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The crystal structures of tetraphenylphosphonium squarate, bianthrone, and bis(benzophenone)azine are shown
to contain a variety of €H%*--0*H—C interactions, as well as a variety of-€l-*O and C-H:--C,
interactions. Each of these molecules possesses interactions that can possibly be characterized a$ieither H
bonds or weak hydrogen bonds based on the first four criteria proposed by Koch and Popelier. These interactions
have been completely characterized topologically after the multipole refinement of the structures. It appears
that weak interactions of the form-@4°*---9*H—C possess certain correlations between the various properties

of the electron density at the bond critical points. The coexistence of the three types of interactions makes it
possible to establish similarities and differences in the correlations of these weak interactions. This all leads
to a better understanding oftH interactions and how they fit into the hierarchy of weak interactions.

Introduction ecules has shown that these interactions possess bond energies
on the order of 0.4 kcal/mdP-11 Thus, on the basis of energetic
considerations obtained from both experimental and theoretical
studies, it is clear that these systems with-KG--H—C
interactions (in which there is no net electrical charges on the
hydrogen atoms or very small charges of the same sign) can
exhibit energetic stability, potentials typical of a bound system
and stable equilibrium geometry. Therefore, these interactions
are quite different from other types of interactions such as
dihydrogen bonds and are best classified as+bonds.

Until recently, hydrogen bonds were generally understood
as an electrostatic interaction in which a negatively charged
heteroatomX is covalently bonded to a positively charged
hydrogen atom which in turn attracts another negatively charged
heteroatomY.! We can therefore denote a hydrogen bond as
X0~ —Hd+...Yo= where the XH group is known as the
hydrogen donor and the Y atom is considered the hydrogen
acceptor. The field of hydrogen bonding was further enlarged
with the discovery of the dihydrogen bofé:” It was found . . . o
that unusually short H-H contacts (1.72.2 A) existed in X-ray The aim of this work is to determine if these-#l bonds

crystallographic structures of organometallic compounds. The can be specifically distinguished from a general population of
dihydrogen bonds were of the formdX—Ho+e--Ho-—Mo+ weak hydrogen interactions. This will be attempted using

where M represented a transition metal. expe_:rlme_ntal charge density studies, tile relat_ed topologu:;al
. .._._studies within the context of the theory of “atoms in molecules
Evidence has also suggested that closed-shell stabilizing

interactions can occur between two hydrogen atoms of similar (AIM). . .

chargel8 The similarities between the two charges is a result The t_heory of AIM has t.’ee” applied both experlmentglly and
of molecular symmetry or electronic environment of the theoretically to a wide variety of structures containing different
compound. For instance, in the solid state structures of manyYPes Of hydrogen interactions, ranging from hydrogen bonds
organic molecules, two hydrogen atoms of similar charges can to van der Waals interactions. This theory states that ina bound
come into close contact with each other. Whether this is a result M0lecular state, the nuclei of the bonded atoms are linked by a

of the crystal packing of the molecule forcing these hydrogen line in which the electron density is a maximum with respect

atoms to come into close contact or whether these atoms carf® @1 neighboring lines, and is referred to as a bond path{BP).
form a bonding interaction of their own free will, is still 1h& minimum in the electron density along the bond path is

uncertain. However, the presence of a bond path between thecalled the bond critical point (BCP), and can be considered as
two hydrogen atoms suggests that a weak bond is formed@ datéway between two bonded atoms. The BCP possesses
between the two atoms. Early studies performed by Cioslowski several important features_ suczh as the_ electron density at the
and Mixon on these types of interactions used the classical BCP (cp) @nd the LaplacianWpep), which can be used to
nonbonding steric interaction theory to describe these interac- characterize the type of bonding that is occurring between the
tions as repulsive in natufeHowever, experimental and atoms of interest. In the case of an open-shell interaction
theoretical studies of €HO*+-H3*—C interactions based on (covalent bondsyg, > 0.5 e A'S, where in a closed-shell

isotropic interaction potentials of intermolecular (§Hnol- interaction (hydrogen bond or van derYVaaIs interactions) values
of pep are generally lower than 0.5 e”A The V2p(r) can be
* Corresponding author. Telephone number: 1-(902)-494-3759. Fax de;med as the sum of the elgenvalues of the Hessian matrix
number: 1-(902)-494-1310. E-mail: dwolsten@dal.ca. (V2o(r) = A1 + A2 + A3), the first two curvaturesig, 4.) are
TCCDC 299197 and 299198 contain the supplementary crystallographic negative and are perpendicular to the bond path, and the third

data for this paper. These data can be obtained free of charge viacurvature is positive and is tangential to the bond ﬁaNhen
www.ccdc.cam.ac.uk/data_request/cif, or by e-mailing data_request@ :

cedc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data the V2p(r) < 0, the density is locally concentrated, resulting in
Centre, 12 Union Road, CB2 1EZ, U.K.; fax44 1223 336033. a open-shell interaction, and wh&h2p(r) > 0, the density is
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locally depleted such as a closed shell interaction. The energy
densities at the BCP are another useful way of classifying the
type of chemical bonding occurring in a desired system. It has
been well established that the kinetic energy densiy.y),

and the potential energy density(r.y), for a closed-shell
interactions can be determined from the following two equa-
tions12

G(r) = (3/10)(37°)%0™rep) + (16WVp(re) (1)

V(r ) = (W4m)V2p(r ) — 2G(r,,) 2)

This means that closed-shell interactions will be dominated by
a local excess in the kinetic energy and open-shell interactions
will be dominated by a lowering of the potential enefgy The

total energy density can then be calculated from the sum of the
local and potential energy densities, as in

E(rey) = G(rep) + V(rey) ©)

It is important to be able to characterize the type of bonding
occurring in weak intra/intermolecular interactions because these
weak interactions have been shown to play an important role
in the stability of molecular crystald. One group of weak
interactions that has received considerable attention over the
years is hydrogen bonds, in particular dihydrogen bonds.
Recently, it was proposed that dihydrogen bonds of the form
X—Hd*.-.0*H-Y should be classified separately from tradi-
tional dihydrogen bonds (¥H%*:-«9~H—Y) as a consequence

of their differences in atomic and geometric characteristics.
The nature of the atoms involved in what is now calleetiH
bonding is quite difference from that of dihydrogen bonds:HH
bonds generally possess two electronegative atoms covalently
bonded to the two hydrogen atoms. Dihydrogen bonds involve
both an electronegative and an electropositive atom covalently
bonded to their respective hydrogen atoms. The second major
difference between the two types of interactions involves the
X—H bond lengths. In HH bonds, the XH bond length
decreases upon formation of the bond, whereas in dihydrogen
bonds the X-H bond length increases upon formation of the
bond. The atomic volumes of the hydrogen atomsirHbonds
decrease upon the formation of a bond but to a lesser extent
than in the dihydrogen bond. In most cases the decreases irFigure 1. (a) ORTEP diagram with labels for atoms of tetraphe-
atomic volume for each hydrogen atom in—H bonds are nylphosphonium squarate at 90 K with 50% ellipsoid probability. (b)
identical or very similar. The atomic energies of the hydrogen ORTEP diagram with labels for atoms of bianthrone at 90 K with 50%
atoms for both interactions are also quite different. Both €llipsoid probability. (c) ORTEP diagram with labels for atoms of bis-
hydrogen atoms in HH bonds are stabilized by typically-27 (benzophenone)azine at 90 K with 50% ellipsoid probability.
kcal/mol, whereas the acidic hydrogen in dihydrogen bonds
experiences a marked destabilization of up te-20 kcal/mol*
Finally, the most obvious difference between the two types of

weak interactions is the charges associated with each.hydroger\llvere collected on a Rigaku Saturn CCD diffractometer using
atom. The hydrogen atoms for-H1 bonds are both positively 14 k¢ radiation. The crystal data from the X-ray diffraction

charged, whereas dihydrogen bonds have one hydrogen with gy, eriments can be found in Table 1. The tetraphenylphospho-
positive charge and one herogen with a negative charge. nium squarate (TPS)set of data was collected at a temperature
The present paper considers 50 weak intra/intermolecular of —1804+ 1 °C to a maximum 8 value of 90.9. the bianthrone
interactions ranging from €H---O hydrogen bonds to HH (BIAN) and bis(benzophenone)azine (AZINE) sets of data were
bonds for three molecular crystals (Figure 1). From these 50 .gected at a temperature 6f160 + 1 °C to maximum 2

interactions a series of correlation can be obtained using severa( 5| es of 82.9 and 82.2 respectively. The TPS data were
properties of the electron density at the BCP. These correlations '

o collected with 8 scans, each containing 36 images with an
allow the H-H bonds to be clearly distinguished from other exposure time of 36 &/and slices of» between 20 and 200 in

types of weak interactions such as hydrogen bonds. increments of 5 (; = 0°, 45°, andg = 0°, 9C°, 180, 27C°). A

total of 720 oscillation images were collected for the BIAN

compound, in which a series of data sweeps were performed
Three colorless prism crystals (tetraphenylphosphonium usingw scans from—47.0 to+133.C in increments of 1.0(y

squarate, bianthrone, and bis(benzophenone)azine) were mounteg 0° and¢ = 0°, y = 45° and¢ = 0°, y = 45° and¢ = 90°,

on the end of Lindmann glass capillaries, because a tube has a
greater resistance to vibration than a fiber of the same cross
section. The high-resolution single-crystal X-ray diffraction data

Experimental Section



TABLE 1: Experimental X-ray Data
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compound formula

crystal sizes
formula weight
space group
temperature®C)
a (é)

b (A)

c(A)

o (deg)

/3 (deg)

d
el
V4

D¢ (g/icm)

F(000)

u (mm-?)

radiation

reflection no. (unique)
R(F)

Ru(F)

GOF

collection range

maximum resolution (@)

tetraphenylphosphonium
squarate
CagH2104P

0.% 0.2x 0.2
452.45
P21/ (No. 14)
—180
13.2849(3)
12.1411(2)
14.6423(3)
90.0
109.7180(12)
90.0
2223.23(8)
4

1.352

944.00

1.57

Mo Ko
12107

1.94%

1.92%

2.1484

—26< h < 26;

—23< k< 24;

—29<1=<29

90.9

x = 45° and ¢ = 18(C°). A total of 2160 oscillation images
were collected for the AZINE compound, in which 8 scans were are the expansioncontraction parameters, arie), and Pt
performed, with half the scans having an exposure time of 40 represent the population parameters.

s’ and the other half having an exposure time of 80 Bhese
scans were taken with slices of between—48.0 to 72.0 in
increments of 0.5(y = 0° and¢ = 0°, y = 45° and¢ = 0°,
x = 45° and¢ = 90°, y = 45° and¢ = 18() for both exposure
times. The crystal-to-detector distances were 127.0, 39.78, andrefinementg4 The scattering factors used in the multipole
39.58 mm, respectively. This strategy provided high resolution, refinements were those derived by Clementi and Roetti for all
large redundancy, and better completeness in the data sets, whichyms25 The least-squares refinements involved the minimiza-

are key factors for multipole refinement modeling. The data

collection was monitored and reduced witki2003¢ (TPS) and
CrystalCleal” (BIAN, AZINE) packages, and sorting, scaling,
and merging of the intensities were performed with Sdftag
included in the WinGX® software. All three structures were

solved by direct methods and expanded using Fourier technique

through the CrystalStructure software pack&yall of the

molecular thermal ellipsoid plots were generated using the

ORTEP-3 program! The CIF file was deposited in the
Cambridge Crystallographic Data Centre.

Multipole Refinement

bianthrone bis(benzophenone)azine
Ci4HsO CisHioN
0.24x 0.2x 0.18 0.2x 0.2x 0.22

192.22 180.23
P21/ (No. 14) C2/c (No. 15)
—160 —160
10.155(9) 21.909(7)
8.327(7) 5.415(2)
11.656(11) 16.063(5)
90.0 90.0

109.47(3) 94.427(4)
90.0 90.0
929.3(14) 1899.9(10)
4 8

1.374 1.260
400.00 760.00

0.85 0.74
Mo Ko Mo Ko

5943 5628
4.75% 5.72%
2.14% 3.72%
2.2058 2.6053
—18=<h=<18; —39=< h =< 36;
—15=< k< 14; —-6=<k=09;
—-20=<I1=<16 —29=<1=<29
82.9 82.2

harmonic angular function®, is the radial functiong and«’

The multipole refinements were carried out with the module
XDLSM incorporated in the software package XBThe
residual bonding density not modeled in the conventional
spherical refinements, was taken into account in the multipole

tion of the S w(|Fo|?2 — K|F¢|?)? function for all reflections with

I > 30(1). The multipole expansion was then applied up to the
octapole levellgax = 3) for all of the carbon, oxygen, nitrogen
atoms except phosphorus, which was expanded up to the
hexadecapole level{ax = 4). The multipole expansion for the

S‘nydrogen atoms was applied up to the dipole leligi«(= 1).

Initially, the k andx' parameters were employed for heavy atoms
that were chemically different until a reasonable model was
achieved. The expansion/contraction parameters of the hydrogen
atoms were left fixed at the default XDLSM value of 1.2. To
determine accurate positional and thermal parameters for the
heavy atoms, a high-order (sfiit > 0.6 or 0.7 A) refinement

The experimental measurements and analysis of the chargewyas performed for each structure. Low-order @lh < 0.6 or
densities of the three compounds have been achieved througlp.7 A) refinements were then performed to obtain initial

the use of high-resolution X-ray diffraction data at low tem-

positional and accurate isotropic thermal parameters for all the

peratures. The charge density of each compound was themydrogen atoms. Due to the unavailability of the neutron data,
evaluated through the interpretation of its electron density. The the positions of the H-atoms throughout these refinements were
method of multipole expansion used to obtain the electron fixed to average bond distance values obtained from reported
density was through the multipole expansion, which incorporates neytron diffraction studies of similar compounds,(H = 1.08

the HanserCoppens modét and can be expressed by the &) 2627The charge neutrality constraint was applied throughout

following equation:

p(l’) = Pcpcore(r) + PvapvaIencéKr) +

lo

[
ZK'SR ('r) prlmidlmi(evfp) (4)

where pcore and pyaience@re spherically averaged Hartreleock
core and valence densitieslm: represents the spherical

the multipole refinements of all three compounds to achieve an
overall neutral molecule. A general multipole refinement strategy
was then applied to all three compounds as follows: (a) scale
factor, (b)P, for all heavy atoms, (clp, for all hydrogen atoms,

(d) « for all heavy atoms, (ePim for all heavy atoms, (fPm

for all hydrogen atoms, (gJ for all heavy atoms, (hip, P, for

all atoms, (i)«' for all heavy atoms, (j) positional and thermal
parameters for all heavy atom, and finally (k) everything
together except'. This procedure was then cycled through until
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TABLE 2: Intermolecular Properties of the H —H Bond Critical Points

o(rep), V2p(rep), Ry, A1, A2, A3,
molecule interaction eA=s eAs A eAs eAs eAs
TPS H(3)--X2_H(21) 0.047 0.724 2.17 —-0.20 —-0.15 1.08
TPS H(18)--X21_H(5) 0.035 0.53 2.35 —-0.12 -0.1 0.75
TPS H(12)--X3_H(12) 0.013 0.166 3.07 —0.03 -0.01 0.2
BIAN H(3)---X31_H(3) 0.018 0.306 2.57 —0.05 —-0.04 0.39
BIAN H(3)---X3'_H(4) 0.012 0.237 2.71 —0.03 0.00 0.27
BIAN H(5)-:-X32_H(5) 0.006 0.08 3.28 —-0.01 -0.01 0.1
BIAN H(6)---X4_H(12) 0.022 0.494 2.28 —-0.07 -0.07 0.63
AZINE H(3)++-X6_H(12) 0.016 0.285 2.67 —0.05 -0.02 0.35
AZINE H(4)++-X6_H(12) 0.016 0.322 2.58 —0.06 -0.03 0.41
AZINE H(6)-+*X4_H(13) 0.016 0.349 2.44 —-0.06 —-0.05 0.45
AZINE H(9)---X22_H(9)? 0.078 1.127 1.91 —-0.34 —-0.33 1.80
AZINE H(10)---X5_H(10) 0.034 0.671 2.18 —-0.16 —-0.10 0.93
G(rep), V(rep), E(rep), Ary + Arg, Ary — Arg, bond energy,
molecule interaction kJ/(mol boh#) kJ/(mol boh#) kJ/(mol boh#) A A kJ/(mol boh#)
TPS H(3):-X2_H(21) 15.06 —10.40 4.66 0.229 0.101 —-5.20
TPS H(18)-X21_H(5) 10.80 —7.16 3.64 0.050 0.136 —3.58
TPS H(12)--X3_H(12) 3.24 —-1.96 1.28 —0.673 0.000 —0.98
BIAN H(3):--X3'_H(3) 5.94 —-3.55 2.39 —0.166 0.000 —1.78
BIAN H(3)---X3'_H(4) 4.50 —2.55 1.96 —0.306 0.200 —1.27
BIAN H(5)-*-X32_H(5) 1.52 -0.85 0.66 —0.875 0.000 —0.43
BIAN H(6)---X4_H(12) 9.51 —-5.57 3.94 0.119 0.187 —2.78
AZINE H(3)-+*X6_H(12) 5.49 —-3.22 2.27 —0.271 —0.177 —-1.61
AZINE H(4)-+-X6_H(12) 6.16 —3.56 2.61 —0.179 —0.186 ~1.78
AZINE  H(6)---X4_H(13) 6.65 -3.80 2.85 —0.042 -0.017 -1.90
AZINE H(9)++X22_H(9) 24.92 —19.14 5.78 0.487 0.000 -9.57
AZINE  H(10)---X5_H(10) 13.30 -8.32 4.98 0.219 0.000 -4.16
symmetry
interaction Xyz TA B TC
X2 Yy =X, Yo+ Y, Yy — 0 -1 1
X2t Yo =X, Y24+ Y, Yy — 0 -1 0
X22 =X, +Y, Y, — 1 0 0
X3 =X, =Y, —Z 1 0 1
X3t =X, =Y, —-Z 1 1 0
X32 =X, =Y, —-Z 1 1 1
X4 Yo=X U+ Y, Y, — 0 0 0
X5 =X, +Y, Y, — 1 0 0
X6 +X, =Y, Y+ Z 0 0 -1

aC—Ho*..-0*H—C intramolecular interactions.

convergence was achieved. The XDPROP program incorporatedo all the intra/intermolecular HH interactions for the three
into the XD*® package was then used to determine the total title compounds.
electron density et the BCR(r¢p), the Laplacian, and the The 50 interactions found in TPS,BIAN, and AZINE
ellipticity for all the intra/intermolecular interactions for the three  can be separated into three types of interactionsHE-C,,
compounds of interest. All static, residual, dynamic, and c—H-..O, or C—Ho*+--o*H—C. There are 21 EH---C,
deformation maps were produced using the XDGRAPH option intermolecular interactions (9 from TE87 from BIAN, and
in the XD?® package. 5 from AZINE). Also, the TPS and BIAN structures possess
16 C—H---O interactions (13 from TPSand 3 from BIAN).
All 13 of the C—H---O interactions from TPS are intermo-
Unlike many of the crystal structures containing dihydrogen lecular interactions, whereas two of the BIAN interactions are
bonds or H-H bonds reported in the literature, the structures intermolecular and one is intramolecular. There are also 12
of TPS, BIAN, and AZINE possess at least two distinct intra/ interactions between the three compounds that have the form
intermolecular H-H interactions shorter then 3.2 A, along with C—H?*+-:0*H—C (3 from TPS'® 4 from BIAN, and 5 from
a variety of other weak interactioR8An advantage of thisis ~ AZINE). All of the C—H®*-+-*H—C contacts in the three
that the H-H interactions can be directly compared with compounds except one are intermolecular interactions. The one
corresponding hydrogen bonds in term of the properties of the intramolecular G-H°*--<*H—C interaction exists in the
electron density at the BCP. The majority of the-H AZINE molecule and represents the shortest bond path
interactions reported in the literature are based on geometricallength (1.91 A) for all of the molecules used in this study. It
evidence for bonding? Here, the interactions observed in these should be noted that 7 of the-&---O interactions (5 from
compounds were completely characterized on the basis of theirTPS® and 2 from BIAN) can be classified as hydrogen bonds
topology. This offers a better understanding of the bonding on the basis of the first four criteria proposed by Popelier. Only
occurring in these molecules than geometrical evidence alone.2 of the C-H---C, interactions can be classified as hydrogen
For H—H interactions to be characterized as either dihydrogen bonds, both of which are found in the T®Snolecule. The
bonds or H-H bonds, a set of criteria must be satisfied. rest of the C-H---O and C-H---C, interactions are best
According to Popelier, dihydrogen bonds can be characterizeddescribed as weak van der Waals interactions. The details
using the same criteria proposed for hydrogen bé#@3hus, regarding the application of these criteria for bothI€:--O
the first four Popelier topological criteria will be applied here and C-H---C, interactions will not be discussed in this paper.

Results and Discussion



8974 J. Phys. Chem. A, Vol. 110, No. 28, 2006 Wolstenholme and Cameron

xyz and translations of the symmetry related molecules used
throughout the text can also be found at the end of Table 2.
Below we discuss each-aH%"+--9*H—C interaction in terms

of the first four criteria proposed by Koch and Popefig(a) a
rational bond path (BP) with a reasonable critical point (BCP),
adequate values of (b) the electron densify{)), and (c) the
Laplacian §2p(rcp)) at the BCP and (d) mutual penetration of
the donor and acceptor atoms.

The first criterion essentially establishes that a bond could
exist once there is a reasonable topology for the B8nd.
Thus for the H-H bond to be considered, the interaction
must possess a consistent BP and BCP between its donor and
acceptor atoms. All 12 €Ho+---0*H—C interactions in the
three molecules possess consistent BPs and BCPs, and there-
fore satisfy this criterion. Examples are shown in Figure @a
where an experimental bond path is traced along one of the
C—Ho+---0*H—C interaction found in each of the three com-
pounds.

The second criterion requires that #(e.,) values at the BCP
fall within a certain range, typically between 0.013 and 0.27 e
A-3 for weak interactions. There must also be a relationship
betweenp(r¢,) and the energy densities for this criterion to be
completely satisfied. It is clear from th#r) values in Table
2 that all the G-Ho*++-0*H—C interactions in TPZ and AZINE
are within the desired range. Although only three of the four
C—Ho*+...0*H—C interactions in BIAN were found to satisfy
the p(rep) requirement. The C(5)H(5)%*++-0tX32_H(5)—
X32_C(5) interaction has a(r¢p) value of 0.006 e A3, which
means it is better classified as a weak van der Waals interaction.
After criterion two, there are now 11 remaining satisfactory
H—H interactions.

However, in addition to the electron densigyrp)) restriction
in criterion two, p(rep) Must also correlate with the energy
c densities. For the HH interactions these correlations may help

to identify the interactions as a separate population. It has
Figure 2. (a) Bond path character in tetraphenylphosphonium squarate previously been shown that thé ;) values in H-H interactions
showing the critical point locations along the-@---H—C interactions  ¢an be correlated with the internuclear distarfédn.a similar
shown in dashed lines. (b) Bond path character in bianthrone Show'ngfashion, it can be shown that thf{rcp) values in all three

the critical point locations along the-¢H---H—C interactions shown d tiall lated to their int .
in dashed lines. (c) Bond path character in bis(benzophenone)azine®©MPOUNAs are exponentally correlated o their interaction

showing the critical point locations along the-8---H—C interactions !engths. for bqth €S H*++-0*H—C and C—H-'-C,.[/C.Z—H---O
shown in dashed lines interactions (Figure 3). The-eH%*++-9*H—C correlation shows

a fit of 91% and the €H---C,/C—H---O correlation shows a
The local properties of all the-eH%*---0*H—C interactions fit of 80%. When comparing the-€H%*---*H—C correlations
observed in the three compounds can be found in Table 2. Theagainst the correlations of the other weak interactions, one can
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Figure 3. Exponential dependence pi, [e A~3] on the interaction lengtrR; (A), for all the weak interactions of TPS, BIAN, and AZINE. The

dashed line represents the fitting of-€---C, and G-H---O interactions R2 = 0.80). The solid line represents the fitting of-@°+—%*H-C
interactions RZ2 = 0.91).
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Figure 4. Quadratic dependence pf, (¢ A-3) on the potential energy density(r.,) [kJ/(mol boh#)], for all the weak interactions of TPS, BIAN,

and AZINE. The dashed line represents the fitting efkG--C, and G-H---O interactions R? = 0.97). The solid line represents the fitting of
C—H*—9tH—C interactions 2 = 0.99).
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Figure 5. Quadratic dependence pf, (¢ A~3) on the kinetic energy densit@(r,) [kd/(mol boh?)], for all the weak interactions of TPS, BIAN,
and AZINE. The dashed line represents the fitting eftG--C, and G-H---O interactions RZ = 0.94). The solid line represent the fitting of
C—H%*—9*H—C interactions 2 = 0.99).

® C.-H>*--*34-C interactions
O C-H:--O/C-H--C interactions

clearly see that the HH interactions follow an exponential  that there is little difference in the amount of potential energy

fitting similar to that of the G-H---C,/C—H---O interactions. density accumulated for either type of interaction.

The only major difference between the two exponential fittings  Figure 5 also shows that ther.) values are correlated to
is that the H-H correlation is slightly lower along the(rcp) the kinetic energy densities for all three types of interactions.
axis then the €H-:-C,/C—H-:-O correlation. Two possible = The C—H¢*-.-tH—C correlation shows a fit of 99%, and the
explanations for this difference are as follows: the-Hi C—H---C,/C—H---O correlation shows a fit of 94%. Unlike the

interactions could have a lower probability of accumulating first correlation, betweenp(rc,) and the potential energy
electron density at the BCP than the other interactions becausedensities, these correlations show a slight difference between
both the donor and acceptor atoms have only one electron toC—H?+---0*H—C and G-H---C,/C—H---O interactions. The
share between a covalent bond and an intermolecular interactionC—Ho+---0+*H—C interactions can be quadratically fit in a
or the fact that the hydrogen atoms are smaller than all other concave upward fashion, whereas the-H:-C,/C—H---O
atoms; therefore, less overlap is likely to occur between two interactions fit the data in a concave downward fashion.
hydrogen atoms compared to other types of interactions. Because a relationship exists betwesg{n,) and the two
Another correlation that can be observed for both energy densities, a relationship should also exist betveen
C—Hot+..0*H—C and G-H---C,/C—H---O interactions is (rep) and the total energy densit§(rep), as this value is
betweenp(rep) and the local potential energy density. Figure determined from the previous two energy densities. Figure 6
4 shows the p(rep) values plotted versus the potential shows the exponential dependence of the total energy density
energy densities for all three types of weak interactions. on R; and it can be seen that it resembles the dependence of
The C-H?*+--0*H—C correlation shows a fit of 99%, and the  p(r¢p) on R;j. The C-Ho*---9*H—C correlation shows a fit of
C—H-:-C,/C—H---O correlation shows a fit of 97%. These 96% and the €H---C,/C—H---O correlation shows a fit of
quadratic fits show that a general increase(in,) leads to an 95%. This enforces the idea that a relationship must exist
increase in the potential energy density. It is interesting to note between these two parameters. It is clear from the above
that both types of interactions have almost identical fits, showing discussion that the second criterion for hydrogen bonding can
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Figure 6. Exponential dependence Efrcy) [kJ/(mol boh?)] on the interaction lengthR; (A), for all the weak interactions of TPS, BIAN, and
AZINE. The dashed line represents the fitting ofB-+-C, and C-H---O interactions R2 = 0.95). The solid line represents the fitting of-€1°*—

9+*H—C interactions RZ = 0.96).
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Figure 7. Exponential dependence &foc, (€ A-5) on the interaction lengtty; (A), for all the weak interactions of TPS, BIAN, and AZINE. The

dashed line represents the fitting of~8-:-C, and C-H---O interactions
interactions 2 = 0.98).

also be applied to HH interactions, and they appear to form
separate populations from the-€l---C,/C—H---O hydrogen
bonds.

The third Popelier criterion states that the values of
the Laplacian ¥?pcp) at the BCP must be positive and fall
within a certain range, typically between 0.35 and 4.0 ¢ A
for weak interaction$? Similar to criterion two, VZpcp
should also correlate to the energy densities for this cri-
terion to be completely satisfied. Table 2 shows that half
the C-Ho*.-«0*H—C interactions fall within the required
range for H-H bonding (2 from TPS? 1 from BIAN, and
3 from AZINE), this leaves six surviving HH inter-
actions. The interactions that do not fulfill this criterion
are therefore classified as weak van der Waals interactions.
A previous study has shown that there exists a correlation
between theV?p., and the internuclear distances for—H
interactiong® An exponential dependence exists betw&épy,
andR; for all three types of interactions in this work. TR€pp
values decrease exponentially as Rjevalues increase (Figure
7). The G-Ho+---0*H—C correlation shows a fit of 98% and
the C-H---C,/C—H---O correlation shows a fit of 94%. The
only major difference between the two exponential fittings is

R2 = 0.94). The solid line represents the fitting of-€%+—*H-C

that the H-H correlation is slightly moved lower along the
2pep axis than the €H---C,/C—H---O correlation. This follows
the generally accepted belief thatHHl interactions are weaker
than C-H---C,/C—H---O interactions. It should also be noted
that theV2p¢p values are correlated to the energy densities in a
way similar top(rcp).

The fourth Popelier criterion involves the mutual penetration
of the donor and acceptor atoms. It can be considered essential
and sufficient for classifying weak interactions as hydrogen
bonds, H-H bonds, or van der Waals interactions. This criterion
is measured by looking at thAry + Arg values of each
interaction, where\ry is simply the nonbonding radius of the
acceptor/donor atom minus its bonding radius (see below). The
nonbonding radius is taken to be equivalent to the gas-phase
van der Waals radius for any particular atom. In this work the
nonbonding radius for carbon is taken as 1.85 A, oxygen as
1.54 A, and hydrogen as 1.2%31The bonding radius is simply
taken as the distance from the donor/acceptor nucleus to the
BCP. For an interaction to be classified as a hydrogen bond/
H—H bond, the penetration valuAry + Arg) must be positive,
which indicates that the van der Waals spheres for the two atoms
are overlapping. It is clear from the values in Table 2 that five
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C—Ho*...0*H—C interactions satisfy théry + Arg portion
of this criterion (two from TPS? one from BIAN, and two ‘
from AZINE). Figure 8 shows a linear correlation between each |,
type of weak interaction involvingry + Arg andR;. Similar ‘
correlations for G-H---C, and C-H---O interactions have
previously been reported in the literat@fe? but so far, these
interaction correlations have not been compared with those for|
the H-H interactions. Figure 8 clearly shows the separate |
population for these HH bonds. All the correlations in Figure

8 show an increase iAry + Arg as theR; values decrease. ¢ Tt b

This is to be expected because the closer the two atoms are ta ] w(@\v Ny (g
each other the more the van der Waals spheres should overlaj \&\Qﬁ\ o O
each other, leading to greater penetration. An interesting feature NN
observed between the-H---C, correlation and the €H---O \\\J/H\’

correlation is that the linear fit of the-€H---C, interactions is
moved slightly higher up along th&ry + Arg axis than that
of the C—H---O interactions. This seems to indicate that the
C—H---C, interactions could lead to a higher degree of mutual
penetration than the €H---O interactions if they possessed
smallerR; values. The &Ho*+--0*H—C interactions follow a
similar linear correlation as the other two types of interactions,
except theiry-intercept is slightly lower along thAry + Arg Figure 9. (a) Static map of the intramolecular-HH bond found in
axis than the €H---O interactions. This is to be expected, the AZINE molecule. (b) Static map between two hydrogen atoms in
because the €H*t---0*H—C interactions involve two hydrogen the AZINE molecule that are not involved in an— bond. (c)
atoms that are smaller than any other atom. This leads to lessE/ectrostatic potential map of the intramolecularH bond found in
overlap of the van der Waals spheres and less penetration OfLhe AZINE molecule. (d) Electrostatic potential map between two

- “'hydrogen atoms in the AZINE molecule that are not involved in an
the donor/acceptor atoms. Another important component of this H—H hond. The solid lines represent the positive contours, the dotted
criterion is the amount in which the BCP penetrates the donor lines represent the negative contours, and the dashed lines represent
atom’s van der Waals sphere in comparison to that of the the zero contour lines. All contours are taken in increments of 0.05 e
acceptor atomAry — Arg). Table 2 shows that five of the B
C—H?+...0+*H—C interactions satisfy this portion of the criterion ) . .
(two from TPS!5 one from BIAN, and two from AZINE). The for two hydrogen atoms not_lnv_olv_ed |r_1+H bonding, where
H(9)+++X22_H(9) and H(10)-X5_H(10) interactions havAry no change in the electron distribution is observed between_the
— Arg values that are equal to zero. Because in each case botfWo atoms..Because+H bonds are almost purely electrostatlc
hydrogen atoms are chemically equivalent as a result of in nature, it would not be gxpected to see much dlfferencg
symmetry. This means they will have the same values for their P€tween the two types of static maps. However, the electrostatic
electron density parameters, including the amount of penetrationnature of these interactions is cIe_arIy sh_own in the electrostatic
for each atom. These two interactions can still be considered Potential maps of these interactions. Figure 9c clearly shows
as H-H bonds because both hydrogen atoms in each interactionthat H-H bonds possess some electrostatic potential in the bond
are experiencing a significant amount of penetration (0.2437 confirming a bonding interaction. Although Figure 9d shows

and 0.1093, respectively). Thus, the fourth criterion can be thattwo hydrogen atoms not involved in-# bond or a weak
considered essential for characterizing-H bonds based on ~ van der Waals interaction have no electrostatic potential between

the electron density properties at the BCP. the two atoms. This seems to justify the idea that two hydrogen
atoms of close contact can form a bonding interaction.

Further evidence confirming a bonding interaction between
these H-H bonds can be seen in there static deformation maps
and electrostatic potential maps (Figure 9). The static maps of
two hydrogen atoms involved in an-HH bond show a small Experimental charge density calculations on a series of three
change in the electron density between the two atoms uponorganic molecules have lead to the clear characterization of five
formation of the H-H bonded complex. This is not the case H-—H bonds based on the first four Popelier criteria for hydrogen

Conclusion
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bonding. The four intermolecular +H bonds were found
for the interactions H(3)-X2_H(21), H(18)--X21_H(5),
H(6)---X4_H(12), and H(10}-X5__H(10) (two tetraphenylphos-

Wolstenholme and Cameron

(7) Crabtree, R. HAcc. Chem. Red99Q 23, 95-101.

(8) Matta, C. F.; Hernandez-Truijillo, J.; Tang, T. H.; Bader, R. F. W.
Chem. Eur. J2003 9, 1940-1951.

(9) Cioslowski, J.; Mixon, S. TCan. J. Chem1992 70, 443-449

phonium squarate, one bianthrone, and one bis(benzophenone)- (10) Reid, B. P.; O’Loughlin, M. J.; Sparks, R. &. Chem. Phys1985

azine, respectively). The only intramolecular-H bond was
found to be the H(9)-X2_H(9) interaction in bis(benzophe-
none)azine. It has also been shown that theHC"+-0*H—C

interactions follow many of the same correlations as other weak

83, 5656-5662.

(11) Novoa, J. J.; Whangboo, M. H.; Williams, J. Nl.. Chem. Phys
1991, 94, 4835-4841.

(12) Abramov, Y. A.Acta Crystallogr.1997, A53 264.

(13) Popelier, PAtoms in Molecules. An Introductip®rentice Hall:

interactions. These correlations can be used to understand thé.ondon, 2000.

differences and similarities between-@°*---9tH—C interac-
tions and other weak interactions, as well as showing hewH
interactions fit into the hierarchy of weak interactions. Finally,

(14) (a) Desiraju, G. RAcc. Chem. Resl99] 24, 290-296. (b)
Aakeroy, C. B.; Sneddon, K. RChem. Soc. Re 1993 22, 397-407. (c)
Desiraju, G. R.; Kashino, S.; Coombs, M. M.; GluskerAdta Crystallogr
1993 B49, 880-892.

these interactions are of importance because they can play a (15) Wolstenholme, D. J.; Aquino, M. A; Cameron, T. S.; Ferrara, J.

significant role in determining the conformation of a molecule
in its crystalline state as well as its stability.
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