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The stability and electron density topology of catechol complexes (dimers and tetramer) were studied using
the MPW1B95 functional. The QT AIM analysis shows that both dimers (face to face and C—H/x one) display
a different electronic origin. The formation of the former is accompanied by a significant change in the values
of atomic electron dipole and quadrupole components, flattening the most diffuse part of the electron density
distribution toward the molecular plane. A small electron population transfer is observed between catechol
monomers connected by C—H/x interactions, whose QTAIM characterization does not differ from that of a
weak hydrogen bond. Cooperative effects in the tetramer on binding energies are small and negligible for
bond properties and charge transfer. Nevertheless, they are significant on atomic electron populations.

Introduction

Molecules containing sz-delocalized systems can participate
in a wide series of noncovalent weak bonds comprising 7—u,
X—H/, and cation—z interactions.' The term stacking interac-
tion is sometimes used to include all of them, whereas it is also
common to find it is restricted to designate ;t—sr interactions
leading to the formation of a complex or adduct consisting of
piled up monomers. It is considered that stacking interactions,
both in wide or restricted sense, are key factors in determining
the structure of biomacromolecules including DNA and su-
pramolecular systems and play leading roles in molecular
recognition processes.>”> Therefore, they have attracted con-
siderable interest (for a recent revision see ref 4). Nevertheless,
the computational treatment of these systems is not straight-
forward as their description requires an accurate description of
dispersion forces, which are important or even dominant in many
of these interactions. This problem has only recently become
affordable at computational levels viable for medium/large size
systems with the advent of new density functional theory (DFT)
functionals,’ like the kinetics-optimized ones developed by Zhao
and Truhlar.”® For this reason, the literature on electron density
analysis of stacking interaction is still scarce,’”'> and more
studies are needed to get insight into the electronic origin of
these interactions.

Furthermore, the weak attraction between C—H bonds and
7 systems was often described as the weakest class of
conventional hydrogen bonds. Nevertheless, in a recent revi-
sion'? where theoretical and spectroscopic studies are discussed
in detail, the authors notice that, although the electrostatic
interaction is mainly responsible for the attraction in the
conventional hydrogen bonds,'*!7 dispersion can be recognized
as the major source of attraction between C—H and s units,
with a very small electrostatic contribution.'® Moreover, the
directionality of C—H/x interaction is very weak compared to
that of conventional hydrogen bonds.'3 All of these lead them
to conclude that the nature of CH/x interaction is significantly
different from that of conventional hydrogen bonds.

Catechol (1,2-dihydroxybenzene) can be considered as an
interesting system for studying stacking interactions because
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of several reasons: (i) its solid structure (Figure la) contains
both w—m and C—H/x interactions, (ii) each of the different
dimers that can be extracted from the crystal structure contain
only one of these kinds of interactions (parallel offset dimer
and T-shaped dimer, Figure 1), whereas the tetramer includes
both kinds, (iii) C; symmetry of the parallel offset dimer
precludes charge transfer (CT), (iv) the traditionally assumed
intramolecular hydrogen bond (IHB) between hydroxyls of
catechol is not related to any bond path;19 thus, it cannot be
predicted if weaker interactions like w—sm and C—H/z will be
represented by bond paths in these systems, and (v) Its crystal
structure was experimentally determined and is available in the
Cambridge Crystallographic Database Center (CCDC).?

In this manuscript, the results obtained from the electron
density analysis of catechol tetramer and dimers using the
quantum theory of atoms in molecules (QTAIM)>"?? are
discussed in order to provide further understanding on the
electronic rearrangements involved in t— stacking and C—H/z
interactions and their possible cooperative effects in tetramers.

Computational Details. The geometry described for the
catechol crystal®® leads us to study the following systems:
tetramer, T, parallel “offset” dimer, Dy, orthogonal dimer, D,
(Figure 1), and monomer, M. Electronic energy, E, and electron
density distribution, p(r), for these systems were computed in
diverse geometries: that of the crystal (C) and those obtained
after complete optimization for each of them (T, Dy, D,, M).
Thus, in what follows, the concrete structures are denoted
indicating the system in boldface followed by the geometry in
parentheses. Two different situations can be distinguished for
the monomers in D, (Figure 1), MA(X) and MB(X) (X = D,
T, or C). Superscript index A represents the monomer which is
formally acting as H-donor (acid), whereas B corresponds to
the H-acceptor one (base). Because D; possess C; symmetry,
the monomers display a common geometry in this dimer,
hereafter referred also as M*(D,), as it corresponds to real M4
monomers in the crystal geometry, although it does not play an
acid role in Dj.

Single-point calculations with the Truhlar’s DFT functional
MPW 1B95% were carried out using the 6-311++G(2d,2p) 6d
basis set with Gaussian 03 program?* for all the systems
considered in the geometry of the crystal: T(C), D{(C), D»(C),
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Figure 1. Molecular graphs (obtained with AIM2000 (ref 28)) indicating atom numbering and nomenclature for monomers and intermolecular
bond critical points (BCPs) of tetramer T (a), face—to—fa}ce dimer Dy (b), and C—H/z dimer D (c) of catechol. Also indicated is the crystal structure
data: monoclinic, a = 9.732, b = 5.620, ¢ = 10.332 A, f = 114.24°, Z = 4, D = 1.419; space group P2,/n.

MA(C), and MB(C). Even although the structure in the crystal
does not necessary correspond to the lowest-energy arrange-
ments in the gas phase, as happens to benzene dimer,? it will
work as a good estimation for the purpose of this work. In fact,
we are mainly concerned with the electron density rearrangement
involved in these weak interactions and not with nuclear
relaxation. Thus, our electron density based interpretation is
more related to binding energy, A®E, than to deformation
energies, AYE. Nevertheless, aiming to obtain complexation
energies in the gas phase, A°E, we have also computed fully
optimized geometries at the same level for Dy, D,, T, and M,
labeled, respectively, Dy(D;), D»(D,), T(T), and M(M). More-
over, we have also carried out single-point calculations for MA
and M® in the geometries they display in optimized dimers and
tetramer, which allow to obtain deformation energies.

Comparison of p(r) obtained for a certain complex, p(r),
and the summation of those computed for its constituting
fragments, pi(r), (i = MA, MP), is provided through electron
deformation density, Ap(r), plots (eq 1).

Ap(r) = p“(r) = 2 pm) )

Counterpoise correction for basis set superposition error was
not performed so that MPW1B95 functional was developed in
such a way that they give reasonable results for noncovalent
interactions both with and without counterpoise corrections, and

the developers pointed out that they should be usable without
the need of counterpoise corrections, especially when the basis
is triple-¢ quality or better (as it is here).?

In each molecule, the QTAIM charge density analysis was
performed with the AIMPAC?’ package of programs and
AIM2000.?® In this work we focus on the properties at the bond
critical points (BCP) of p(r):*!?? electron density, p(r.), its
laplacian, v2p(r.), and the value of the total energy density,
H(r.). We also discuss some of the atomic properties provided
by integrating p(r) over atomic basins: atomic electron popula-
tion, N(Q), atomic energy, E(L2), the integrated value of the
L(r) function, L(€2), which should be zero for a perfectly
determined basin; the first vectorial moment of the atomic
electron density, u(2), with its module and components; the
first and second scalar moments of p(r), r'(Q) and (€2), atomic
volumes computed making use of 1073 au, (), and 2 x 107*
au, 1,(€2), and the corresponding electron populations enclosed
by them, N,(Q2) and N,(Q), the elements of the matrix of the
atomic electron quadrupole moment, Q;(€2), especially Q..(€2)
where z represents an axis that is orthogonal to the ring of MA
monomer, and finally, the atomic Shannon entropy of the
electron distribution, Sh(€2).

The accuracy obtained in the determination of the integrated
properties was checked using standard criteria. Thus, summa-
tions of N(L2) and atomic energy, E(Q), values for each
molecule reproduce total electron populations and electronic
molecular energies within 2 x 107* au and 2.5 kJ mol ™',
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TABLE 1: Total MPW1B95'6-311++G(2d,2p) 6d Electronic Molecular Energies (in au) and MP2/6-311++G(2d,2p) 6d
Zero-Point Vibrational Energy (ZPVE) and Thermal Corrections to Energy (TCE) at 298.15 K (in au) for the Systems Here

Studied in Diverse Geometries

geometry MA M® M D, D, T

C —382.60259 —382.60227 —765.20957 —765.20635 —1530.41842
T —382.65560 —382.65783

D, —382.65589

D, —382.65786 —382.65778

optimized —382.65795 —765.32683 —765.31905 —1530.64948
ZPVE 0.10900 0.21831 0.21860

TCE 0.116791 0.23448 0.23578

TABLE 2: Complexation Energies, A°E, for Dimers D; and
D, and Binding, A’E, and Deformation Energies of
Monomers, A‘E, in Diverse Geometries, for All the Systems
Here Studied”

(T) © Dy (D2)
AE ~19.6 -12
APE[D,] -115 -39.5
APE[D,] -39 -9.0
APE[T] ~59.4 -22.8
AE[MA] 6.2 145.3 5.4 0.2
AE[MP] 03 146.2 0.4

@ All values in kJ mol™".

respectively. No atom was integrated with absolute values of
L(Q)*'?? larger than 2 x 1073 au.

Results and Discussion

Face-to-Face Dimer (D). Molecular energies computed at
the MPW1B95/6-311++G(2d,2p) 6d level for this dimer and
its monomer in the crystal geometry, as well as for the
corresponding completely optimized structures, and for the
monomer in the geometry of the optimized dimer are shown in
Table 1. It has to be noticed that MPW 1B95/6-311+4G(2d,2p)
6d frequencies cannot be computed in Gaussian-03 making use
of the same command line where optimization is requested. In
fact, this leads to artifacts resulting in several imaginary
frequencies. To get around of this problem geometry optimiza-
tion and frequency calculation should be performed indepen-
dently. Using this procedure all the frequencies computed for
all optimized geometries here studied are real. We also
performed MP2/6-3114++G(d,p) optimizations, whose final
geometries were confirmed as true minima by vibrational
analysis. Nonetheless, being aware that MP2 calculations usually
overestimate stacking energies,” we are not using these energies.
M(M) geometries obtained with both computational levels for
the monomer differ by less than 0.017 A (bond lengths), and
1.4° (bond angles). The only noticeable variation is the
nonplanarity of MP2 H—O—C—C dihedral angles (up to 19.7°).
Moreover, the planar structure was not found as a minimum on
the MP2 hypersurface after several attempts. Zero-point vibra-
tional energy (ZPVE) and thermal corrections to energy (TCE)
were computed using MPW1B95/6-311+4G(2d,2p) frequencies
in all cases.

Results obtained (Table 2) show that dimer Dy is the most
stable one, both comparing optimized structures (by 18.5 kJ
mol™!) and crystal geometries (30.6 kJ mol™!) for dimers D
and D,. Also, we obtain —19.6 kJ mol™' for the complexation
energy of isolated D;. Deformation energies indicate each
monomer is being destabilized by 5.4 kJ mol™! in the geometry
of the Dy isolated dimer, Dy(D,), and by 145.3 kJ mol™! in its
geometry in the crystal, D;(C). Binding energies of —11.5 and
—39.5 kJ mol~! were obtained using, respectively, crystal and
optimized dimer geometries.

D, displays four intermolecular bond paths (Figure 1b), which
by symmetry can be reduced to two different interactions:
C2+++01 and O2+++C6. In contrast, the C—H/z dimer D, only
presents two intermolecular bond paths (Figure 1c): C4—H-+++C6’
and C5—H--+C5’. Considering the similarity among all the p(r.)
values (Table 3), the larger number of bond paths can be invoked
to justify the preference for Dy. Values of all the BCP properties
associated to r—u interactions are very small: p(r.) values are
between 4 x 1073 and 6 x 107 au; V2p(r.) ones are positive
and between 14 x 1073 and 21 x 1073 au. Also H(r.) values
are positive, between 7.2 x 107 and 9.2 x 107 au. They are
similar to those found in previous QTAIM works on stacking
interactions in DNA bases.** On the other hand, this complex-
ation does not alter BCP properties computed for the monomers
in the same geometry, whose p(r.) values are kept within 0.002
au.

Atomic properties of the optimized catechol monomer, M(M),
are altered significantly in D;(C). Hence, we observe four
AN(L2) variations exceeding of 0.09 au: C5, C4, C6, and HS5.
Surprisingly, most of these atoms are not involved in stacking
bond paths and even C4 is the atom placed furthest away from
them. To analyze these variations we have also computed
QTAIM integrated properties for MA(C). It is remarkable that
for some properties, like N(€2), the variations due to geometry
deformation, AN(Q) (those observed from M(M) to MA(C)),
are significantly larger than those of binding through stacking
interaction, APN(Q) (those observed between D;(C) and MA(C))
(Table 4). In fact, the rms of AIN(Q) is 0.066 au and that of
APN(Q) is only 0.007 au. On the contrary, properties related to
electron density polarization, like «,(€2) and Q_,(2), experience
larger variations because of binding than due to geometry
deformation. Thus, the rms of A%u.(Q) is 0.017 au and the rms
of Au.(Q) is 0.033 au, and the rms of AYQ..(Q) is 0.064 au,
whereas that of A’Q_(Q) is 0.097 au.

If we concentrate on A variations, the summations of pro-
perty variations (Table 5) along a monomer (i) confirm there is
no global CT between monomers (X A’N(Q) = 0), (ii) indicate
there is a slight global polarization which moves the center of
p(r) away from the intermolecular region (XAu/(Q) =
—62.1073 au), and (iii) show that, globally, p(r) flattens with
regard to an axis orthogonal to the molecular plane of catechol
(ZAPQ..(Q) = 0.818 au). In general, the largest variations (in
absolute value) correspond to atoms involved in stacking bond
paths (O1, O2, C2, and C6) or closely placed to them. So, the
largest IA’N(Q)I, IAPu.(Q)I, and IAQ..(Q)! values are, respec-
tively, shown by 02, C2, and C6 (Table 4 and Figure 2).
Although there is no straightforward trend and interpretation
for the sign of A®N(Q) and A’u.(Q), A*Q.(Q) is positive for
all the atoms displaying a significant variation (IA*Q..(Q)l >
0.01 au). This means binding stacking interactions flatten p(r)
toward the molecular plane of catechol around all those atoms
where A*Q_.(Q) < 0.
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TABLE 3: Main Properties (in au) of the Intermolecular BCPs (Figure 1) Found for the D;(C), D,(C), and T(C) of Catechol”

interaction ~ BCP R D(C) 10%(r.)  T(C) 10°o(r.)  D(C) 10°v%p(r,)  T(C) 10°V?p(r.)  D(C) 10*H(r.)  T(C) 10*H(r.)
T Bl 3.429 4.39 4.37 14.56 14.60 7.20 7.30
B2 3.272 5.96 5.97 21.17 21.22 9.20 9.40
C—H/m B3 3.091 3.58 3.56 11.48 11.50 6.60 6.60
B4 2.831 6.31 6.31 20.21 20.21 9.50 9.50

¢ Internuclear distances, R, in angstroms.

TABLE 4: Variations in the Electron Population by
Deformation Geometries upon D;(C) Formation (All in au
Values Multiplied by 10%)

AN(RQ) in Dy(C)

AN(Q) in MAC)  APN(Q) in Dy(C)

Cl1 0 9 -9
Cc2 42 39 3
C3 —63 —64 1
C4 —91 —86 =5
C5 —106 —105 0
Co6 —91 —85 —6
H1 —44 —40 —4
H2 —44 -39 —4
H3 63 53 11
H4 87 83 4
H5 100 98 2
H6 68 77 -9
0Ol 35 31 4
02 46 31 15

This flattening can be also inferred from the variations in
the scalar moments of p(r), whose summations, > A'(Q) and
YAP2(Q), are negative (Table 5), indicating p(r) approaches,
in average, the nucleus of basins and turns into a more spherical
distribution after complex formation. Variations experienced
upon binding by atomic volumes v(£2) and v,(Q2) and by the
electron population enclosed by them indicate this p(r) flattening
affects mainly the diffuse electron density distributed far from
the nuclei. Accordingly, >A’2(Q) is negative and YA v,(Q)
positive, showing the volume occupied by the electron density
between 2 x 1073 and 1 x 1073 au has decreased upon stacking.
At the same time YA°N(Q) is exceeded by YAPN,(Q), so the
electron population enclosed in MA(C) by 2 x 107% and 1 x
1073 au isosurfaces, YA’N|5(Q), has also decreased upon
stacking. Furthermore, decrease of diffuse electron density is
also pointed out by the depletion of Sh(Q) (Table 5). Sh(£2)
depletions are specially important in those atoms involved in
intermolecular bond paths. Figure 3 shows that atoms experi-
encing significant depletions of Q.(Q) display important
negative A’Sh(Q) values, indicating A’Q_.(Q2) acts for them as
the main origin for the relative increase in the uniformity of
o(r) affecting M* upon stacking interaction with another MA
monomer to form Dj.

APN(Q) values are in close relation to Ap(r) (Figure 2a). The
small variations observed for the former agree with the small
magnitude achieved by the latter. Thus, we have to choose very
low isosurfaces (below 0.001 au in absolute value) to obtain
meaningful regions for Ap(r). We observe that there are
enhancement and depletion regions around all the atoms
involved in bond paths. Thus, in agreement with the description
provided by A’N(Q), APu.(RQ), and APQ..(Q2) values, the
alteration of p(r) upon stacking interactions is more related to
the distortion of electron distributions in atomic basins than to
transfer of electron density from one basin to another. Most of
the enhanced p(r) regions are in the molecular plane around
oxygen atoms, C2, and C1—01, and C6—H6 bonds. All of these
regions are close to depletion ones, placed out of the plane (at
both sides) and not far from it. This general situation reverses

for C3, where p(r) is enlarged outside the molecular plane,
whereas it diminishes in the central part of C3—H3 bond.
Finally, small depletion areas are observed around hydroxyl
oxygens. Overall, all areas where Ap(r) is significant do not
correspond to the region where monomers, delimited according
to a certain p(r) isosurface, e.g., 10~* au, overlap. This overlap
is computed as 19.1 au in D;(C) when using 107° au delimiting
isosurfaces.

The reliability of Mulliken’s overlap and orientation principle
has been checked comparing the zones of maximum highest
occupied molecular orbital/lowest unoccupied molecular orbital
(HOMO/LUMO) overlap between monomers with the set of
intermolecular bond paths. As has been found in quinhydrone
complex,’ the whole set of intermolecular bond paths displayed
by the stacking complex D; can be explained by the overlap
between the HOMO and LUMO of M* monomers (Figure 4,
top). Nevertheless, it has to be noticed that O2+++C6 bond paths
are only explainable by this principle considering the overlap
between the HOMO on O2 and the LUMO on C6, as the latter
atom has no significant contribution to the HOMO. This could
lead to expect a positive value for APN(C6). In contrast, we
have found a negative value for this quantity (Table 4) that can
be explained assuming HOMO—LUMO transferences are ac-
companied by p(r) reorganization among the atoms of each
monomer, as was previously proposed for quinhidrone complex.’

C—H/7 Dimer (D,). As above indicated this dimer is less
stable than Dy both if stability is measured through A°E or A’E
values; the latter referred either to crystal or optimized
geometries (Table 2). In contrast, deformation energies are much
smaller in D, for both monomers. Binding energies of —3.9
and —9.0 kJ mol™! were obtained using, respectively, crystal
and optimized dimer geometries.

The two intermolecular bond paths present in D, display
similar p(r.), V?p(r.), and H(r.) values to those of m—a
interactions in Dy (Table 3). Nevertheless, we notice that the
closest pairs of values (e.g., sets of B2 and B4 values, or sets
of B1 and B3 values in Table 3) are obtained when the C—H/x
interaction distance is around 0.4 A shorter than the corre-
sponding t—s one. As p(r.) values are known to depend
strongly with interatomic distances, decreasing when interatomic
distances are longer,*! we could infer that 77— interactions are
stronger than C—H/x ones if they take place for the same
interatomic distance. BCP properties for C—H/z bond paths are
in the range of those previously reported for C—H-++-O IHB
(p(r.) is 3.9 x 107* au and V?p(r.) is 16.0 au for this IHB in
benzene—formaldehyde complex,* and p(r.) and V2p(r.) are,
respectively, between 0.9 x 1072 and 5.0 x 10~% au and between
4.2 x 1073 and 17.0 x 107 au in the set of IHBs present in
the dimers of dimethoxymethane??). They are also in the range
displayed by the IHBs established between complexes like
HCI—HF or H;P—HF.3* Again, this complexation does not alter
BCP properties of the monomers (p(r.) values are kept within
0.002 au and v?p(r.) within 0.003 au).

In contrast with symmetric dimer D;, where there is no CT,
the formation of D,(C) takes place with a non-negligible CT
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TABLE 5: Variations Experienced by Selected Integrated Properties during D{(C), D,(C), and T(C) Formation of Catechol

Monomers (Figure 1) (All Values in au Multiplied by 10%)

wit  TAPN(Q) TANQH) TAY(Q) TAYAQ) TAPSKQ) IA(RQ) TAP(Q) SAN(Q) TANN(RQ) SANH(Q)

Di(C) MAC) 0 5 —63 —467
D5(C) MAC) 11 -15 19 19
MEC) -1l -6 —61 -353
T(C) MACC) 11 13 -53 —527
MEC) -1l 5 —66 -382

@ Q* refers to atoms connected through intermolecular bond paths.

YA AM=-0.062 au
YA"Q,(2")=0.82 au

—57 —9.6 7.4 44 68 —25
—49 22 7.4 35 42 =7
—36 —4.8 4.0 17 29 —12
—112 —8.0 14.3 78 109 —31
—38 —4.9 3.8 16 28 —-12

Figure 2. Deformation density plots for D;(C) and D,(C) (a and b, respectively). Blue and green denote, respectively, 4 x 10™* au and —4 x 107*
au isosurfaces. A% (Q) and A’Q_(Q) (in italics) values (in au multiplied by 10? for the former and 10? for the latter) are shown for D;(C), whereas
APN(Q) and ASh(Q) (in italics) are shown (both in au multiplied by 10°) for D,(C). Only IAPSA(Q)l = 5 x 1073 au are shown.
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APSh(Q)/au

Figure 3. Plot of A’Q.(Q) vs A’Sh(Q) for Dy(C). Atoms experiencing
significant changes of Q_(€2) are shown in closed face and those with
negligible variations (up to £ 0.03 au) in open face.

and 0.011 au are transferred from M®(C) to MA(C). This keeps
in line with previous descriptions of CT due of IHB in
complexes with nonsymmetric geometries, where electron
density is transferred from the base (M® in this case) to the
acid. For instance, Koch and Popelier reported CT from 0.005
au in N,—HF complex to 0.046 au in NH;—HF complex.*
As a consequence of binding, H-acceptor MB(C) destabilizes
(XAPE(Q) = 79 kJ mol™!) in a lower extent than the
stabilization gained by H-donor MA(C) (XA E(Q) = —10.1 kJ
mol "), which is also larger than that gained by each MA(C)
unit during the formation of D;(C) (XAPE(Q) = —9.7 k] mol™").
The analysis of APN(Q) values computed for Dy(C) shows
that the largest variations correspond to atoms involved in
intermolecular bond paths (IBPs) (H4, H5, C5’, and C6"), C1’,
and C3 (Figure 2b). The electron density lost by the hydrogen
in the C—H/x bond path with the highest p(r.) (A®N(H5) =
—0.020 au) is quite similar to that computed for C—H+*-O
bonds in the complex between acetone and CH;CHCl, (—0.024
au)*? and not far from those obtained for a series of O—H+++O
intermolecular hydrogen bonds between water and diverse

oxygen-containing bases (—0.028 to —0.036 au).>> On the
contrary, A’N(H4) is positive. Nonetheless, it should be
considered that H4 is connected to C6” through the weakest IBP,
which therefore have not been established in optimum conditions
but conditioned by the formation of the strongest one (H5++-C5).
In addition, enhancements of H-donor electron population upon
IHB formation have been previously reported by Rozas et al.
for systems displaying inverse IHB*® and by Vila and Mosquera
for so simple complexes as H,S—HF, H;N—HF, or H;P—HF
where the electron population of H-donor basin is increased by
0.022, 0.011, and 0.028 au, respectively.’’

For this dimer we do not report A*Q..(Q) and APu.(Q) values
because both monomers are not sharing a common axis.
Therefore, we analyze electron density reorganization using
APSh(Q) values, which display a rough linear correlation with
APQ..(Q) ones when the latter are significant, as illustrated by
Figure 3 for dimer D;. In this case, we notice that H5 (donor
hydrogen) is the only atom of the acid monomer (M?*) displaying
a non-negligible A®Sh(Q) value (Figure 2b), evidencing the
localized character of this C—H/7 interaction, in contrast to what
happens in Dy, affected by 77— interaction. Overall, YA®Sh(Q)
values indicate p(r) becomes more uniform in both monomers
upon binding (Table 4). Another different trend (referring to
those observed in D) is found for YAP(Q) and YA Q).
They are negative for the base monomer MP and slightly
positive for MA (Table 4). Hence, p(r) only flattens for MB.
This is also the only monomer where we observe the volume
occupied by the electron density between 2 x 107 and 1 x
1073 au has decreased upon binding (XA (Q) < 0 and
S APu,(Q) > 0), which is not true for the H-donor monomer.
This can be interpreted as that M® participates in the bonding
as a global system, while the local character of this interaction
in M” has been already evidenced by A’Sh(Q) values. In the
same vein, we also notice the presence of four non-negligible
APSh(Q) values in MP (Figure 2b).
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Figure 4. Plots of 40.04 au isosurfaces for the HOMO and LUMO of MA monomers in D; (top) and M* and M® monomers in D, (bottom).
Drawings on the left show the LUMO in the lower monomer and the HOMO in the upper one (in the top part) and the LUMO in M® and the
HOMO in M (in the bottom part). Drawings on the right show, in both dimers, the opposite cases. Dotted lines indicate the atom connected by
intermolecular bond paths (Figure 1). ® @ @ and H H B represent, respectively, bond paths that are explainable and not explainable by HOMO/

LUMO overlap.

The Ap(r) plot for this dimer (Figure 2b) is also rather
different from that of D;. In this case the deformation
concentrates on the strongest IBP, which displays alternate
depletion and enhancement regions, each of them resembling a
certain cylindrical symmetry, typical of IHBs, contrasting again
with the picture observed for 77— interactions in D, (Figure
2a). We also notice the effects of C—H/m interactions are
localized in M but more delocalized in MB.

In this dimer, HOMO/LUMO overlap between monomers
cannot be invoked to explain the set of IBPs (Figure 4, bottom),
as both the HOMO and LUMO have negligible contribution
from hydrogens involved in C—H/z interactions.

Tetramer (T). AE values of —22.8 and —59.4 kJ mol ™' were
computed for T(C) and T(T), respectively, from MPW1B95/
6-311++G(2d,2p) 6d energies. Intermolecular interactions
among tetramers in the crystal reduce binding energy by 36.5
kJ mol~! and increase the summation of deformation energies
of monomers by 570 kJ mol™!. In fact, deformation energies
for monomers are 6.2 kJ mol~!, M4, and 0.3 kJ mol~!, M®, in
T(T), and, respectively, 145.3 and 146.2 k] mol~! in T(C). We
also notice that cooperative effects contribute to stabilize the
tetramer by —3.5 kJ mol™! in T(C) and by —2.0 kJ mol™! in
the optimized T(T) structure.

In agreement with this small contribution of cooperative
effects to binding energy, the molecular graph of the tetramer
is just the superposition of those obtained for both dimers
(Figure 1), showing eight IBPs. Four of them correspond to
C—H/m interactions between each pair of orthogonal catechol
monomers and four to the C+++O bond paths described above
for dimer D,. Table 2 shows that differences between BCP
properties in corresponding critical points of dimers and tetramer
are below 2 x 1073 au for p(r.), 5 x 107> au for v?p(r.), and
2 x 1072 au for H(r.). Thus, cooperative effects between 71—
and C—H/x interactions on BCP properties in T(C) can be
considered negligible.

CT remains the same in each C—H/x unit of the tetramer.
That is, the population of each M unit increases 0.011 au in
the tetramer with regard to that of the isolated monomer in the
same geometry, whereas those of MP® units are reduced in
the same amount, and no cooperative effects are noticeable for
the whole electron density of monomers. Atomic properties
computed for MA(C), MB(C), D;(C), D5(C), and T(C) allow us
to obtain cooperative effects on them in the crystal geometry.
For the sake of simplicity, we have restricted ourselves to
analyze cooperative effects on APN(Q) and AYE(Q?), denoted
as A®N(Q) and A®E(Q), bearing in mind the interactions
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TABLE 6: Atomic Electron Populations of the Monomers,
MA and MP, in the Systems Considering Crystal Geometry
D;(C), D5(C), T(C), and Cooperative Effects Due to
Tetramer Formation on the Atomic Electron Populations®

NTOQ)  NP'OQ)  NP2OQ)  NMOQ)  ATNQ)

MA
Cl 5.5074 5.5064 5.5173 5.5173 —0.0005
C2 5.4903 5.4892 5.4903 5.4903 —0.0026

C3 5.9421 5.9361 5.9353 5.9353 0.0059
C4 5.9217 5.9150 5.9166 5.9166 0.0100
C5 5.9093 5.9017 5.9061 5.9061 0.0037
Co6 5.9227 5.9208 5.9236 5.9236 0.0052
H1 0.3597 0.3586 0.3624 0.3624 0.0017

H2 0.3470 0.3460 0.3501 0.3501 0.0010
H3 1.0288 1.0256 1.0223 1.0223 —0.0043
H4 1.0756 1.0706 1.0754 1.0754 —0.0041
H5 1.0617 1.0842 1.0618 1.0618 —0.0025
Ho6 1.0606 1.0607 1.0726 1.0726 —0.0030
0Ol 9.1897 9.1910 9.1914 9.1914 —0.0054
02 9.1945 9.1953 9.1858 9.1858 —0.0059
MB
cr 5.5128 5.5092 5.5159 0.0036
c2 5.4845 5.4867 5.4857 —0.0022
c3 5.9364 5.9387 5.9342 —0.0023
c4 5.9216 5.9198 5.9200 0.0018
cs 5.9035 5.8987 5.9023 0.0049
Co’ 5.9267 5.9205 5.9264 0.0062
HI” 0.3623 0.3613 0.3627 0.0010
H2’ 0.3492 0.3482 0.3502 0.0010
H3’ 1.0139 1.0154 1.0158 —0.0015
H4 1.0654 1.0676 1.0665 —0.0022
H5 1.0796 1.0816 1.0818 —0.0019
H6’ 1.0692 1.0712 1.0698 —0.0020
or 9.1848 9.1877 9.1876 —0.0029
o2 9.1792 9.1827 9.1815 —0.0035

¢ All values in au.

affecting each kind of monomer: C—H/x and zr—s for MA and
only C—H/zr for M®. They are obtained with different expres-
sions (eq 2 for M? and eq 3 for M®), where Q* and QP are
atoms of monomers M* and MB, and AYT, APP! and APP?
represent, respectively, the binding variations of T(C), D,(C),
and D,(C).

ACbN(QA) — AbTN(QA) _ AbDlN(QA) _ AbDZN(QA)
(@)

ACbN(QB) — AbTN(QB) _ AbDZN(QB) (3)

We notice that, although cooperative effects do not affect
the global electron population of monomers, they are significant
on some atoms (Table 6), reaching 0.010 au for C4 in M and
0.006 au for C6 in M®B. We remark that, contrary to what could
be expected, the largest A®°N(Q) values do not correspond to
the atoms not included in 77— or C—H/x bond paths. Even
we observe that, in spite of the global CT observed for C—H/x
formation is the same in D,(C) and T(C), the evolution followed
by p(r) is different. So, the subset of atoms attached to the other
monomer by IBPs, {Q*}, in M® goes from losing electron
population in D,(C) to gaining it in T(C) as reflected by
S APN(Q%*) values in Table 5.

It is also remarkable that A®N(Q) and A®E(Q) values are
lineally correlated for each element (2 always above 0.91).
Finally, the stabilization of M in the tetramer is —25.6 kJ mol ™!
revealing cooperative effects (JAPE(Q) = —5.8 kJ mol™!)
between the m—sx and C—H/x interactions affecting the same

J. Phys. Chem. A, Vol. 113, No. 41, 2009 11057

monomer. In contrast, M® experiences nearly the same desta-
bilization in dimer D, as in the tetramer (JAPE(Q) < 1 kJ
mol ™).

Conclusions

Face-to-face dimer (D) is most stable than that due to C—H/x
interactions (D). The former displays four IBPs, whereas the
latter only presents two. Deformation energies are significantly
larger in Dy, which is counterbalanced by a more negative
binding energy. According to p(r.) values increased binding can
be only ascribed to the larger number of IBPs in Dy, although
m— interactions would be stronger than C—H/xr ones at the
same interatomic distance.

Atomic properties of the monomer are altered significantly
in the crystal. For some properties, like N(Q2), the variations
originated by geometry deformation are larger than those due
to binding. The contrary is observed for properties related to
electron density polarization. Variations of atomic properties
upon binding in Dy indicate that (i) there is no global CT
between monomers, (ii) there is a slight global polarization of
p(r) in each monomer, (iii) p(r) tends to become slightly flatter
upon stacking, (iv) atoms involved in stacking bond paths (or
closely placed to them) experience the largest variations, and
(v) p(r) flattening mainly affects the distribution of the diffuse
electron density placed far from the nuclei. In contrast, D,
formation takes place with a non-negligible CT (0.011 au) from
M?® to M, keeping in line with previous descriptions of IHB,
where electron density is transferred from the base to the acid.
Also, APN(Q) values are in line with those obtained for usual
IHB complexes (particularly with C—H+++O bonds). In D,, the
main variations are restricted for MA to atoms involved in IBPs,
whereas they are much more extended throughout the whole
M® monomer.

Electron density deformation, Ap(r), achieves very small
extreme values in both dimers. In Dy, most of the p(r)-enhanced
regions are in the molecular plane, close to depletion ones, which
are placed out of the molecular plane (at both sides). In D,,
Ap(r) displays two main characteristics: (i) the most significant
depletion and enhancement regions are placed alternatively along
the strongest IBP, with nearly cylindrical symmetry, typical of
IHBs, and (ii) non-negligible Ap(r) regions are localized in M*
around atoms involved in IBPs, whereas they are extended
throughout the whole monomer in M&,

Finally, cooperative effects on binding energies are small in
the tetramer, and they are hidden for bond properties and CT.
Nevertheless, they are significant on atomic electron population
(reaching 0.010 au for C4 in M), with the largest contributions
exhibited by atoms involved in 7—s or C—H/z bond paths.
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