2008). This

restrained model is referred to as the IAM_R model (Table 1).

Further, restraints on the distances and angles were released

from IAM_R, while the URATIO restraints were maintained.

This partially unrestrained model is referred to as IAM_UR

(Table 1).

2.5. Database transfer

A total of 12 unique atom types from the extended

ELMAM database were assigned to 35 atoms of quercetin

monohydrate. For some atoms, the same atom type was

selected (see Table S1 of the supplementary material). The

multipolar parameters (including � and �0) were then trans-

ferred to the quercetin monohydrate structure resulting from

the final IAM_R and IAM_UR models. The corresponding

transferred aspherical atom models (TAAM) are referred to

as TAAM_R and TAAM_UR (Table 1). Subsequently, the

charge-density parameters were kept fixed and the ADPs,

atomic positions and the scale factor were refined until

convergence was reached. The same weighting scheme and

restraints were applied as in the IAM_R and IAM_UR

models. Further, the multipolar parameters from the extended

ELMAM database were transferred to the set of coordinates

obtained from the optimized quercetin monohydrate struc-

ture. The resulting model is referred to as TAAM_OPT (Table

1).

For all TAAM models, constructed using the extended

ELMAM database, the electron density of the non-H atoms

was described up to octupolar level, while for H atoms it was

described only for the bond-directed quadrupole (q3z2�1) and
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Table 2
Experimental details.

For all structures: C15H10O7�H2O, Mr = 320.24, monoclinic, P21/c, Z = 4. Experiments were carried
out at 110 K with Cu K� radiation using a SuperNova, Dual, Cu at zero, Atlas diffractometer.
Absorption was corrected for by multi-scan methods. ‘Empirical absorption correction using
spherical harmonics was implemented in the SCALE3 ABSPACK scaling algorithm.’ Refinement
was on 256 parameters with 29 restraints. H-atom parameters were constrained.

IAM_R TAAM_R TAAM_THEO_R

Crystal data
a, b, c (Å) 8.737 (1), 4.852 (1), 30.160 (1)
� (�) 95.52 (1)
V (Å3) 1272.6 (3)
� (mm�1) 0.138
Crystal size (mm) 0.35 � 0.19 � 0.16

Data collection
Tmin, Tmax 0.672, 1.000
No. of measured, independent and

observed [I > 2.0�(I)] reflections
69 706, 2652, 2565

Rint 0.017

Refinement
R[F2 > 2�(F2)], wR(F2), S 0.039, 0.054, 2.19 0.020, 0.028, 1.11 0.020, 0.027, 1.11
No. of reflections 2652 2652 2652
�	max, �	min (e Å�3) 0.39, �0.24 0.14, �0.16 0.15, �0.18

Computer programs used: CrysAlisPro (Oxford Diffraction, 2009), SHELXL97 (Sheldrick, 2008), MoPro
(Jelsch et al., 2005).



dipole (dz) components along with the monopole function.

After transfer, the resulting excess charge for the quercetin

monohydrate was �0.765 e (�0.022 e per atom on average).

Therefore, the quercetin molecule and water molecule were

neutralized separately, using the charge-scaling procedure of

Faerman & Price (1990).

2.6. Theoretical modelling

The MoPro package was used to perform the multipolar

refinement (based on F) against the whole set of generated

theoretical structure factors. The corresponding model is

referred to as THEO_OPT (Table 1). The non-H atoms were

modelled up to the octupolar level. All H atoms were refined

with one dipole dz component, except the H atoms connected

to the O atoms for which a quadrupole q3z2�1 component was

also refined. The scale factor was fixed to the absolute value

(1.0). To consider a static model, the Uij tensor elements were

set to zero. During the refinement only valence and multipole

populations, and � and �0 parameters were allowed to refine,

but no atomic positions were refined. No restraints/constraints

were imposed on any atoms, except � constraints on the H

atoms. In particular, one set of � and �0 parameters was used

for all H atoms of the hydroxyl groups and a separate (�, �0)
set was used for H atoms bound to the C atoms. An inde-

pendent (�, �0) set was defined for the H6 atom as initial

theoretical refinements showed dissimilar values. However,

the final � and �0 values of the H6 atom [1.149 (5) and 1.36 (1)]

were very similar to those of other H atoms [1.162 (3) and

1.35 (1)] bound to the C atoms. The H atoms of the water

molecule shared a fourth set of � and �0 parameters. In order

to keep both molecules neutral and to allow better comparison

with the transferred model, during the refinement no charge

transfer was allowed between the quercetin and the water

molecule.

Additionally, the multipolar parameters from the

THEO_OPT model were transferred to the IAM_R model

and only the ADPs, atomic positions and the scale factor were

re-refined against the experimentally observed reflections. The

same type and number of restraints and weighting scheme as

used for other restrained models were also applied in this

model. The corresponding model is referred to as

TAAM_THEO_R (Table 1).

2.7. Electrostatic interaction energy

All the electrostatic interaction energy computations were

performed with VMoPro, part of the MoPro package, using

the numerical integration method on a spherical grid around

selected atoms. The Gauss–Chebyshev (Becke, 1988) and

Lebedev & Laikov (1999) quadratures were used for the

radial and angular parts, respectively. Radial coordinates and

weights were remapped using the formula of Treutler &

Ahlrichs (1995). The integrations involved 100 radial and 434

angular quadrature points. Interaction energies were calcu-

lated between pairs of neighboring molecules in contact, for

which two atoms were separated by a distance lower than or

equal to the sum of their van der Waals radii.

The interaction energy values were computed as an integral

over the electron density (obtained from the multipolar

refinement) of molecule A multiplied by the electrostatic

potential of molecule B, or reciprocally

Eelec ¼

Z
	A’BdrA ¼

Z
	B’AdrB: ð1Þ

3. Results and discussions

3.1. Crystal structure

Here we report the structure of a new hydrate form of

quercetin crystallized in the monoclinic centrosymmetric

space group P21/c with Z = 4 determined from X-ray

diffraction data. In the present case quercetin crystallized with

one water molecule in the asymmetric unit. The structural

details and the statistical parameters from the spherical atom

refinement of X-ray diffraction data are listed in Tables 2 and

research papers

66 Sławomir Domagała et al. � Analysis and multipole modelling Acta Cryst. (2011). B67, 63–78

Figure 2
ORTEP diagram of quercetin monohydrate at 110 K with 90%
probability ellipsoids showing (a) the atomic labelling scheme and (b)
the S12 similarity index (Whitten & Spackman, 2006) values. The ellipsoid
diagrams from (a) IAM_R and (b) TAAM_R models were generated
using ORTEPIII (Johnson & Burnett, 1996; Farrugia, 1997).



3. The ORTEP (Johnson & Burnett, 1996; Farrugia, 1997)

diagram, along with atom labeling of the quercetin and water

molecules, is displayed in Fig. 2(a).

There are two structure determinations of quercetin dihy-

drate which have been previously published (Rossi et al., 1986;

Jin et al., 1990). Here we compare the present monohydrate

structure with the quercetin dihydrate structure determined

by Jin et al. (1990) at room temperature using X-ray diffrac-

tion data, which seems to be more accurate, in terms of R

factors and the height of the residual electron-density peaks,

than the first report of quercetin dihydrate (Rossi et al., 1986).

Comparison is also drawn with the monohydrate structure

obtained from geometry optimization calculations. The most

notable difference in the geometry of the quercetin molecule

is the different conformation of the catechol ring, which

exhibits the free rotation possibility around the C2—C11

bond. In the case of the quercetin dihydrate

structure, the dihedral angle (O1—C2—

C11—C16) between the benzopyran rings

and the catechol ring is 175.0� (anti orienta-

tion). On the contrary, the quercetin molecule

of the monohydrate structure is almost planar

and the catechol ring is rotated by � 180�

(syn orientation), the dihedral angle O1—

C2—C11—C16 is �1.0 (1)� (�2.5� for the

optimized geometry). A comparison of the

relevant torsion angles with respect to the

C2—C11 bond is presented in Table 4. Based

on their INDO calculation, Jin et al. (1990)

found that the stable conformation of quer-

cetin has a C3—C2—C11—C16 torsion angle

of nearly 0 or 180�. Furthermore, DFT calculations in the gas

phase and solution proved that the syn conformer seems to be

preferred over the anti form with a small barrier of inter-

conversion, suggesting the coexistence of two conformers

(Leopoldini et al., 2004). Recently, Olejniczak & Potrzebowski

(2004) reported solid-state 13C NMR studies for the anhy-

drous and dihydrate forms of quercetin. These experimental

measurements were supported by gauge-including atomic

orbital DFT calculations of 13C NMR parameters for several

possible conformations of quercetin, including the syn

conformer, which is analogous to the quercetin monohydrate

structure. The calculated 13C shielding parameters � and

bond-order parameters indicate that the quercetin mono-

hydrate with syn conformation is the favoured one (Olej-

niczak & Potrzebowski, 2004).

In the present structure the quercetin molecules pack in the

crystal lattice in such a fashion that they follow the AABB

stacking pattern (Fig. 3). The water molecules are found to be

trapped at the interface of the same type of molecule, i.e.

between AA-type and between BB-type stacking. It is to be

noted that A and B are the same molecule and are related by

crystallographic symmetry. For both types of stacking (AA and

BB), the inter-planar distance between the benzopyran rings is

3.276 (5) Å and that between the phenyl rings is 3.310 (5) Å.

While viewed down the c axis, the molecules are found to

intersect each other almost perpendicularly (inter-planar

angle � 85�) to form the parallel

stripes of the ‘fishing net’ running

along the a axis (Fig. 4).

The intra- and intermolecular

hydrogen bonds and their char-

acterizing parameters in quercetin

monohydrate are listed in Table 5.

There are five hydroxyl groups in

the quercetin molecule and four of

them are involved in O—H� � �O

strong intermolecular hydrogen

bonds. However, the hydroxyl

group at position C5 has an intra-

molecular hydrogen bond with the

O4 carbonyl O atom, which essen-

tially forms a six-membered ‘ring’.
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Figure 3
Molecular packing in the quercetin monohydrate structure showing the AABB stacking pattern.
Quercetin and water molecules are highlighted in green and dark blue colours. This figure is in colour in
the electronic version of this paper.

Table 3
Final refinement statistics from different atom models.

Models IAM_R IAM_UR TAAM_R TAAM_UR TAAM_THEO_R

No. of restraints 29 12 29 12 29
No. of parameters† 256 256 256 256 256
Final R indices [I/� > 0]
R(F) 0.0400 0.0384 0.0220 0.0219 0.0219
wR2(F) 0.0542 0.0511 0.0275 0.0267 0.0274
Goodness-of-fit [S(F)] 2.190 2.071 1.109 1.084 1.106
(�/�)max < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
�	max (e Å�3) 0.394 0.327 0.139 0.140 0.152
�	min (e Å�3) �0.242 �0.262 �0.157 �0.172 �0.180

† Including restraint parameters.

Table 4
Comparison of selected torsion angles for quercetin monohydrate and
dihydrate structures.

Present work

Torsion angles (�) X-ray (IAM_R) Optimized Jin et al. (1990) (X-ray)

C3—C2—C11—C12 �1.3 (1) �2.7 171.4
C3—C2—C11—C16 178.3 (1) 176.6 �6.6
O1—C2—C11—C16 �1.0 (1) �2.5 175.0
O1—C2—C11—C12 179.4 (1) 178.3 �6.9



There is an additional weak intramolecular contact [C12—

H12� � �O3 = 2.057 (12) Å], which also forms a six-membered

‘ring’. The water molecule bridging the same type of molecule

(AA and BB) via O—H� � �O and C—H� � �O hydrogen bonds

plays a major role in the formation of three-dimensional

networks (Table 5).

To facilitate the discussion on intermolecular contacts in

quercetin monohydrate, a Hirshfeld surface analysis

(Spackman & McKinnon, 2002; McKinnon et al., 2004) was

performed with CrystalExplorer (Wolff et al., 2007). It has

been shown recently that tools based on Hirshfeld surfaces are

a very powerful resource for quantifying intermolecular

interactions in molecular crystals (McKinnon et al., 2007).

Details of the Hirshfeld surface approach are discussed else-

where (Spackman & McKinnon, 2002; McKinnon et al., 2004;

Munshi, Skelton et al., 2008). Fig. 5 depicts the relative

contributions to the Hirshfeld surface areas due to H� � �H,

O� � �H, C� � �H and other intermolecular contacts (i.e. all

O� � �O, O� � �C and C� � �C). From this quantitative analysis it is

clear that the quercetin monohydrate contains a low fraction

(13%) of H� � �C (i.e. C—H� � �C or O—H� � �C) contacts. The

H� � �O contacts constitute the highest fraction (36%). The

majority of these are O—H� � �O contacts, the dominating

hydrogen bonds in this crystal structure (Table 5), rather than

C—H� � �O contacts. Further quantitative and qualitative

analyses of intermolecular contacts based on their topological

properties derived using Bader’s (1990, 1998) QTAIM

(quantum theory of atoms in molecules) approach are

discussed in a later section.

3.2. Improvement over spherical atom model

In this section we draw comparisons between IAM_R

versus TAAM_R and IAM_UR versus TAAM_UR models.

The final statistics are given in Table 3.

In order to check the improvement of X—H distances,

restraints on distances and angles were released from the

restrained models. Indeed the introduction of multipolar

parameters from the extended ELMAM database in the

TAAM_UR model greatly improves the values of the X—H

distances on average. The distance values are more similar to

the average neutron distances (Allen et al., 1987, 2006) than

those obtained from the IAM_UR model. Similar trends were

also observed from other studies based on multipolar data-

bases (Zarychta et al., 2007; Dittrich et al., 2005; Dittrich,

Weber et al., 2009). The deviation from the neutron mean

distances, defined as dmodel � dneutron, is smaller than 1�neut for

O—H and �2.6�neut for C—H bonds in TAAM_UR. The

corresponding values acquired from the IAM_UR model are

equal to �8.2�neut and �11.4�neut for O—H and C—H

distances. This means that X—H distances obtained from the

IAM_UR model are very much shortened when compared

with neutron distances – a common observation in conven-

tional X-ray structure analysis. The

transferred model (TAAM_UR)

greatly improves the X—H

distances when compared with the

average neutron values. All the

distance values of the X—H bonds

are presented in Table S2 of the

supplementary material.

The ADPs obtained from sphe-

rical atom refinements are usually

systematically biased by bonding
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Figure 5
Relative contributions of the intermolecular contacts in the quercetin monohydrate structure using
Hirshfeld surface analysis. The chart is based on the IAM_R model.

Table 5
Intra- and intermolecular contacts obtained from the IAM_R model of
quercetin monohydrate.

D—H� � �A D—H (Å) H� � �A (Å) D� � �A (Å) /D—H� � �A (�)

O3—H3� � �O4i 0.966 1.919 2.708 (1) 137.0
O5—H5� � �O4ii 0.967 1.714 2.608 (1) 152.2
O7—H7� � �O13iii 0.966 1.813 2.779 (1) 179.5
O13—H13� � �O1Wiv 0.966 1.759 2.713 (1) 168.8
O14—H14� � �O7v 0.967 1.835 2.802 (1) 179.4
O1W—H2W� � �O4i 0.967 1.942 2.906 (1) 175.4
O1W—H1W� � �O5vi 0.967 2.200 3.045 (2) 145.3
O1W—H1W� � �O5vii 0.967 2.350 3.043 (2) 128.1
C6—H6� � �O13iii 1.081 2.530 3.308 (2) 128.1
C6—H6� � �O1Wviii 1.081 2.604 3.662 (2) 165.9
C12—H12� � �O3ii 1.082 2.057 2.812 (2) 124.3
C12—H12� � �O1Wiv 1.081 2.764 3.501 (2) 125.2
C15—H15� � �O7v 1.082 2.578 3.367 (2) 129.1

Symmetry codes: (i) 1� x; 1� y;�z; (ii) x; y; z; (iii) �1þ x;�2þ y; z; (iv) x; 1 þ y; z;
(v) 1� x; 3

2þ y; 1
2� z; (vi) 1þ x; y; z; (vii) 1� x;�y;�z; (viii) �1þ x;�1þ y; z.

Figure 4
The ‘fishing net’ pattern of quercetin monohydrate. View along the c axis.



and lone-pair electron densities (Cruickshank, 1956). The

introduction of multipolar parameters allows deconvolution of

the ADPs from bonding density and improves the reliability of

the displacement parameters (Brock et al., 1991; Jelsch et al.,

1998). For the TAAM_R model, the values of Uij components

for the non-H atoms are lower than those of the IAM_R

model. The atomic Ueq values, after the TAAM_R refinement,

show a 16% reduction with respect to the IAM_R model.

Hirshfeld’s rigid-bond test (Hirshfeld, 1976) shows that there

is a� 39% reduction of differences between the mean-squares

displacement amplitude (DMSDA) values, on average. There

is only one covalent bond, C4—C3, which has a DMSDA value

(1.5 � 10�3 Å2) above the Hirshfeld limit (10�3 Å2). For the

IAM_R model there are seven bonds which violate this

condition (see Table S3). An ORTEP view of the quercetin

molecule for IAM_R and TAAM_R models with the similarity

index S12 values listed for each non-H atom is shown in Fig. 2.

This index, introduced by Whitten & Spackman (2006), is

expressed as S12 = 100(1 � R12), where R12 describes the

overlap between probability density functions for the two

ADP tensors U as

R12 ¼

Z
½p1 xð Þp2 xð Þ�1=2 d3x ¼

23=2 det U�1
1 U�1

2

� �� �1=4

det U�1
1 þU�1

2

� �� �1=2
: ð2Þ

Therefore, the similarity index can be used to describe the

percentage difference of two probability density functions.

The values of the S12 index calculated for the U1 and U2 ADP

tensors obtained from IAM_R and TAAM_R models vary for

different atoms in the range 0.52–2.03%. A higher dissim-

ilarity is observed for the C atoms than for the O atoms. The

average value of the S12 index was found to be 1.21%.

Comparable values of the S12 index for the estimated

hydrogen ADPs were noticed by Munshi, Madsen et al. (2008),

when those were compared between different methods and

with neutron diffraction results.

Although, the S12 index can provide information about the

dissimilarity of two ADP tensors, it does not indicate the

direction of these differences. The qualitative picture of the

ADP differences between IAM_R and TAAM_R models was

plotted (Fig. 6) using the PEANUT program (Hummel et al.,

1990). It is apparent from Fig. 6 that the IAM_R model

overestimates the displacement parameters for the C atoms in

the plane of the molecule where covalent bonding occurs. A

very small negative difference (underestimation) is however

visible in the out-of-plane direction for these atoms. For the O

atoms, the largest overestimation is observed in directions

perpendicular to the C—O bonds, which can be related to the

locations of electron lone pairs. Similar improvements of the

ADPs were observed in many studies when the electron-

density parameters were transferred in this fashion (Dittrich et

al., 2005, 2008; Zarychta et al., 2007; Bąk et al., 2009; Dittrich,

Weber et al., 2009).

The residual electron-density maps for the final IAM_R and

TAAM_R models are shown in Fig. S1 and the crystal-

lographic statistics are given in Table 3. For the IAM_R model

the bonding electron density, which was not modelled by the

spherical atom model, is clearly seen, especially in the region

of the C—C aromatic bonds. On the other hand, the same

region in the TAAM_R model is almost flat with the highest

peak and hole being 0.14 and �0.16 e Å�3 (see Table 3). All

the corresponding statistical descriptors are also lower in the

TAAM_R model. For example, R(F) decreases significantly

from 0.040 to 0.022.

The statistics for the unrestrained models IAM_UR and

TAAM_UR are also provided for comparison (see Table 3). A

significant decrease in R(F) from 0.038 (IAM_UR) to 0.022

(TAAM_UR) is observed. The IAM_UR model leads to a

very marginally improved R(F) value compared with IAM_R

(0.038 versus 0.040). This is caused by a better fit of the X-ray

data in the unrestrained model which has shortened X—H

distances compared with the model restrained to standard

distances from neutron diffraction.

In addition, the accuracy of the TAAM_R model was

validated by comparing with the TAAM_THEO_R model.

The final refinement statistics listed in Table 3 suggest that the

TAAM_R model is equally good or slightly better than the

TAAM_THEO_R model. The same 16% reduction in the Ueq

values is observed in the TAAM_THEO_R refinement as it

was for the TAAM_R model compared with IAM_R.

However, Hirshfeld’s (1976) rigid-bond test shows further

reduction of the DMSDA values for the TAAM_THEO_R

model compared with the IAM_R model. There is a 66%

reduction on average and all the DMSDA values for the

TAAM_THEO_R model are below the Hirshfeld limit (Table

S3). The ADPs of the non-H atoms for the TAAM_R and the

TAAM_THEO_R models were found to be very similar. The

S12 index calculated for the non-H atom ADPs from these two

models was only 0.05%. The PEANUT representation of ADP

differences between the TAAM_THEO_R and TAAM_R

models is shown in Fig. S2. It appears that the ADPs for the

TAAM_THEO_R model are expanded along the covalent

bonds, whereas they are contracted in the direction out of the
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Figure 6
PEANUT (Hummel et al., 1990) representations of the ADP differences
between the IAM_R and TAAM_R restrained models. The root mean-
square displacement difference surfaces are shown on a scale of 6:15. The
positive differences appear in blue, while the negative ones are in red. H
atoms were omitted as their displacement parameters were restrained to
those of the carrying atoms. An equivalent orientation to the ORTEP
plot was selected.



molecular plane. The expansion is more prominent for C

atoms while the contraction is more pronounced for O atoms.

This can be related to the slight enhancement of lone pairs and

reduction of bonding densities (see x3.4) in the theoretical

refinement compared with the experimental database.

3.3. Charge density analyses

The deformation electron density and the derived one-

electron properties based on the TAAM_OPT and

THEO_OPT models are compared quantitatively. To facilitate

a better comparison and to avoid the influence of using

different atomic positions, both models were constructed

based on the optimized structure of the quercetin mono-

hydrate.

3.4. Deformation electron densities

The static deformation electron-density maps of the quer-

cetin molecule are shown in Fig. S3 for both TAAM_OPT and

THEO_OPT models (the water molecule is shown in Fig. S4).

The maps agree qualitatively. However, the deformation

electron-density features are smeared in the TAAM_OPT

model. This is even more clearly visible in the difference

deformation electron-density map presented in Fig. 7. The

most prominent differences are visible in the vicinity of the O

atoms. In the THEO_OPT model O atoms show enhancement

of the electron lone pairs and depletion of the electron

densities around their nuclei and in the direction of the

covalent bonds.

In order to check the quantitative differences between the

TAAM_OPT and THEO_OPT models, a statistical analysis

was performed on three-dimensional grids containing the

deformation electron density of the quercetin molecule. The

grids were prepared in the following way. The superposition of

the deformation electron density for the parent quercetin

molecule (without a water molecule) and all the symmetry

equivalents were calculated in the box around the selected

quercetin molecule. The average values of the deformation

electron density are very close to zero (� 10�4 e Å�3), and the

root mean-square deviation (r.m.s.d.) values are very similar

(� 8.06 � 10�2 e Å�3) for the two models. However, the

electron density extrema are reduced for the TAAM_OPT

model with the minimum and maximum values being �0.343

and 0.867 e Å�3. The corresponding values for the

THEO_OPT model are �0.957 and 1.136 e Å�3. The overall

(Pearson’s) correlation between deformation electron-density

grids is very good and the correlation coefficient is equal to

0.957.

Fig. 8 shows the deformation electron density for the

hydroxyl group O3—H3 in the plane bisecting the C—O—H

triplet of atoms. This hydroxyl group is the most out-of-plane

of the aromatic ring as the dihedral angle H3—O3—C3—C4

reaches 20.0 (1)�. For the THEO_OPT model the electron

lone pairs of the O atom follow the local geometry and the

symmetry of the H3—O3—C3 plane and not that of the

aromatic ring. This justifies the TAAM electron density

modelling for hydroxyl groups bound to aromatic rings for

which the local axes system is oriented according to the local

C—O—H plane. The TAAM_OPT deformation electron-

density map in Fig. 8(a) appears to be slightly smeared and

attenuated compared with the THEO_OPT model (Fig. 8b).

The electron lone pairs of the O atom are separated by three

contour levels in the THEO_OPT model, whereas for the

TAAM_OPT model the lone pairs are separated by only one

contour level. In the previous ELMAM database for proteins

(Zarychta et al., 2007) the two lone pairs appeared to be

merged, which was attributed to some resonance effect with

the aromatic ring of tyrosine. In their study Farrugia et al.

(2009) also observed that the electron lone pairs of similar O

atoms are almost merged. According to those authors, an sp3

description seems most appropriate for the hybridization of

such hydroxyl atoms, but the ellipticity profile along the C—O

bond suggests some 
 character, implying partial sp2 hybri-

dization. The deformation electron density of the water

molecule (H1W—O1W—H2W) obtained from the

THEO_OPT model is also shown for comparison (Fig. 8c). For

this Osp3 atom the lone pairs are more separated, by up to

seven contour levels.

3.5. Topology of covalent bonds

The topological description of the electron density at the

bond-critical points (BCPs) in quercetin monohydrate for

TAAM_OPT and THEO_OPT models is presented in Table
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Figure 7
Difference static deformation electron-density map (THEO_OPT �
TAAM_OPT) models in the plane of the quercetin molecule. Blue solid
lines and red dashed lines denote positive and negative contours,
respectively. Contour level: 	0.05 e Å�3. The zero contours are shown as
yellow dashed lines.



S4. The two models agree well. The coefficients of determi-

nation (R2) obtained between 	(rCP), r2	(rCP) and distances

to BCPs (dA� � �CP, dB� � �CP) are in the range 0.955–0.996 (see

plots a, b, c and d in Fig. S5). All the plots were made using

gnuplot4.2 (Williams et al., 2009). For the TAAM_OPT model

systematically larger values of 	(rCP) and lower (more nega-

tive) values of r2	(rCP) were noted. The largest differences in

	(rCP) and r2	(rCP) values were noted for the O4—C4 bond

(0.23 e Å�3 and �5.75 e Å�5) in the quercetin molecule and

for the O1W—H2W bond (0.10 e Å�3 and�9.14 e Å�5) in the

water molecule. The high discrepancy of the 	(rCP) and

r
2	(rCP) values for the carbonyl group may be connected to

the higher uncertainty on the multipolar parameters of the O4

atom in the TAAM_OPT model. A smaller number of atoms

were indeed available to build the average values in the

databank for this aromatic carbonyl O-atom type. The second

maximum discrepancy for non-H atoms in 	(rCP) andr2	(rCP)

values between two models is observed for the O1—C2 bond

(0.15 e Å�3 and�4.69 e Å�5). The maximum difference in the

position of the BCP is registered for the C8—C9 bond

(0.028 Å). The average differences between the TAAM_OPT

and THEO_OPT models do not exceed 0.07 e Å�3 and

�3.47 e Å�5, and 0.006 and �0.006 Å for 	(rCP), r2	(rCP),

dA� � �CP and dB� � �CP. In their study on the bergenin molecule,

which has a similar size to quercetin monohydrate, Dittrich,

Weber et al. (2009) noted similar discrepancies of 	(rCP) and

r
2	(rCP) when the values were compared between the

invariom model and theoretical calculations. Additionally, we

have analysed the relative agreement between the models in

terms of the reliability factor R(p) of property p defined as

RðpÞ ¼
X

pTAAM OPT � pTHEO OPT

�� ��.X pTAAM OPT

�� ��: ð3Þ
The values of R(p) obtained were: R(	(rCP)) = 0.034 and

R(r2	(rCP)) = 0.164, for the electron density and its Laplacian,

respectively.

3.6. Topology of intra- and intermolecular contacts

Quantitative analysis of intra- and intermolecular inter-

actions were performed in terms of the topology of the elec-

tron density. The interactions are listed in Table 6. As noted

from the IAM_R model, the quercetin molecule has two

intramolecular short contacts: O5—H5� � �O4 and C12—

H12� � �O3 with H� � �O = 1.691 and 2.097 Å. All intra- and

intermolecular interactions of the type O—H� � �O satisfy the

first four of Koch and Popelier’s (KP; Koch & Popelier, 1995;

Popelier, 2000) criteria and therefore can be classified as

hydrogen bonds. Based on the fourth of KP’s criteria, the

longest C12—H12� � �O1W contact (dH� � �O = 2.723 Å) was

found to be a van der Waals type. However, all other C—

H� � �O contacts are found to satisfy the conditions of a

hydrogen bond. The values of 	(rCP), r2	(rCP), G(rCP) and

V(rCP) for the H� � �O contacts are within good agreement with

similar contacts reported in the literature (Espinosa et al.,

2002; Mallinson et al., 2003; Munshi & Guru Row, 2005b;

Dominiak et al., 2006; Mata et al., 2010). The exponential
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Figure 8
Static deformation electron-density maps in the plane of the lone pairs of O3 and O1W atoms. Maps show the deformation electron density in the region
of the hydroxyl group for (a) TAAM_OPT and (b) THEO_OPT models, and of the water molecule for (c) THEO_OPT. Blue solid lines and red dashed
lines denote positive and negative contours. Contour level at 	0.05 e Å�3. Zero contours are shown in yellow dashed lines.
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Table 6
Topological properties of the electron density for the intra- and intermolecular contacts in the quercetin monohydrate for the TAAM_OPT (first entry)
and THEO_OPT (second entry in italics) models.

The distances are given in Å, total electron density 	(rCP) in e Å�3, Laplacian r2	(rCP) in e Å�5. The kinetic energy density G(rCP) and potential energy density
V(rCP) (Abramov, 1997) are in kJ mol�1 bohr�3. The dAB values are the same for both models as these are based on the optimized geometry. Contacts with
common CP are marked with ‘*’.

Contacts dAB dA� � �CP dB� � �CP �rD � �rA �rD + �rA 	(rCP) r
2	 G(rCP) V(rCP)

O3—H3� � �O4i 1.8127 0.6531 1.1690 0.1759 0.9179 0.2287 1.75 58.5 �69.4
0.6377 1.1774 0.1997 0.9249 0.2267 2.30 68.1 �73.6

O5—H5� � �O4ii 1.6907 0.5644 1.1312 0.2268 1.0444 0.3185 2.00 82.7 �111.1
0.5740 1.1194 0.2054 1.0466 0.3276 2.53 94.6 �120.4

O7—H7� � �O13iii 1.7736 0.6095 1.1645 0.2150 0.9660 0.2865 1.06 58.2 �87.5
0.6151 1.1587 0.2036 0.9662 0.2682 1.51 62.3 �83.5

O13—H13� � �O1Wiv 1.7005 0.5638 1.1371 0.2333 1.0391 0.3346 1.11 70.6 �111.0
0.5742 1.1266 0.2124 1.0392 0.3227 1.73 78.9 �110.7

O14—H14� � �O7v 1.8603 0.6633 1.1970 0.1937 0.8797 0.2401 1.02 47.5 �67.3
0.6711 1.1893 0.1782 0.8796 0.2264 1.44 52.4 �65.7

O1W—H2W� � �O4i 1.8803 0.6870 1.1946 0.1676 0.8584 0.2053 1.25 45.0 �56.0
0.6766 1.2047 0.1881 0.8587 0.2096 1.50 50.3 �59.9

O1W—H1W� � �O5vi 2.1263 0.8094 1.3221 0.1727 0.6085 0.1248 1.11 29.9 �29.6
0.8114 1.3198 0.1684 0.6088 0.1232 1.16 30.6 �29.6

O1W—H1W� � �O5vii 2.3628 0.9482 1.4246 0.1364 0.3672 0.0635 0.84 18.4 �13.9
0.9484 1.4253 0.1369 0.3663 0.0632 0.87 18.9 �14.2

C6—H6� � �O13iii 2.5612 1.0664 1.4957 0.0893 0.1779 0.0454 0.75 15.4 �10.4
1.0917 1.4858 0.0541 0.1625 0.0528 0.77 16.3 �11.6

C6—H6� � �O1Wviii 2.5711 1.0602 1.5144 0.1142 0.1654 0.0492 0.58 12.6 �9.4
1.0206 1.5522 0.1916 0.1672 0.0361 0.62 12.4 �8.1

C12—H12� � �O3ii 2.0968 0.8363 1.2645 0.0882 0.6392 0.1381 2.22 51.8 �43.2
0.8606 1.2538 0.0532 0.6256 0.1433 2.07 49.8 �43.3

C12—H12� � �O1Wiv 2.7229 1.1467 1.6084 0.1217 �0.0151 0.0343 0.60 12.0 �7.7
1.1612 1.5856 0.0844 �0.0068 0.0390 0.58 11.9 �8.1

C15—H15� � �O7v 2.6588 1.1067 1.5538 0.1071 0.0795 0.0365 0.62 12.5 �8.1
1.1607 1.5396 0.0389 0.0397 0.0408 0.61 12.6 �8.6

O5� � �O5ix 3.0075 1.5063 1.5013 �0.0050 0.0724 0.0452 0.78 15.9 �10.7
1.5073 1.5004 �0.0069 0.0723 0.0456 0.75 15.4 �10.4

O7� � �O14iii 2.8821 1.4683 1.4287 �0.0396 0.1830 0.0628 1.16 24.2 �16.7
1.4814 1.4131 �0.0683 0.1855 0.0632 1.14 23.8 �16.6

O14� � �O14x 3.1599 1.5411 1.6206 0.0795 �0.0817 0.0333 0.57 11.4 �7.3
1.5465 1.6162 0.0697 �0.0827 0.0357 0.61 12.3 �7.9

O1� � �C7iv 3.2665 1.6188 1.6741 �0.2547 0.0971 0.0386 0.49 10.3 �7.2
1.6401 1.6677 �0.2824 0.0822 0.0357 0.47 9.7 �6.7

O1� � �C12*xi 3.3900 1.6516 1.7406 �0.2210 �0.0022 0.0361 0.44 9.2 �6.5
1.6498 1.7528 �0.2070 �0.0126 0.0367 0.45 9.4 �6.6

O1� � �C13*xi 3.5173 1.6516 1.9074 �0.0542 �0.1690
1.6498 2.0063 0.0465 �0.2661

O3� � �C5*iv 3.5610 1.6417 2.2022 0.2505 �0.4539 0.0283 0.39 7.9 �5.2
1.6799 2.1049 0.1150 �0.3948 0.0304 0.39 8.0 �5.4

O3� � �C10*iv 3.4413 1.6417 1.8259 �0.1258 �0.0776
1.6799 1.7918 �0.1981 �0.0817

O7� � �C8*xi 3.5035 1.6960 1.9800 �0.0260 �0.2860 0.0262 0.35 7.1 �4.6
1.6831 1.8884 �0.1047 �0.1815 0.0261 0.35 7.1 �4.6

O7� � �C9*xi 3.4940 1.6923 1.8146 �0.1877 �0.1169
1.6831 1.8770 �0.1161 �0.1701

O7� � �C13*viii 3.2668 1.5764 1.7104 �0.1760 0.1032 0.0418 0.55 11.5 �8.1
1.5816 1.7059 �0.1857 0.1025 0.0400 0.53 11.1 �7.7

O7� � �C14*viii 3.2946 1.5764 1.8638 �0.0226 �0.0502
1.5816 1.8604 �0.0312 �0.0520

O13� � �C6*xii 3.2836 1.5385 1.8879 0.0394 �0.0364 0.0492 0.65 13.9 �10.0
1.5501 1.8090 �0.0511 0.0309 0.0468 0.62 13.2 �9.4

O13� � �C7*xii 3.1600 1.5385 1.6424 �0.2061 0.2091
1.5501 1.6756 �0.1845 0.1643

O13� � �C11iv 3.3591 1.6750 1.7397 �0.2453 �0.0247 0.0339 0.43 8.9 �6.1
1.6557 1.7226 �0.2431 0.0117 0.0319 0.43 8.8 �5.9

O14� � �C16iv 3.4828 1.7520 1.7652 �0.2968 �0.1272 0.0255 0.32 6.5 �4.3
1.7027 1.7809 �0.2318 �0.0936 0.0246 0.32 6.5 �4.2

C3� � �C5*iv 3.3231 1.6690 1.6813 0.0123 0.3497 0.0427 0.47 10.2 �7.5
1.7061 1.6822 �0.0239 0.3117 0.0415 0.47 10.1 �7.4

C3� � �C6*iv 3.6068 1.6690 2.0629 0.3939 �0.0319
1.7061 1.9763 0.2702 0.0176

C6� � �C10xi 3.5131 1.7346 1.7823 �0.0477 0.1831 0.0300 0.35 7.3 �5.0
1.7345 1.7823 �0.0478 0.1832 0.0339 0.38 8.0 �5.7

C8� � �C11*xi 3.4765 1.9194 1.6781 0.2413 0.1025 0.0448 0.49 10.7 �8.0
1.8774 1.6711 0.2063 0.1515 0.0420 0.48 10.3 �7.5



dependence of 	(rCP), G(rCP) and V(rCP) on Rij observed in

those reports is also observed here. The coefficients of

determination R2 obtained between 	(rCP), G(rCP), V(rCP) and

Rij range from 0.926 to 0.993 (Fig. S6).

The six strongest hydrogen bonds, with H� � �O < 1.9 Å

(Table 6), exhibit increased covalent contributions [|V(rCP)| >

G(rCP)] and can be associated with region II (transit closed

shell) as classified by Espinosa et al. (2002). The corresponding

maps show significant polarization of the Laplacian of the

electron density of the H atoms towards the acceptor atoms,

which is pronounced in the TAAM_OPT model (Fig. 9). These

characteristic features of stronger hydrogen bonds were also

observed in other cases when the H atoms were modelled with

quadrupolar functions (Overgaard et al., 2001; Roversi &

Destro, 2004; Destro et al., 2005). The other H� � �O bonds

(dH� � �O > 2.0 Å) fall into region I, denoting pure closed-shell

interactions.

Numerous 
� � �
 interactions between the aromatic rings of

neighbouring quercetin molecules in the crystal lattice were

observed. These 
� � �
 interactions include contacts of the

O� � �C and C� � �C type with separations ranging from 3.2 to

3.6 Å. The values of 	(rCP) vary in the range 0.025–

0.049 e Å�3 and are in good agreement with the values

reported in the literature (Espinosa et al., 2002; Mallinson et

al., 2003; Munshi & Guru Row, 2005b; Dominiak et al., 2006;

Mata et al., 2010). Some of the contacts share a common CP

(marked with an asterisk, see Table 6). One of such interac-

tions is plotted in Fig. 10, which shows that the C11 atom

essentially interacts with the 
 electrons of the C8—C9 bond.

A similar scenario was also observed in a recent study by

Munshi et al. (2010). Additionally, there are three O� � �O

contacts and two H� � �H short contacts (see Table 6). The

H8� � �H15 and H15� � �H16 contacts with relative distances of

2.1165 and 2.5772 Å form a dimer (symmetry:

1� x;� 1
2þ y; 1

2� z). An atomic interpenetration was noticed

for the H8� � �H15 contact.

Although Hirshfeld surface analysis suggests that there is

13% C� � �H contacts in this structure, no BCPs were found for

such contacts from the topological analysis based on Bader’s

QTAIM approach. However, Hirshfeld surface analysis for

the remaining contacts is comparable with the topological

analysis. In this context it is to be noted that the analyses may

not necessarily be correlated as those two approaches are

based on different partitioning schemes. Moreover, Hirshfeld

surface analysis is performed based on the spherical atom

model while Bader’s QTAIM is based on an aspherical
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Figure 9
Laplacian [r2	(r)] maps of representative C—H� � �O and O—H� � �O
hydrogen bonds from (a) TAAM_OPTand (b) THEO_OPT models. Blue
(dashed) and red (solid) lines represent positive and negative values.
Contours are drawn at 	2m

� 10n e Å�5 (m = 1, 2, 3; n = �3, �2 . . . )
levels. Maps are plotted in the plane containing atoms O13, O7 and O1W.

Table 6 (continued)

Contacts dAB dA� � �CP dB� � �CP �rD � �rA �rD + �rA 	(rCP) r
2	 G(rCP) V(rCP)

C9� � �C11*xi 3.3120 1.6936 1.6781 �0.0155 0.3283
1.7278 1.6711 �0.0567 0.3011

H8� � �H15xiii 2.1165 1.0471 1.0739 0.0268 0.2790 0.0492 0.78 16.2 �11.2
1.0432 1.0756 0.0324 0.2812 0.0576 0.73 15.9 �12.0

H16� � �H15xiii 2.5772 1.2414 1.3949 0.1535 �0.2363 0.0240 0.28 5.7 �3.8
1.1844 1.4213 0.2369 �0.2057 0.0227 0.30 6.0 �3.9

Symmetry codes: (i) 1� x; 1� y;�z; (ii) x; y; z; (iii) �1þ x;�2þ y; z; (iv) x; 1þ y; z; (v) 1� x; 3
2þ y; 1

2� z; (vi) 1 þ x; y; z; (vii) 1� x;�y;�z; (viii) �1þ x;�1þ y; z; (ix)
�x;�y;�z; (x) 2� x; 1

2þ y; 1
2� z; (xi) x;�1þ y; z; (xii) 1þ x; 1þ y; z; (xiii) 1� x;� 1

2þ y; 1
2� z.



multipolar model. Differences between these two approaches

are highlighted in a recent article by Spackman & Jayatilaka

(2009).

For the TAAM_OPT and THEO_OPT models the topolo-

gical properties of the electron density of intra- and inter-

molecular interactions are found to agree well. The reliability

factors and R(p) values were 0.048 and 0.131 for 	(rCP) and

r
2	(rCP). These values do not deviate much from those

previously calculated for the covalent bonds. The correlation

between the two models as shown in Fig. S7 for 	(rCP),

r
2	(rCP), dA� � �CP and dB� � �CP confirms that the models are in

good agreement. The lowest determination coefficient (R2 =

0.918) was noticed for r2	(rCP). The largest discrepancies in

	(rCP) and r2	(rCP) values are observed for the six strongest

hydrogen bonds (dH� � �O < 1.9 Å). The greatest differences

between THEO_OPT and TAAM_OPT models are

� 0.02 e Å�3 and �0.62 e Å�5 for the electron density 	(rCP)

and its Laplacian r2	(rCP). These large deviations, especially

visible for the Laplacian, can be attributed to an insufficient

basis set used for the theoretical calculations to properly

describe the large polarization in the case of strong hydrogen

bonds (Overgaard et al., 2001). This can also be due to diffi-

culties in both theory and experiment in describing the transit

closed-shell interactions. If the six strong hydrogen bonds are

omitted, the correlation increases and the reliability

R(r2	(rCP)) improves from 0.131 to 0.040.

Additionally, we have evaluated and compared the values

of 	(rCP) and r2	(rCP) for the ring-critical points for both

models (see Table S5). A good correlation was also found in

these cases and the largest deviations does not exceed

0.02 e Å�3 and 0.3 e Å�5 for 	(rCP) and r2	(rCP), respectively.

3.7. Electrostatic interaction energies

In the crystal lattice the quercetin molecule is in direct

contact with 19 neighbouring entities (including water mole-

cules). These contacts can be reduced to 13 unique pairs of

interacting molecules (eight contacts with other quercetin
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Figure 10
Laplacian [r2	(r)] maps of representative 
� � �
 interactions from (a)
TAAM_OPT and (b) THEO_OPT models. Blue (dashed) and red (solid)
lines represent positive and negative values. Contours are drawn at 	2m

� 10n e Å�5 (m = 1, 2, 3; n = �3, �2 . . . ) levels. Maps are plotted in the
plane containing atoms C9, C8 and C11.

Table 7
Electrostatic interaction energies (kJ mol�1) between interacting pairs of
molecules shown for the TAAM_OPT and THEO_OPT models.

Pair Symmetry TAAM_OPT THEO_OPT Shortest contact

A �x;�y;�z 3 4 O5� � �O5
B 1� x; 1

2þ y; 1
2� z �5 �5 H8� � �H15

1� x;� 1
2þ y; 1

2� z
C 1þ x; 1þ y; z �12 �13 O13� � �C7

�1þ x;�1þ y; z
D 2� x; 1

2þ y; 1
2� z �19 �13 O14� � �O14

2� x;� 1
2þ y; 1

2� z
E x; 1þ y; z �23 �28 O1� � �C7

x;�1þ y; z
F 1� x; 3

2þ y; 1
2� z �48 �40 O14—H14� � �O7

1� x;� 3
2þ y; 1

2� z
G 1þ x; 2þ y; z �69 �59 O7—H7� � �O13

�1þ x;�2þ y; z
H 1� x; 1� y;�z �77 �90 O3—H3� � �O4
I 1� x;�y;�z �12 �13 O1W—H1W� � �O5
J �1þ x;�1þ y; z �14 �13 C6—H6� � �O1W
K �1þ x; y; z �20 �21 O1W—H1W� � �O5
L 1� x; 1� y;�z �31 �40 O1W—H2W� � �O4
M x; 1þ y; z �79 �72 O13—H13� � �O1W
Total �291 �281

All 19 crystal contacts are presented. The duplicate contacts are given as the second entry
in the symmetry column. Pairs marked by A–H and I–M letters denote querce-
tin� � �quercetin and quercetin� � �water interactions. The dimers are ordered with
increasing electrostatic interaction energy. The sum over all interaction contacts is also
given, with a weight of 1

2 for the involutional symmetry dimers (non duplicates).



molecules and five with water molecules). The remaining six

interacting pairs are duplicates and correspond to symmetry

operations in the crystal lattice which are not involutional (the

symmetry operator and its inverse are different). The values of

the corresponding electrostatic interaction energies for the

TAAM_OPT and THEO_OPT models are given in Table 7.

The pairs marked with letters A–H refer to interactions

between two quercetin molecules and those with letters I–M

refer to interactions between the quercetin and the water

molecule. The pairs listed in Table 7 are sorted from the

weakest to the strongest, according to their corresponding

electrostatic interaction energies. The graphical representa-

tion of the interacting pairs of molecules is shown in Fig. 11.

The overall agreement between the TAAM_OPT and

THEO_OPT models with a coefficient of determination of

R2 = 0.944 for all interactions is quite good (see Fig. S8). The

greatest difference in electrostatic interaction energy of

13 kJ mol�1 (14% in relative value) is noticed for the pair

marked with ‘H’. This difference could be attributed to the

fact that the O4 atom was assigned an atom type with low

sample size, therefore leading to a possible higher error in the

multipolar database. Moreover, this is a very strong hydrogen

bond for which a higher discrepancy between theory and

experiment can occur (Overgaard et al., 2001).

The total electrostatic energy for the two models agrees

well; the values are�291 and�281 kJ mol�1 for TAAM_OPT

and THEO_OPT, respectively. The root mean square (r.m.s.)

difference of the electrostatic energies between the two

models is � 6.4 kJ mol�1.

3.8. Electrostatic potentials

The three-dimensional electrostatic potential (ESP) envel-

opes for the quercetin molecule mapped on the 0.0067 e Å�3

(0.001 e bohr�3) isosurface of the electron density are shown

in Fig. 12. Once again, a good qualitative agreement is

observed between the TAAM_OPT and THEO_OPT models.

As expected, the negative surfaces of the ESP are seen in the

vicinity of the O atoms involved in hydrogen bonding and the

positive surfaces are located in the proximity of H atoms. The

ESP above the benzopyran moiety is almost zero. The most

prominent difference is seen in the region of the catechol ring

(C11–C16 and C2 atoms), which displays more negative ESP

in the TAAM_OPT model. Small differences are visible for

the O atoms of hydroxyl groups; all O atoms except O5 exhibit

more negative ESP for the TAAM_OPT model. The atom O1

has more negative ESP for the TAAM_OPT model, whereas

the atom O4 has more positive ESP. These slight variations in

ESP distribution around the quercetin molecule seem to

correlate well with the interaction energy differences between

the models (Table 7). For example, less negative ESP in the

vicinity of the O4 atom for the TAAM_OPT model is mirrored

by the contact (marked H) for which a lower electrostatic

interaction energy was obtained.
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Figure 12
Electrostatic potential mapped on the 0.0067 e Å�3 (0.001 e bohr�3) isosurface of the electron density in the quercetin molecule for (a) TAAM_OPTand
(b) THEO_OPT models. The maximum negative (blue) and positive (red) values of the ESP correspond to 0.08 and �0.08 e Å�1 values. The view was
generated using the program Pymol (DeLano, 2002).

Figure 11
Representation of the unique contacts between the pairs formed by the
quercetin molecule and the neighbouring molecules, including the water
molecules.



In order to quantify the ESP distribution in the quercetin

molecule, the ESP surface quantities were calculated, as

proposed by Politzer and co-workers (Murray & Politzer,

1998; Murray et al., 2000). All the notations used here to

describe the quantities are from their original papers. The

surface quantities were computed from a three-dimensional

grid of points of the electrostatic potential VSðriÞ, with a 0.1 Å

step, corresponding to the electron-density surface at the

contour level 0.0067 (3) e Å�3. The calculated quantities of

the ESP are listed in Table S7. A comparison of different

surface quantities resulted in similar values for the

TAAM_OPT and THEO_OPT models. The average positive
�VVþS and negative �VV�S potentials are slightly higher in absolute

values for the TAAM_OPT model. The average deviation

from the overall potential �, which can be interpreted as a

measure of the local polarity of the molecule, is also only

slightly higher in the case of the TAAM_OPT model. The

variance of the negative values of the ESP, �2
� =

1520 (kJ mol�1)2 is the same for the two models. The positive

variance of the ESP is higher for the TAAM_OPT model: �2
þ =

3105 (kJ mol�1)2 compared with the THEO_OPT model: �2
þ =

2744 (kJ mol�1)2 and approximately two times larger than �2
�.

The degree of balance (�) between positive and negative

surface potentials was found to be comparable for both

models but slightly closer to its maximum limit value of 0.25

for the THEO_OPT model. The quantity ��2
tot expresses the

overall tendency of the molecule for attractive non-covalent

interactions. This surface quantity is very close for both

models and is found to be 978 and 1020 (kJ mol�1)2 for the

TAAM_OPT and THEO_OPT models. All the surface

quantities were found to be consistent with the quantities

calculated for the non-ionic forms of the molecules (Murray et

al., 2000).

3.9. Atomic charges and dipole moments

The distribution of atomic charges in quercetin mono-

hydrate, derived from the Hansen–Coppens (Hansen &

Coppens, 1978) multipole formalism, for the TAAM_OPT and

THEO_OPT models are listed in Table S6. The largest

deviations between the two models are visible for the O4 atom

and the C atoms of the C5–C10 ring of the benzopyran moiety.

However, these small differences (up to 0.24 e for C6) do not

change much of the ESP view for this part of the molecule (see

Fig. 12).

In order to further assess the accuracy of the TAAM_OPT

model the dipole moments for the quercetin and the water

molecules for the TAAM_OPT and THEO_OPT models were

also calculated. The dipole moments of the quercetin mole-

cule, computed from atomic monopoles and dipoles, are in

good agreement for the two models. The values are 3.8 D for

the TAAM_OPT model and 4.1 D for THEO_OPT. The

direction of the dipole moments for the two models is found to

deviate by � 27� (Fig. S9). Nevertheless, their orientations

follow the general distribution of the electrostatic potential as

seen in Fig. 12. A similar scenario was observed by Bąk et al.

(2009) when the dipole moments were compared from

different multipolar models. We also verified the values of

dipole moments for the water molecule. For both

TAAM_OPT and THEO_OPT models the magnitudes of the

dipole moments were equal to � 2.0 D with directions

deviating by � 1�. These values were found to be in good

accordance with the dipole moments of the water molecule

derived from theoretical calculations and multipole modelling

of X-ray diffraction data (Spackman et al., 2007).

4. Concluding remarks

This work was initiated with the aim of representing the

transferred experimental multipolar atom model as an easy

and better replacement for the widely used IAM. Indeed the

present study on a new crystal structure of quercetin mono-

hydrate determined from X-ray diffraction data convincingly

demonstrates that the extended ELMAM database transfer

approach greatly improves several factors, such as atomic

positions, thermal motions and residual electron densities,

when these were compared with the corresponding IAM.

In this process the structure was fully analysed in terms of

its geometry, molecular packing and intra- and intermolecular

interactions. The Hirshfeld surface analysis of intermolecular

contacts confirmed that the O—H� � �O hydrogen bonds are

the dominating contacts in this structure.

A comparison of partially unrestrained models indicates

that the X—H distances are greatly improved in the

TAAM_UR model and they are similar to the average

neutron values. The quantitative and qualitative representa-

tions of thermal motions of non-H atoms via the calculation of

similarity indices and PEANUT plots show that they are

superior to those obtained from the IAM_R model. The

residual electron densities are also significantly reduced in the

TAAM_R model.

The charge-density features and derived properties

obtained from the transferred and theoretical models are

found to be in good agreement. However, the deformation

electron-density maps appeared to be a little blurred for the

transferred model. This is not surprising as the charge-density

parameters of the transferred model were obtained from a

database of experimentally derived electron densities and the

diffraction data are contaminated by some measurement

errors and atomic thermal motion.

Based on the first four KP criteria, all intra- and inter-

molecular contacts of O—H� � �O, C—H� � �O and H� � �H types

are classified as hydrogen bonds, except the C12—H12� � �O1W

and H16� � �H15 contacts. All the 
� � �
 interactions and the

O� � �O contacts are found to be of the van der Waals type.

Although the electrostatic potential distributions in the

quercetin molecule, especially in the vicinity of the catechol

ring, vary a little, the electrostatic interaction energies esti-

mated from the two models agree remarkably well. The

magnitude and direction of the dipole moments from the two

models are found to vary slightly.

This quantitative and comparative study on the quercetin

monohydrate structure demonstrates that in the absence of

high-resolution diffraction data the experimental multipolar
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database transfer approach can be applied to estimate the

charge density. This electron density is comparable to that

obtained from theoretical structure factors using the same

multipolar atom model. However, note the limitations of the

transferred model, which does not take into account atom

polarization owing to local chemical environments. The

transfer provides values for the electron-density derived

properties (dipole moments, electrostatic potentials and

electrostatic interaction energies) only within a transferability

approximation. To estimate the accuracy of the predicted

properties, analysis of a greater sample of the transferred

electron-density parameters for several molecules is required.

Work in this direction has been undertaken (Bąk et al., 2011).
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Bąk, J. M., Dominiak, P. M., Wilson, C. C. & Woźniak, K. (2009). Acta
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