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Halogen bonds are shown to possess the same characteristics as hydrogen bonds: charge transfer,

Abstract

resonance assistance and cooperativity. This follows from computational analyses of the
structure and bonding in N-halo-base pairs and quartets. The objective was to achieve
understanding of the nature of resonance-assisted halogen bonds (RAXB): how they resemble or
differ from the better understood resonance-assisted hydrogen bonds (RAHB) in DNA. We
present an accurate physical model of the RAXB based on molecular orbital theory, which is
derived from corresponding energy decomposition analyses and study of the charge distribution.
We show that the RAXB arise from classical electrostatic interaction and also receive
strengthening from donor—acceptor interactions within the o-electron system. Similar to the
RAHB, there is also a small stabilization by m-electron delocalization. This resemblance leads to
prove cooperativity in N-halo-guanine quartets, which originates from the charge separation that

goes with donor—acceptor orbital interactions in the o-electron system.
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Introduction

One of the most important intermolecular interactions known are hydrogen bonds (H-bonds).
They are responsible for unique features of water, the stability of biological systems such as
DNA, and for self-assembly processes in supramolecular chemistry.'” The nature of this
intermolecular interaction has been extensively studied experimentally, as well as
theoretically.’** Halogen bonds (X-bonds), although discovered around 150 years ago,’ have
received considerably less attention. The awareness of the importance of halogen bonds has
augmented in the last decades. Nowadays, halogen bonds have applications in various fields of
chemistry, such as supramolecular, bio- and inorganic chemistry.”**'*!" This rise in interest has
lead to various theoretical work to unravel the nature of the halogen bonds, of which some

12.314.I51617.18.19 i1 dies have shown

question the differences and similarities with hydrogen bonds.
that electrostatic attraction, dispersion, polarization and charge transfer can all contribute
significantly to the stability of both H- and X-bonds.">'****'?***?* However, halogen bonds are
still often considered to have a smaller charge transfer contribution than hydrogen bonds.

With the computational work presented here, we want to demonstrate that H- and X-bonds
have equivalent bonding characteristics by comparing trends in interaction energies and
deformation densities, both objective criteria. For that reason, we present here the resonance-
assisted halogen bonds (RAXB), a phenomenon which has not yet received much attention, and
compare these X-bonds to the well-known resonance-assisted hydrogen bonds (RAHB). The
latter were proposed by Gilli et al.”” and are reinforced by electron delocalization in the -
electron system. In previous work,” we established theoretically that, for the hydrogen bonds in
Watson-Crick DNA base pairs, the electrostatic interactions and charge transfer are of similar
importance and that indeed the s electrons provide an additional stabilizing component. These
findings have been confirmed by Ziegler and co-workers.” Furthermore, it has been shown
computationally that the synergetic interplay between the delocalization in the m-electron system
and the donor—acceptor interactions in the o-electron system was small, that is, the simultaneous
occurrence of the o and & interactions is only slightly stronger than the sum of these interactions

occurring individually.
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Figure 1. Schematic representation of the Watson-Crick base pairs and the guanine (G,) and
xanthine quartets (Xan,; X = H) and the N-halo-base pairs (X-AT and X-GC), N-halo-guanine
quartets (X-G,) and N-halo-xanthine quartets (X-Xan,) with X = F, Cl, Br or .
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In telomeric DNA, the guanine bases form quadruplexes: a stack of three layers of guanine
quartets. The guanine bases in these layers are essentially coplanar and interact through hydrogen
bonds. The quadruplexes are furthermore stabilized by the presence of monovalent ions, such as

" and Na', between the layers. Intriguingly, the hydrogen-bonding energy of the guanine
quartets G, (see Figure 1) is known to be more stabilizing than four times the hydrogen-bonding
energy of one guanine pair G,. Previously, our analyses on telomeric DNA? revealed that this
cooperativity within the H-bonds originates from the charge separation that goes with donor—
acceptor orbital interactions in the o-electron system, and not from the strengthening caused by
resonance in the s-electron system.

Cooperativity and resonance assistance have been explored before in the context of halogen-
bonded molecular systems, but mainly on small complexes.”?7%7!1723334333¢37 We investigated
these phenomena for larger aromatic complexes, by substituting the N—H in the natural G,
quartets with N—X. Chloramines of nucleosides are experimentally known,”****#'#* of which the
cytidine and adenosine chloramines are the most stable. In this work, we focus on the
halogenated guanine bases to be able to demonstrate for the first time that the X-bonds in an N-
halo-guanine quartet X-G, (see Figure 1, with X = F, Cl, Br or I) show the same synergetic
enhancement, that is in quantity and nature, as the H-bonds in G,. We present an accurate
explanation for the physical mechanism of resonance-assisted halogen bonds and the observed
cooperativity, which is established in terms of Kohn-Sham molecular orbital (MO) theory,”***
and supported by corresponding energy decomposition analyses (EDA)* and Voronoi
deformation density (VDD) analyses of the charge distribution*’ using dispersion-corrected
relativistic density functional theory at the ZORA-BLYP-D3(BJ)/TZ2P level of theory.*** The
proof of the intrinsic resemblance between H-bonds and X-bonds will be based on the existence
of charge transfer in the X-bonds, which can be directly demonstrated with the cooperativity

occuring within X-G,.

AT F-AT CI-AT Br-AT I-AT

‘?8? A R AR ft&;*

Figure 2. Geometrles at ZORA—BLYP—D3(BJ )/TZ2P for the hydrogen— and halogen—bonded AT
and GC base pairs in C; symmetry.
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Methods

All calculations were performed with the Amsterdam Density Functional (ADF) program™ and
QUILD®'** using dispersion-corrected relativistic density functional theory at the ZORA-BLYP-
D3(BJ)/TZ2P level for geometry optimizations and energies.””**>*® Full computational details
are available in the Supplementary Information.

The bond energy AE,,, of the quartet is defined as:
AE,

bon

_4.Ebase (1)

is the energy of the quartet, and E,

= E

quartet

where E

quartet

is the energy of the X-G or X-Xan. The overall

ase

bond energy AE is made up of two major components:

AE‘bond = AE + AE‘im (2)

prep

In this formula, the preparation energy AE

ep 18 the amount of energy required to deform the

separate bases from their equilibrium structure to the geometry that they acquire in the quartet.
The interaction energy AE,, corresponds to the actual energy change when the prepared bases are
combined to form the quartet.

The interaction energy in the hydrogen- and halogen-bonded model systems is examined in
the framework of the Kohn-Sham MO model using a quantitative energy decomposition analysis
(EDA) into electrostatic interactions, Pauli repulsive orbital interactions, and attractive orbital

interactions, to which a term AE, is added to account for the dispersion interactions:*

isp
AE‘int = AVelstat + AE‘Pauli + AEoi + AE‘disp (3)

The term AV, corresponds to the classical electrostatic interactions between the unperturbed
charge distributions of the prepared (i.e. deformed) bases and is usually attractive. The Pauli
repulsion AE;,,; comprises the destabilizing interactions between occupied orbitals and is
responsible for any steric repulsion. The orbital interaction AE,; accounts for charge transfer (i.e.,
donor—acceptor interactions between occupied orbitals on one moiety and unoccupied orbitals on
the other, including the HOMO-LUMO interactions) and polarization (empty-occupied orbital
mixing on one fragment due to the presence of another fragment).

The orbital interaction energy can be further decomposed into the contributions from each
irreducible representation I' of the interacting system (equation 4) using the extended transition
state (ETS) scheme developed by Ziegler and Rauk.** In our planar model systems, this

symmetry partitioning allows us to distinguish o and s interactions:
AEoi = AEOiO + AE‘OiJr (4)

The cooperativity in the hydrogen or halogen bonds in quartets is quantified by comparing
AE,, (i.e., formation of the quartet from four bases in the geometry of the former) with the sum
AE

as:

of the individual pairwise interactions for all possible pairs of bases in the quartet, defined

sum

AE,, =49AE

pair

+ 2 AE,, &)
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Here, AE

pair

doubly hydrogen- or halogen-bonded bases in the geometry of the quartet) and AE,

is the interaction between two neighboring bases (i.e., the interaction between two
g 18 the
interaction between two mutually diagonally oriented bases (i.e., the interaction between two
non-hydrogen-bonded or non-halogen-bonded bases in the geometry of the quartet). The synergy

occurring in the quartet is then defined as the difference:
AE‘syn = AE‘int - AE‘sum (6)

Thus, a negative value of AE

syn

reinforcement of the quartet stability due to the occurrence of all hydrogen or halogen bonds

corresponds to a stabilizing cooperative effect, that is, a

simultaneously.
Now, we arrive at the analysis of how stacking and cations affect the interaction AE,, within

nt

X-G, and X-Xan, quartets, in particular, how it affects the cooperativity AE,

syn

between hydrogen
bonds or halogen bonds. This is achieved by comparing the interaction energy AE,, for formation
of a quartet in a stacking environment (i.e., between the top and bottom G, layer of our model
stacks) with the formation of the corresponding bare gas-phase quartet. This is done again using
the approach of Eqgs. 4 and 5. Here, the energy of a quartet X-B, and of a base X-B in the
stacking environment, are defined as Eg,ixB,6, — Ec,1 16, and Eg,ixB1G, = Ec,1 16,
respectively, that is, the difference in energy between a stacking environment "occupied" with a
central quartet or base and an empty stacking environment. The interaction energy of a quartet in

the stacking environment is then given by:

AE, = (EG4[X-B4]G4_EG4[ ]G4) — 4 (EG4[X-B]G4_EG4[ ]G4) 7

Likewise, the sum energy for a quartet in a stacking environment is:
AE,,, = 4°*{(Eg,x-B,i6,~ EG, 16,) — 2°* (Eg,x-BIG, ~ EG,[ 16)} +

2« {(Eg,ix-B/x-B1G, ~ Ea,[ 16) — 2* (Eg,x-B1G, ~ £ [ 16} (®)

which contains, in analogy to equation (5), four times the hydrogen- or halogen-bonded pair

interaction AE

pair

in the stacking environment (first line) and twice the diagonal base—base

interaction AE,,, in the stacking environment. The effect of stacking and potassium cations can

iag

be easily derived from equations (7) and (8) by substituting “G,[ ]G,” with “G,K'[ ]K'G,” ,

which includes the cations in the environment.
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Results and Discussion

B-DNA

Before starting our analysis of the quadruplexes, we investigated the nature of the bonding in the
halogen-substituted Watson-Crick base pairs. From earlier studies,”” it is known that the halogen-
bonded X-AT and X-GC are weaker bound than the natural AT and GC (see Table 1). Indeed, we
found that the fluorinated Watson-Crick base pairs are almost unbound (-1.4 kcal mol™" when
symmetry constraints are applied, without constraints no halogen-bonding interactions are
present), whereas the halogen bonds in the iodine-substituted AT and GC pairs amount to —10.7
kcal mol™ and —17.3 kcal mol ™, respectively. Furthermore, it has been shown that hydrogen and
halogen bonds are governed by similar bonding mechanisms.">'® We analyzed the X- and H-
bonds for these dimers in the conceptual framework provided by the Kohn-Sham molecular
orbital model through a decomposition of the interaction energy (AE,,) into the classical
electrostatic interactions (AV,,), the attractive orbital interactions comprising charge transfer
and polarization (AE,), dispersion interactions (AE;
between closed shells (AE,
bonding orbital interactions associated with X- or H-bonding and the electrostatic attraction are

i) and the Pauli repulsive orbital interactions

-2 It appears that in both the X- and H-bonded base pairs, the
of comparable magnitude (see Table 1). For clarity, we like to stress that the AV, term within
this work is computed from the complete charge distributions of both fragments, and therefore
has no direct relation with molecular electrostatic potential plots, which are often provided in
studies on hydrogen bonds, halogen bonds and similar interactions. Halogen bonds are typically
described as arising from a positive region, the o-hole, appearing at the halogen atom in such
molecular electrostatic potential plots.'®****® Often, but not always, a correlation is found
between the o-hole and the halogen bond strength **'**

Similar to the H-bonded bases, the largest contribution to the orbital interactions in the X-
bonds comes from the o electrons: resonance assistance by m-electron delocalization plays only a
small role. The dispersion interaction is smaller than the orbital and electrostatic interaction. In
line with previous findings,'® we find that the strengthening from the fluorine bonds to the iodine
bonds follows from an increase in all bonding components.

The X-bonds in the halogen-substituted base pairs differ geometrically from the H-bonds in
the natural DNA base pairs. The larger halogen atoms do not pair perfectly with the opposite
base. This effect becomes more pronounced from chlorine- to iodine-substiuted base pairs, as the

halogen atoms are too large to fit next to each other (see Figure 2).
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Table 1. Bond energy analyses (kcal mol ™) for natural and halogenated Watson-Crick base
Y
pairs.

AE AE,, AE,

AT -167 19 -185 -320 401 -212 -196 -16 -54
FAT -14 01 -14 -18 37 -15 -14 02 -18
CLAT 63 04 —67 -130 199 -89 -85 04 48
Br-AT -97 13 -110 -229 337 -156 -147 09 —63

I-AT -10.7 20 127 =247 354 -16.1 -15.1 -10 -7.3

AE

elstat

AE‘Pauli AE‘oi AEoiO AE ; AE'disp

01

GC -304 35 340 477 519 -319 274 45 —6.3
F-GC -14 0.1 -15 -13 40 21 -18 03 2.1
CI-GC 9.1 06 97 -142 193 -86 77 08 —6.2
Br-GC -129 12 -141 -235 325 -152 -139 -13 -7.9

I-GC -17.3 25 -197 287 383 -215 -195 20 -79

[a] Energies computed at ZORA-BLYP-D3(BJ)/TZ2P in C, symmetry for base pair and base. The bond energies for
the fully optimized base pairs and bases differ slightly (see SI, Table S1).

G-DNA

After the establishment of the large contribution of the o orbital interactions to the bonding of the
halogen-substituted base pairs, the investigation was extended to telomeric DNA. The N-halo-
quartets have, as is the case for the natural guanine and xanthine quartets, an S, or C, symmetric
global minimum structure. However, in the quadruplex, which is the natural occuring structure of
guanine quartets, computations showed an almost planar middle layer for the Br-G, quartet,
which allows for favorable dispersion interactions (see Figure 3a). The Br-G, quartet is only 2.3
kcal mol™' lower in energy in the geometry it acquires in the quadruplex G,-K*-[Br-G,]-K*-G,,
than in a C,, geometry. Therefore, the quartets have been optimized and analyzed in C,,

symmetry to enable the separation between the o- and m-orbital interactions.

a

)‘ I ‘ " . ' ' . ‘*W AEpair
BB YR

G AEpair AEdiag AEpair
- SCMEIIGRRYPTC ¢ W BFdeg

AEpair

G,-K*-[G,]-K*-G, G,-K*-[Br-G,-K*-G,

Figure 3. a) Structures of stacked G,-K*-[G,]-K*-G, (left) and G,-K*-[Br-G,]-K*-G, (right) in C,
symmetry at ZORA-BLYP-D3(BJ)/TZ2P. b) Definition of pairwise interaction-energy terms
(arrows) in quartet of DNA bases (squares).
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The computational experiment to prove the existence of covalency as bonding component in
the N-halo-quartets started with the comparison of the halogenated guanine and xanthine quartets
as presented in Figure 1 and 4. We recall from earlier work®’ that guanine quartets (G,) are more
strongly bound than xanthine quartets (Xan,), despite the fact that they have the same number of
hydrogen bonds. This is ascribed to a cooperativity effect in the former. The interaction energy of
of Xan, is only —73.4 kcal mol™ (see Table 2).
Interestingly, the same is true for the Cl-, Br- or I-substituted quartets. The interaction energy of
X—G4 for X = Cl, Br and I is, respectively, —13.4 kcal mol™', —35.0 kcal mol™' and —46.8 kcal mol

! stronger than AE,

mnt

G, amounts to —90.6 kcal mol™' whereas AE,

mnt

of the analogous X-Xan,.

The cooperativity in the X-bonds is proven by comparing the interaction energy AE,, of the
X-G, with the sum of pairwise interactions, AE,,,. The sum of pairwise interactions is obtained
by adding four times the pair interaction AE ,,
Figure 3b). The synergy (AE,, — ) for Br-G, and I-G, amounts to —23.5 kcal mol ™" and —24.9

kcal mol™', which is even stronger than for the natural G, (-20.9 kcal mol ™).

to two times the diagonal interactions, AE,, (see

sum

The experiments were extended to the quadruplexes (Figure 3a). The synergy is barely
affected by the molecular environment and non-planarity: for G, and Br-G, quartets in the
quadruplexes it is —17.9 kcal mol™" and —17.7 kcal mol™' respectively (see equation (7) and (8) for
the calculation of the synergy in the quadruplexes). These computational experiments confirm

the intrinsic resemblance between halogen and hydrogen bonds.

%x«-f. «r:;:‘ ];%.ﬁ;‘ . v‘-%«::
s ol Y

CI-G4 Br-G,

};f;‘pﬁ- g.,},, .f\;‘%‘. ety fg,«r
wE E el é::ri? e

Xan, F-Xan, Cl-Xan, Br-Xan, I-Xan,

Figure 4. Geometries at ZORA-BLYP-D3(BJ)/TZ2P for the hydrogen- and halogen-bonded X-
G, and X-Xan, quartets in C,, symmetry.

These quadruplexes can be further analyzed. The stacking interaction in the G,-K*-[G,]-K*-
G, quadruplex is smaller than in the G,-K*-[Br-G,]-K*-G, quadruplex. The stacking between the
three G, layers in G,-[G,]-G, (no K* present) amounts to —66.2 kcal mol™', and between the G,,
Br-G, and G, in G,-[Br-G,]-G, to —72.6 kcal mol"'. When K" is present, the interaction between
the potassium cations and the stacked quartets is larger for G,-K*-[G,]-K*-G, (=205.6 kcal mol™)
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than for the G,-K*-[Br-G,]-K*-G, (-176.9 kcal mol ™). The smaller interaction with the cations in
G,-K*-[Br-G,]-K*-G, can be attributed to the larger distance between the K* ions and the oxygen
atoms of the central quartet (3.8 to 3.9 A). In the G,-K*-[G,]-K*-G, quadruplex, the oxygen
atoms of the central quartet are much closer to the K* ions: the distance is only 2.9 A. The
additional lone pairs on the bromines probably do not contribute to the overall stability of the K*-

mediated complex as they are more than 4 A from K*.

Table 2. Interaction energy analysis (kcal mol™) of G, and Xan, quartets."”

Environment Quartet Symmetry AE, ™ AE. AE," AE,,"™ Synergy"
gas phase G, Cin -90.6 -19 -165 -69.7 -20.9
F-G, C, 31 401 07 24 07

Cl-G, Cu -39.5 0.1 =75 -303 -92

BrG, C, 775  -06 -132 -540  -235

G, C, 978  —13 -176 -729 249

Xan,  C, 734 —02 -179 719 15

F-Xan, Cu -29 +0.4 0.8 24 0.5

Cl-Xan,  C, 261 401 65 -257 0.4

Br-Xan,  C, 425  -01 -104 417 038

[-Xan, C, 510 -03 -124 503 038

G -G, G, G 892  —19 -174 -734  —I58
BrG, C, 2560 -05 -106 -434  —127

G-K'-[ -K*-G, G, G 727 406 -140 -548 179
BrG, C, 470 403  -75 -293  -177

[a] computed at ZORA-BLYP-D3(BJ)/TZ2P. See Figure 3b and Equations (5) to (8).

For the natural quadruplexes, the cooperativity has been shown to originate from the charge
separation that goes with donor—acceptor interactions in the o-electron system from N and O
lone-pair orbitals on one guanine to o*,_, acceptor orbitals on the other guanine.”” To trace the
origin of the cooperativity in halogen-substituted guanine quartets, we have followed the same
procedure: we constructed X-G, by taking one of the N-halo-guanine bases in the quartet and
stepwise adding the other three N-halo-guanine bases (always in the geometry of X-G,),i.e., X-G
+ X-G = X-G,, X-G, + X-G = X-G; and X-G; + X-G = X-G, (see Figure 5a and Table S3). This
stepwise approach enables us to examine accurately why, and at which point, cooperativity
begins to show up. Except for F-G,, which is almost unbound, the N-halo-quartets show a trend
similar to the natural G,. For example, the interaction energy in I-G, amounts to —17.6 kcal mol ™',
between I-G, and 1-G it is already larger, —24 .4 kcal mol™ and the interaction energy for closure
of the quartet by the formation of four halogen bonds (that is between I-G; and I-G) is —55.8 kcal

9
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mol™'. Thus, the cooperative effect increases systematically and monotonically as the X-G, ,
fragment becomes larger. A similar computational experiment with X-Xan, quartets reveals no
cooperativity at all (see Table S4). As both quartets have m electrons, this outcome points

towards the o-electron system as the responsible factor for the cooperativity in X-G,.

a) N N N L N-werr-XN
o —o ) L0 XN

i vy 5 Y 5
X X X X X X X X i
. X X . X X X X
| | 17 | | 17 L] 17 L]
NX F—NX---O —NX:+--0— —NX----0—
NX F—NX-----N —NX--ee-N—] F—NXeee-N—]
X-Gjp X-Gg X-Gg* X-Gg

Br-G

Figure 5. a) Formation of X-G, quartet in three steps: X-G + X-G = X-G,; + G = G5(*); + X-G =
X-G,. b) VDD charges (milli-electrons) computed at ZORA-BLYP-D3(BJ)/TZ2P for fragments
of the hydrogen-bonded G, and halogen-bonded X-G, quartets in C,, symmetry.

To investigate whether the cooperativity in N-halo-guanine quartets is caused by a similar
mechanism as in the natural guanine quartets, we subjected the total interaction energy, AE,, =
AE, (X-G,) + AE, (X-G;) + AE,(X-G,) to an energy decomposition analysis. The synergy in
each energy component, for example AE;,
difference between AE (X-G,) + AE(X-G;) + AE_(X-G,) and the sum of the corresponding
+ 2 ¢ AE,

diag,oi*

is now defined, in analogy to Figure 3b and Sa, as the

energy component in the pairwise interactions, i.e., 4 * AE

pair,oi

The energy
decomposition analyses show that there are two main contributions to this synergy: (i) the
synergy in the electrostatic attraction of —3.8 kcal mol™, —8.3 kcal mol™' and —6.3 kcal mol™ for
CI-G,, Br-G, and I-G,, respectively; and (ii) the much stronger synergy in the orbital interactions
of —=5.8 kcal mol™', —15.6 kcal mol™' and —20.0 kcal mol™ for CI-G,, Br-G, and I-G,, respectively.
The latter originates almost exclusively from the charge-transfer orbital interactions in the o-
electron system (=5.0, —13.7 and —18.3 kcal mol™ for CI-G,, Br-G, and I-G,, respectively), with

10
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only minor contributions stemming from synergy in the resonance assistance of the m-electron
system (see Table S3). Therefore, one can conclude that the cooperativity leading to the
enhanced stability of the X-G, quartets does not stem from resonance assistance.

The synergy in the o-electron system is, for Br-G, and I-G,, even larger than for the natural
G,, for which it amounts to —8.2 kcal mol™'. This is, again, in good agreement with previous

results on halogen-bonded complexes,'**

where it was shown that, upon going from fluorine to
iodine bonds, the orbital interactions become more important due to a lower acceptor orbital on
the halogen-donating fragment. This can lead to an even larger covalent character for halogen
bonds than for the analogous hydrogen bonds, and consequently a stronger cooperative effect.
Analysis of the electron density confirms this picture, and provides a straightforward
explanation for the cooperativity in halogen-bonded quartets: the donor—acceptor orbital
interactions associated with the AE,;i° term, induce a charge separation, which in turn enhances
both the orbital interactions and the electrostatic attraction with an additional N-halo-guanine
base. The o donor—acceptor interactions between antibonding acceptor orbitals of the N-X
moiety on one X-G and N and O lone-pair orbitals on a second X-G lead to a slight but important
charge transfer in the resulting X-G, complex (see Figure 5b). The former X-G base builds up a
net negative charge of —140, —270 and —254 milli-electrons for X = Cl, Br, and I respectively,
and the latter base builds up a net positive charge of +140, +270, +254 milli-electrons,
respectively (with slightly less charge accumulation for X = I due to back-donation, see SI). As a
consequence, the orbitals in the former CI-G base in CI-G, are destabilized due to the net
negative charge, making the N and O lone-pair orbitals better partners in the donor—acceptor
interactions with a third X-G base (see Figure 6). The energy of the N and O lone-pair orbital
Opomo Tises from —6.3 eV in CI-G to 5.5 eV in CI-G,. Also for the fragments of Br-G, and I-G, a
rise of about 1 eV of the Oy 1 Observed upon going from X-G to X-G,. (see Table S5 and S6).
Likewise, the orbitals on the other X-G base in X-G, are stabilized by the net positive charge,
making the o*_y orbitals better partners for donor—acceptor interactions with a third X-G base
(see Figure 6). In the case of CI-G, for example, the energy of the N—Cl anti-bonding acceptor
orbital (0} yo) decreases from —3.2 eV in CI-G to —3.5 eV in CI-G,. These findings are further
strengthened by analyses of the orbital populations, which indicate steadily stronger donor—
acceptor interactions occuring in X-G,, X-G; and X-G,, as well as from chlorine- to bromine- to
iodine-bonding guanine fragments. For Br-G,, for example, the combined population of both
O*\_g, acceptor orbitals increases monotonically from 0.20 electrons when two Br-G fragments
interact, to 0.22 and 0.26 electrons when the third and fourth fragment are added, respectively.
Thus, cooperativity becomes more pronounced every time an additional X-G base is added
because such an addition will amplify the charge separation, and thereby the donor—acceptor
interactions (see Figures 5-6 and Table S5-S6). The strongest synergy is found when the fourth
and last N-halo-guanine base of X-G, is introduced because this quenches the electrostatically

unfavorable charge separation in the X-G; fragment.

11



Physical Chemistry Chemical Physics Page 12 of 16

Conclusions

The computational experiment presented in this work, in which we evoked cooperativity in
hydrogen- and halogen-bonded compounds, demonstrates clearly the resemblance between
halogen and hydrogen bonds. The equivalence between RAHB and RAXB in natural and N-halo-
guanine quartets is proven by the existence of resonance assistance in the s-electron system and
charge transfer that goes with donor—acceptor orbital interactions in the o-electron system from
N and O lone-pair orbitals on one X-G base to 0*,_j; or 0*,_y acceptor orbitals on the other X-G
base. Thus, whereas the covalency in hydrogen bonds was previously demonstrated by the
cooperativity in natural G,, the even stronger charge transfer present in halogen bonds has now
been demonstrated in a similar way, by revealing an even stronger cooperative effect in N-halo-
guanine quartets. Notably, this is achieved using unambiguous quantities, namely the interaction
energy and the density deformation. A physical interpretation of the results has been
accomplished using Kohn-Sham MO theory, supported by a quantitative interaction energy

decomposition scheme.
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Figure 6. Electron-donating highest occupied molecular orbitals (HOMOs) and electron-
accepting lowest unoccupied molecular orbitals (LUMOs) with their energies (eV) in the o-
electron system on the fragments of the C,,-symmetric CI-G, quartet.
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