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9.1 Introduction 

With the computational work presented in this chapter, we continue the analyses of the 
nature of halogen bonds. The detailed studies on small model complexes in the previous 
chapter already showed that hydrogen bonds and halogen bonds arise due to a very similar 
bonding mechanism, consisting of electrostatic attraction and a significant contribution 
from charge transfer in the σ electron system. Here, we demonstrate that this similar bond-
ing mechanism has equivalent consequences for their bonding characteristics. To this end, 
we move to much larger model systems, namely the hydrogen-bonded Watson-Crick 
DNA base pairs adenine-thymine (AT) and guanine-cytosine (GC), as well as the hydro-
gen-bonded guanine and xanthine quartets (G4 and Xan4, respectively). Gilli et al. proposed 
that hydrogen bonds between DNA bases are reinforced by resonance assistance, due to 
electron delocalization in the π electron system. Therefore, these hydrogen bonds are often 
referred to as ‘resonance-assisted hydrogen bonds’ (RAHB).[361] In previous work[114] it has 
been theoretically established that the hydrogen bonds in Watson-Crick DNA base pairs 
arise due to roughly equal contributions from electrostatic attraction and charge transfer, 
and that indeed the π electrons provide some additional stabilization. These findings have 
later been confirmed by others.[132] Furthermore, the interplay between the delocalization in 
the π electron system and the donor-acceptor interactions in the σ electron system was 



Chemical Bonding and Catalysis 

 144 

found to be small, that is, the simultaneous occurrence of the σ and π orbital interactions is 
only slightly stronger than the sum of these interactions occurring individually. 

In telomeric DNA, the guanine bases form quadruplexes: stacks consisting of three 
layers of guanine quartets. The guanine bases in these layers are essentially coplanar and 
interact through hydrogen bonds. These quadruplexes are furthermore stabilized by the 
presence of monovalent ions, such as K+ and Na+, between the layers. Intriguingly, the hy-
drogen bond energy of a guanine quartet G4 is known to be more stabilizing than four 
times the hydrogen bond energy of one guanine pair G2. Previously, analyses on telomeric 
DNA revealed[115] that this cooperativity within the hydrogen bonds originates from the 
charge separation that goes with donor-acceptor orbital interactions in the σ electron sys-
tem, and not from the strengthening caused by resonance in the π electron system. In the 
xanthine quartet, Xan4, the donor-acceptor interactions run in opposite directions, which 
does not lead to a charge separation and therefore no cooperativity is observed. 

In the following sections, we revisit these analyses on the natural Watson-Crick base 
pairs as well as the quartets, and compare the results to analyses on their halogen-bonded 
analogues, in which we have replaced the hydrogen bonds with halogen bonds, resulting in 
N-halo-base pairs (X-AT and X-GC), N-halo-guanine quartets (X-G4) and N-halo-
xanthine quartets (X-Xan4), where X indicates the type of halogen bond (i.e., F, Cl, Br or I). 
Schematic representations of these model systems are shown in Figure 9.1. Chloramines of 
nucleosides are experimentally known,[362-366] of which the cytidine and adenosine chlora-
mines are the most stable. 

Cooperativity and resonance assistance have been explored before in the context of 
halogen-bonded molecular systems, but mainly on small complexes.[367-375] Here, we inves-
tigate these phenomena for larger complexes, by substituting the N–H in the natural G4 
quartets with N–X, and demonstrate that the halogen bonds in an N-halo-guanine quartet 
X-G4 show the same synergetic enhancement, in quantity and nature, as the hydrogen 
bonds in G4. The synergetic enhancement is not observed in X-Xan4 quartets, similar to 
the results for hydrogen-bonded quartets. We furthermore present an accurate explanation 
for the physical mechanism of resonance-assisted halogen bonds (RAXB) and the observed 
cooperativity, which is again established in terms of Kohn-Sham molecular orbital (MO) 
theory, and supported by corresponding energy decomposition analyses (EDA) and Voro-
noi deformation density (VDD) analyses of the charge distribution. The proof of the in-
trinsic resemblance between hydrogen bonds and halogen bonds will be based on the 
existence of charge transfer in the halogen bonds, in agreement with the results presented 
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in the previous chapter. The occurrence of charge transfer can be directly demonstrated 
with the cooperativity observed within X-G4 quartets, which follows from unambiguous 
quantities, namely the interaction energy between hydrogen-bonded fragments, and the 
electron density deformation that occurs upon formation of these quartets. 

9.2 Bond Analyses: B-DNA Base Pairs 

We start with a brief investigation of the nature of the bonding in the halogen-substituted 
Watson-Crick base pairs. From earlier studies,[376] it is known that the halogen-bonded 
X-AT and X-GC are weaker bound than the natural AT and GC. Indeed, our computa-
tions at ZORA-BLYP-D3(BJ)/TZ2P show that the fluorinated Watson-Crick base pairs 
are almost unbound (−1.4 kcal mol–1 when symmetry constraints are applied to keep the 
base pair planar, without constraints no halogen-bonded base pair was found, but instead a 
stacking confirmation), whereas the halogen bonds in the iodine-substituted AT and GC 
pairs amount to −10.7 kcal mol–1 and −17.3 kcal mol–1, respectively (see Table 9.1). Anal-
yses of the hydrogen bonds and halogen bonds for these dimers reveal that the bonding 
orbital interaction component ΔEoi and the electrostatic attraction ΔVelstat are of comparable 
magnitude (see Table 9.1). 

Figure 9.1  Schematic representation of the Watson-Crick base pairs (AT and GC; X = H) 
and the guanine and xanthine quartets (G4 and Xan4; X = H) and the N-halo-
base pairs (X-AT and X-GC), N-halo-guanine quartets (X-G4) and N-halo-
xanthine quartets (X-Xan4) with X = F, Cl, Br or I. 
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We have performed these optimizations and analyses in Cs symmetry to force the base 
pairs to remain planar, which enables us to separate the orbital interaction energy into con-
tributions from the σ orbitals (A' irrep) and π orbitals (A" irrep), using Equation 2.13. Op-
timizations without symmetry constraints lead to only slightly different results (data not 
shown). Similar to the results for hydrogen-bonded bases, and in line with the results in the 
previous chapter, we found that also for the halogen-bonded bases the largest contribution 
to the orbital interaction term comes from the σ electrons: resonance assistance by π elec-
tron delocalization does not play an important role. We also found that, again in line with 

Table 9.1 Bond energy analyses (in kcal mol–1) for the natural and halogenated Watson-
Crick base pairs.[a] 

ΔE ΔEstrain ΔEint
 ΔVelstat ΔEPauli ΔEoi ΔEσ

oi ΔEπ
oi ΔEdisp 

         AT −16.7 +1.9 −18.5 −32.0 +40.1 −21.2 −19.6 −1.6 −5.4
F-AT −1.4 +0.1 −1.4 −1.8 +3.7 −1.5 −1.4 −0.2 −1.8

Cl-AT −6.3 +0.4 −6.7 −13.0 +19.9 −8.9 −8.5 −0.4 −4.8
Br-AT −9.7 +1.3 −11.0 −22.9 +33.7 −15.6 −14.7 −0.9 −6.3

I-AT −10.7 +2.0 −12.7 −24.7 +35.4 −16.1 −15.1 −1.0 −7.3
        

GC −30.4 +3.5 −34.0 −47.7 +51.9 −31.9 −27.4 −4.5 −6.3
F-GC −1.4 +0.1 −1.5 −1.3 +4.0 −2.1 −1.8 −0.3 −2.1

Cl-GC −9.1 +0.6 −9.7 −14.2 +19.3 −8.6 −7.7 −0.8 −6.2
Br-GC −12.9 +1.2 −14.1 −23.5 +32.5 −15.2 −13.9 −1.3 −7.9

I-GC −17.3 +2.5 −19.7 −28.7 +38.3 −21.5 −19.5 −2.0 −7.9
        [a] See Equations 2.9, 2.11 and 2.13. Energies are computed in Cs symmetry for base pairs and ba-

ses. The bond energies for the fully optimized base pairs and bases differ slightly. 

Figure 9.2  Geometries of the hydrogen- and halogen-bonded X-AT and X-GC base pairs 
in Cs symmetry. 
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results discussed in section 8.6, the strengthening from the fluorine bonds to the iodine 
bonds follows from an increase in all bonding components. 

The halogen bonds in X-AT and X-GC base pairs differ geometrically from the hy-
drogen bonds in the natural DNA base pairs. The larger halogen atoms do not pair very 
well with the other base, because the halogen atoms are too large to fit next to each other. 
This effect becomes more pronounced from chlorine- to iodine-substituted base pairs, as is 
visible in Figure 9.2. Due to these geometric differences between the natural base pairs and 
the halogen-substituted base pairs, it is difficult to make a detailed comparison. However, 
we do find that there is a large contribution of the σ orbital interactions, which stems from 
donor-acceptor interactions between the nitrogen or oxygen lone pair orbitals on one base 
and the σ*N–X acceptor orbitals on the other base. 

9.3 Bond Analyses: G-DNA Quadruplexes 

Having established that there is a large contribution of the σ orbital interactions to the 
bonding of the halogen-substituted base pairs, we extended the investigation to telomeric 
DNA. The N-halo-quartets have, as is the case for the natural guanine and xanthine quar-
tets, an S4- or C4-symmetric global minimum structure. However, in the quadruplex, which 
is the natural occurring structure of guanine quartets, computations showed an almost pla-
nar middle layer for the Br-G4 quartet, which allows for favorable dispersion interactions 
with the two outer guanine quartets (see Figure 9.3). The Br-G4 quartet is only 2.3 kcal 
mol–1 lower in energy in the geometry it acquires in the quadruplex G4-K+-[Br-G4]-K+-G4, 
than in a C4h-constrained geometry. Therefore, the quartets have been optimized and ana-
lyzed in C4h symmetry (see Figure 9.4) to enable the separation between the σ and π orbital 
interactions. 

The computational experiment to prove the existence of covalency as bonding com-
ponent in the N-halo-guanine quartets started with the comparison of the halogenated 
guanine and xanthine quartets, as presented in Figure 9.1 and 9.4. We recall from earlier 
work[115] that natural guanine quartets (G4) are more strongly bound than xanthine quartets 
(Xan4), despite the fact that they have the same number of hydrogen bonds. This is as-
cribed to a cooperativity effect in the former. The interaction energy of G4 amounts to 
−90.6 kcal mol–1, whereas ΔEint of Xan4 is only −73.4 kcal mol–1 (see Table 9.2). Interest-
ingly, the same is true for the Cl-, Br- or I-substituted quartets. The interaction energy of 
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X-G4 for X = Cl, Br and I is, respectively, −13.4 kcal mol–1, −35.0 kcal mol–1 and −46.8 kcal 
mol–1 stronger than ΔEint of the analogous X-Xan4. 

To investigate whether this is due to a cooperative effect, we compare ΔEint (i.e. for-
mation of the quartet from four bases in the geometry they acquire in the quartet) with the 
sum ΔEsum of the individual pairwise interactions for all possible pairs of bases in the quar-
tet (see Figure 9.5), defined as 

ΔEsum = 4 ΔEpair + 2 ΔEdiag . (9.1) 

Here, ΔEpair is the interaction between two neighboring bases (i.e., the interaction between 
two doubly hydrogen- or halogen-bonded bases in the geometry of the quartet) and ΔEdiag 

Figure 9.4 Geometries of the hydrogen- and halogen-bonded X-G4 and X-Xan4 quartets in 
C4h symmetry. 

Figure 9.3 Structures of stacked G4-K+-[G4]-K+-G4 (left) and G4-K+-[Br-G4]-K+-G4 
(right) in C4 symmetry. 
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is the interaction between two diagonally oriented bases (i.e., the interaction between two 
non-hydrogen-bonded or non-halogen-bonded bases in the geometry of the quartet), as 
indicated by the green and blue arrows, respectively, in Figure 9.5. The synergy occurring 
in the quartet is then defined as the difference: 

ΔEsyn = ΔEint − ΔEsum . (9.2) 

Thus, a negative value of ΔEsyn corresponds to a stabilizing cooperative effect, that is, a re-
inforcement of the quartet stability due to the occurrence of all hydrogen bonds or halogen 
bonds simultaneously. 

Analyses of the bonding energy of the C4h-symmetric quartets using these definitions 
(see Table 9.2), reveal a significant cooperative synergetic effect for chlorine-, bromine-, 
and iodine-substituted G4 quartets, but not for any of the Xan4 quartets. The synergy 
(Equation 9.2) for Br-G4 and I-G4 amounts to −23.5 and −24.9 kcal mol–1, respectively, 
which is even stronger than for the natural G4 (−20.9 kcal mol–1). The experiments were 
extended to the quadruplexes (Figure 9.3) to see how stacking interactions with hydrogen-
bonded guanine quartets G4, and cations K+ affect the bonding energy of G4 and Br-G4, 
and in particular to see how they affect the cooperativity that is observed for the hydrogen 
bonds and halogen bonds within these quartets. This is done again using the approach of 
Equations 9.1 and 9.2 (see also Figure 9.5), but the definitions are modified to account for 
the presence of the stacking environment. Now, the energy of a base X-B and of a quartet 
of bases X-B4 in the stacking environment, are defined as EG4-[X-B]-G4 − EG4-[ ]-G4 and 
EG4-[X-B4]-G4 − EG4-[  ]-G4, respectively, that is, the difference in energy between a stacking en-
vironment “occupied” with a central base or quartet and an empty stacking environment. 
The interaction energy of a quartet in the stacking environment is then given by: 

Figure 9.5 Definition of pairwise interaction energy terms ΔEpair (green arrows) and ΔEdiag 
(blue arrows) in quartet of DNA bases (shown as squares). 
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ΔEint = (EG4-[X-B4]-G4 − EG4-[  ]-G4) − 4 (EG4-[X-B]-G4 − EG4-[  ]-G4) . (9.3) 

Likewise, the sum energy for a quartet in a stacking environment is 

ΔEsum = 4 {(EG4-[X-B2]-G4 − EG4-[  ]-G4) − 2 (EG4-[X-B]-G4 − EG4-[  ]-G4)} + 

  2 {(EG4-[X-B/X-B]-G4 − EG4-[  ]-G4) − 2 (EG4-[X-B]-G4 − EG4-[  ]-G4)} 
(9.4) 

which contains, in analogy to Equation 9.1 (see also Figure 9.5), four times the interaction 
energy ΔEpair for a hydrogen- or halogen-bonded pair of bases (X-B2) in the stacking envi-
ronment (first line) and twice the interaction energy ΔEdiag for a pair of non-adjacent bases 
(X-B/X-B) in the stacking environment (second line). The effect of stacking and potassi-
um cations can be easily derived from Equations 9.3 and 9.4 by including the cations in the 
stacking environment. 

As shown in Table 9.2, the synergy is barely affected by the molecular environment 
and nonplanarity: for G4 and Br-G4 quartets in the quadruplexes it is −17.9 kcal mol–1 and 
−17.7 kcal mol–1, respectively. These computational experiments confirm the intrinsic re-
semblance between halogen bonds and hydrogen bonds. 

Table 9.2 Interaction energy analyses (in kcal mol–1) for the natural and halogenated X-G4 
and X-Xan4 quartets.[a] 

Environment Quartet  Symmetry ΔEint ΔEdiag ΔEpair ΔEsum ΔEsyn 
         Gas phase G4  C4h −90.6 −1.9 −16.5 −69.7 −20.9 

 F-G4  C4h −3.1 +0.1 −0.7 −2.4 −0.7 
 Cl-G4  C4h −39.5 −0.1 −7.5 −30.3 −9.2 
 Br-G4  C4h −77.5 −0.6 −13.2 −54.0 −23.5 
 I-G4  C4h −97.8 −1.3 −17.6 −72.9 −24.9 
         
 Xan4  C4h −73.4 −0.2 −17.9 −71.9 −1.5 
 F-Xan4  C4h −2.9 +0.4 −0.8 −2.4 −0.5 
 Cl-Xan4  C4h −26.1 +0.1 −6.5 −25.7 −0.4 
 Br-Xan4  C4h −42.5 −0.1 −10.4 −41.7 −0.8 
 I-Xan4  C4h −51.0 −0.3 −12.4 −50.3 −0.8 

         
G4-[   ]-G4 G4  C4 −89.2 −1.9 −17.4 −73.4 −15.8 
 Br-G4  C4 −56.0 −0.5 −10.6 −43.4 −12.7 
         
G4-K+-[   ]-K+-G4 G4  C4 −72.7 +0.6 −14.0 −54.8 −17.9 

 Br-G4  C4 −47.0 +0.3 −7.5 −29.3 −17.7 
         [a] See Equations 9.1 to 9.4 and Figure 9.5. 
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The quadruplexes have been subjected to further brief analyses. The stacking interac-
tion in the G4-K+-[G4]-K+-G4 quadruplex is smaller than in the G4-K+-[Br-G4]-K+-G4 
quadruplex. The stacking between the three G4 layers in G4-[G4]-G4 (no K+ present) 
amounts to −66.2 kcal mol–1, and between the G4, Br-G4 and G4 in G4-[Br-G4]-G4 
amounts to −72.6 kcal mol–1. When K+ is present, the interaction between the potassium 
cations and the stacked quartets is larger for G4-K+-[G4]-K+-G4 (−205.6 kcal mol–1) than 
for G4-K+-[Br-G4]-K+-G4 (−176.9 kcal mol–1). The smaller interaction with the cations in 
G4-K+-[Br-G4]-K+-G4 can be attributed to the larger distance between the K+ ions and the 
oxygen atoms of the central quartet (3.8 to 3.9 Å). In G4-K+-[G4]-K+-G4 quadruplex, the 
oxygen atoms of the central quartet are considerably closer to the K+ ions: the distance is 
only 2.9 Å. The additional lone pairs on the bromines probably do not contribute to the 
overall stability of the K+-mediated complex because the bromines are more than 4 Å away 
from K+. 

9.4 The Origin of Cooperativity in G4 and X-G4 Quartets 

For the natural quadruplexes, the cooperativity has been shown to originate from the 
charge separation that goes with donor-acceptor interactions in the σ electron system from 
N and O lone pair orbitals on one guanine to σ*N–H acceptor orbitals on another guanine.[115] 
To trace the origin of the cooperativity in halogen-substituted guanine quartets, we have 
followed the same procedure: we constructed X-G4 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-G4), i.e., X-G + X-G = X-G2; X-G2 + X-G = X-G3 and X-G3 + X-G = 
X-G4 (see Figure 9.6a and Table 9.3). The different ways in which the third X-G can bind 
to X-G2 are denoted as X-G3 and X-G3*. This stepwise approach enables us to examine 
accurately why, and at which point, cooperativity begins to show up. Except for F-G4, 
which is almost unbound, the N-halo-quartets show a trend similar to the natural G4. For 
example, the interaction energy in I-G2 amounts to −17.6 kcal mol–1, between I-G2 and  
I-G it is already larger, −24.4 kcal mol–1 and the interaction energy for closure of the quar-
tet by the formation of four halogen bonds (that is, between I-G3 and I-G) is −55.8 kcal 
mol–1. Thus, the cooperative effect increases systematically and monotonically as the X-Gn-1 
fragment becomes larger. A similar computational experiment with X-Xan4 quartets reveals 
essentially no cooperativity at all (see Table 9.4). As both quartets have π electrons, this 
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outcome points towards the σ electron system as the responsible factor for the cooperativity 
in X-G4. 

To investigate whether the cooperativity in N-halo-guanine quartets is caused by a 
mechanism similar to that in the natural guanine quartets, we subjected the total interac-
tion energy, ΔEint = ΔEint(X-G2) + ΔEint(X-G3) + ΔEint(X-G4), to an energy decomposition 
analysis. The synergy in each energy component, for example ΔEoi, is defined, in analogy to 
Figure 9.5 and 9.6a, as the difference between ΔEoi(X-G2) + ΔEoi(X-G3) + ΔEoi(X-G4) and 
the sum of the corresponding energy component in the pairwise interactions, that is, 
4 ΔEpair,oi + 2 ΔEdiag,oi. The energy decomposition analyses show that there are two main 
contributions to this synergy: (i) the synergy in the electrostatic attraction term of −3.8 kcal 
mol–1, −8.3 kcal mol–1 and −6.3 kcal mol–1 for Cl-G4, Br-G4 and I-G4, respectively; and (ii) 
the much stronger synergy in the orbital interactions of −5.8 kcal mol–1, −15.6 kcal mol–1 

Figure 9.6  (a) Formation of an X-G4 quartet in three steps: X-G + X-G = X-G2; X-G2 + 
X-G = X-G3

(*); X-G3
(*) + X-G = X-G4. (b) VDD charges (see Equation 2.8; in 

milli-electrons) for fragments of the hydrogen-bonded G4 and halogen-bonded 
X-G4 quartets in C4h symmetry. 
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and −20.0 kcal mol–1 for Cl-G4, Br-G4 and I-G4, respectively. The latter originates almost 
exclusively from the charge transfer orbital interactions in the σ electron system (−5.0, 
−13.7 and −18.3 kcal mol–1 for Cl-G4, Br-G4 and I-G4, respectively), with only minor con-

Table 9.3 Energy decomposition analyses (in kcal mol–1) for the formation of hydrogen-
bonded and halogen-bonded G4 from Gn−1 + G in C4h symmetry.[a] 

   G2 G3 G*3 G4 G/G ΔEsum ΔEsyn 
          G4  ΔEσ

oi −14.7 −16.4 −16.1 −36.1 −0.1 −59.1 −8.2 
  ΔEπ

oi −1.8 −2.4 −2.3 −6.2 −0.1 −7.3 −3.1 
  ΔEoi −16.5 −18.8 −18.5 −42.3 −0.2 −66.4 −11.3 
  ΔEPauli +30.9 +31.4 +30.2 +61.3 +0.1 +123.8 −0.2 
  ΔVelstat −26.4 −30.9 −30.1 −60.9 −1.6 −108.8 −9.4 
  ΔEdisp −4.5 −4.7 −4.7 −9.1 −0.2 −18.3 0.0 
  ΔEint(Gn) −16.5 −23.0 −23.0 −51.1 −1.9 −69.7 −20.9 
          F-G4  ΔEσ

oi −0.7 −0.7 −0.7 −1.5 0.0 −2.7 −0.2 
  ΔEπ

oi −0.1 −0.2 −0.1 −0.4 0.0 −0.5 −0.1 
  ΔEoi −0.8 −0.9 −0.8 −1.8 0.0 −3.2 −0.3 
  ΔEPauli +1.3 +1.3 +1.3 +2.5 0.0 +5.0 0.0 
  ΔVelstat −0.4 −0.3 −0.4 −1.0 +0.2 −1.3 −0.4 
  ΔEdisp −0.7 −0.8 −0.8 −1.5 0.0 −3.0 0.0 
  ΔEint(Gn) −0.7 −0.7 −0.7 −1.8 +0.1 −2.4 −0.7 
          Cl-G4  ΔEσ

oi −9.2 −10.3 −9.8 −22.3 0.0 −36.9 −5.0 
  ΔEπ

oi −0.8 −1.0 −0.9 −2.3 0.0 −3.3 −0.9 
  ΔEoi −10.0 −11.3 −10.8 −24.6 0.0 −40.2 −5.8 
  ΔEPauli +22.6 +22.9 +22.4 +45.2 0.0 +90.4 +0.4 
  ΔVelstat −15.5 −16.5 −16.5 −33.7 0.0 −61.9 −3.8 
  ΔEdisp −4.6 −4.7 −4.7 −9.3 −0.1 −18.5 0.0 
  ΔEint(Gn) −7.5 −9.6 −9.6 −22.4 −0.1 −30.3 −9.2 
          Br-G4  ΔEσ

oi −20.2 −23.0 −22.0 −51.5 −0.1 −81.1 −13.7 
  ΔEπ

oi −1.8 −2.0 −2.1 −5.2 0.0 −7.1 −2.0 
  ΔEoi −22.0 −25.0 −24.2 −56.8 −0.1 −88.1 −15.6 
  ΔEPauli +47.6 +48.4 +46.8 +95.0 0.0 +190.6 +0.4 
  ΔVelstat −32.6 −35.5 −34.7 −71.2 −0.3 −131.0 −8.3 
  ΔEdisp −6.3 −6.4 −6.4 −12.7 −0.2 −25.5 0.0 
  ΔEint(Gn) −13.2 −18.6 −18.6 −45.7 −0.6 −54.0 −23.5 
          I-G4  ΔEσ

oi −23.2 −27.0 −27.5 −61.1 −0.1 −93.0 −18.3 
  ΔEπ

oi −2.4 −2.6 −2.7 −6.2 0.0 −9.5 −1.7 
  ΔEoi −25.6 −29.5 −30.2 −67.3 −0.1 −102.4 −20.0 
  ΔEPauli +55.2 +55.8 +55.5 +111.4 0.0 +221.0 +1.4 
  ΔVelstat −39.0 −42.1 −41.2 −83.0 −0.9 −157.7 −6.3 
  ΔEdisp −8.3 −8.6 −8.6 −16.8 −0.3 −33.7 0.0 
  ΔEint(Gn) −17.6 −24.4 −24.4 −55.8 −1.3 −72.9 −24.9 

          [a] See Equations 2.11, 2.13, 9.1 and 9.2, and Figures 9.5 and 9.6a. “G/G” represents a pair of di-
agonally oriented bases. 
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tributions stemming from synergy in the resonance assistance of the π electron system (see 
Table 9.3). Therefore, one can conclude that the cooperativity leading to the enhanced sta-
bility of the X-G4 quartets does not stem from resonance assistance. 

The synergy in the σ electron system is, for Br-G4 and I-G4, even larger than for the 
natural G4, for which it amounts to −8.2 kcal mol–1. This is, again, in good agreement with 
previous results on halogen-bonded complexes (see chapter 8), 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. 

We have analyzed the electron density for all guanine quartets G4 and X-G4, except 
F-G4, which is essentially not bound. The analyses provide a straightforward explanation 
for the cooperativity in halogen-bonded quartets: the donor-acceptor orbital interactions 
associated with the ΔEσ

oi 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 donor-acceptor interactions between antibonding σ*N–X 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-G2 complex (see Figure 9.6b). 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 
backdonation, which we will address later). As a consequence, the orbitals in the former 
Cl-G base in Cl-G2 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 9.7). The energy of the N and O lone pair orbital (σ HOMO) rises from −6.3 
eV in Cl-G to −5.5 eV in Cl-G2. Also for the fragments of Br-G4 and I-G4 a rise of about 
1 eV of the σ HOMO is observed upon going from X-G to X-G2. (see Table 9.5). Like-
wise, the orbitals on the other X-G base in X-G2 are stabilized by the net positive charge, 
making the σ*N–X orbitals better partners for donor-acceptor interactions with a third X-G 
base (see Figure 9.7). In the case of Cl-G, for example, the energy of the N–Cl antibond-
ing acceptor orbital (σ LUMO) decreases from −3.2 eV in Cl-G to −3.5 eV in Cl-G2. 
These findings are further strengthened by analyses of the orbital populations, which indi-
cate steadily stronger donor-acceptor interactions occurring in X-G2, X-G3 and X-G4, as 
well as from chlorine- to bromine- to iodine-bonding guanine fragments. For Br-G4, for 
example, the combined population of both σ*N–Br acceptor orbitals increases monotonically 
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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. 

Table 9.4 Energy decomposition analyses (in kcal mol–1) for the formation of hydrogen-
bonded and halogen-bonded Xan4 from Xann-1 + Xan in C4h symmetry.[a] 

   Xan2 Xan3 Xan*3 Xan4 Xan/Xan ΔEsum ΔEsyn 
          Xan4  ΔEσ

oi −16.6 −16.8 −16.9 −34.0 −0.1 −66.6 −0.8 
  ΔEπ

oi −2.2 −2.2 −2.3 −4.2 0.0 −8.8 +0.2 
  ΔEoi −18.8 −19.0 −19.2 −38.2 −0.1 −75.4 −0.6 
  ΔEPauli +31.7 +31.7 +31.9 +63.3 +0.1 +127.2 −0.4 
  ΔVelstat −26.6 −26.7 −26.7 −53.5 0.0 −106.4 −0.5 
  ΔEdisp −4.2 −4.4 −4.4 −8.6 −0.2 −17.3 0.0 
  ΔEint(Xann) −17.9 −18.5 −18.5 −37.0 −0.2 −71.9 −1.5 
          F-Xan4  ΔEσ

oi −0.8 −0.8 −0.8 −1.6 0.0 −3.1 −0.1 
  ΔEπ

oi −0.1 −0.1 −0.1 −0.2 0.0 −0.4 −0.1 
  ΔEoi −0.9 −0.9 −0.9 −1.8 0.0 −3.5 −0.1 
  ΔEPauli +1.9 +1.9 +1.9 +3.9 0.0 +7.8 0.0 
  ΔVelstat −0.6 −0.2 −0.2 −0.9 +0.5 −1.3 −0.3 
  ΔEdisp −1.3 −1.4 −1.4 −2.7 0.0 −5.4 0.0 
  ΔEint(Xann) −0.8 −0.5 −0.5 −1.6 +0.4 −2.4 −0.5 
          Cl-Xan4  ΔEσ

oi −4.5 −4.5 −4.6 −9.2 0.0 −18.1 −0.1 
  ΔEπ

oi −0.5 −0.5 −0.5 −1.0 0.0 −2.1 0.0 
  ΔEoi −5.0 −5.0 −5.1 −10.2 0.0 −20.2 −0.1 
  ΔEPauli +12.3 +12.3 +12.3 +24.6 0.0 +49.4 −0.1 
  ΔVelstat −9.7 −9.6 −9.5 −19.4 +0.1 −38.4 −0.2 
  ΔEdisp −4.1 −4.2 −4.2 −8.3 −0.1 −16.5 0.0 
  ΔEint(Xann) −6.5 −6.5 −6.5 −13.2 −0.1 −25.7 −0.4 
          Br-Xan4  ΔEσ

oi −9.7 −9.7 −9.8 −19.7 0.0 −38.7 −0.4 
  ΔEπ

oi −1.1 −1.1 −1.2 −2.2 0.0 −4.6 0.0 
  ΔEoi −10.8 −10.9 −11.0 −22.0 0.0 −43.3 −0.3 
  ΔEPauli +24.9 +24.8 +24.9 +49.7 0.0 +99.6 −0.2 
  ΔVelstat −18.7 −18.8 −18.7 −37.5 0.0 −74.7 −0.3 
  ΔEdisp −5.8 −5.9 −5.9 −11.7 −0.1 −23.3 0.0 
  ΔEint(Xann) −10.4 −10.7 −10.7 −21.5 −0.1 −41.7 −0.8 
          I-Xan4  ΔEσ

oi −9.8 −9.9 −10.0 −20.0 0.0 −39.3 −0.4 
  ΔEπ

oi −1.3 −1.3 −1.4 −2.6 0.0 −5.3 +0.1 
  ΔEoi −11.1 −11.2 −11.3 −22.6 0.0 −44.6 −0.3 
  ΔEPauli +26.5 +26.4 +26.5 +52.8 0.0 +106.0 −0.3 
  ΔVelstat −20.5 −20.7 −20.6 −41.2 −0.1 −82.2 −0.2 
  ΔEdisp −7.3 −7.5 −7.5 −14.7 −0.2 −29.5 0.0 
  ΔEint(Xann) −12.4 −12.9 −12.9 −25.7 −0.3 −50.3 −0.8 

          [a] See Equations 2.11, 2.13, 9.1 and 9.2, and Figures 9.5 and 9.6a. “Xan/Xan” represents a pair of 
diagonally oriented bases. 
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We now return to the perturbed trend in VDD charges for the iodine-bonded com-
plexes, as shown in Figure 9.6b. The charge separation does not increase significantly from 
I-G2 to I-G3 due to the occurrence of bidirectional charge transfer. The combined popula-
tion of both σ*N–I acceptor orbitals on the nth I-G fragment along I-G2, I-G3 and I-G4 

Figure 9.7 Electron-accepting lowest unoccupied molecular orbitals (LUMOs, above sepa-
rator) and electron-donating highest occupied molecular orbitals (HOMOs, be-
low separator) with their energies (in eV) of the σ electron system on the 
fragments of the C4h-symmetric Cl-G4 quartet (see Figure 9.6a). 
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increases from 0.23 to 0.31 to 0.38 electrons, respectively. This indicates that there is an 
even larger charge transfer than in the bromine-bonded complexes, which is consistent 
with previous results (discussed in chapter 8) and the stronger cooperativity that we observe. 
However, the VDD charges of the fragments in Figure 9.6b do not show an increased 
charge separation upon going from I-G2 (±254) to I-G3 (±255), because the charges as re-
vealed by the VDD analyses are partially quenched due to donor-acceptor interactions run-
ning in opposite direction: there is, besides the charge transfer from I-Gn-1 to I-G, also 

Table 9.5 Orbital energies (in eV) of the relevant HOMOs and LUMOs in the σ electron 
system of the fragments of C4h-symmetric G4 and X-G4 (see Figures 9.6a and 
9.7). 

  G   G2   G3  
          G4  σLUMO+3  +0.8  σLUMO+5  +0.4  σLUMO+6  +0.6 

  σLUMO+2  +0.1  σLUMO+2  −0.3  σLUMO+3  −0.1 
  σLUMO  −1.1  σLUMO  −1.4  σLUMO  −1.2 
  σHOMO  −5.7  σHOMO  −4.6  σHOMO  −4.3 
  σHOMO−1  −6.1  σHOMO−1  −5.2  σHOMO−1  −5.0 
  –   σHOMO−2  −6.4  σHOMO−3  −6.2 
  σHOMO−3  −9.7  σHOMO−6  −8.6  σHOMO−9  −8.4 
          

Cl-G4  σLUMO+1  −2.8  σLUMO+1  −3.1  σLUMO+1  −2.9 
  σLUMO  −3.2  σLUMO  −3.5  σLUMO  −3.4 
  σHOMO  −6.3  σHOMO  −5.5  σHOMO  −5.3 
  σHOMO−1  −6.5  σHOMO−1  −5.9  σHOMO−1  −5.7 
  –   –   σHOMO−7  −7.0 
  σHOMO−5  −10.3  σHOMO−10  −9.5  σHOMO−15  −9.3 
          

Br-G4  σLUMO+1  −3.5  σLUMO+1  −4.0  σLUMO+1  −4.0 
  σLUMO  −4.2  σLUMO  −4.6  σLUMO  −4.6 
  σHOMO  −6.0  σHOMO  −5.0  σHOMO  −4.6 
  –   –   σHOMO−1  −5.2 
  σHOMO−1  −6.4  σHOMO−1  −5.5  σHOMO−2  −5.3 
  –   –   σHOMO−5  −6.4 
  σHOMO−5  −10.1  σHOMO−10  −9.1  σHOMO−14  −8.8 
          

I-G4  σLUMO+1  −3.7  σLUMO+1  −4.1  σLUMO+1  −4.0 
  σLUMO  −4.6  σLUMO  −4.8  σLUMO  −4.6 
  σHOMO  −5.7  σHOMO  −4.8  σHOMO  −4.6  
  σHOMO−1  −6.3  σHOMO−1  −5.5  σHOMO−2  −5.3 
  –   σHOMO−2  −5.7  σHOMO−3  −5.5 
  –   σHOMO−5  −6.8  σHOMO−6  −6.5 
  σHOMO−5  −10.0  σHOMO−10  −9.1  σHOMO−15  −8.9 
  –   σHOMO−11  −9.5  σHOMO−16  −9.3 
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charge transfer from I-G to I-Gn-1. This is because the σ HOMO on I-G and the σ 
LUMO on I-Gn-1 are more delocalized over the molecular fragments and therefore overlap, 
which does not happen for the natural G4 or the other X-G4 quartets. 

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 Figure 9.6 and 9.7). The strongest synergy is found when the 
fourth and last N-halo-guanine base of X-G4 is introduced, because this quenches the elec-
trostatically unfavorable charge separation in the X-G3 fragment. 

9.5 Conclusions 

The computational experiment presented in this chapter, in which we evoked cooperativity 
in hydrogen- and halogen-bonded compounds, clearly demonstrates the resemblance be-
tween halogen and hydrogen bonds. The equivalence between RAHB and RAXB in natu-
ral and N-halo-guanine quartets is proven by the existence of a small amount of resonance 
assistance in the π electron system, and significant charge transfer that occurs with donor-
acceptor orbital interactions in the σ electron system, from N and O lone pair orbitals on 
one X-G base to σ*N–H or σ*N–X acceptor orbitals on the other X-G base. Thus, whereas the 
covalency in hydrogen bonds was previously demonstrated by the cooperativity in natural 
G4, the even stronger charge transfer present in halogen bonds has now been demonstrated 
in a similar way. This larger covalent component was already revealed in chapter 8, but 
within this chapter it is demonstrated that the previously presented description for strong, 
charge-assisted hydrogen bonds and halogen bonds is equally valid for larger, uncharged, 
and less strongly bonding model systems. Notably, this is achieved using unambiguous 
quantities, namely the interaction energy and the density deformation. A physical interpre-
tation of the results has been accomplished using Kohn-Sham MO theory, supported by, 
but not depending on, a quantitative interaction energy decomposition scheme. 
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