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Abstract Self-assemblies of 2-hydroxy-1,4-naphthoquinone
(HNQ) have been investigated using the (HNQ), (n =1-4)
series as modeled systems employing ab initio Hartree—Fock
calculations. The energetics and charge distribution in these
molecular systems are presented. As revealed from the elec-
tron density in the highest occupied molecular orbital of the
lowest energy conformers of (HNQ), (n =1-4) the charge
‘percolates’ to the end unit of the assembly. This has been sup-
ported by the molecular electrostatic potential topography.

Keywords H-bonding - Charge percolation - Lawsone -
Hartree-Fock

1 Introduction

2-hydroxy-1,4-naphthoquinone (HNQ or lawsone) has been
of great interest for quite a long time partly due to its biolog-
ical importance, which stems from its selective action to tar-
get a limited number of proteins at the plasma membrane [1].
HNQ can be reduced reversibly to a semiquinone radical an-
ion or to dianionic catecholate form, and on coordination with
metal ions such as copper or manganese facilitates electron
transfer in photosynthesis and biological processes [2—4].
Thus HNQ has been considered as an electron transfer media-
tor in biochemical fuel cells [5]. It has also been a novel probe
for hydrogen bond donor ability in pure solvents and mixed
aqueous solvents [6]. In order to understand the properties
from isolated molecules, the electronic structure of HNQ was
obtained by using ab initio quantum chemical calculations.
Its infrared spectral characteristics observed in N, and Ar
matrices have also been studied extensively [7]. Furthermore,
Dekkers [8] has studied the hydrogen bonding interactions in
the crystal structure of HNQ. In the present work we carry out
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detailed investigation of self-assemblies of HNQ by employ-
ing the ab initio Hartree-Fock (HF) method on the mod-
eled (HNQ),,, where n =1-4, systems, which are facilitated
via intermolecular hydrogen bonded interactions. To pursue
this in the present work we address the following questions:
How does the intermolecular hydrogen bonding influence the
structural parameters of (HNQ), ? What are the consequences
of such hydrogen bonding pertaining to the vibrational fre-
quencies of the modeled (HNQ), systems? How does the
charge distribution in terms of the topography of the molecu-
lar electrostatic potential (MESP) and the electron density in
the highest occupied molecular orbital (HOMO) vary along
this series? How does the charge distribution influence the
dipole moment and the ‘energy-gap’ of the frontier orbital?
The computational method is outlined below.

2 Computational method

Ab initio HF optimizations were carried out using the GAUSS-
IAN 94 program [9] with the internally stored 6-31G(d, p)
basis set. The vibrational frequencies were computed using
the analytical gradient method. The vibrational frequencies
of (HNQ),, (with n=1-3) conformers were calculated. Nor-
mal vibrations were assigned by visualizing the displace-
ments of atoms around their equilibrium (mean) positions
[10]. The localization of the electron density in the HOMO
obtained from the Hartree—Fock wavefunction was visual-
ized by employing the UNIVIS-2000 code [10].

The MESP V(r), at a point r due to a molecular system
with nuclear charges { Z4 } located at {R 4 } and electron den-
sity p(r) is defined by

N
Za p(r)d?r
V() = -

=2 Ry /|r—r’|

A=1

: (1)

where N is the total number of nuclei in the molecule. Thus
V(r) comprises of the bare of the bare nuclear potential and
the electronic contributions. As can be seen, the balance of
these terms (cf. Eq. (1)) brings about the effective localization
of electron-rich regions in the molecular system. The V(r)
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Fig. 1a—d. Optimized geometries of (HNQ), (n =1-4) conformers. MESP minima near oxygens are denoted by xj, X2, ...

was calculated using the HF wave function and its topograph-
ical features [11-14] were studied. The MESP critical points
(CPs), where the first-order partial derivatives of a function
with respect to all its dependent variables become zero, were
located. A non-degenerate CP is characterized by an ordered
pair (R, o), R denoting the rank and o the signature, the
former being the number of non-zero eigenvalues at the CP
whereas the latter gives the excess of the positive eigenvalues
over the corresponding negative ones. These MESP CPs are
classified as maxima, minima and the saddles in terms of R
and o. Thus, (3, —3), (3, —1), (3, +1) and (3, +3) CPs have
been identified. Thus (3, +3) CP represents a local minimum
in the V(r). For the (3, —3) CP all three eigenvalues of the
Hessian matrix are negative, and such a CP corresponds to a
local maximum of the MESP. The saddle points are denoted
by (3, —1) and (3, +1).

3 Results and discussion

As noted in the introduction we have investigated self-assem-
blies of (HNQ), (n =1-4) as modeled systems. For n =2,
3 and 4 different conformations denoted by D, T, and Te,
respectively, were considered. The suffix 1, 2 and 3 repre-
sents the mode of intermolecular hydrogen bonding. These
are shownin Fig. 1a—d. The intermolecular hydrogen bonding
has been facilitated via: (a) oxygen from the C=0 group inter-
acting with the hydroxyl group of another unit (as in Dy, T,
and Te,); (b) secondly an initial structure for a (HNQ), repre-
senting w— interactions has been considered. This structure
finally converges to non-planar conformer with flipping of the
naphthalene ring (D;). The two naphthalene rings turn out to
be nearly perpendicular to each other in D;, implying the ab-
sence of stacking interactions in the gas phase structure. This
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Fig. 1 (Contd).

agrees with the conclusions drawn by Dekkers [8]; (c) lastly
a conformer where the hydrogen bonding via Cs-hydrogen of
one unit binds to free carbonyl oxygen of the preceding unit
is considered. The pattern of such C-H- - - O contacts, which
vary with the angle between the carbonyls in some of related
naphthoquinones, are investigated extensively in the litera-
ture [15]. For n = 2 and 4, three conformations correspond-
ing to the stationary point geometries were located. HF/6-
31G (d, p) calculations predict the intramolecular O, - - - H
hydrogen bond distance in isolated (HNQ) to be 2.084 A.
Amongst the three conformers of (HNQ),, D;turns out
to be 4.67kJmol~! lower in energy than D,. In the latter,

Tez '[‘.33

Table 1 Electronic (in au) and relative stabilization energies (in
kI mol~!) in (HNQ), conformers

SCF energies Relative stabilization energy

M, —606.788173

D, —1213.583863 0.0
D, —1213.582084 4.7
D3 —1213.581133 72
T —1820.380370 0.0
T, —1820.370407 26.2
Te, —2427.177395 0.0
Te, —2427.175852 4.1
Tes —2427.164396 34.1
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Table 2 Inter- and intramolecular hydrogen bond distances in different (HNQ),, conformers

M 1 D 1 D2 D3 T] Tz Tel Tez T€3
R(O; ---Hy) 2.084 2.084 2.146 2.082 2.085 2.082 2.086 2.085 2.061
R(Oy;---Hp) 2.217 2.146 2.082 2.186 2.064 2.188 2.219 2.061
R(Oy4---Hyp) 2.048 2.046 2.039 2.031
R(Oy;---Hy) 2.232
R(O;---Hp) 2.391
R(Oy; -+ -Hpp) 2.227 2.063 2.225 2.226 2.061
R(Oy4---Hyp) 1.992 1.987 2.016
R(O3; ---Hzp) 2.223 2.226 2.061
R(Oy4 -+ -Hsp) 1.992 2.027
R(O4---Hj3) 2.487 2.480 2.513
R(Oy4---H3) 2.487
R(Oy4---Ha3) 2.480 2.513
R(O34 - - - Ha3) 2.513
R(Oy4 ---Hs33) 2.513

two naphthalene rings are oriented at 96° to one another.
The D3 structure is further destabilized by 2.5 kJ mol~' (cf.
Table 1). Both D; and D, exhibit bifurcated hydrogen bonds
through the hydroxyl Hj, in D; and both H, and Hj; in Dy,
as shown in Fig. 1b. The inter- and intramolecular hydrogen
bond distances in all these structures are displayed in Ta-
ble 2. The intermolecular Oy - - - Hy, distance in D; is 2.084 A.
The Oy ---H, (2.232A) and O; - - - Hy, (2.391 A) bonds are
unequal in the non-planar D, conformer. The intermolec-
ular bond distance in D; is 2.048 Acompared to 2.232A
(O1; - --Hy) and 2.391 A(O; - - - Hy») in D,, which provides
stability to the D; conformer of (HNQ),. In conformer D3
neither of the carbonyls participate in the propagation of
self-assemblies. The possibility of helical structure has been
predicted for D and D, conformers. In the former, O---H
interactions are stronger and the asymmetric charge distribu-
tions near Oy, and O, are noticed.

Forn = 3,two conformers T and T, are shown in Fig. 1c,
of which the conformer T; with a pair of bifurcated hydro-
gen bonds (inter- and intramolecular as well) turns out to be
26.2kJmol~! lower in energy. The stability of T; relative
to T, results from the strong O—H- - - O interactions over the
C-H- - - Ointeractions and is in accordance with the bond dis-
tances displayed in Table 1. Thus, the lowest energy T, con-
former shows half-helical structure. It should be remarked
here that, as noted earlier in D3, the T, conformer prohib-
its further extension of the HNQ assemblies. In the case of
(HNQ)4, the structures Te; and Te,, possessing three bifur-
cated hydrogen bonds through different centers, were derived
by considering (HNQ); - - - (HNQ) and (HNQ); - - - (HNQ),
interactions. For (HNQ)4, conformer Te; turns out to be lower
in energy by 4.04kJmol~! than Te, owing to stronger
Oj4 - - -Hy and Oyy4 - - - H3; interactions. The structure includ-
ing solely (HNQ)- - - (HNQ) interactions finally converges to
a structure with C4 symmetry (denoted by Tes in Fig. 1d),
with all carbonyl oxygens prohibiting further propagation
of the self-assemblies, and is destabilized by 34.1kJ mol~!
over Te; (cf. Table 1). In Table 3 the interaction energies,
AE, obtained by subtracting the sum of electronic energies
of the individual fragment from the total self-consistent field
(SCF) electronic energy of the (HNQ),,, are displayed. Thus

Table 3 Interaction energies (A E) in kJ mol~! in (HNQ), conformers

AE
D, 19.74
D, 15.07
D; 12.57
T 41.62
T, 15.46
Tei 23.24
Te, 21.34
Tes 30.73

(HNQ)3 is favored over the n = 2 and n = 4, which suggests
(HNQ)3 as a basic unit in a crystal.

The charge distribution in (HNQ),, has been investigated
using the MESP topography. MESP minima near oxygens
in different conformers of (HNQ), (n = 1-4) are given in
Table 4. In the lowest energy conformers (M, Dy, Ty, Te;),
increasing value of n engenders shallow MESP minima near
O; and O;. On the other hand the carbonyl oxygen in prop-
agation of assembly show deeper MESP minima, which im-
plies ‘percolation of electronic charge’ to the end unit. The
O4---Hj3 and Oy4 - - - H3 hydrogen bonds in D5 are equal
(2.487 A) and engender the electrostatic potential, which is
symmetric (O4, O14 and O, Oj, are, therefore, symmetry
equivalent). Carbonyl oxygens in D3 prohibit extension of
self-assembly. Similarly carbonyl oxygens in T, are locked
in intra- and intermolecular hydrogen bonded interactions
facilitating no further propagation of assembly, in contrast to
T;. Similar conclusions may be drawn from the electrostatic
potentials of (HNQ), conformers.

The HOMO (isosurface of 0.01 au) in the lowest energy
conformers of (HNQ),, (n =1-4), viz., My, D, T and Te;,
are displayed in Fig. 2. It should be remarked here that the
percolation of charge (via O-H- - - O hydrogen bonded inter-
actions) has been noticed only in the lowest energy (HNQ),
conformers. This charge transport via O—H- - - O intermolec-
ular interactions is revealed from the electron density within
the HOMO and is consistent with the conclusion drawn from
the MESP topography.
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Table 4 MESP minima (in kJ mol~") near oxygen atoms of different (HNQ), conformers

Nearest atom M; D, D, Ds T, T, Te, Te, Tes
X1 0, —146.2 —1384 —141.2 —158.1 —133.1 —1594 —130.5 —134.0 —161.8
X7 (o)) —150.2 —141.3 —146.5 —180.8 —136.0 —1394 —133.5 —137.3 —126.2
X3 (0)) —139.0 —189.2
X4 Oy —196.9 —125.5 -219.9 —201.7 —189.8 —256.2 —187.3 —176.0 —148.6
Xs Oy —220.5 —184.6 —197.2 —168.8 —-2154 —118.3 —251.9
X6 (071 —111.9 —133.2 —158.1 —164.1 —159.7 —168.4 —103.1 —161.8
X7 Oy —131.8 —172.3 —159.7 —121.2
Xg (0J7) —194.6 —150.5 —180.8 —160.7 —138.1 —156.8 —182.6 —126.2
X9 012 —138.0 —148.8
X10 Oy —213.5 —218.3 —201.7 —100.6 —244.6 — 938 —196.1 —189.2
X11 Oy —239.7 —195.1 —168.8 —1854 —185.3 —178.7 —137.7 —251.9
X12 Oy —130.2 —156.3 —1214 —117.9 —161.8
X13 Oy —150.2 —140.9 —1314
X14 O —202.7 —164.4 —195.9 —194.5 —148.6
X15 (0753
X1i6 Oy —220.8 —230.4 —110.0 —208.3 —189.2
X17 Oy —247.1 —177.8 —192.1 —147.8 —251.9
X8 O3 —163.9 —142.6 —161.9
X19 O3 —141.5 —128.6 —126.2
X20 032 —209.5 —207.5
X21 032 —148.6
X2 Osq —253.9 —221.6 —189.2
X3 Osy —228.2 —248.4 —251.9

Fig. 2 Highest occupied molecular orbital (HOMO) in the lowest energy conformers (M, D, T and Te, ) of modeled (HNQ), (n =1-4) systems.
The isosurface of 0.01 au are shown. See text for details
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Table 5 Highest occupied molecular orbital (HOMO) to lowest unoc-
cupied molecular orbital (LUMO) energy gap, (A¢), (in kJ mol~!) and
dipole moments, u, (in D) in (HNQ),, conformers

Ag "
M, 1,006 3.31
D, 964 6.61
D, 996 4.77
D3 999 0.00
T 948 5.50
T, 996 2.06
Te, 934 8.47
Te, 948 13.15
Tes 1,001 0.00

Table 6 Comparison of selected vibrational frequencies (in cm™') of
the lowest energy (HNQ),, conformers

Assignment M, D, T,

O-H? stretching 3,474 (919) 3,428 (1,335)
C=0" stretching 1710 (41) 1,709 (15) 1,717 (105)
C=0° stretching 1697 (619) 1,688 (1,302) 1,677 (1,213)

#The OH vibration corresponds to the unit participating in further prop-
agations

> Oxygen locked in the intermolecular hydrogen bonded interactions

¢ Oxygen participating in further propagations via C=0- - - H interac-
tions

The energy difference of the frontier orbitals (A¢) and the
dipole moments of (HNQ),, conformers are given in Table 5.
Thus it may be inferred that the conformer of lowest energy
is soft relative to those of higher energy and becomes more
so with increasing n along the (HNQ), series. The dipole
moments do not show any regular trend. As expected the D3
and Te; conformers have zero dipole moments owing to a
symmetric charge distribution (cf. Fig. 1b 1d).

The vibrational frequencies of selected normal vibrations

in (HNQ),, (n = 1-3), are compared in Table 6. HF/6-31G(d, p)

calculated frequencies were scaled by a factor 0.8606 since
the observed C=0 stretching for the isolated HNQ corre-
sponds to 1,710 cm™~!. The carbonyl oxygen locked with the
hydroxyl group, via O,—H; - - - O; hydrogen bonded interac-
tions, engenders a five-membered ring. This leads to C=0
stretching at a 1,710 cm™! vibration for HNQ. In the (HNQ),
this vibration moves to a lower wavenumber and a shift of
9cm™! has been predicted. A red shift of 20 cm~! has been
predicted for T3. The corresponding C=0 and OH bond dis-
tances are nearly unchanged in the M|, D and T| conformers.
The 1,717 cm~! vibration suggests that the C=0O bond par-
ticipating in propagation of self-assembly in T is relatively
strong. This is accompanied with an increase of intensity, pos-
sibly resulting from the electron-rich carbonyl oxygen, which
brings about charge separation to a larger extent in T}.

4 Conclusions

As shown in this work the geometrical parameters of isolated
HNQ, except the intermolecular hydrogen bond distances,
are nearly insensitive along the (HNQ),, (n =1-4) series. The
work demonstrates how the charge transfers from the top to
the top to the end along the half-helix in the (HNQ),, mod-
eled systems. This has been manifested in the deeper MESP
minima near carbonyl oxygens with the growth of HNQ self-
assembly. The electron densities within the HOMO and the
MESP topography support these conclusions. The energy gap
of Frontier orbitals decreases steadily along the (HNQ),, se-
ries.
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