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Experimental electron densities in coumarin, 1-thiocoumarin, and 3-acetylcoumarin have been analyzed based
on the X-ray diffraction data at 90 K. These compounds pack in the crystal lattice with weak C-H‚‚‚O and
C-H‚‚‚π interactions, and variations in charge density properties and derived local energy densities have
been investigated in the regions of intermolecular interactions. Theoretical charge density calculations on
crystals using the B3LYP/6-31G** method show remarkable agreement with the derived properties and energy
densities from the experiment. The intermolecular interactions follow an exponential dependence of electron
density and energy densities at the bond critical points. The Laplacian follows a “Morse-like” dependence on
the length of the interaction line. Based on the set of criteria defined using the theory of “atoms in molecules”,
it has become possible to distinguish between a hydrogen bond (C-H‚‚‚O) and a van der Waals interaction
(C-H‚‚‚π). This has resulted in the identification of a “region of overlap” in terms of electron densities,
energy densities, and mutual penetration of the hydrogen and acceptor atoms with respect to the interaction
length. This approach suggests a possible tool to distinguish between the two types of interactions.

Introduction

An accurate experimental measurement and analysis of charge
density in a molecular crystal can be obtained from high-
resolution X-ray diffraction data at low temperatures.1 The
nature of chemical interactions can be evaluated in terms of
the deformation densities.2,3 To account for the deformation
densities due to chemical bonding, several algorithms have been
developed. The commonly used approach for this purpose is
the Hansen-Coppens formalism4 in which the individual atomic
densities are divided into three components: the core, spherical
expansion, and contraction term (κ) in the valence shell and
the valence deformation in terms of density normalized spherical
harmonics (dlm(), together with the corresponding radial expan-
sion and contraction (κ′) of the valence shell as given below,

The electron density in the crystal is modeled based on this
F(r ) as a sum of atom centered charge distributions

Bader’s quantum theory of “atoms in molecules” (AIM)
approach5,6 allows for the interpretation of the charge density
obtained from experimental electron density as derived from
the above methodology. It also provides a pathway for compar-
ing the experimental electron density with theoretically derived
density in terms of topological properties of the densityF(r ).
The topology of the charge density manifests as local maxima

at the positions of the nuclei and the features can be analyzed
with the AIM approach. In general, the theory of AIM provides
a methodology for the identification of a bond between any two
atoms in a molecule. This analysis is based on the identification
of critical points, classified using the Hessian matrix of the
electron density.5,7 The line of the highest electron density
linking any two atoms is referred to as the “bond path” and its
lengthRij (need not be the same as interatomic vector) is referred
to as the “interaction line”. The bond critical points (BCPs) lie
along the bond path with the gradient of the electron density,
∆Fb(r ) ) 0. The second derivative of the electron density, the
Laplacian∇2Fb(r ) ()∑i)1

3 λi,λi are the curvatures of a bond at
the BCP) represents the chemical features of the molecules. If
∇2Fb(r ) < 0, the density is locally concentrated resulting in
shared interactions, while in the case of∇2Fb(r ) > 0 the electron
density is depleted representing closed-shell interactions. The
bond paths, interaction lines, and the Laplacian values together
represent the topology of the charge density distribution in a
given molecule. Thus the AIM approach could be used for both
theoretical and experimental analysis.

The topological analysis, however, does not specify the
character of the bond but only indicates the existence of a bond.
To characterize a bond in terms of its chemical concepts, such
as bond order, ionicity conjugation, and hydrogen bonding, the
properties evaluated at the BCPs become crucial. Koch and
Popelier have proposed eight criteria to establish hydrogen
bonding in particular, which allows to distinguish a hydrogen
bond from a van der Waals interaction.7,8 If one or more of
these criteria are not satisfied the concerned interaction can be
considered as van der Waals interaction. Among these eight
criteria the fourth condition is considered as necessary and
sufficient to fully describe a hydrogen bond. The first condition
is the presence of a BCP between a donor atom and an acceptor
atom linked via a bond path. The second condition is the
presence of charge density evaluated at the BCP and its
relationship with the overall hydrogen bond energy. It is possible
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to relate the charge density parameters at the BCP to local
energy densityE(rCP) of the electrons by evaluating the local
electronic kinetic energy densityG(rCP) and the local potential
energy densityV(rCP) using the equations,9,5,10

and

The third condition refers to the value of the Laplacian at
the BCP. The calculated values of∇2Fb(r ) should be positive
and should correlate with the interaction energy. The value of
∇2Fb(r ) should also agree with the range of values found so far
in the literature. The fourth condition deals with the mutual
penetration of the hydrogen and the acceptor atom. This
condition, considered as necessary and sufficient, compares the
nonbonded radii of the donor-hydrogen atom (rD

0) and the
acceptor atom (rA

0) with their corresponding bonding radii. The
nonbonding radius is taken to be equivalent to the gas-phase
van der Waals radius of the participating atoms.11 The bonding
radius (r) is the distance from the nucleus to the BCP. In a
typical hydrogen bond, the value of∆rD ) (rD

0 - rD) > ∆rA

) (rA
0 - rA) and ∆rD + ∆rA > 0 represent positive

interpenetration. If either or both of these conditions are violated
the interaction is essentially van der Waals in nature.

The rest of the four criteria are obtained from integration over
the atomic basins of the participating H-atoms. The fifth
condition states that the H-atom loses electrons resulting in an
increased net charge on the H-atom. The sixth condition
concerns the energetic destabilization of the H-atom strongly
correlating with the fifth one. The difference in total energy
between the crystal and the bare molecule should be positive.
The seventh condition suggests a decrease of dipolar polarization
(magnitude of the first moment,M) of the H-atom upon

hydrogen bond formation. H-atomic volume depletion forms
the basis for the eighth condition.

In an experimental charge density analysis on a series of ionic
complexes, Mallinson et al. have evaluated both intra- and
intermolecular interactions in terms of the first four criteria to
demonstrate that there is a “Morse-like” dependence of the
Laplacian, which allows to differentiate ionic and covalent bond
character.12 They conclude that the length of interaction line
can be correlated with topological properties, which reveals a
continuous transition from weak hydrogen bonding to strong
covalent bonding situation. Further, they surmise that the
penetration criterion is a sufficient condition to predict the
presence or absence of a hydrogen bond and the four additional
criteria, which invoke integration over the atomic basin, become
expensive to calculate. However, restricting the integration to
the basin of the participating H-atom only in terms of loss of
charge, energy destabilization, decrease of dipolar polarization,
and atomic volume would provide most of the characteristics
of hydrogen bond formation.7,8

We have evaluated the nature of C-H‚‚‚O and C-H‚‚‚π
interactions based on the experimental and theoretical charge
density analyses on a series of compounds, 2H-chromen-2-one
(coumarin), 2H-thiochromen-2-one (1-thiocoumarin), and 3-acetyl-
2H-1-benzopyran-2-one (3-acetylcoumarin). The basic idea in
choosing these two types of interactions is to allow the
exploration of the region of the limit of a weak hydrogen bond
as compared to a van der Waals interaction. Indeed, Koch and
Popelier have compared C-H‚‚‚O interactions with C-H‚‚‚Cl
interactions, which are considered weak van der Waals inter-
actions.7

Coumarin has been extensively studied as it finds applications
in several areas of synthetic chemistry, medicinal chemistry,
and photochemistry. The formation of a [2+2] cycloaddition
product upon irradiation13 of coumarin and its derivatives has
contributed immensely to the area of solid-state photochemistry.
Several substituted coumarin derivatives find application in the
dye industry14,15and in the area of LASER dyes16 based on the
property of these compounds showing state dependent variation
in the static dipole moment. Coumarins have also been used to

TABLE 1: Experimental X-ray Data

compound formula coumarin
C9H6O2

1-thiocoumarin
C9H6OS

3-acetylcoumarin
C11H8O3

crystal sizes 0.60× 0.17× 0.09 0.40× 0.21× 0.18 0.46× 0.29× 0.25
formula weight 146.14 162.20 188.17
space group Pc21b Pc P1h
temperature/K 90.0(2) 90.0(2) 90.0(2)
unit cell dimensions

a/Å 5.6091(13) 3.8056(3) 7.4772(15)
b/Å 7.7343(19) 8.4552(7) 9.6304(19)
c/Å 15.478(4) 11.3651(10) 11.989(2)
R/deg 85.751(11)
â/deg 95.629(4) 86.099(11)
γ/deg 81.753(11)
V/Å3 671.5(3) 363.93(5) 850.6(3)

Z 4 2 4
Dc /g cm-1 1.446 1.480 1.469
F(000) 394 168 392
absorption coeff/mm-1 0.103 0.369 0.107
radiation Mo KR Mo KR Mo KR
(sin θ/λ)max/Å-1 1.08 1.08 1.08
reflections no. (unique) 6288 6373 12716
R(F) 0.0278 0.0158 0.0197
Rw(F) 0.0251 0.0145 0.0194
S 2.10 1.41 2.01
Nobs/Npar 14.68 20.14 12.71
range of residual density
in asymmetric unit/e Å-3

-0.241 to+0.174 -0.203 to+0.324 -0.194 to+0.224

G(rCP) ) ( 3
10)(3π2)2/3F5/3(rCP) + (16)∇2F(rCP)

V(rCP) ) (14)∇2F(rCP) - 2G(rCP)

E(rCP) ) G(rCP) + V(rCP)
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probe ultrafast solvation effects.17 Coumarin and its sulfur
derivatives possess well-defined dipole moments and exhibit
second harmonic generation effects since they crystallize in
noncentrosymmetric space groups.18,19 We have studied the
geometry and the molecular packing patterns of several cou-
marins and their derivatives13 in order to evaluate the features
of noncovalent interactions. We have earlier reported the charge
density distribution in 2H-chromene-2-thione (2-thiocoumarin)
and have evaluated the topological properties using the AIM
approach.20 The crystallographic details of the compounds
studied here have already appeared elsewhere.19,21,22 X-ray
diffraction data at 90 K on all three compounds have been
subjected to multipole atom refinements followed by the AIM
approach to derive BCPs. The theoretical charge densitites
including the periodicity in all the three crystals have been
calculated using the DFT approach23,24 based on the experi-
mentally derived structural model.25

C-H‚‚‚O interactions in crystal engineering have been shown
to influence packing motifs,26 and in a recent review Steiner
comments that the understanding of weak hydrogen bonding is
yet unclear.27 Nishio and his group have analyzed the packing

features of C-H‚‚‚π interactions,28-30 which bring out the
features of such weak van der Waals interactions. Several charge
density measurements have characterized31-33 the nature of
C-H‚‚‚π interactions in terms of electron densities, BCPs, and
Laplacians.

In this article, we have looked into the characterization of
C-H‚‚‚O and C-H‚‚‚π interactions. Based on all eight of Koch
and Popelier’s criteria,7 for the first time we have classified
C-H‚‚‚O interactions into two categories (hydrogen bonded and
weak van der Waals interaction) and C-H‚‚‚π interactions as
weak van der Waals interactions.

Experimental Section

Quality crystals were grown by slow evaporation at∼8 °C
in a refrigerator from a mixture of chloroform andn-hexane.
The crystals of coumarin are colorless blocks, those of 1-thio-
coumarin are pink blocks, and those of 3-acetylcoumarin are
yellow prisms. The high-resolution single-crystal X-ray diffrac-
tion data were collected on a Bruker AXS SMART APEX CCD
diffractometer using Mo KR radiation (50 kV, 40 mA). To
achieve the final temperature the ramp rate was set to 40 K/hr.
During the data collection the temperature was maintained at
90.0(2) K by using the Oxford Cryo Systems with N2 flows.
Suitable crystals with reasonable sizes (Table 1) were mounted
in a Lindeman capillary and allowed to stabilize at final
temperature for an hour. The unit-cell parameters were deter-
mined repeatedly until the estimated standard deviations in cell
dimensions did not vary beyond acceptable limits. The data were
collected in three steps with different scan times (20, 40, and
60 s for coumarin and 1-thiocoumarin and 15, 55, and 105 s
for 3-acetylcoumarin) to cover the full-sphere of reciprocal space
with different 2θ settings of the detector (-25°, -50°, and
-75°) and æ settings (0°, 90°, 180°, and 270°) of the
goniometer. The scanning angleω was set to 0.3° for each 606
frames. The crystal-to-detector distance was kept at 6.03 cm.
This strategy20 provides high resolution, large redundancy, and
better completeness in data sets, which are the key factors
for multipole refinement modeling. The data collection was
monitored and reduced with the packages SMART34 and
SAINTPLUS,34 respectively. Sorting, scaling, merging, and
empirical correction for absorption of the set of intensities were
performed with SORTAV.35 The structures were solved by
direct methods using SHELXS9736 and refined in the spherical
atom approximation (based onF2) by using SHELXL9736 as
included in a complete package WinGX.37 The molecular
diagrams were generated using ORTEP.38

Multipole Refinement

The refinements were carried out with the module XDLSM
incorporated in the software package XD.39 The residual bonding
density, not modeled in the conventional spherical refinement,
is taken into account in this multipolar refinement. Scattering
factors were derived from the Clementi and Roetti40 wave
functions for all atoms. The function minimized in the least-
squares refinement is∑w(|F0|2 - K|Fc|2)2 for all reflections with
I > 3σ(I). The same refinement procedure as described earlier
by us20 was followed in the present study. Initially only the
scale factor was refined with all reflections. Next, to determine
the accurate positional and thermal parameters the higher order
(sin θ/λ g 0.8 Å-1) refinements were performed for non-
hydrogen atoms. The positional and isotropic thermal parameters
of the H-atoms were then refined using the lower angle data
(sin θ/λ e 0.8 Å-1). Due to unavailability of the neutron data,
the positions of the H-atoms in this refinement as well as in

Figure 1. (a) ORTEP diagram with labels for atoms of coumarin at
90 K with 50% ellipsoid probability (non H-atoms). (b) ORTEP diagram
with labels for atoms of 1-thiocoumarin at 90 K with 50% ellipsoid
probability (non H-atoms). (c) ORTEP diagram with labels for atoms
of 3-acetylcoumarin at 90 K with 50% ellipsoid probability (non
H-atoms).
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TABLE 2: Intramolecular Bond Critical Points for All Three Compounds and Bond Ellipticity, E ) (λ1/λ2 - 1)a

bond (A-B) Fb ∇2Fb Rij d1 (A-CP) d2 (CP-B) λ1 λ2 λ3 ε

Coumarin
O(1)-C(1) 3.297(36) -40.688(184) 1.2171 0.7634 0.4537 -32.17 -29.27 20.76 0.10

2.829 -22.533 1.2171 0.7934 0.4237 -25.85 -23.85 27.17 0.08
O(2)-C(1) 2.181(29) -15.959(129) 1.3714 0.8125 0.5589 -19.18 -17.03 20.25 0.13

1.996 -17.904 1.3729 0.8315 0.5414 -15.81 -14.71 12.61 0.08
O(2)-C(8) 2.035(28) -13.581(123) 1.3730 0.8229 0.5501 -17.73 -16.16 20.31 0.10

1.936 -17.098 1.3724 0.8290 0.5434 -15.44 -13.85 12.19 0.12
C(1)-C(2) 2.002(21) -15.605(68) 1.4537 0.7694 0.6842 -15.59 -14.27 14.25 0.09

1.902 -15.371 1.4535 0.7674 0.6861 -13.57 -12.02 10.22 0.13
C(3)-C(2) 2.372(21) -22.128(69) 1.3522 0.6741 0.6781 -19.97 -15.88 13.73 0.26

2.262 -20.658 1.3527 0.6955 0.6573 -16.41 -13.59 9.34 0.21
C(3)-C(9) 1.939(19) -15.439(58) 1.4405 0.7598 0.6807 -15.61 -13.13 13.31 0.19

1.944 -15.817 1.4404 0.7239 0.7164 -13.49 -12.70 10.38 0.06
C(4)-C(5) 2.280(24) -20.503(74) 1.3881 0.7361 0.6520 -18.61 -16.16 14.27 0.15

2.105 -17.943 1.3883 0.6916 0.6967 -14.97 -12.92 9.94 0.16
C(6)-C(5) 2.274(23) -18.007(73) 1.4024 0.6679 0.7345 -17.69 -15.13 14.82 0.17

2.077 -16.845 1.4027 0.6978 0.7049 -14.55 -12.69 10.40 0.15
C(7)-C(6) 2.255(22) -18.865(67) 1.3905 0.6901 0.7005 -17.79 -15.24 14.16 0.17

2.107 -17.527 1.3905 0.6940 0.6966 -15.16 -12.55 10.18 0.21
C(8)-C(7) 2.237(22) -19.500(68) 1.3938 0.7169 0.6769 -18.34 -15.09 13.93 0.22

2.115 -19.135 1.3941 0.7460 0.6481 -15.82 -12.69 9.37 0.25
C(8)-C(9) 2.206(18) -20.611(56) 1.3999 0.7114 0.6885 -19.06 -14.90 13.35 0.28

2.136 -19.308 1.4003 0.7290 0.6713 -15.79 -13.21 9.69 0.20

1-Thiocoumarin
S(1)-C(1) 1.359(38) -2.076(45) 1.7736 0.9107 0.8628 -8.45 -6.72 13.09 0.26

1.293 -4.894 1.7715 0.9633 0.8082 -7.34 -6.19 8.64 0.19
S(1)-C(8) 1.336(43) -1.219(51) 1.7472 0.8771 0.8700 -8.24 -6.44 13.47 0.28

1.401 -6.132 1.7456 0.9596 0.7860 -7.99 -6.82 8.68 0.17
O(1)-C(1) 2.979(16) -23.635(83) 1.2229 0.7993 0.4236 -25.93 -24.50 26.79 0.06

2.769 -24.862 1.2241 0.7859 0.4381 -23.54 -22.24 20.92 0.06
C(1)-C(2) 2.008(13) -15.771(27) 1.4504 0.7208 0.7296 -14.94 -12.04 11.21 0.24

1.894 -14.336 1.4508 0.7666 0.6842 -13.46 -11.69 10.82 0.15
C(2)-C(3) 2.401(15) -22.244(31) 1.3578 0.6674 0.6904 -18.03 -14.09 9.88 0.28

2.224 -20.458 1.3558 0.6899 0.6659 -16.82 -13.35 9.71 0.26
C(9)-C(3) 1.987(14) -14.111(30) 1.4429 0.6981 0.7447 -14.52 -11.47 11.88 0.27

1.901 -15.085 1.4415 0.7188 0.7227 -13.86 -11.85 10.63 0.17
C(9)-C(4) 2.184(14) -17.383(31) 1.4110 0.7054 0.7056 -15.46 -13.42 11.50 0.15

2.005 -16.725 1.4103 0.7199 0.6904 -14.95 -12.13 10.36 0.23
C(5)-C(4) 2.217(18) -18.958(36) 1.3853 0.6747 0.7106 -17.03 -13.23 11.30 0.29

2.130 -18.644 1.3837 0.6816 0.7020 -16.01 -12.80 10.17 0.25
C(6)-C(5) 2.241(17) -18.632(39) 1.4015 0.6364 0.7651 -15.60 -13.54 10.51 0.15

2.091 -17.860 1.4019 0.6936 0.7084 -15.40 -12.94 10.48 0.19
C(6)-C(7) 2.288(14) -19.371(33) 1.3894 0.6759 0.7136 -16.49 -13.51 10.64 0.22

2.111 -17.845 1.3892 0.6812 0.7080 -15.49 -12.74 10.38 0.22
C(8)-C(7) 2.308(13) -20.965(31) 1.3998 0.7317 0.6681 -18.05 -13.71 10.79 0.32

2.090 -17.497 1.3984 0.7282 0.6702 -15.31 -12.61 10.42 0.21
C(8)-C(9) 2.109(14) -16.831(30) 1.4059 0.6632 0.7427 -15.38 -12.73 11.28 0.21

2.037 -16.982 1.4058 0.7175 0.6883 -14.96 -12.39 10.37 0.21

3-Acetylcoumarin
O(1)-C(1) 3.144(15) -35.318(95) 1.2093 0.7719 0.4375 -31.56 -26.93 23.17 0.17

2.942 -29.470 1.2095 0.7816 0.4279 -27.80 -25.28 23.61 0.10
O(2)-C(1) 2.014(14) -13.870(57) 1.3849 0.8117 0.5732 -16.86 -15.42 18.41 0.09

1.895 -15.726 1.3840 0.8342 0.5498 -14.99 -13.75 13.02 0.09
O(2)-C(8) 2.090(14) -16.342(58) 1.3667 0.8155 0.5511 -19.09 -15.20 17.95 0.26

1.953 -16.658 1.3662 0.8321 0.5342 -15.15 -14.04 12.53 0.08
O(3)-C(10) 2.968(15) -33.482(88) 1.2253 0.7751 0.4502 -29.32 -24.64 20.47 0.19

2.796 -26.739 1.2254 0.7914 0.4340 -24.76 -23.83 21.85 0.04
O(1A)-C(1A) 3.109(14) -35.690(85) 1.2132 0.7634 0.4498 -30.42 -25.00 19.73 0.22

2.903 -28.868 1.2134 0.7838 0.4296 -26.97 -24.87 22.97 0.08
O(2A)-C(1A) 2.035(14) -15.632(57) 1.3775 0.8196 0.5579 -17.97 -15.46 17.80 0.16

1.930 -17.107 1.3771 0.8364 0.5407 -15.46 -14.11 12.47 0.10
O(2A)-C(8A) 2.003(14) -14.055(57) 1.3694 0.8153 0.5540 -17.47 -14.62 18.03 0.19

1.941 -16.550 1.3687 0.8338 0.5348 -15.17 -13.85 12.47 0.10
O(3A)-C10A 3.089(16) -36.119(93) 1.2265 0.7735 0.4530 -30.66 -24.95 19.48 0.23

2.812 -28.524 1.2266 0.7897 0.4369 -25.15 -23.61 20.23 0.07
C(2)-C(1) 1.911(9) -15.302(29) 1.4660 0.7506 0.7155 -14.89 -13.09 12.69 0.14

1.868 -14.542 1.4657 0.6958 0.7699 -13.37 -11.77 10.59 0.14
C(3)-C(2) 2.220(11) -17.808(33) 1.3627 0.6867 0.6760 -16.99 -13.91 13.09 0.22

2.233 -20.159 1.3626 0.6865 0.6761 -16.43 -13.54 9.81 0.21
C(3)-C(9) 1.911(10) -13.264(30) 1.4338 0.7022 0.7316 -14.38 -12.13 13.24 0.19

1.953 -15.320 1.4338 0.7252 0.7086 -13.67 -12.42 10.77 0.10
C(9)-C(4) 2.072(10) -15.062(31) 1.4085 0.7308 0.6777 -15.83 -12.94 13.71 0.22

2.043 -17.344 1.4083 0.7166 0.6917 -15.01 -12.63 10.29 0.19

662 J. Phys. Chem. A, Vol. 109, No. 4, 2005 Munshi and Guru Row



the subsequent refinements were fixed to average bond distance
values obtained from reported neutron diffraction studies41

(Car-H ) 1.08 Å and Cmethyl-H ) 1.06 Å). In the next stage
of refinements releasing monopole, dipole, quadrupole, octapole,
and hexadecapole populations with singleκ were performed in
a stepwise manner. Finally, a singleκ′ was refined for each
species for all non H-atoms along with the rest of the parameters
(including the isotropic thermal parameters of H-atoms). For
all H-atoms, the multipole expansion was truncated atlmax ) 1
(dipole, bond-directed) level, and for 1-thiocoumarin the sulfur
atom was allowed to refine up to hexadecapole. For chemically
different groups of non-hydrogen atoms, separateκ andκ′ were
allowed while for H-atoms the corresponding values were fixed
at 1.2. No space group symmetry or chemical restraints were
applied and the scale factor was allowed to refine throughout
all refinements.

Theoretical Calculations

Calculation of Periodic Wave Function and Theoretical
Structure Factors. The programCRYSTAL0325 was used to
perform the single-point periodic calculations based on the
experimental geometry by using the density functional theory
(DFT) method at the B3LYP23,24 level with the 6-31G** basis
set.42 This basis set has been shown to provide reliable and
consistent results with respect to studies involving intermolecular
interactions.33 The shrinking factors (IS1, IS2, and IS3) along
the reciprocal lattice vectors were set at 4 (30 K-points in the
irreducible Brillouin zone). For all the three compounds, the

truncation parameters (ITOL), which control the accuracy of
the calculation of the bielectronic Coulomb and exchange series,
were set as ITOL1) ITOL2 ) ITOL3 ) ITOL4 ) 6 with
ITOL5 ) 17 for coumarin and 3-acetylcoumarin and ITOL5)
15 for 1-thiocoumarin. Due to the large difference between
ITOL4 and ITOL5, the exponents of the polarization functions
were not scaled.43 For faster convergence rate, the level shifter
value was set equal to 0.3 hartree for coumarin and 3-actyl-
coumarin while for 1-thiocoumarin it is 0.5 hartree. Upon
convergence on energy (∼10-6) the periodic wave function was
obtained and used to generate the theoretical structure factors
with the option XFAC. Similar calculations at the Hartree-
Fock (HF) level using the same basis set are under investigation.

Multipole Refinement and Topological Analysis.To elimi-
nate an important source of correlation between parameters, the
temperature factors and atomic positions were held fixed during
the multipole refinement of the theoretical structure factors via
XD. The same multipoles, as used in the refinement of
experimental structure factors, were allowed to refine with
separateκ′ parameters for each non H-atom including all
theoretical reflections. The module XDPROP39 of the package
XD was used for topological analysis of the electron density.

Evaluation of Atomic Basin Properties.Aicken and Popelier
have described the details of atomic integration and the
evaluation of atomic charges, electrostatic moments, volumes,
and energies along with other atomic properties.44 The module
TOPXD39 implemented in the package XD allows for the
calculation of these properties in the crystal while the program

TABLE 2 (Continued)

bond (A-B) Fb ∇2Fb Rij d1 (A-CP) d2 (CP-B) λ1 λ2 λ3 ε

3-Acetylcoumarin
C(4)-C(5) 2.176(10) -16.478(32) 1.3930 0.7101 0.6829 -16.92 -13.21 13.65 0.28

2.093 -17.382 1.3929 0.7034 0.6895 -15.12 -12.69 10.43 0.19
C(5)-C(6) 2.126(11) -16.260(32) 1.4043 0.7268 0.6775 -16.11 -13.66 13.51 0.18

2.066 -17.450 1.4043 0.6985 0.7058 -15.11 -12.71 10.37 0.19
C(7)-C(6) 2.162(11) -17.653(33) 1.3901 0.6712 0.7189 -17.23 -13.62 13.19 0.26

2.102 -17.391 1.3901 0.7025 0.6877 -15.03 -12.76 10.40 0.18
C(8)-C(7) 2.159(10) -18.259(31) 1.3967 0.6974 0.6992 -17.30 -13.88 12.92 0.25

2.111 -18.611 1.3968 0.7289 0.6679 -15.64 -12.99 10.02 0.20
C(8)-C(9) 2.157(10) -18.883(36) 1.4007 0.7581 0.6427 -17.34 -13.98 12.44 0.24

2.123 -19.221 1.4004 0.7243 0.6760 -15.90 -13.25 9.93 0.20
C(2)-C(10) 1.724(9) -12.848(27) 1.5071 0.7632 0.7438 -13.50 -11.34 11.99 0.19

1.730 -12.269 1.5068 0.7504 0.7564 -12.20 -10.92 10.85 0.12
C(10)-C(11) 1.700(9) -9.498(22) 1.5003 0.7995 0.7008 -11.99 -10.92 13.42 0.10

1.780 -13.892 1.4999 0.7802 0.7197 -12.44 -11.88 10.43 0.05
C(2A)-C(1A) 1.944(9) -14.946(28) 1.4689 0.7390 0.7300 -15.33 -12.70 13.08 0.21

1.874 -14.887 1.4687 0.6943 0.7744 -13.65 -11.79 10.54 0.16
C(2A)-C(3A) 2.233(11) -17.393(33) 1.3625 0.7012 0.6613 -16.96 -13.73 13.30 0.24

2.236 -20.211 1.3628 0.6757 0.6871 -16.49 -13.53 9.80 0.22
C(9A)-C(3A) 1.959(10) -13.663(30) 1.4312 0.7221 0.7092 -14.55 -12.45 13.34 0.17

1.956 -15.300 1.4307 0.7067 0.7240 -13.66 -12.38 10.74 0.10
C(9A)-C(4A) 2.070(10) -15.956(30) 1.4096 0.7229 0.6868 -15.83 -13.41 13.29 0.18

2.045 -17.196 1.4095 0.7165 0.6930 -14.97 -12.57 10.35 0.19
C(4A)-C(5A) 2.193(10) -17.560(32) 1.3885 0.6939 0.6946 -16.84 -14.12 13.40 0.19

2.105 -17.663 1.3885 0.6965 0.6920 -15.11 -12.91 10.35 0.17
C(5A)-C(6A) 2.146(11) -16.356(32) 1.4064 0.6878 0.7186 -16.67 -13.33 13.65 0.25

2.069 -17.475 1.4064 0.6996 0.7068 -15.23 -12.70 10.46 0.20
C(7A)-C(6A) 2.163(10) -17.943(31) 1.3915 0.6885 0.7030 -16.89 -14.12 13.06 0.20

2.090 -17.573 1.3915 0.6924 0.6991 -15.08 -12.81 10.31 0.18
C(8A)-C(7A) 2.184(10) -19.204(33) 1.3925 0.7250 0.6675 -17.69 -14.11 12.60 0.25

2.140 -19.272 1.3924 0.7287 0.6637 -16.03 -13.14 9.90 0.22
C(8A)-C(9A) 2.124(10) -17.732(34) 1.4041 0.7462 0.6579 -16.95 -13.56 12.78 0.25

2.098 -18.527 1.4042 0.7292 0.6750 -15.55 -13.02 10.04 0.19
C(2A)-C10A 1.707(9) -11.189(28) 1.5026 0.7640 0.7387 -12.44 -11.33 12.58 0.10

1.745 -12.631 1.5025 0.7503 0.7522 -12.36 -11.09 10.82 0.11
C10A-C11A 1.716(9) -9.852(22) 1.5009 0.7925 0.7084 -12.01 -10.94 13.09 0.10

1.756 -13.218 1.5004 0.7817 0.7187 -12.12 -11.60 10.50 0.05

a The values from periodic calculation using B3LYP/6-31G** method are given in italics.
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MORPHY9845 provides the corresponding information in the
gas-phase for the isolated molecule. Ab initio geometry
optimization and the corresponding wave functions for the
isolated molecule were obtained via GAUSSIAN98,46 both at
the restricted HF and B3LYP levels with the 6-31G** basis
set. In the calculations performed to evaluate the atomic basin
properties both in the crystal and in the gas phase, similar values
have been used for the integration variables. The HF level
calculations have produced reliable atomic basin properties in
several examples.7,47,44However, we have used the B3LYP/6-
31G** level for the first time to calculate these properties to
enable a direct comparison of the results between isolated
molecule and theoretical crystal.

Results and Discussion

The unit cell parameters, the experimental details, and the
multipole refinement parameters including the residual densities
over the asymmetric unit for all the three compounds are listed
in Table 1. Figure 1 gives the ORTEP diagrams of all the three
compounds, showing the thermal ellipsoids at 50% probability
level along with atom labeling. The final atomic coordinates,
thermal parameters, bond lengths, and angles of all compounds
are provided as Supporting Information. The bonds in all the
three structures satisfy Hirshfeld’s rigid bond test.48 The largest
differences of mean-square displacement amplitudes∆A,B for
coumarin is 6 × 10-4 Å2 for the bond C(4)-C(5), for

1-thiocoumarin it is 8× 10-4 Å2 for the S(1)-C(1) bond, and
for 3-acetylcoumarin it is 6× 10-4 Å2 for the C(3)-C(9) bond.
The experimental topological parameters of the covalent bonds
within the molecule for all the three compounds along with the
values obtained from periodic theoretical calculations are given
in Table 2. It is noteworthy that the values obtained from
experiment and theoretical calculations are in good agreement
in all the three cases, with the maximum difference being 0.06,
0.03, and 0.08 Å for the C(6)-C(5) (1-thiocoumarin), C(1)-
O(1) (coumarin), and C(8)-S(1) (1-thiocoumarin) bonds,
respectively, in the location of the BCPs. The electron density
and Laplacian values at the BCPs in each case are in good
agreement, demonstrating that both experimental and theoretical
methodologies provide comparative measures of topological and
charge density properties. The CdO bond length and the
associated BCPs differ in each case, which is a consequence of
the nature of intermolecular interaction originating from the
O-atom. Coumarin generates three C-H‚‚‚O interactions in the
crystal lattice, 1-thiocoumarin has also three C-H‚‚‚O inter-
actions, whereas 3-acetylcoumarin has an isolated C-H‚‚‚O
interaction at this O-atom. Figure 2 traces the bond paths
(experimental) between O-atoms and the involved H-atoms with
the (3,-1) BCPs along with representative bond path between
C-H and the Cπ for each compound. Representative Laplacian
maps from experimental analysis showing the distribution in
the region of the bond paths along C-H‚‚‚O and C-H‚‚‚Cπ

Figure 2. (a) Bond path character in coumarin showing the critical point locations along the C-H‚‚‚O and C-H‚‚‚Cπ interactions shown in red.
(b) Bond path character in 1-thiocoumarin showing the critical point locations along the C-H‚‚‚O and C-H‚‚‚Cπ interactions shown in red. (c)
Bond path character in 3-acetylcoumarin showing the critical point locations along the C-H‚‚‚O interactions shown in red. (d) Bond path character
in 3-acetylcoumarin showing the critical point locations along the C-H‚‚‚O and C-H‚‚‚Cπ interactions shown in red.
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are given in Figure 3. The corresponding theoretical maps are
not shown in the figure since they display similar features. The
multipole population parameters (Plm( andPV) along withκ and
κ′ from experimental and theoretical refinements are provided
as Supporting Information.

The main objectives of the present study is to characterize
intermolecular interactions involving C-H‚‚‚O and C-H‚‚‚π
in each structure and evaluate them based on all eight of Koch
and Popelier’s criteria. The C-H‚‚‚π interactions considered
for this study are limited to the aromatic carbon atom regions
of the compounds. The details of all the parameters character-

izing the interactions are given in Table 3. The inclusion of
C-H‚‚‚π interactions (van der Waals in nature) in our evaluation
of the eight criteria arises from the fact that it provides an
immediate comparison with a weak hydrogen bond such as
C-H‚‚‚O. Indeed C-H‚‚‚O interactions define the possible limit
of the hydrogen bond as can be seen in the evaluation of the
eight criteria as follows. Thus these two interactions allow for
the definition of a “region of overlap” between the hydrogen
bond and a van der Waals interaction.

Criterion 1. BCPs and the linking bond paths are found in
all interactions. The variation of electron density at the BCPs,

Figure 3. (a) Laplacian [∇2Fb(r )] of a representative C-H‚‚‚O intermolecular interaction in coumarin. For all the Laplacian maps the contours are
drawn at logarithmic intervals in-∇2Fb e Å-5. Blue and red lines represent positive and negative contours, respectively. (b) Laplacian [∇2Fb(r )] of
a representative C-H‚‚‚Cπ intermolecular interaction in coumarin. (c) Laplacian [∇2Fb(r )] of a representative C-H‚‚‚O intermolecular interaction
in 1-thiocoumarin. (d) Laplacian [∇2Fb(r )] of a representative C-H‚‚‚Cπ intermolecular interaction in 1-thiocoumarin. (e) Laplacian [∇2Fb(r )] of a
representative C-H‚‚‚O intermolecular interaction in 3-acetylcoumarin. (f) Laplacian [∇2Fb(r )] of a representative C-H‚‚‚Cπ intermolecular interaction
in 3-acetylcoumarin.
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TABLE 3: Intermolecular Bond Critical Points and the Parameters Characterizing the Interactionsa

interactions Rij ∆rD - ∆rA ∆rD + ∆rA Fb ∇2Fb G(rCP) V(rCP)

Coumarin
H(4)-X2-O(1) 2.434 0.121 0.306 0.045 0.915 18.39 -11.87
(x + 1, y - 1/2, -z + 3/2) 2.414 0.096 0.326 0.051 0.924 18.97 -12.78
H(3)-X2-O(1) 2.310 0.123 0.230 0.036 0.775 15.30 -9.49
(x + 1, y - 1/2, -z + 3/2) 2.458 0.119 0.282 0.041 0.831 16.61 -10.59
H(6)-X3-O(1) 2.725 -0.041 0.015 0.032 0.520 10.45 -6.74
(-x, y, z - 1/2) 2.698 -0.018 0.042 0.036 0.561 11.41 -7.55
H(6)-X4-O(2) 2.834 -0.098 -0.094 0.033 0.518 10.47 -6.83
(-x, y - 1/2, -z + 1) 2.771 -0.084 -0.031 0.035 0.552 11.19 -7.35
H(5)-X4-C(8) 2.828 -0.046 -0.222 0.036 0.408 8.64 -6.16
(-x + 1, y - 1/2, -z + 1) 2.764 -0.042 0.286 0.031 0.438 8.91 -5.89
H(7)-X4-C(5) 3.013 -0.086 0.037 0.027 0.237 5.06 -3.67
(-x, y + 1/2, -z + 1) 2.993 -0.157 0.057 0.031 0.244 4.82 -2.99
H(2)-X2-C(4) 3.021 -0.054 0.029 0.031 0.319 6.75 -4.81
(x, y + 1/2, -z + 3/2) 3.009 -0.245 0.041 0.020 0.255 5.09 -3.24
H(5)-X4-C(7) 3.057 -0.187 -0.007 0.025 0.239 5.01 -3.51
(-x + 1, y - 1/2, -z + 1) 3.042 -0.126 0.008 0.022 0.277 5.57 -3.60
H(2)-X2-C(9) 3.131 -0.291 -0.081 0.015 0.229 4.44 -2.65
(x, y + 1/2, -z + 3/2) 3.081 -0.331 -0.031 0.023 0.278 5.63 -3.69
H(4)-X1-C(7) 3.150 -0.311 -0.100 0.014 0.200 3.89 -2.32
(x + 1, y, z) 3.156 -0.282 -0.106 0.021 0.244 4.82 -2.99
H(7)-X1-C(4) 3.200 -0.262 -0.150 0.017 0.184 3.69 -2.37
(x - 1, y, z) 3.156 -0.435 -0.106 0.018 0.247 5.77 -3.63
H(4)-X4-C(7) 3.208 -0.279 -0.158 0.025 0.211 4.50 -3.25
(-x + 1, y - 1/2, -z + 1) 3.134 -0.184 -0.084 0.022 0.253 5.13 -3.38
H(7)-X1-C(5) 3.231 -0.066 -0.181 0.012 0.174 3.36 -1.97
(x - 1, y, z) 3.221 -0.286 -0.171 0.014 0.193 3.76 -2.26

1-Thiocoumarin
H(6)-X1-O(1) 2.477 0.134 0.263 0.046 0.768 15.79 -10.67
(x, y - 1, z) 2.470 0.110 0.270 0.043 0.831 16.74 -10.85
H(3)-X2-O(1) 2.555 0.198 0.185 0.024 0.680 12.97 -7.42
(x, -y + 2, z + 1/2) 2.478 0.109 0.262 0.042 0.818 16.44 -10.60
H(4)-X2-O(1) 2.603 0.144 0.137 0.027 0.590 11.47 -6.88
(x, -y + 2, z + 1/2) 2.546 0.096 0.194 0.035 0.691 13.72 -8.62
H(7)-X2-C(4) 2.832 -0.045 0.218 0.031 0.359 7.48 -5.17
(x, -y + 1, z - 1/2) 2.847 -0.169 0.203 0.032 0.423 8.69 -5.86
H(7)-X2-C(5) 2.987 -0.095 0.063 0.019 0.207 4.18 -2.73
(x, -y + 1, z - 1/2) 3.015 -0.282 0.035 0.018 0.281 5.49 -3.32
H(6)-X1-C(2) 3.048 -0.034 0.002 0.027 0.290 6.03 -4.15
(x, y - 1, z) 3.085 -0.230 -0.035 0.024 0.291 5.91 -3.89

3-Acetylcoumarin
H(6)-X1-O(2A) 2.433 0.117 0.307 0.048 0.926 18.80 -12.37
(x - 1, y - 1, z) 2.408 0.114 0.332 0.047 0.930 18.80 -12.27
H(5A)-X1-O(1A) 2.442 0.188 0.298 0.038 0.927 18.18 -11.10
(x, y - 1, z) 2.427 0.141 0.313 0.042 0.868 17.35 -11.06
H(6A)-X1-O(2) 2.445 0.128 0.295 0.044 0.885 17.78 -11.47
(x + 1, y, z) 2.408 0.110 0.332 0.048 0.933 18.92 -12.44
H(5)-X1-O(1) 2.499 0.220 0.242 0.030 0.827 15.92 -9.32
(x, y - 1, z) 2.439 0.143 0.301 0.040 0.849 16.88 -10.63
H(4A)-X1-O(3) 2.518 0.178 0.222 0.031 0.734 14.28 -8.58
(x, y, z + 1) 2.522 0.182 0.218 0.028 0.684 13.23 -7.83
H(4)-X1-O(3A) 2.552 0.148 0.188 0.032 0.690 13.54 -8.28
(x, y - 1, z - 1) 2.534 0.137 0.206 0.033 0.677 13.35 -8.27
H(7A)-X1-O(1) 2.645 0.235 0.095 0.020 0.560 10.52 -5.79
(x + 1, y, z) 2.626 0.100 0.114 0.030 0.567 11.20 -6.96
H(7)-X1-O(1A) 2.664 0.167 0.077 0.025 0.530 10.29 -6.15
(x - 1, y - 1, z) 2.664 0.076 0.076 0.029 0.533 10.53 -6.55
H(6A)-X2-C(5) 3.174 -0.230 -0.124 0.011 0.197 3.75 -2.13
(-x + 1, -y, -z) 3.162 -0.328 -0.112 0.016 0.223 4.37 -2.66
H(6A)-X2-C(4) 3.177 -0.198 -0.127 0.014 0.248 4.76 -2.76
(-x + 1, -y, -z) 3.158 -0.338 -0.108 0.017 0.234 4.60 -2.83
H(4A)-X2-C(3A) 3.189 -0.319 -0.139 0.013 0.220 4.22 -2.45
(-x + 1, -y + 1, -z + 1) 3.189 -0.319 -0.139 0.012 0.170 3.28 -1.94
H(4)-X2-C(6A) 3.244 -0.312 -0.194 0.011 0.168 3.22 -1.87
(-x + 1, -y, -z) 3.244 -0.319 -0.194 0.015 0.188 3.70 -2.28
H(6A)-X1-C(1) 3.381 0.117 -0.331 0.005 0.110 2.04 -1.09
(x + 1, y, z) 3.389 0.026 -0.339 0.007 0.117 2.20 -1.22
H(6)-X1-C(7A) 3.382 0.312 -0.332 0.005 0.175 3.22 -1.68
(x - 1, y - 1, z) 3.269 0.072 -0.218 0.013 0.194 3.75 -2.21
H(6)-X1-C(1A) 3.409 0.109 -0.359 0.006 0.107 2.00 -1.10
(x - 1, y - 1, z) 3.398 0.034 -0.348 0.006 0.114 2.13 -1.16
H(5A)-X1-C(1A) 3.726 0.376 -0.676 0.005 0.106 1.97 -1.05
(x, y - 1, z) 3.600 0.302 -0.550 0.006 0.123 2.30 -1.24
H(7A)-X2-C(1) 3.835 -0.373 -0.785 0.006 0.074 1.41 -0.80
(-x + 1, -y + 1, -z) 3.842 -0.390 -0.792 0.005 0.070 1.32 -0.73

a The values from periodic calculation using the B3LYP/6-31G** method are given in italics. The symmetry codes are given in the second row
under each interaction.
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Fb, as a function of the length of the interaction lineRij is shown
in Figure 4. It is to be noted that theFb values range from 0.005
to 0.048 e Å-3 (experiment), 0.005 to 0.051 e Å-3 (theory),
and the correspondingRij values 2.433 to 3.835 Å (experiment)
and 2.408 to 3.842 Å (theory). It is remarkable that even in
this narrow range the dependence is analogous to Pauling’s

relation between bond orders and internuclear distances.49-52

Most of the C-H‚‚‚O hydrogen bonds reside in the range 2.4
to 2.7 Å forRij, while the C-H‚‚‚π aggregates lie beyond 3 Å.
The Fb values for C-H‚‚‚O hydrogen bonds characteristically
lie between 0.020 and 0.048 e Å-3 (experiment) and 0.028 to
0.051 e Å-3 (theory), and the correspondingFb for C-H‚‚‚π

Figure 4. Exponential dependence ofFb [e Å-3] on the interaction lengthRij [Å] for C-H‚‚‚X (X ) O or Cπ) containingN ) 36 data points (for
all the hydrogen bonds in all three compounds). The solid and open symbols represent experimental and theoretical values, respectively. The inset
gives the details of the fitting models (solid and broken lines represent experimental and theoretical fitting, respectively) along with correlation
coefficientsR.

Figure 5. Quadratic relationship between local potential energy densityV(rCP) [kJ mol-1 bohr-3] and Fb [e Å-3] for N ) 36 data points.
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interactions reside typically in the range 0.005 to 0.036 e Å-3

(experiment) and 0.005 to 0.032 e Å-3 (theory). Significantly,
the shaded region in Figure 4 between theRij values of 2.75
to 2.85 Å contain representations from both C-H‚‚‚O and
C-H‚‚‚π contacts, which we believe is a “region of overlap”
between the hydrogen-bond and an interaction.

Criterion 2. In the experimental charge density studies we
calculate the local potential energy densityV(rCP) at BCPs

essentially to represent a quantity proportional to the hydrogen
bond energy (Figure 5). The distribution fits a quadratic equation
(curvilinear correlation coefficient,Rexpt) 0.93 andRtheo) 0.98)
similar to that observed by Mallinson et al. between strongest
and weakest interactions.12 Figure 5 clearly separates the
C-H‚‚‚O and C-H‚‚‚π regions in theV(rCP) ranges. Once again
it is observed that the “region of overlap” delineates the
hydrogen-bonding region with the interaction region as shown

Figure 6. Exponential fitting ofV(rCP) [kJ mol-1 bohr-3] and local kinetic energy densityG(rCP) [kJ mol-1 bohr-3] values onRij [Å] for N ) 36
data points.

Figure 7. Exponential dependence of total local electron densityE(rCP) [kJ mol-1 bohr-3] on Rij [Å] for N ) 36 data points.
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by the shaded area. The correspondingV(rCP) values are in the
range of-5.5 to-6.5 kJ mol-1 bohr-3. It is of interest to note
that the theoretically derived values also lie in the same region,
indicating a one-to-one correspondence between experiment and
theory. Figure 6 shows the dependence of both the local kinetic
and the potential energy densities [V(rCP) and G(rCP)] on Rij,
which follows the expected exponential behavior. Figure 7
shows the exponential dependence of the total energy density
[E(rCP)] on Rij, and it resembles the dependence ofFb on Rij.

Criterion 3. The relationship of Laplacian (∇2Fb) andRij with
the condition that∇2Fb should have positive values is depicted

in Figure 8. The distribution resembles Morse-like, and the
region of overlap is clearly demarked in the range 2.75 to 2.85
Å in Rij. The Laplacian values range from 0.518 to 0.926 e Å-5

(experiment) and 0.533 to 0.933 e Å-5 (theory) for C-H‚‚‚O
interactions, while those of C-H‚‚‚π are in the range 0.074 to
0.408 e Å-5 (experiment) and 0.070 to 0.438 e Å-5 (theory). It
is to be noted that the values of the Laplacian lie in the range
0.35 to 0.55 e Å-5, which defines the region of overlap.

Criterion 4. The nonbonded radii of the donor (rD
0) and the

acceptor (rA
0) atoms are compared with their corresponding

bonding radii. The quantity∆rD + ∆rA represents the inter-

Figure 8. Morse-like dependence of Laplacian [∇2Fb(r )] (e Å-5) on Rij [Å] for N ) 36 data points.

Figure 9. Linear dependence of (∆rD + ∆rA) [Å] on Rij [Å] for N ) 15 (C-H‚‚‚O) andN ) 21 (C-H‚‚‚Cπ) data points. The dotted line corresponds
to (∆rD + ∆rA) ) 0.
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TABLE 4: Atomic Net Charges (q), Atomic Potential Energy (PE), Atomic Dipolar Polarization (M), and Atomic Volume (V) of
the H-Atoms in the Crystal and in the Isolated Molecule and Their Corresponding Differences (in au)

Atomic Net Charges (q)

q (crystal) q (isolated) ∆q (crystal- isolated)

interactions atom expt.(E) theo.(T) HF DFT E-HF E-DFT T-HF T-DFT

Coumarin
C(4)...H(2)a H(2) 0.2569 0.1080 0.0144 0.0441 0.2425 0.2128 0.0936 0.0639
C(9)...H(2)a

O(1)...H(3)b H(3) 0.0991 0.1280 -0.0083 0.0222 0.1074 0.0769 0.1291 0.0986
O(1)...H(4)b H(4) 0.0957 0.0792 -0.0305 0.0074 0.1262 0.0883 0.1097 0.0718
C(7)...H(4)c

C(7)...H(4)d

C(7)...H(5)e H(5) 0.0331 0.0655 -0.0317 0.0080 0.0648 0.0251 0.0972 0.0575
C(8)...H(5)e

O(1)...H(6)f H(6) -0.0292 0.0859 -0.0241 0.0128 -0.0051 -0.0420 0.1100 0.0731
O(2)...H(6)g

C(4)...H(7)h H(7) 0.0662 0.0902 0.0026 0.0353 0.0636 0.0309 0.0876 0.0549
C(5)...H(7)h

1-Thiocoumarin
O(1)...H(3)i H(3) 0.0991 0.0980 -0.0164 0.0155 0.1155 0.0836 0.1144 0.0825
O(1)...H(4)i H(4) 0.2872 0.1092 -0.0334 0.0058 0.3206 0.2814 0.1426 0.1034
O(1)...H(6)j H(6) 0.3029 0.0809 -0.0250 0.0126 0.3279 0.29.3 0.1059 0.0683
C(2)...H(6)j

C(4)...H(7)k H(7) 0.2810 0.0561 -0.0193 0.0185 0.3003 0.2625 0.0754 0.0376
C(5)...H(7)k

Atomic Potential Energy (PE)

PE (crystal) PE (isolated) ∆PE (crystal- isolated)

interactions atom expt.(E) theo.(T) HF DFT E-HF E-DFT T-HF T-DFT

Coumarin
C(4)...H(2) H(2) -1.0446 -1.1936 -1.2514 -1.2189 0.2068 0.1743 0.0578 0.0253
C(9)...H(2)
O(1)...H(3) H(3) -1.2564 -1.1901 -1.2733 -1.2368 0.0169 -0.0196 0.0832 0.0467

O(1)...H(4) H(4) -1.2461 -1.2245 -1.2916 -1.2486 0.0455 0.0025 0.0671 0.0241
C(7)...H(4)
C(7)...H(4)
C(7)...H(5) H(5) -1.3213 -1.2410 -1.2932 -1.2502 -0.0281 -0.0711 0.0522 0.0092
C(8)...H(5)
O(1)...H(6) H(6) -1.4029 -1.2230 -1.2886 -1.2474 -0.1143 -0.1555 0.0656 0.0244
O(2)...H(6)
C(4)...H(7) H(7) -1.2700 -1.2091 -1.2608 -1.2247 -0.0092 -0.0453 0.0517 0.0156
C(5)...H(7)

1-Thiocoumarin
O(1)...H(3) H(3) -1.2408 -1.2098 -1.2865 -1.2461 0.0457 0.0053 0.0767 0.0363
O(1)...H(4) H(4) -1.0306 -1.2061 -1.2960 -1.2498 0.2654 0.2192 0.0899 0.0437
O(1)...H(6) H(6) -0.9684 -1.2293 -1.2887 -1.2454 0.3203 0.2770 0.0594 0.1610
C(2)...H(6)
C(4)...H(7) H(7) -0.9787 -1.2526 -1.2837 -1.2400 0.3050 0.2613 0.0311 -0.0126
C(5)...H(7)

Atomic Dipolar Polarization (M)

M (crystal) M (isolated) ∆M (crystal- isolated)

interactions atom expt.(E) theo.(T) HF DFT E-HF E-DFT T-HF T-DFT

Coumarin
C(4)...H(2) H(2) 0.0540 0.1006 0.0978 0.1209 -0.0438 -0.0669 0.0019 -0.0203
C(9)...H(2)
O(1)...H(3) H(3) 0.0251 0.0652 0.0972 0.1236 -0.0721 -0.0985 -0.0320 -0.0584
O(1)...H(4) H(4) 0.0588 0.1013 0.0978 0.1258 -0.0390 -0.0670 0.0035 -0.0245
C(7)...H(4)
C(7)...H(4)
C(7)...H(5) H(5) 0.0386 0.0768 0.0975 0.1237 -0.0589 -0.0851 -0.0207 -0.0469
C(8)...H(5)
O(1)...H(6) H(6) 0.0725 0.0969 0.0970 0.1230 -0.0245 -0.0505 -0.0001 -0.0261
O(2)...H(6)
C(4)...H(7) H(7) 0.1076 0.1126 0.0975 0.1218 0.0101 -0.0142 0.0151 -0.0092
C(5)...H(7)

1-Thiocoumarin
O(1)...H(3) H(3) 0.1033 0.0953 0.0986 0.1253 0.0047 -0.0220 -0.0033 -0.0300
O(1)...H(4) H(4) 0.0478 0.0505 0.0978 0.1260 -0.0500 -0.0782 -0.0473 -0.0755
O(1)...H(6) H(6) 0.1021 0.0743 0.0969 0.1230 0.0052 -0.0209 -0.0226 -0.0487
C(2)...H(6)
C(4)...H(7) H(7) 0.1561 0.0943 0.0971 0.1233 0.0590 0.0328 -0.0028 -0.0290
C(5)...H(7)
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penetration of van der Waals spheres of the donor and acceptor
atoms. If this quantity has negative values, then the definition
of hydrogen bond is not valid7,8 even though there is a linear
correlation between∆rD + ∆rA andRij (Figure 9). Further, if
∆rD + ∆rA is also negative (Table 3), the interaction should be
considered as van der Waals in nature. The differentiation
between C-H‚‚‚O and C-H‚‚‚π is obvious in this figure and
the limit of the hydrogen bond is well defined and corresponds
to the Rij values between 2.75 and 2.85 Å for the region of
overlap. However, the overlap requirements do suggest pos-
sibilities of diffuseness in this region, as can be seen from the
negative value of∆rD - ∆rA in case of the C(6)-H(6)‚‚‚O(1)
interaction in coumarin (Table 3).

Criteria 5 -8. The evaluation of integrated properties over
the basin of the H-atoms involved in the interactions forms the
basis of these criteria. We have determined the charge, potential
energy, dipolar polarization, and volume of H-atoms involved
in the C-H‚‚‚O and C-H‚‚‚π interactions considering the
crystal (experimental and theoretical) and the isolated molecule.
The theoretical values have been calculated in the case of
isolated molecules using both HF and DFT methods. Except in
the case of 3-acetylcoumarin, where the calculations based on
the isolated molecule indicate problems with optimization
(values from experimental and theoretical calculation on crystal
are given in Supporting Information, Table S26), we have
compiled all the components of criteria 5-8 in Table 4. Since
the theoretical calculation in the crystal is evaluated using only
DFT, the integration properties appear most reliable with respect
to the DFT calculation for isolated molecule and we have
restrained the discussions to these values. A general trend
emerges on inspection of Table 4 that the values for the
C-H‚‚‚O hydrogen bonds demarcate from the C-H‚‚‚π van
der Waals interactions. For example, the difference in charge
on the H-atom increases from a value of 0.0549e for C-H‚‚‚π
to a value of 0.0986e for C-H‚‚‚O hydrogen bond in the
structure of coumarin. A similar trend is seen in case of
1-thiocoumarin with the values ranging from 0.0376e to 0.0825
e, respectively. It is noteworthy that intermediate values are
taken by those H-atoms, which display both C-H‚‚‚π and
C-H‚‚‚O character. Comparable electron losses were found in

case of formation of a dihydrogen bond47 and also in a set of
C-H‚‚‚O bonds containing van der Waals complexes,7 indicat-
ing that in general smaller electron loss reflects weak interaction.
The differences in the potential energy (PE) in all cases depict
the expected trend destabilizing the H-atom upon crystal
formation. It is to be noted that calculations using TOPXD39

give only the nuclearPE values, and hence for comparisons
the kinetic energy output from the calculation on isolated
molecules (MORPHY9845) is subtracted from the corresponding
estimate of the total energy. The trends show that the increase
in the PE for C-H‚‚‚O hydrogen bond is larger compared to
that in the C-H‚‚‚π regime (for coumarin, 0.0467 au to 0.0092
au and for 1-thiocoumarin, 0.0363 au to-0.0126 au). The
energy changes are strikingly significant in distinguishing
between C-H‚‚‚O hydrogen bond and C-H‚‚‚π interaction. A
measure of the extent and direction of dipolar polarization of
the atomic electron density is given by the magnitude of the
first moment, and this value decreases by 0.0584 au for the
C-H‚‚‚O bond and 0.0092 au for a C-H‚‚‚π interaction in
coumarin. The corresponding values for 1-thiocoumarin are
0.0755 au and 0.0290 au, respectively. The final criterion,
decrease of H-atom’s volume, is quite significant to bring in
the difference in bond strength between the two types of
interactions. The volume shrinks by 7.92 au for C-H‚‚‚O as
compared to 0.04 au for C-H‚‚‚π interaction in coumarin while
the values in 1-thiocoumarin are 7.78 au and 2.90 au, respec-
tively. All these criteria show similar trends and allow distin-
guishing the two types of interactions on a quantitative footing.

Conclusion

Experimental and theoretical charge density calculation in
three compounds belonging to the coumarin family suggests
that there exists a well-defined “region of overlap” between
hydrogen bond and van der Waals interaction. The lacuna of
the identification of a lower limit for the hydrogen bond
formation27 has been addressed in our analysis. We believe that
for the first time there is an experimental indication that at a
critical distance X(donor)-H‚‚‚A(acceptor) interaction is switched
from “hydrogen bond” to “van der Waals” type. All eight of

TABLE 4 (Continued)

Atomic Volume (V)

V (crystal) V (isolated) ∆V (crystal- isolated)

interactions atom expt.(E) theo.(T) HF DFT E-HF E-DFT T-HF T-DFT

Coumarin
C(4)...H(2) H(2) 35.10 46.02 46.36 46.66 -11.26 -11.56 -0.34 -0.64
C(9)...H(2)
O(1)...H(3) H(3) 35.64 40.43 47.95 48.35 -12.31 -12.71 -7.52 -7.92
O(1)...H(4) H(4) 38.64 41.84 48.89 49.12 -10.25 -10.48 -7.05 -7.28
C(7)...H(4)
C(7)...H(4)
C(7)...H(5) H(5) 39.47 44.82 48.80 48.84 -9.33 -9.37 -3.98 -4.02
C(8)...H(5)
O(1)...H(6) H(6) 38.82 43.47 48.54 48.51 -9.72 -9.69 -5.07 -5.04
O(2)...H(6)
C(4)...H(7) H(7) 42.18 47.22 46.87 47.18 -4.69 -5.00 0.35 0.04
C(5)...H(7)

1-Thiocoumarin
O(1)...H(3) H(3) 34.45 41.27 47.44 47.96 -12.99 -13.51 -6.17 -6.69
O(1)...H(4) H(4) 27.97 40.90 48.53 48.68 -20.56 -20.71 -7.63 -7.78
O(1)...H(6) H(6) 34.80 43.28 48.54 48.52 -13.74 -13.72 -5.26 -5.24
C(2)...H(6)
C(4)...H(7) H(7) 38.90 45.16 47.94 48.06 -9.04 -9.16 -2.78 -2.90
C(5)...H(7)

Symmetry codes:a(x,y+1/2,-z+3/2), b (x+1,y-1/2,-z+3/2), c (x+1,y,z), d (-x+1,y-1/2,-z+1), e (-x+1,y-1/2,-z+1), f (-x,y,z-1/2),
g (-x,y-1/2,-z+1), h (x-1,y,z), i (x,-y+2,z+1/2), j (x,y-1,z), k (x,-y+1,z-1/2).
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Koch and Popelier’s criteria7 based on theoretical grounds are
found necessary and sufficient to describe both qualitative and
quantitative measures to evaluate the nature of C-H‚‚‚O and
C-H‚‚‚π interactions. Further inputs from neutron diffraction
studies, particularly to locate the position of hydrogen atoms
unequivocally, would assist quantification of these results.
However, the observed remarkable agreement between the
theory and experiment is a sufficient indication to quantify the
features of intermolecular interactions. These yardsticks form
the tools of “quantitative crystal engineering”, which allow for
the identification of lower limit of a hydrogen bond.
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Note Added after ASAP Publication. This paper was
published ASAP on December 10, 2004, with some errors in
the atom numbering and symmetry codes in Table 3 (section
for 3-Acetylcoumarin). The corrected version was posted
January 6, 2005.
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