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The CH‚‚O contacts in the 3,4-bis(dimethylamino)-3-cyclobutene-1,2-dione (DMACB) crystal have been
characterized through a topological analysis of its experimental and theoretical densities, derived from a
multipole refinement of X-ray diffraction data and from periodic Hartree-Fock calculations, respectively.
The existence or the lack of an H‚‚O bond critical pointsthat is a point through the two nuclei where the
gradient of the electron density vanishessallows us to distinguish betweenbondedandnonbondedCH‚‚O
contacts, regardless of the value of their H‚‚O separation. The 23 unique bonded contacts in DMACB are
characterized by a large and nearly constant (∼140°) C-H-O angle, denoting the importance of the electrostatic
energy contribution to such interactions. Instead, the nonbonded ones (four unique for H‚‚O separations up
to 3.0 Å) are more bent and may even be folded down to 90°, since their dominant van der Waals contribution
to the interaction energy is independent of the C-H-O angle. The CH‚‚O angular distribution observed for
H‚‚O separations greater than 2.7 Å is only apparently isotropic, since such isotropy clearly disappears when
the bonded and nonbonded contacts are identified and their angular distributions separately analyzed. The
Koch and Popelier criteria (J. Phys. Chem.1995, 99, 9747) to establish H-bonds are, for the first time, applied
in their entirety to a large set of CH‚‚O contacts in a crystalline phase. The criteria are always satisfied by
all of the bonded intermolecular CH‚‚O contacts, with a single exception concerning one long bond and one
of the six criteria only. The expressions proposed by Espinosa et al. (Chem. Phys. Lett.1998, 285, 170),
relating the potential energy densities at the critical point to the H-bond strengths, fail when applied to the
weak CH‚‚O interactions present in the DMACB crystal. The reasons for such a failure are outlined and new
relationships are proposed. The importance of the promolecular charge distributions in defining topological
properties of interest to the CH‚‚O bonds is investigated. The criticism raised by Spackman (Chem. Phys.
Lett. 1999, 301, 425) as to the lack of additional information provided by the experimental results to the
description of such weak interactions is discussed. It is shown that the promolecular model yields significantly
different electron density values at the critical point and in some instances even different topologies, compared
to the corresponding multipole or theoretical densities. On the other hand, when the electron density topologies
are the same, the values obtained from either electron density for the potential or kinetic energy density at the
critical point, are very much alike.

1. Introduction

The most controversial and discussed of the weak hydrogen
bond donors in crystals is the C-H group.1-3 Although
CH‚‚‚O hydrogen bond interactions have been known for more
than sixty years,2,4 they have been widely neglected or their
existence even denied,5 despite conclusive spectroscopic6 and
crystallographic7 evidence of their structural importance. The
scepticism of crystallographers was motivated by the existence
in the solid state of stronger hydrogen bonds competing with
these weak interactions that, moreover, are comparable in energy
with atom-atom van der Waals’ interactions.1 Nowadays, the
credibility of CH‚‚‚O bonding is well assessed2-4 and thanks
in particular to the surge of interest toward statistical database

surveys, the characteristics of these interactions have been
systematically explored.1,2,3,8 For example, the role played by
CH‚‚‚O interactions, that is theirfunction in Steiner’s terms,2

is now clearly recognized; the CH‚‚‚O bonds “are important as
secondary interactions (‚‚‚), in determining crystal packing and
molecular conformation, in molecular recognition processes, in
the stabilization of inclusion complexes, and in the stability and
possibly even in the activity of biological macromolecules”.2

Yet, as pointed out by Steiner in his feature paper on CH‚‚‚O
bonds,2 most of the studies have so far concentrated on the
functiononly, not on thenatureof CH‚‚O hydrogen bonding.

Indeed, the fundamental nature of the CH‚‚‚O interaction still
remains an open and important question. For instance, the lively
debate2,910,11on the angular preferences, or lack thereof, of the
weakest kinds of CH‚‚‚O interactions is intimately related to
their very nature of either directional true hydrogen bonds or
of nondirectional van der Waals-like interactions. Among few
others,12-14 two very important studies on the nature of these
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weak H-bonds have been published. A study by Koch and
Popelier15 proposed a characterization of CH‚‚O bonds on the
basis of their charge density topology. The other, by Gu, Kar,
and Scheiner,16 convincingly demonstrates that for a series of
CH‚‚O bonded molecular complexes of increasing strength,
interactions can always be categorized as true H-bonds, rather
than as “anti-H bonds”,17 despite the claims that recently
appeared in the literature.18-20 The study by Gu et al.16 shows
that the CH‚‚O interaction behaves very much like a conven-
tional OH‚‚‚O hydrogen bond in most respects, including
equilibrium geometries and sensitivity to deformations from that
structure, shifts in electron density that accompany the formation
of the bond and, in general, even the relative magnitude of the
various components (electrostatic, polarization, charge transfer,
dispersion, and exchange) of the interaction energy. Contem-
porarily, Cubero et al.14 have shown how the topology of the
electron density of C-H‚‚‚O interactions appears to be es-
sentially the same, regardless of whether the CH bond stretches
or contracts, thus confirming the findings of Gu et al.16

In this paper, we report a study on the nature of the
intramolecular and intermolecular CH‚‚‚O interactions in the
crystal of the DMACB molecule (Figure 1), while in a
companion paper,21 we show how the intermolecular CH‚‚‚O
interactions have an unexpected role, namely to be the cause
of the very pronounced enhancement of the molecular dipole
when the DMACB molecule crystallizes. In both these studies,
thenatureandfunction2 of CH‚‚‚O interactions are derived from
an analysis of the experimental and theoretical crystalline
electron densities,F, rather than from conventional structural
approaches.

The main purpose of the present work is to provide an answer
to the following questions:

1. Can the true H-bonds, as opposed to van der Waals-like
interactions, be unambiguously identified among the CH‚‚‚O
interactions occurring in the DMACB crystal?

2. How large and which are the changes induced on the
molecular electron distribution by the formation of the weak
intermolecular CH‚‚‚O bonds?

3. Do any of these changes show up in the promolecule’s22

density?
4. Can a reasonable estimate of the CH‚‚O bond energetics

be derived from an analysis of the electron densities only?
It is worth noting that such a comprehensive and deep analysis

has never been performed before for the CH‚‚‚O contacts in a
crystalline phase. Moreover, the DMACB crystal represents an
excellent candidate for analyzing the characteristics of CH‚‚‚O
interactions in solids, since no other kind of stronger, and thus
successfully competing hydrogen bond, is present in the
crystal.23

The paper is organized as follows. Section 2 gives few details
on the crystallographic structure of DMACB crystal and on the
experimental and theoretical determination of its electron
density, and Section 3 answers the first two of the questions
listed above, using the criteria outlined by Koch and Popelier15

to establish hydrogen bonding. Section 4 explores whether the
relationships between topological properties of the electron
density and hydrogen bond strengths, proposed by Espinosa et
al,24-26 also apply to the weak CH‚‚‚O interactions. The role
played by the promolecular charge distributions in defining the
topological properties of interest to these interactions is then
carefully investigated, following an important observation
recently formulated by Spackman.27 Section 5 states the
conclusions.

2. Experimental and Computational Details

2.1. Structure of DMACB Crystal. At room temperature,
the DMACB molecule crystallizes in the monoclinicP21/n space
group; at 147( 1 K a second-order phase transition from the
monoclinicP21/n (highT) to the triclinicP1h (low T) space group
was observed.28 The analysis presented in this paper refers to
the low T phase.29 In the triclinic structure, there are two
crystallographically independent types of molecules, hereinafter
referred to asA andB (Figure 2). Each type forms columns of
stacked molecules extending along the short axis of the crystal,
every molecule in the stack being related to the ones above
and below by centers of inversion; the two types of columns
(A and B) are quite similar. Each moleculeseitherA or Bshas
eight close neighbors (Figure 2). For a molecule of typeA, these
neighbors are the two adjacentA molecules within the column
in head-to-tail arrangement, two other typeA molecules related
by translation along thec axis, and fourB molecules in
neighboring columns. This molecular arrangement yields several
CH‚‚‚O contacts with H‚‚‚O distances lying close to or well
above the “restrictive”30 2.4 Å threshold for potential CH‚‚‚O
hydrogen bonds. Figure 2a and 2b, respectively, show theinter-
and theintra-column CH‚‚‚O bonded or nonbonded interactions,
(see below) which are found for H‚‚‚O contacts below 3 Å.

2.2. Experimental Electron Density. The experimental
electron density of theP1h phase of the DMACB crystal was
derived from the low temperature (20 K) X-ray diffraction study.
Details of data collection and multipole refinements will be
published elsewhere.31 Use in the multipole refinement step of
the polarized hydrogen atom32 option in the VALRAY code,33

enabled us to obtain a final average C-H distance of 1.074 Å.
This value is in very close agreement with that determined by
neutron diffraction for methyl groups.34 A similar procedure
was recently applied to the structural and electron density
determination of a crystal ofR-glycine.35

A model including quadrupole functions on the H atoms and
anisotropic motion for these atoms was used in the analysis of
the experimental density, since only this model recovered the
intramolecular C-H‚‚‚O interactions from the charge density
topology. The description of thermal motion for H atoms was
derived from a rigid-body fit36 to the anisotropic displacement
parameters of the non-H atoms and from infrared spectroscopic
information.

Refinement of 817 variables using 12674 observations within
(sinθ/λ)Mo

Max ) 1.14 Å-1, gave a final agreement indexRF value,
and a goodness-of-fit value of 0.0253 and 1.051, respectively.

2.3. Ab Initio Computations. The wave function calculations
were performed within the periodic Hartree-Fock (HF) crystal-
line orbital self-consistent scheme as implemented in the
CRYSTAL9837 suite of programs. For comparison purposes with

Figure 1. ORTEP drawing showing atomic labels for the DMACB
molecule. When reporting their labels throughout the text, the corre-
sponding atoms of the two independentA andB molecules in the crystal
are differentiated by appending an “A” or a “B”, respectively, to the
atomic labels shown in this figure.
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the crystal calculation, the wave functions for theA, Bmolecules
and for twoAA′ and AB fragments were also evaluated with
CRYSTAL98. The latter systems represent computationally
convenient fragments for modeling the polymeric network
formed by CH‚‚‚O interactions, and although there are no actual
dimers in the crystal structure, they will be referred to as such.
AA′ andAB dimers were formed by the closestAA′ centrosym-
metrically related pair and by the twoA, B molecules in the
asymmetric unit, respectively. The geometry derived from the

low T experiment was used for both gas phase and crystal
computations. Standard molecular local basis sets (6-21G,
6-31G*)38 were adopted. Electron densities for the promolecule
and for the non interacting molecules in the crystal (procrystal)22

were obtained with the PATO and MOLSPLIT options of
CRYSTAL98, respectively. The size of our system (96 atoms
per cell and a single symmetry operation) precluded the use of
the more flexible 6-31G* basis set in the evaluation of the
atomic properties in the crystal because of the prohibitive
computing time required by the atomic boundary determina-
tion.39 Moreover, we were unable to obtain a properly converged
6-31G* wave function for the crystal.40 The recipe recently
suggested by Spackman41 for overcoming the convergence
difficulties encountered in calculations on some molecular
crystals with the 6-31G (and 6-31G*) basis sets, if taken alone,
was not sufficient in our case. Convergence was only achieved
by combining the fulfilment of Spackman’s recipe41,42 with an
increase of the scaling factors of the outermost sp shell for all
atoms in the molecule to at least 1.08 times their standard
molecular values.43 The ensuing basis set change, however,
prevents a proper comparison of crystalline and gas-phase
molecular properties with the 6-31G* basis. This should be
particularly so for the properties which are sensitive to the local
form of the electron density, for instance the location of bond
critical points and, as a consequence, of atomic surfaces (see
below). The modified 6-31G* basis set was therefore used (for
both molecule and crystal calculations) for the interaction energy
data only, which were hardly affected by the change of the
outermost sp shell contraction factor, while largely dependent
on the kind (6-21G or 6-31G*) of basis set adopted. The 6-21G
wave functions, while not ensuring very good values for bond
and atomic properties on an absolute scale, should be reliable
enough for evaluating the changes on such properties induced
by crystallization.

The size of our system and the prohibitive computing time
for the integrated atomic properties did not allow us to explore
the use of basis sets with nos ) p constraint for both inner and
outer valence functions, as recently encouraged by Spackman41

for calculations on molecular solids. While the removal of such
a constraint results in a smaller basis set superposition error
(BSSE)44 in the estimation of the lattice energy, it also yields
CPU times that are much greater than for the case of shareds
andp exponents.37,45

2.4. Topological Analysis.Use of Koch and Popelier15

criteria to establish hydrogen bonds and use of Espinosa et
al.24,25relationships for estimating H-bond energetics, required
a topological analysis of the electron density performed within
the framework of the Quantum Theory of Atoms in Molecules.46

All the points{rc} where∇G vanishes (critical points, CPs) were
searched for. Of particular relevance for our analysis were those
CPssnamed bond critical points (BCPs)swhereF attains its
minimum value (Fb) along the atomic interaction lines (AILs).
The latter are lines of maximum density with respect to any
lateral displacement, defining and isolating the pairwise inter-
actions present in a crystal47 or in general in an assembly of
atoms. Both intra- and intermolecular atomic interactions,
settling and characterizing the crystal properties, can be
recovered this way. At a BCPsa saddle point inFstwo of the
three eigenvalues orcurVatures(λ1 e λ2 e λ3) of the Hessian
matrix ofF are negative and the positive (λ3) curvature is related
to an eigenvector directed along the AIL. The properties of the
electron density at the BCP (such as theFb value, the values of
the curvatures and of their sum equalling the Laplacian of the

Figure 2. (a) Inter- and (b) intracolumn CH‚‚‚O interactions in
DMACB (P1h phase) crystals and with H‚‚‚O distances (reported in Å)
below 3.0 Å. There are two crystallographically independent types of
molecules,A andB. Each type forms a column along the shorta axis
of the crystal, every molecule in the column being related to the ones
above and below by centers of inversion. The oxygen atoms are
involved in six or seven CH‚‚O contacts, some of which are bonded
(dashed lines) and some nonbonded (dotted lines) depending on the
CHO angle value (see text). The symbol “$” denotes H atoms involved
in both bonded and nonbonded contacts, while the symbol “*” marks
the H atom forming a bifurcated H-bond.
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electron density,∇2Fb) summarize48 adequately the nature of
the associated chemical interaction.

Electron densitiesF(r ) were topologically analyzed using the
TOPOND9849 and the PROXRAY50 packages, for the theoreti-
cal and the experimental densities, respectively.

2.5. Atomic Properties.Within the quantum theory of atoms
in molecules (QTAM),46 an atomΩ is defined as the union of
a nucleus atrΩ and the associated atomic basin. The latter is a
portion of space including the nucleus and enclosed by a surface
Sdefined by the condition∇G(r s)‚n(r s) ) 0, n(r s) being a unit
vector normal to the surface atr s andr s denoting any point of
the surfaceS. Integration of the electron density over the atomic
basin ofΩ gives the atomic population NΩ, while the average
of the vector-(r-rΩ) over the electron density in the atomic
basin, gives the first momentµΩ of an atomic electron
distribution. The first moments, or atomic dipolesµΩ, arise from
the polarization of the atomic electron densities. Atomic
populations and first moments were computed for theoretical
densities only, using PROMEGA51 and PROAIMV52 programs
in the case of nonperiodic systems, and TOPOND9849 code for
atoms in the crystal.53

3. CH‚‚‚O Hydrogen Bonds: Geometry, Charge Density
Topology, and Charge Density Rearrangements

3.1. CH‚‚O Bond Critical Points Properties. Table 1 lists
the intermolecular and intramolecular CH‚‚‚O contacts present
in the DMACB crystal. For the H‚‚‚O distance (dH‚‚‚O) cutoff,
a “long” value of 3.0 Å was selected;9 this is greater than the
van der Waal’s sum by 0.3 Å.54 Bond critical points were found
only for those contacts listed in Table 1 that have a C-H-O

angle (RCHO) greater than 97.4°.55 Hereinafter we will term as
bondedor non-bondedthose contacts that are, respectively,
connected or not connected by an AIL. The bonded contacts
span the range 2.211-2.969 Å, with the smaller distances
(2.211e dH‚‚‚O e 2.248) exhibited by the intramolecular ones.
No additional bonded contacts were found by increasing the
cutoff for the H‚‚‚O distance up to 3.5 Å. For both experimental
and theoretical densities, the electron density properties at BCPs
(Table 1) are typical of closed shell ionic interactions and
common to the “conventional” (i.e. not too short) OH‚‚‚O and
NH‚‚‚O hydrogen bonds.46,56,57Charge density is removed from
the interatomic surface, resulting in lowFb values (theory:
0.018-0.003 au), positive∇2Fb values (theory: 0.084-0.018
au), with small and nearly equal perpendicular curvatures and
a comparatively large parallel curvature (λ3 being typically 1
order of magnitude greater thanλ1 or λ2). In the case of the
experimental densities, the values ofFb are at least 3.5 times
and, generally, 8-10 times their esd.

3.2. C-H‚‚‚O Contact Geometry vs CH‚‚O Bond Path
Occurrence. The trend ofRCHO values vsdH‚‚‚O distances for
the investigated contacts is portrayed in Figure 3. The figure
shows that the bonded contacts are moderately bent and have a
clear directional character, with anRCHO value close to 140°
and approximately constant, regardless of thedH‚‚‚O value.
Conversely, the nonbonded contacts are clustered in a very short
H‚‚‚O distances range and characterized by largely bent
geometries, theRCHO being close to 90°. Our results for the
bonded contacts are in line with a recent structural data survey9

for CH‚‚‚O contacts involving, as H-acceptors, organic carbonyl
and, as H-donors, the prototypes for C(spn)-H groups [ethynyl

TABLE 1: Geometries and Topological Properties of Intermolecular and Intramolecular C-H‚‚‚O Interactionsa

Fb × 100 ∇Fb × 100 λ3 × 100 (λ3/λh1, 2)b

O-H dH‚‚‚O (Å) RCHO theor expt theor expt theor expt theor expt

Intercolumn CH‚‚‚O Interactions
O1A-H62B 2.351(7) 159.6(6) 1.13 1.06(13) 5.88 3.61(20) 8.8 6.2 6.3 4.6
O1B-H62A 2.453(8) 142.6(6) 0.84 0.92(10) 4.77 3.09(8) 6.7 5.1 6.7 5.1
O2A-H53B 2.689(8) 124.1(5) 0.54 0.48(7) 3.11 2.29(4) 4.1 3.1 7.5 7.5
O1A-H83A 2.727(8) 119.6(6) 0.46 0.32(9) 2.76 2.04(4) 3.5 2.5 10.0 4.5
O2B-H73Ac 2.739(8) 97.4(5) no BCP
O2A-H72Bc 2.762(8) 95.1(4) no BCP
O2A-H71Bc 2.781(8) 94.4(5) no BCP
O1B-H83B 2.776(8) 119.7(5) 0.41 0.49(6) 2.51 1.98(4) 3.3 2.7 9.4 7.3
O2B-H72Ac 2.896(7) 89.4(4) no BCP
O1B-H53A 2.907(8) 119.3(5) 0.36 0.40(6) 2.09 1.44(4) 2.6 2.0 10.4 7.4
O2B-H53A 2.942(8) 115.7(6) 0.30 0.37(4) 1.87 1.37(2) 2.3 1.8 9.2 8.6

Intracolumn CH‚‚‚O Interactions (A Molecules)
O2A-H61A 2.574(7) 136.6(5) 0.66 0.58(9) 3.67 2.51(4) 5.1 3.5 7.3 7.3
O1A-H73A 2.694(8) 132.0(5) 0.48 0.38(7) 2.82 1.95(4) 3.7 2.4 7.4 11.3
O2A-H51A 2.695(7) 130.8(5) 0.59 no BCP 3.08 4.0 10.0
O1A-H81A 2.787(7) 127.2(5) 0.47 0.27(6) 2.51 1.37(3) 3.1 1.7 10.3 9.3
O2A-H72A 2.858(6) 140.8(5) 0.38 0.51(6) 2.04 1.62(3) 2.5 2.2 10.0 7.8
O1A-H63A 2.875(7) 139.6(5) 0.36 0.37(4) 1.95 1.27(3) 2.4 1.7 10.4 7.5

Intracolumn CH‚‚‚O Interactions (B Molecules)
O2B-H61B 2.517(7) 128.4(4) 0.82 0.47(7) 4.34 2.72(4) 6.1 2.9 7.2 11.3
O2B-H51B 2.543(6) 138.1(5) 0.79 0.57(12) 4.15 3.10(8) 5.7 3.9 7.1 9.4
O1B-H73B 2.570(8) 122.6(5) 0.75 0.20(4) 3.95 0.96(3) 5.4 1.2 7.2 9.7
O1B-H81B 2.594(7) 133.9(5) 0.72 0.56(10) 3.74 2.79(8) 5.1 3.4 7.8 11.6
O1B-H72B 2.942(8) 121.9(5) 0.34 no BCP 1.84 2.2 14.6
O2B-H63B 2.969(8) 120.4(5) 0.32 0.24(3) 1.77 1.12(2) 2.1 1.4 10.5 11.0

Intramolecular CH‚‚‚O Interactions
O1A-H52A 2.219(7) 139.2(6) 1.79 1.63(16) 8.36 6.27(25) 13.0 9.5 5.9 5.9
O2A-H82A 2.232(8) 136.6(6) 1.75 1.61(13) 8.17 6.53(21) 12.4 8.7 5.9 7.3
O1B-H52B 2.211(8) 139.0(6) 1.81 1.58(16) 8.45 6.24(25) 13.2 9.4 6.7 5.9
O2B-H82B 2.248(8) 136.3(6) 1.67 1.76(13) 7.95 5.75(17) 11.8 8.4 5.1 6.3

a If not otherwise stated, all quantities in au.b λh1,2 is the average of the two perpendicular curvaturesλ1 andλ2. c No bond critical point (BCP)
present in both the ab initio and experimental densities.
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(n ) 1), vinyl (n ) 2), and ethyl (n ) 3)]. This study9 showed
that the angular distribution of CH‚‚O interactions has a clearly
recognizable directionality, even for the case of the weakly
polarized C(sp3)-H groups for which a meanRCHO value of
137.1(7) degree was found.58 However, the CH‚‚O contact
directionality observed in the DMACB crystal would not be so
neatly manifested if the nonbonded contacts would also be
included in the angular distribution analysis. In particular, if
this would be the case, one would infer (Figure 3) an almost
isotropic CH‚‚O angular distribution for H‚‚O distances larger
than 2.7 Å. Instead, the use of the bond path criterion singles
out those contacts which presumably are true hydrogen bonds
(see below) from those which are better classified as van der
Waals’ nonbonded contacts. The former are characterized by
largeRCHO values, because of the important contribution of the
monopole-dipole and dipole-dipole interactions favoring linear
or close to linear geometries over bent ones, while the latter
may also be fold down toRCHO ) 90° since their interaction
energy is independent of theRCHO value.9 It is clear that the
charge density topology is adding further information to that
obtained from the conventional structural analysis. Rather than
considering the CH‚‚O contacts beyonddH‚‚O ) 2.7 Å as all
van der Waals-like,2,9 we find that:

(a) There are contacts for which the electrostatic contribution
is always dominant, even beyonddH‚‚O ) 2.7 Å, as demonstrated
by the nearly constancy of the C-H-O angle observed for the
bonded contacts.

(b) There is no charge accumulation along the van der Waals-
like CH‚‚O contacts in DMACB; i.e., regardless of thedH‚‚O
value, the electron density accumulates only along the CH‚‚O
interactions dominated by the electrostatic contribution when
these are competing with the van der Waals contacts within
the same crystal structure.

(c) The cutoff set up by the bond path criterion to establish
a CH-O bonded contact appears to be strictly related to the
C-H-O angle, rather than to the H‚‚‚O distance; this result is
at odd with the common practice to select the cutoff on the
basis of thedH‚‚O value only.

It is worth noting that the geometrical constraints set forward
for the occurrence of CH‚‚‚O bonded contacts in DMACB
crystal agree with the structural patterns previously found in a
number of studies of CH‚‚‚O interactions.59-61

Yet, besides the geometrical evidences given earlier and the
occurrence of a BCP, how can we prove that the CH‚‚O bonded
contacts found in the DMACB crystal are truly H-bonds? The
answer is deferred to the following paragraph.

3.3. Fulfillment of Hydrogen Bond Criteria. Koch and
Popelier15 have proposed a set of criteria, based on QTAM, to
establish and characterize hydrogen bonds and have shown how
they apply not only to H-bonds of a conventional type but also
to the rarer, such as the CH‚‚O bonds. These criteria were
fulfilled15 even by bifurcated CH‚‚‚O hydrogen bonds and have
also been applied to characterize hydrogen bonding in CH‚‚‚π
complexes14 and between opposite charged H atoms.62 An
interesting application of a subset of these criteria to the
characterization of various phases of ice has also appeared.63

However, as of yet they have never been tested in their entirety
in crystalline systems. The criteria include (a) the existence of
the H-bond critical point and its characteristic topological
properties (range ofF and ∇2F values); (b) the changes in a
number of the H atom integral properties upon H-bonding
formation, that is a decrease of its electron population, dipolar
polarization and volume, and an increase of its energy; and (c)
the mutual penetration of hydrogen and acceptor atoms that
accompanies H-bonding. These criteria, with the possible
exception of the H volume decrease, were deemed as all
necessaryto conclude that a hydrogen bond is present, while
only that related to atomic penetrations has proven, by observa-
tion, to be alsosufficient.15

The DMACB molecule and crystal represent excellent
candidates for testing the validity of these criteria since the
crystal exhibits a large number (23) of unique intra- and
intermolecular CH‚‚‚O bonding interactions. Other features of
this system are also of interest. In fact, in the crystal, an H-atom
(H53A) is involved in a bifurcated intercolumn H-bond, three
other H-atoms (H72A, H73A, H72B) are found to be either
bonded or nonbonded to their neighboring oxygen atoms
according to the value of the corresponding C-H-O angles,
and finally the O-atoms are simultaneously engaged in five
(O2A, O2B), six (O1A), or even up to seven (O1B) CH‚‚‚O
bonded interactions.

Tables 2 and 3 display penetrations of H and O atoms, and
changes “∆”, (bulk - molecule), in the earlier mentioned H
atomic properties upon packing. Data in Tables 2 and 3 refer,
respectively, to H atoms involved in intermolecular and in-
tramolecular CH‚‚‚O interactions. Changes in the O atom
populations upon packing are also reported (Table 3). The
mutual penetration of H or O atoms upon H-bond formation
was estimated by the∆r(X) values (X) H or O, respectively),
given as the difference between the bonded,r(X), and the
nonbonded,r0(X), radius of X.64

3.3.1. Intermolecular CH‚‚‚O Interactions. Tables 1 and 2
show that all the criteria proposed by Koch and Popelier are
generally very well satisfied by the intermolecular CH‚‚‚O
bonded contacts occurring in the DMACB crystal. Table 2
shows that there are only three outliers, out of a data set of 114
values including four H atomic properties changes and the H
and O penetrations for each of the 19 intermolecular H-bonds.
The three outliers are the negligible increases (less than 0.9 au),
rather than the expected decreases, of the H83A and H83B
atomic volumes, and the very small energy stabilization (less
than 0.002 au) of H63B atom, instead of the much larger
destabilization found for the other H atoms, following H-bond
formation.65,66 If we further consider that, due to a single
exception out of a data set of nine H-bonds, the status of a
necessary condition to establish H-bond was actually not given15

to the criterion of the H-atom volume decrease, just one outlier
remains in our 114 value data set. In particular, thesufficient
criterion of mutual penetrationof the H and the O acceptor
atoms isclearly fulfilled by all interactions. Besides, as expected

Figure 3. C-H-O angles (RCHO, deg) vsdH‚‚‚O distances (Å) for
CH‚‚‚O contacts withdH‚‚‚O below 3 Å; the CH‚‚‚O contacts that do
not exhibit an associated bond path are enclosed in a square box
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on the basis of their decreasing H-bond strength, H-atom
penetrations are generally found to decrease with the H-bond
length increase within each group (intercolumn or intracolumn)
of CH‚‚‚O bonds. Indeed, the H atom (H53A), forming a
bifurcated intercolumn H-bond, turns out to be more penetrated
(∆r ) -0.148 au) in the direction of the shorter and stronger
than it is (∆r ) -0.122 au) along the longer and weaker of the
two H-bonds it forms (see also the trend ofFb and∇2Fb data
for these two bonds in Table 1). This general trend is less
evidently respected if, rather than considering the H atom
penetrations, one examines those of the acceptor oxygen atoms.
Hydrogen atoms are also penetrated to a much greater extent
than are O atoms, especially for long H-bonds. Larger H-atom
penetrations were also found by Koch and Popelier for the
CH‚‚‚O hydrogen bonds in an anti-AIDS compound.15,67,68

3.3.2. Intramolecular CH‚‚‚O Interactions and “Dif-
ferential” Hydrogen Bond Criteria. Data reported in Table 3
for intramolecular interactions, rather than being changes in
atomic properties and atomic penetrations due to H-bond
formation, instead represent changes in these quantities with
respect to those found for the corresponding H-bonds in the
isolated molecule. The changes displayed in Table 3 arise
because the O atoms in the crystal are also involved in
intermolecular H-bond interactions.

The comparison of intramolecular interactions in gas-phase
and crystals provides a test for a “differential” application of
Koch and Popelier criteria. Namely, the changes in penetrations
and in the values of the atomic properties can in principle occur
in either direction. That is, an increase or a decrease of each of

them may occurr upon crystallization, since the H atoms are
already involved in H-bonds in the isolated molecule. One may
also presume that if the changes occurring in the bulk for the
intramolecular interactions have reverse directions compared to
those anticipated by the H-bonding “normal” criteria,15 then the
intramolecular H-bonds will be weakened by the onset of the
intermolecular ones. Table 3 shows that this is indeed the case;
H atoms involved in the intramolecular CH‚‚‚O interactions
exhibit changes upon formation of the intermolecular CH‚‚‚O
bonds which are opposite to those reported for the remaining
H atoms in Table 2.69 In particular, the changes in electron
population and absolute energy values are noticeable and,
although reversed, comparable in magnitude to those observed
in the formation of intermolecular H-bonds. This is evident in
Figure 4 which displays the H atom population changes,∆N(H),
as a function of the H‚‚O distance.70 Table 3 indicates that
contrary to the case of H, the O atoms are slightly more
penetrated in the bulk, also along the direction of intramolecular
CH‚‚‚O interactions. This opposite behavior with respect to
differentialpenetration for the H and their acceptor O atoms is
not unexpected. Since the intramolecular H-bond lengths were
kept fixed upon change of phase,∆r(H) must be very close to
or equal to-∆r(O), provided the bond paths and the BCPs of
these H-bonds have not drastically changed their lengths and
locations in the bulk. Table 3 shows that while the O atoms are
increasing their net charge in the bulk, the H atoms are
decreasing it when they are involved in the crystal in intra-
molecular H-bonds only. The O atoms are found to augment
their electron populations because they can withdraw electronic

TABLE 2: Intermolecular CH ‚‚‚O Interactions: Penetrations ∆r of Hydrogen and Oxygen Atoms and∆ Changes (Bulk-
Molecule) in the Hydrogen Atomic Properties upon Packinga,b,c

O---H dH‚‚‚O (Å) ∆N(H) ∆r(H) ∆r(O) ∆V001(H) ∆E(H) ∆µ(H)

Intercolumn CH‚‚‚O Interactions
O1A-H62B 2.351 -0.067 -0.388 -0.195 -4.1 +0.0271 -0.026
O1B-H62A 2.453 -0.048 -0.328 -0.159 -4.2 +0.0182 -0.021
O2A-H53B 2.689 -0.037 -0.181 -0.079 -2.0 +0.0137 -0.018
O1A-H83A 2.727 -0.035 -0.217 -0.064 +0.8 +0.0139 -0.015
O1B-H83B 2.776 -0.020 -0.177 -0.056 +0.3 +0.0066 -0.013
O1B-H53A 2.907 -0.024 -0.148 -0.027 -0.4 +0.0078 -0.016
O2B-H53A 2.942 -0.024 -0.122 -0.003 -0.4 +0.0078 -0.016

Intracolumn CH‚‚‚O Interactions
O2B-H61B 2.517 -0.027 -0.342 -0.156 -3.4 +0.0138 -0.016
O2B-H51B 2.543 -0.035 -0.336 -0.173 -4.6 +0.0110 -0.023
O1B-H73B 2.570 -0.028 -0.323 -0.145 -2.3 +0.0107 -0.015
O2A-H61A 2.574 -0.035 -0.307 -0.114 -1.3 +0.0134 -0.019
O1B-H81B 2.594 -0.038 -0.303 -0.150 -4.4 +0.0137 -0.023
O1A-H73A 2.694 -0.046 -0.244 -0.061 -1.4 +0.0180 -0.021
O2A-H51A 2.695 -0.025 -0.240 -0.120 -2.2 +0.0088 -0.017
O1A-H81A 2.787 -0.022 -0.198 -0.071 -0.1 +0.0080 -0.015
O2A-H72A 2.858 -0.021 -0.163 -0.031 -1.8 +0.0069 -0.015
O1A-H63A 2.875 -0.010 -0.147 -0.014 -0.1 +0.0029 -0.012
O1B-H72B 2.942 -0.023 -0.127 -0.010 -1.0 +0.0080 -0.017
O2B-H63B 2.969 -0.002 -0.116 -0.002 -0.3 -0.0018 -0.015

a If not otherwise stated, all quantities in au.b In italics are shown the only values that do not fulfill topological criteria to establish H-bonds
(Koch, U.; Popelier, P. L. A.J. Phys. Chem.1995, 99, 9747).c The V001(H) values refer to the H atomic volumes defined as the region of space
enclosed by the intersection of the atomic surface of zero flux and the 0.001 au envelope ofF(r). The other symbols in Tables 2 and 3,∆N(H),
∆E(H), and∆µ(H), are respectively the changes in the H-atom electronic population, electronic energy, and the first moment of its electron distribution.

TABLE 3: Intramolecular CH ‚‚‚O Interactions: Penetrations ∆r of Hydrogen and Oxygen Atoms and∆ Changes (Bulk-
Molecule) in the Hydrogen and Oxygen Atomic Properties upon Packinga,b

O- - -H dH‚‚‚O (Å) ∆N(H) ∆N(O) ∆r(H) (Å) ∆r(O) (Å) ∆V001(H ) ∆E(H) ∆µ(H)

O1A-H52A 2.219 0.033 0.087 0.004 -0.004 2.3 -0.0185 -0.003
O2A-H82A 2.232 0.036 0.087 0.004 -0.004 1.7 -0.0195 -0.004
O1B-H52B 2.211 0.036 0.084 0.006 -0.005 0.4 -0.0200 0.000
O2B-H82B 2.248 0.025 0.082 0.003 -0.004 -0.4 -0.0156 -0.007

a If not otherwise stated, all quantities in au.b For notation see Table 2.
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charge from an increased number of H atoms in the bulk.
Changes in O-atom populations would therefore suggest an
enhanced polarity (and strength) of the intramolecular H-bonds,
the reverse being true if the population and the other properties
changes of H atoms were considered. In practice, we feel unable
to conclude whether the intramolecular H-bonds weaken or
strengthen upon formation of the intermolecular ones on the
basis of the “differential” criteria only.71 Conversely, changes
in the BCP topological properties of such interactions upon
crystallization suggest similar H-bond strengths in the two
phases, with only a hardly detectable reinforcement of these
bonds in the bulk whereFb, ∇2Fb, andλ3 are larger than in the
gas phase by less than 1-3%.

4. Interaction Energy, Topology, and Hydrogen Bond
Energetics in DMACB Crystal

The experimental charge density is increasingly being used
for evaluating the electrostatic contribution to intermolecular
interactions.35,72-77 Electrostatic interactions represent the major
contribution to the total interaction energy for crystals containing
polar molecules and when such a contribution is supplemented
with those deriving from the atom-atom repulsion and disper-
sive energy terms, a reasonable estimate of the total interaction
energy can also be obtained. However, our interest here is more
focused on the energies of the individual CH‚‚‚O interactions
and on their energy sum, rather then on the evaluation of the
total electrostatic contribution to the packing energy. The latter
includes important contributions from the molecular dipole
interactions, besides those due to intermolecular CH‚‚‚O bonds
formation.

Particularly interesting to our scope is the approach relating
the charge density to the hydrogen bond dissociation energies,
and based on the topological properties of the electron density
at the H-bond critical points.24,25,74 In paragraph 4.2, the
application of such an approach to the CH‚‚O interactions in
the DMACB crystal is outlined and their resulting bond energies
compared to the total ab initio interaction energies discussed in
paragraph 4.1. Finally paragraph 4.3 illustrates how the topo-
logical properties and related energies of the CH‚‚O interactions

compare with those obtained from either the promolecular or
the procrystal densities, and using the same topological ap-
proach.

4.1. Ab Initio Interaction Energies. Table 4 shows RHF
interaction energy∆E data (column 4) for the bulk, theAA′,
and AB dimers, using as gas-phase reference the energy of
molecules or pairs evaluated at the crystalline geometry. Listed
in columns 2 and 5 are, respectively, the number of inter-
molecular hydrogen bonds (IHB) in each system and the
interaction energies per DMACB molecule (∆EM). The exist-
ence of a bond path (see earlier) was used as a criterion for
selecting the CH‚‚‚O interactions to be included in the evaluation
of the IHBs. The AB pair in the crystal is involved in 38
H-bonds and its IHB number amounts to 19, to avoid double
counting. Interaction energy data have been corrected for
BSSE,44 using for the bulk the counterpoise procedure, as
implemented in CRYSTAL98.78 Data in Table 4 show that the
6-21G interaction energies are affected by a serious BSSE which
seems to be too largely over-corrected by the counterpoise
procedure. The 6-31G* estimates appear less affected by BSSE
and more reasonably corrected by the adopted counterpoise
scheme. This trend in BSSEs nicely agrees with recent findings
by Spackman et al.;41 if we could have adopted a basis set with
no s ) p constraint for the inner and outer valence shells, we
would probably have obtained a further substantial BSSE
reduction. The interaction energy per molecule in the crystal is
(6-31G* data) about six times larger than in any of the two
dimers, as a result of the higher number of IHBs formed in the
crystal and of the enhanced electrostatic energy contribution
arising from the large induced molecular dipole occurring in
the bulk.21

4.2. Hydrogen Bond Energetics from Topological Proper-
ties. Abramov79 has recently proposed an approach for the
evaluation of the electronic kinetic energy density,G(r ), from
the knowledge of the experimental electron density only. This
method allows for a quantitative description of theG(r) behavior
at the BCPs of compounds with closed-shell interactions,
including H-bonds. By using Abramov’s approach and theoreti-
cally determined H-bond dissociation energies on a number of
bimolecular complexes, Espinosa et al.24,25 showed that the
H-bond energy may be correlated to the electronic potential
energy density at the H-bond critical point,V(r b). The latter is
in turn easily obtained fromG(r b), using the local statement of
the virial theorem46,80

Figure 4. Changes (bulk- molecule) in the H-atom populations N(H)
upon packing. Population changes are plotted against thedH‚‚‚O distance
of the associated CH‚‚‚O hydrogen bond(s). H-atoms (gray squares)
involved in intramolecular CH‚‚O bonds increase their electron
population upon crystallization, the opposite being true for those
H-atoms (black squares) that are involved in intermolecular CH‚‚O
bonds.

TABLE 4: Ab Initio Interaction Energies (kJ mol -1)

system IHBa basis set ∆Eb ∆EMb

dimerAA′ 6 6-21G 43.0 (1.7) 21.5 (0.9)
6-31G* 33.3 (11.5) 16.6 (5.8)

dimerAB 3 6-21G 24.6 (9.1) 12.3 (4.5)
6-31G* 18.0 (11.7) 9.0 (5.9)

crystal 19 6-21G 115.6 (30.3) 57.8 (15.2)
6-31G*c 102.3 (64.6) 51.1 (32.3)

a IHB is the number of intermolecular CH‚‚O H-bonds in each system
(see Figure 2 and text). The AB pair in the crystal is involved in 38
H-bonds and IHB equals to 19, to avoid double-counting.b ∆E )
-(Esystem- Emolecules), whereEmoleculesis the energy of the constituent
molecules at crystalline geometry and kept at infinite separation one
from each other.∆EM is the interaction energy per DMACB molecule
in the system. In parentheses are shown values corrected for BSSE. In
the case of the crystalswhose asymmetric unit contains an A-B
pairsthe∆EM value is computed with respect to the average of the A
and B molecular energies at the crystal geometry.c Scale factor for
the outermost sp shell: 1.08 (in both molecular and crystal calculations).

(h2/16π2m)∇2F(r ) ) 2G(r ) + V(r ) (1)
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The data set of Espinosa et al.24,25included 83 XH‚‚‚O (X )
C, N, O) experimental determinations of H-bonds, 10 of which
were CH‚‚‚O bonds distributed in a much smaller interval of
dH‚‚O distances (2.22-2.59 Å) than that spanned by CH‚‚‚O
bonds in the DMACB crystal. Espinosa et al. found that despite
different models, methods, and experimental conditions em-
ployed to obtain the BCP topological properties,G(rb) and V(rb)
depend exponentially ondH‚‚O.

Figure 5 illustrates that our estimates forG(rb) andV(rb) also
follow an exponential decay vsdH‚‚O, notwithstanding the
different and much larger interval of H‚‚O distances. We tested
also (Table 5) the application of Abramov’s approach and of
Espinosa’s H-bond energy relationship to our data set. Two
estimates24 of H-bond energies, hereinafter referred to asEHB

and (EHB)one, and derived through Espinosa’s relationships, are
reported in Table 5.81 The expression for the latter estimate was
obtained by Espinosa et al.24 from a single-parameter exponential
fit (the exponential factor being held fixed) of theoretically
determined H-bond dissociation energies vsdH‚‚‚O. The (EHB)one

estimate is therefore a function ofdH‚‚‚O only. On the other hand,
the former estimate,EHB, approximates the H-bond energy (kJ/
mol) as 0.5V(r b), whereV(r b) (kJ/mol per atomic unit volume)
is obtained through Abramov’s approach. It was derived24 by
comparing the exponential fitting curves ofV(r b) and (EHB)one

vs dH‚‚‚O, the two curves being forced to share a fixed value
(-3.6) for the exponential factor.

Table 5 shows that the experimental kinetic energy density
at BCP is in most cases about 30% less than its theoretical
estimate, as a result of general lower estimates for bothFb and
∇2Fb (see Table 1 above and eq 6 in Abramov’s paper79). A
similar behavior is also exhibited by the potential energy density
at BCP, though the lower∇2Fb experimental estimates partly
compensate for (eq 1) the lowerG(r b) experimental values. As
a consequence, theEHB values determined from experiment are
about 20% less than those obtained by theory. It is worth noting
that the two H-bond energy estimates listed in Table 5 differ
considerably in the range ofdH‚‚O distances investigated,EHB

being about twice as large as (EHB)one for CH‚‚‚O interactions
falling in the distances interval considered by Espinosa24 and
even more so for the longer H‚‚‚O distances. The discrepancy
found at large H‚‚O distances is not surprising since the H-bond

energy relationships were fitted to energy and topological data
pertaining to shorter CH‚‚O bonds. Less evident is why a
significant difference between the two energy estimates still
remains in a range of distances that was covered by the analysis
of Espinosa.24 Possible causes include, in the first place, the
much larger number of, and the generally shorter H‚‚O distances
spanned by the OH‚‚O and NH‚‚O interactions in the Espinosa
data set, as compared to the CH‚‚O ones. This lack of balance
is likely to result in poorer fits for the CH‚‚O bonds. Second,
there was no physical reason to assign a fixed exponential factor
to the fitting curves ofV(r b) and (EHB)onevs dH‚‚‚O, from which
the expression for theEHB estimates was derived.24 We examine
these causes of discrepancy in the following.

The (EHB)oneenergy estimates appear definitely more reason-
able than those given byEHB, in view of the general consensus2

that CH‚‚O energies are typicallye9.5 kJ mol-1 and gradually
fade away with increasing separation and decreasing polarization
of the C-H bond, reaching a value of about 0.85-1.2 kJ mol-1

for the weakest complexes involving nonactivated C-H bonds.16

The much reliable behavior of the energy estimate depending
on the H‚‚‚O separation only, seems to rule out the possibility
to derive reasonable estimates of the CH‚‚O H-bond energies
from the charge density topological analysis or at least to adopt,
also in this case, the simpleEHB ) 0.5V(r b) relationship. To
understand why such a relationship seems not to hold at large

Figure 5. Kinetic, G(r b), and potential,V(r b), energy densities (kJ
mol-1 per atomic unit volume) at the CH‚‚O bond critical point,
computed by Abramov’s approach.79 Despite the different and wider
dH‚‚‚O interval spanned by CH‚‚O bonds in the DMACB crystal, both
energy densities depend exponentially on the H‚‚‚O distance for both
experimental and theoretical charge densities as found by Espinosa et
al.24

TABLE 5: Experimental and Theoretical Kinetic Energy
Densities,G(r b), Local Potential Energy Densities,V(r b), and
Bond Energies,EHB [or (EHB)one], for CH ‚‚‚O Interactionsa

G(r b) -V(r b) -EHB

dH‚‚‚O expt theor expt theor expt theor-(EHB)one

Intramolecular CH‚‚‚O Interactions
2.211 34.8 46.4 (51.7) 28.7 37.3 (47.9) 14.4 18.6 8.8

45.7 (50.9) 36.9 (47.3) 18.4
2.219 35.3 45.8 (51.0) 29.4 36.7 (47.0) 14.7 18.4 8.6

45.4 (50.4) 36.4 (46.5) 18.2
2.232 36.3 44.6 (49.4) 29.8 35.6 (45.2) 14.9 17.8 8.2

44.0 (48.7) 35.1 (44.5) 17.5
2.248 34.1 43.0 (47.5) 30.4 33.8 (42.8) 15.2 16.9 7.7

42.5 (46.9) 33.5 (42.2) 16.7

Intermolecular CH‚‚‚O Interactions
2.351 19.6 30.0 (31.4) 15.6 21.4 (24.3) 7.8 10.7 5.3
2.453 16.6 23.5 (24.2) 12.9 15.7 (17.1) 6.5 7.8 3.7
2.517 12.9 21.5 (22.1) 7.9 14.5 (15.8) 4.0 7.3 2.9
2.543 14.9 20.5 (21.1) 9.5 13.8 (14.9) 4.8 6.9 2.7
2.570 4.4 19.5 (20.0) 2.6 13.0 (14.0) 1.3 6.5 2.4
2.574 12.4 17.8 (18.1) 8.3 11.5 (12.1) 4.2 5.8 2.4
2.594 13.5 18.4 (18.8) 8.8 12.2 (13.0) 4.4 6.1 2.2
2.689 11.1 14.9 (14.9) 7.1 9.3 (9.4) 3.6 4.7 1.6
2.694 9.2 13.4 (13.4) 5.7 8.2 (8.4) 2.9 4.1 1.6
2.695 14.9 (15.3) 9.6 (10.3) 4.8 1.6
2.727 9.5 13.0 (13.4) 5.5 8.0 (8.7) 2.8 4.0 1.4
2.776 9.7 11.8 (11.9) 6.4 7.1 (7.3) 3.2 3.5 1.2
2.787 6.4 12.0 (12.3) 3.8 7.5 (8.1) 1.9 3.7 1.1
2.858 8.2 9.6 (9.6) 5.8 5.9 (5.8) 2.9 2.9 0.9
2.875 6.2 9.2 (9.1) 4.1 5.5 (5.4) 2.1 2.8 0.8
2.907 7.1 9.8 (9.9) 4.7 5.8 (6.0) 2.4 2.9 0.7
2.942 6.7 8.7 (8.7) 4.3 5.0 (5.1) 2.2 2.5 0.6
2.942 8.6 (8.8) 5.2 (5.6) 2.6 0.6
2.969 5.2 8.3 (8.5) 3.1 4.9 (5.4) 1.6 2.5 0.6

a Energy (densities) in kJ mol-1 (per atomic unit volume).a Values
of G(r b ), V(r b) estimated according to eq 6 of Abramov, Y. A.Acta
Crystallogr. 1997, A53, 264. EHB estimated according eq 3,EHB )
1/2V(r b), of Espinosa et al.Chem. Phys. Lett.1998, 285, 170, while
(EHB)one according to (EHB)one ) -25.3(6) × 103 exp(-3.6)dH‚‚‚O of
the same reference. For theoretical data, the values in parentheses are
the “exact” values, as obtained from the ab initio wave functions. For
intramolecular CH‚‚‚O interactions the second row data refer to gas-
phase molecules.
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H‚‚‚O separations, we made a detailed investigation using the
data sets forV(rb) from our study of the DMACB crystal. The
theoretical and experimentalV(rb) data sets82 of DMACB
included 23 and 21 CH‚‚O interactions, respectively, to be
compared with the only 10 of such interactions used by Espinosa
et al.24 The two data sets83 were both fitted with two-parameter
unweighted exponential curves, yielding the following expres-
sions forV(rb) as a function ofdH‚‚O:

where the subscripts DMACB andyy (yy ) th or exp) indicate
theV(rb) data set used to derive eq 2 or 3 andr is the correlation
coefficient. Equations 2 and 3 may be compared to the
corresponding expression for [V(r b)]full,exp, eq 4, obtained by
Espinosa et al.24 using their “full” V(r b) data set of 83
experimentally observed H-bonds:

We use the subscript “full” to remind that eq 4 was derived
fitting a data set which includes NH‚‚O and OH‚‚O interactions
besides the CH‚‚O ones. Table 6 lists the differentV(r b)
estimates obtained from eqs 2-4. Comparison of [V(r b)]full,exp

estimates with the experimental and theoreticalV(r b) data in
Table 6 shows that eq 4 largely underestimates|V(r b)| at all
the H-bond critical points in DMACB. This result is not
unexpected in view of the general underestimation afforded by
eq 4 for the V(r b) data beyonddH‚‚O ) 2.2 Å. Such an
underestimation was pointed out before by Spackman27 for the
strictly relatedG(r b) data set and it is also clearly evident from
inspection of Figure 1 in ref 24. Table 6 also suggests that the
potential energy estimates given by eq 4 and especially eq 3
have a very large uncertainty. By combining eqs 2 through 4
with the two-parameter exponential fit ofEHB vs dH‚‚O, eq 5,
derived by Espinosa et al using theoretically determined H-bond
dissociation energies

one obtains relationships for the H-bond energies in terms of
V(r b) anddH‚‚O. They have the general formula given by eq 6:

where b and a are, respectively, the exponential and the
multiplier factors (both taken with a positive sign) of eq 2 (yy
) th) or of eq 3 (yy ) exp). Table 7 lists H-bond energy
estimates using eq 6 and compares them with those, (EHB)two,
obtained through eq 5. (EHB)DMACB,yy estimates are remarkably
similar to (EHB)two (Table 7) and to (EHB)one (Table 5) for both
experimental and theoreticalV(r b) data, while as it is expected
the (EHB)full,exp estimates are about twice as large. In other words,
in the range of largedH‚‚O distances, the H-bond energies largely
deviate from the 0.5V(r b) approximation which would be
obtained if one could reasonably equatebe to b andae to 0.5a
in eq 6. The observed discrepancies betweenEHB and (EHB)one

(Table 5) are the result of the following:
(i) The poorV(rb) estimates at large H‚‚O separations afforded

by eq 4 (or by its rather similar one-parameter exponential
expression in ref 24).

(ii) The related impossibility to assign a common exponential
factor to the fitting curves ofV(r b) and (EHB)one in the range of
the investigateddH‚‚O distances. When more suited fittings are
used forV(r b), the H-bond energy expressions given by eq 6
yield very similar results to those given by either (EHB)one(Table
5) or (EHB)two (Table 7).

The large uncertainties on the fitted H-bond energy estimates
derived through eq 6 (even if the DMACBV(r b) data set is
used) and the obvious strong dependence of such estimates on
the fitting curve (eq 5) of H-bond energies in terms of the H‚‚O
separation, suggest the very limited usefulness of this equation.
Conversely, the estimates provided by either (EHB)oneor (EHB)two

are remarkably similar and exhibit smaller standard deviations.
To conclude, the aim of our analysis was just to explore whether
the (EHB)one ) 1/2V(r b) relationship also applies to the CH‚‚O
bonds and, if not, to provide a clear demonstration of why it
does not.

Using the (EHB)one or (EHB)two estimates (Table 5 or 7), the
19 intermolecular CH‚‚‚O interactions per each A-B pair, yield
a significant contribution (34.3 or 36.5 kJ mol-1) to the
intermolecular interaction energy in the crystal.84 This contribu-
tion is of the same order of magnitude of the computed total
interaction energy (see earlier) and as large as the energy
contribution (33.3 or 34.6 kJ mol-1) estimated from the
corresponding energy data for the intramolecular CH‚‚‚O
interactions. From (EHB)one or (EHB)two data, one may also

TABLE 6: Estimates of Potential Energy Densities,V(r b), at
the H-Bond Critical Points in DMACB from H-Bond
Distances: Effect of the Reference Set of H-Bond
Interactions Used To Obtain theV(r b) vs dH‚‚O Potential
Energy Relationshipsa,b

dH‚‚‚O (Å) -V(r b)DMACB,th -V(r b)DMACB,exp -V(r b)full,exp

Intramolecular CH‚‚‚O Interactions
2.211 34.4 (79) 26.6 (157) 16.9 (88)
2.219 33.7 (78) 26.0 (154) 16.4 (85)
2.232 32.5 (75) 25.1 (149) 15.6 (82)
2.248 31.2 (72) 24.0 (143) 14.8 (77)

Intermolecular CH‚‚‚O Interactions
2.351 23.6 (56) 18.0 (109) 10.1 (55)
2.453 17.9 (43) 13.5 (83) 7.0 (39)
2.517 15.1 (37) 11.3 (70) 5.5 (31)
2.543 14.0 (34) 10.5 (66) 5.0 (28)
2.570 13.1 (32) 9.7 (61) 4.6 (26)
2.574 12.9 (32) 9.6 (61) 4.5 (26)
2.594 12.2 (30) 9.1 (58) 4.2 (24)
2.689 9.5 (24) 7.0 (45) 3.0 (17)
2.694 9.3 (24) 6.9 (44) 2.9 (17)
2.695 9.3 (24)
2.727 8.5 (22) 6.3 (41) 2.6 (15)
2.776 7.5 (19) 5.5 (36) 2.1 (13)
2.787 7.3 (19) 5.3 (35) 2.1 (12)
2.858 6.0 (16) 4.3 (29) 1.6 (10)
2.875 5.7 (15) 4.1 (28) 1.5 (9)
2.907 5.3 (14) 3.8 (25) 1.3 (8)
2.942 4.8 (13) 3.4 (23) 1.2 (7)
2.942 4.8 (13)
2.969 4.4 (12) 3.2 (22) 1.1 (7)

a V(r b) estimates as a function ofdH‚‚O, given in units of kJ mol-1

per atomic unit of volume, were obtained through three different two-
parameter exponential fitting curves ofV(r b) vs dH‚‚O . V(r b)DMACB,yy

(yy ) th or exp) are obtained from an expression fitting the theoretical
(yy ) th) or the experimental (yy ) exp) DMACB V(r b) data, while
V(r b)full,exp are obtained from the two-parameter exponential curve of
Espinosa et al. (Chem. Phys. Lett.1998, 285, 170) fitting 83
experimentally observed XH‚‚O (X ) C, N, O) hydrogen bonds.
b Standard deviations in parentheses.

[V(r b)]DMACB,th ) -13.5(24)× 103 exp[-2.70(6)]dH‚‚O;
r ) 0.994 (2)

[V(r b)]DMACB,exp ) -13.1(59)× 103 exp[-2.80(17)]dH‚‚O;
r ) 0.968 (3)

[V(r b)] full,exp ) -54(18)× 103 exp[-3.65(18)]dH‚‚O (4)

(EHB)two ) -aeexp[-be]dH‚‚O;

ae ) 23(5)× 103; be ) 3.54(10) (5)

(EHB)xx,yy ) V(r b)(ae/a) exp[(b - be)dH‚‚O];
xx ) DMACB or full (6)
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estimate the energy contribution due to CH‚‚‚O intermolecular
interactions in theAA′ (six H-bonds, withdH‚‚O distances equal
to 2.694, 2.695, and 2.876 Å, Figure 2) andAB dimer (three
H-bonds, withdH‚‚O distances equal to 2.453, 2.907, and 2.942
Å). They are, respectively, 8 and 10 kJ mol-1, using (EHB)one

estimates. Both values are comparable to the ab initio interaction
energies for the corresponding dimers, provided that the larger
6-31G* basis is adopted and the BSSE correction is applied
(see Table 4).

Table 5 also confirms that the strength of the intramolecular
CH‚‚‚O bonds is hardly affected by crystallization, the corre-
spondingEHB values increasing by less than 0.3 kJ mol-1 in
the bulk.

For the sake of comparison with the corresponding Abramov’s
estimates, also reported in Table 5 are the “exact” theoretical
values forG(r b) and V(r b). Abramov’s approach is found to
perform successfully for this kind of interaction and range of
H‚‚‚O distances. The differences between “exact”G(r b) values
and their estimates never exceed 10% in the case of the
intramolecular CH‚‚‚O interactions and the discrepancies are
even smaller (∼2-3%) for the intermolecular ones. Thus, the
agreement is further improving as the H‚‚O distance increases.

In his paper, Abramov79 pointed out that a proper comparison
betweenG(rb) estimates from experiment and theory should
include an adequate treatment of the effects of the crystal field
and of the intermolecular interactions in the evaluation of the
theoreticalG(r b) also. To the best of our knowledge, data in
Table 5 provide the first example where such a proper
comparison takes place.

4.3. Effects of the Deformation and Interaction Densities
on the Topological Properties at the CH‚‚O Bond Critical
Points. It has been recently shown by Spackman27 that the

“essential behavior exhibited by multipolar refined electron
densities for X-H‚‚O contacts can be described remarkably well
by the superposition of realistic spherical electron densities for
O and H atoms and the separation between them”. In particular
it was demonstrated27 that a simple two-atom model accounts
for the observed exponential dependence of bothG(rb) andV(rb)
on the H‚‚‚O distance. This result prompted Spackman to raise
the important question of “whether present experimental results
differ from a simple reference model, that is the promolecular
density, for weak interactions”.27 To gain a further insight on
this important observation, we first investigated how close the
properties of the promolecule and of the crystal density is in a
case that is unaffected by systematic experimental errors. Figure
6a shows the dependence ofG(r b) and V(r b) values on the
H‚‚‚O distance for the 6-21G crystal density and for the
promolecular density obtained with the same basis set.G(r b)
data correspond to the exact values as they were not ap-
proximated through Abramov’s expression in this case. The two
electron densities behave similarly for bothG(r b) and V(r b).
These energy densities also show a clear and similar exponential
dependence on the H‚‚‚O distance for either of the two electron
densities. However, a close inspection of Figure 6a reveals that
the promolecular curve ofV(r b) or G(r b) crosses the crystal
density curve atdH‚‚O distances equal to about 2.3-2.4 Å. The
two energy densities are both smaller in magnitude at shortdH‚‚O
distances for the promolecular density, the opposite being true
beyond 2.4 Å. A curve crossing is also observed (Figure 6b)
for ∇2Fb data, the crystal density values being bigger at short
and smaller at largedH‚‚O distances. Instead, greaterFb values
are found (Figure 6c) at anydH‚‚O distance for the promolecular
density. The curve crossing forG (andV) data mentioned above
is easily rationalized in terms of the observed crossing for∇2Fb

TABLE 7: Hydrogen Bond Energies (kJ mol-1) of CH‚‚‚O Interactions in DMACB, from Potential Energy Densities, V(r b), at
the H-Bond Critical Point: Exploring the Effect, on the Estimated Hydrogen Bond Energies, of the ReferenceV(r b) Data Set
Used To Obtain the H-Bond Energy Relationshipsa,b,c

-(EHB)DMACB,exp -(EHB)DMACB,Th -(EHB)full,exp

dH‚‚‚O (Å) expt theor expt theor -(EHB)two

Intramolecular CH‚‚‚O Interactions
2.211 9.9 (65) 9.9 (38) 15.6 (94) 20.3 (123) 9.2 (28)
2.219 10.1 (67) 9.7 (38) 16.0 (97) 20.0 (121) 8.9 (28)
2.232 10.1 (68) 9.3 (36) 16.2 (99) 19.4 (118) 8.5 (27)
2.248 10.2 (68) 8.7 (34) 16.6 (101) 18.4 (113) 8.0 (25)

Intermolecular CH‚‚‚O Interactions
2.351 4.8 (33) 5.1 (20) 8.6 (54) 11.8 (74) 5.6 (1.8)
2.453 3.7 (26) 3.4 (14) 7.2 (46) 8.8 (56) 3.9 (13)
2.517 2.2 (15) 3.0 (12) 4.4 (29) 8.1 (53) 3.1 (10)
2.543 2.6 (18) 2.8 (12) 5.4 (35) 7.8 (51) 2.8 (9)
2.570 0.7 (5) 2.6 (11) 1.5 (10) 7.3 (49) 2.6 (9)
2.574 2.2 (16) 2.3 (9) 4.7 (31) 6.5 (43) 2.5 (9)
2.594 2.3 (16) 2.4 (10) 5.0 (33) 6.9 (46) 2.4 (8)
2.689 1.7 (13) 1.7 (7) 4.1 (28) 5.3 (36) 1.7 (6)
2.694 1.4 (10) 1.5 (6) 3.3 (22) 4.7 (32) 1.7 (6)
2.695 1.7 (7) 5.5 (38) 1.7 (6)
2.727 1.3 (10) 1.4 (6) 3.2 (22) 4.6 (32) 1.5 (5)
2.776 1.5 (11) 1.2 (5) 3.7 (26) 4.1 (29) 1.2 (4)
2.787 0.9 (6) 1.2 (5) 2.2 (15) 4.3 (30) 1.2 (4)
2.858 1.2 (9) 0.9 (4) 3.4 (24) 3.4 (24) 0.9 (3)
2.875 0.9 (6) 0.8 (4) 2.4 (17) 3.2 (23) 0.9 (3)
2.907 1.0 (7) 0.9 (4) 2.8 (20) 3.4 (24) 0.8 (3)
2.942 0.9 (6) 0.7 (3) 2.5 (18) 2.9 (21) 0.7 (3)
2.942 0.8 (3) 3.1 (22) 0.7 (3)
2.969 0.6 (5) 0.7 (3) 1.8 (13) 2.9 (21) 0.6 (2)

a (EHB)XX,YY estimates obtained from eq 6 (see text). These expressions were obtained by combining fitting curves forV(r b) data vsdH‚‚‚O and the
two-parameter exponential expression for H-bond energy vsdH‚‚‚O, -(EHB)two ) 23(5) × 103 exp(-3.54(10)dH‚‚‚O), derived by Espinosa et al.
(Chem.Phys. Lett. 1998, 285, 170) using ab initio dissociation energies of H-bonded model systems. Thexx (xx ) DMACB or full) and yy (yy )
exp or th) refers to theV(r b) data set used to obtain the fitting curve forV(r b) data vsdH‚‚‚O (see Table 6). Values of (EHB)two are reported for the
sake of comparison with the H-bond energy estimates in terms ofV(r b) and dH‚‚‚O data.b H-bond energy values obtained from experimental or
theoretical DMACBV(r b) data are labeled in the table by “exp” and “th”, respectively.c H-bond energies standard deviations, computed on the
basis of the standard deviations for the fitting parameters, are reported in parentheses.
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data. As pointed out by Spackman,27 a close inspection of the
relative contributions of∇2Fb and Fb to G(r b) shows thatFb

dominates at small distances, but the contribution from∇2Fb

increases with separation while that fromFb decreases, until
for dH‚‚O > 2.5 Å∇2Fb contributes>80% of the value ofG(rb).85

Therefore, the larger∇2Fb values found for the promolecular
density at separations>2.5 Å yield greaterG(r b) and |V(r b)|
(see eq 1) values for this model density beyond 2.3-2.4 Å.

When the experimental crystal density of DMACB is
compared (Figure 7) to that given by the independent atom
model (IAM), the following important observations can be
made:

(i) No bond critical point is found (Figure 7c) in the
promolecular (IAM) density for the four intramolecular CH‚‚O
interactions and for four of the 19 CH‚‚O intermolecular bonds.
Therefore, the IAM density differs from the experimental density
in important topological features that are related to the H-
bonding network. Not unexpectedly, the presence or lack of a

Figure 6. Topological properties at the CH‚‚O bond critical point, for
the RHF/6-21G crystal density and for the 6-21G promolecular
density: (a) Kinetic,G(r b), and potential,V(r b), energy densities (kJ
mol-1 per atomic unit volume). TheG(r b) values are “exact” and were
not approximated through Abramov’s approach.79 (b) Electron density
Laplacian ∇2Fb and (c) electron densityFb. In the case of the
promolecular density, a value ofFb ) 0 is conventionally assigned to
the CH‚‚O interactions which do not have a bond critical point.

Figure 7. Topological properties at the CH‚‚O bond critical point, for
the experimental and IAM densities: (a) Kinetic,G(r b), and potential,
V(r b), energy densities (kJ mol-1 per atomic unit volume). TheG(r b)
values were evaluated through Abramov’s approach.79 (b) Electron
density Laplacian∇2Fb and (c) electron densityFb. In the case of the
IAM density, a value ofFb ) 0 is conventionally assigned to the CH‚‚O
interactions which do not have a bond critical point.
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bond critical point in the IAM density is also related to the kind
of the adopted spherical atomic electron densities. In fact, rather
than 8, only two of the 23 CH‚‚O bond critical points found in
the theoretical density are missing in the 6-21G promolecular
density topology (Figure 6c).

(ii) The Fb values for the CH‚‚O interactions that are described
as bonded in both densities are spread in a much narrower range
in the case of the IAM densities than are for the experimental
densities (Figure 7c). The experimental trend ofFb vs dH‚‚O is
much closer to the theoretical one than it is to that yielded by
the IAM model. Conversely the∇2Fb trends for IAM and
experimental densities (Figure 7b) are similar to each other and
both show an exponential dependence ondH‚‚O. Again, this close
similarity refers only to those interactions that are found as
bonded in both densities.

(iii) The trends inG(r b) andV(r b) for the experimental and
IAM densities (Figure 7a) are very much alike, in agreement
with the similar behavior observed for the∇2Fb values (Figure
7b) and the considerations given earlier as for the dominance
of the contributions from these latter quantities to theG(r b)
values beyonddH‚‚O ) 2.5 Å.

It appears that no significant information onG(r b) andV(r b)
values at CH‚‚O bond critical points is added by the experi-
mental or theoretical crystal densities besides that already present
in the corresponding promolecular densities. This conclusion
holds in the range ofdH‚‚O distances spanned by theintermo-
lecular CH‚‚O bonds in DMACB crystal and applies only to
those interactions that are bonded both in the model and in the
crystal density.

On the other hand, the promolecular model seems less capable
to describe the “true” crystal densityF(r b) at the BCP of these
intermolecular interactions and, in some instances, to even
recover the electron density topology (i.e. the BCP) that denotes
their occurrence. This point is particularly important since,
considering the theoretical electron densities only, we have
observed86 that the discrepancies between promolecular and
“true” crystal densities are generally found to be at a minimum
in the regions around the intermolecular critical points. As
shown in Figure 8, this observation also holds true for the
DMACB crystal. The density differences between promolecular
and theoretical density (Figure 8a) are much larger (well) inside
the atomic basins of the H and O atoms involved in the
intermolecular interactions. Significant densities differences in
the intermolecular regions that are not too close to the
intermolecular BCPs or surfaces, also persist when the “true”
crystal densities are compared to the procrystal densities (Figure
8b). The take-home message is that the signature of the
formation of CH‚‚O intermolecular interactions is much more
in the charge rearrangements occurring inside the atomic
basinssand, thus, in the changes of their atomic properties-
rather than in the local changes in regions close to the
intermolecular BCPs. This observation fits well with the
significant charge rearrangements following H-bond formation
which have been discussed in Section 3 and that are at the basis
of the effectiveness of Koch and Popelier criteria to establish
hydrogen bonds.

5. Conclusions

The present work has highlighted the potentialities of the
electron density topological analysis for the study of the CH‚‚O
contacts in the DMACB crystal. This system represents an
excellent candidate for studying the nature of CH‚‚O interactions
in solids. No other kind of stronger, and thus successfully
competing hydrogen bond, is present in the crystal.

Experimental densities obtained from single-crystal X-ray
diffraction data and theoretical densities derived from periodic
Hartree-Fock calculations have been topologically characterized
and compared to each other. Using the bond path criterion, we
have been able to discriminate betweenbondedandnonbonded
CH‚‚O contacts in DMACB, regardless of the value of their
H‚‚‚O separation. Thebondedcontacts are characterized by a
nearly constant and large C-H-O angle, denoting the impor-
tance of the electrostatic energy contribution to such interactions.
Conversely thenonbondedcontacts may be fold down to 90°
since their dominant van der Waals contribution to the interac-
tion energy is independent of the C-H-O angle. The almost
isotropic CH‚‚O angular distribution observed for H‚‚‚O separa-
tions greater than 2.7 Å is only apparent as it clearly disappears
when thebondedand nonbondedcontacts are identified and
their angular distributions separately analyzed.

The Koch and Popelier criteria15 to establish H-bonds have
been applied for the first time in their wholeness to a large set
of CH‚‚O contacts in a crystalline phase. We found that each
of these criteria was satisfied by all of the bonded intermolecular
CH‚‚O contacts, apart from a single exception concerning one
long bond and one of the criteria only.

We have explored whether the expressions proposed by
Espinosa et al.,24,25relating the potential energy densitiesV(r b)
at the critical point to the H-bond strengths, also apply to the

Figure 8. (a) Deformation (crystal- promolecular) and (b) interaction
(crystal- procrystal) RHF/6-21G densities contour plots ((a × 10-n

au,a ) 2, 4, 8;n ) 0-3) in DMACB crystals. Bond paths from the
hydrogen atoms to their acceptor oxygens (a, H53A-O2B, dH‚‚‚O )
2.453 Å; b, H53A-O1B, dH‚‚‚O ) 2.907 Å; c, H62A-O1B, dH‚‚‚O )
2.942 Å) are depicted as heavy lines and the associated bond critical
points as dots.
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weak CH‚‚O interactions in the DMACB crystal. We have
shown that in the range of H‚‚‚O separations investigated, the
H-bond energies largely deviate from the 0.5V(rb) value as found
instead by Espinosa et al. at shorter distances and for the stronger
XH‚‚O (X ) O, N) bonds. New expressions relatingV(r b) to
the H-bond energies are proposed in this work. They apply to
the range 2.2< dH‚‚O < 3.0 Å and yield energy estimates in
very close agreement to those obtained by Espinosa et al. from
a fit of theoretical H-bond dissociation energies vsdH‚‚O. The
estimated H-bond energies account for the total interaction
energies of two representative DMACB dimers extracted from
the crystal structure. On the other hand, the total interaction
energy in the crystal is about twice of that estimated from the
intermolecular H-bond formation energies, because of the large
enhancement of the molecular dipole moment occurring upon
crystallization. This greatly increases the electrostatic contribu-
tion from the molecular dipoles interactions.21

The importance of the promolecular charge distributions in
defining topological properties of interest to the CH‚‚O bonds
was investigated. The criticism raised by Spackman27 as to the
lack of additional information provided by the experimental
results to the description of such weak interactions was also
addressed. We have shown that the promolecular density differs
from the corresponding multipole or theoretical estimates as far
as the electron density values at the critical point or, in some
instances, even the density topology, is concerned. However,
for those CH‚‚O contacts that are identified as beingbonded
by both the promolecular and the crystal densities, the values
of the kinetic or potential energy densities at the critical point
obtained from either density are very much the same. The
underlying reasons for such a property have been discussed.

We have also shown that the differences between promo-
lecular and crystal densities are minimized close to the
intermolecular surfaces or bond critical points, while the two
densities may considerably differ (well) inside the atomic basins
of the O and H atoms involved in the intermolecular interactions.
This observation also applies when the procrystal density is
compared to the crystal density, thereby accounting for the
effectiveness of Koch and Popelier’s criteria to establish
H-bonds, even when the latter are rather weak and are formed
upon crystallization.
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