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8.1 Introduction 

We have investigated a range of strongly halogen-bonded trihalides DX···A− and the anal-
ogous strongly hydrogen-bonded complexes DH···A− (D, X, A = F, Cl, Br, I), using rela-
tivistic density functional theory (DFT). The purpose of our work is twofold: firstly, we 
wish to provide a set of consistent structural and energy data from which reliable trends can 
be inferred for a wide range of model systems. The main objective is to achieve a detailed 
understanding of the nature of halogen bonds: how they resemble, but also how they differ 
from the better understood hydrogen bonds in terms of their electronic structure and bond-
ing mechanism. To this end, we first explore how the geometries and energies of our model 
complexes DX···A− and, for comparison, DH···A− vary as either the halogen or hydrogen 
bond-donating atom D, or the halogen or hydrogen bond-accepting atom A is varied from 
F to Cl, Br and I. In this way, we arrive at a set of consistent data for a large range of halo-
gen-bonded and hydrogen-bonded complexes. 

Next, to understand the origin of the computed trends, we carry out activation strain 
analyses of the bond formation reaction along the reaction coordinate. The interaction en-
ergy and the underlying bonding mechanism are analyzed in the context of quantitative 
Kohn-Sham molecular orbital theory, in combination with the energy decomposition anal-
ysis (EDA) scheme discussed in section 2.6. Our explorations and analyses augment earlier 
pioneering studies[122,125,129,351,352] through the large variety in our halogen- and hydrogen-
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bonded model complexes and the systematic and in-depth analyses along the entire reac-
tion profile for each of the complexation reactions. 

8.2 Hydrogen Bonds: Strength and Structure 

The results of our ZORA-BP86/TZ2P calculations can be found in Table 8.1 for the hy-
drogen-bonded DH···A− model systems, and in Table 8.2 to 8.5 for the fluorine-, chlorine-, 
bromine- and iodine-bonded DX···A− model systems, respectively. In the first place, we 
note that all hydrogen bond formations, as well as halogen bond formations, are associated 
with single-well potential energy surfaces, that is, there exist no separate energy minima for 
DX···A− and D···XA−. In the case that D = A, this leads to the formation of D∞h-
symmetric complexes with equal bond distances rD–X = rX··· A−. 

For the hydrogen-bonded DH···A− complexes, we find that, as we vary the hydrogen 
bond-accepting halide A− down group 17 from F− to I−, the hydrogen bond strength ΔE is 
weakened, the H···A− bond rH···A− becomes longer, and the D–H bond becomes less elon-

Table 8.1 Bond lengths (in Å), bond energies relative to reactants (in kcal mol–1), and bond 
analyses of the hydrogen-bonded complexes DH···A−.[a] 

 rD–H ΔrD–H rH···A−− ΔrH···A−− ΔE ΔEstrain ΔEint ΔVelstat ΔEPauli ΔEoi ΔEσ
oi ΔEπ

oi 〈σ*⎪np〉 σ* pop. np pop. QA
V

−−
DD 

                 FH···F− 1.159 0.226 1.159 0.226 −53.0 19.7 −72.8 −76.4 68.8 −65.1 −58.1 −7.0 0.268 0.27 1.76 −0.51 
FH···Cl− 1.012 0.079 1.843 0.550 −26.6 3.3 −29.8 −31.9 24.3 −22.2 −20.0 −2.2 0.359 0.14 1.84 −0.66 
FH···Br− 0.994 0.061 2.058 0.625 −21.9 2.0 −23.9 −25.4 18.5 −17.0 −15.4 −1.6 0.390 0.11 1.88 −0.68 
FH···I− 0.982 0.049 2.319 0.694 −18.1 1.3 −19.4 −20.2 14.5 −13.7 −12.6 −1.2 0.421 0.13 1.89 −0.69 

                 
ClH···F− 1.843 0.550 1.012 0.079 −68.6 43.3 −111.9 −98.2 124.9 −138.7 −128.2 −10.4 0.282 0.54 1.67 −0.36 
ClH···Cl− 1.587 0.294 1.587 0.294 −29.3 17.9 −47.2 −45.2 65.4 −67.3 −62.7 −4.7 0.341 0.41 1.63 −0.48 
ClH···Br− 1.478 0.185 1.874 0.441 −22.4 8.4 −30.9 −31.5 41.7 −41.1 −38.2 −2.9 0.346 0.30 1.72 −0.56 
ClH···I− 1.423 0.130 2.191 0.566 −17.5 4.6 −22.1 −22.6 28.1 −27.6 −25.6 −1.9 0.357 0.27 1.77 −0.62 
                 
BrH···F− 2.058 0.625 0.994 0.061 −75.6 43.2 −118.8 −101.8 138.8 −155.9 −144.9 −10.9 0.276 0.60 1.66 −0.33 
BrH···Cl− 1.874 0.441 1.478 0.185 −34.1 27.4 −61.5 −54.4 91.9 −99.0 −92.7 −6.3 0.337 0.55 1.53 −0.38 
BrH···Br− 1.743 0.310 1.743 0.310 −25.7 15.6 −41.3 −39.2 64.0 −66.2 −62.2 −4.0 0.336 0.44 1.60 −0.46 
BrH···I− 1.642 0.209 2.057 0.432 −19.8 8.6 −28.4 −27.1 42.4 −43.7 −41.1 −2.6 0.338 0.39 1.66 −0.53 
                 
IH···F− 2.319 0.694 0.982 0.049 −80.6 40.9 −121.4 −104.6 156.9 −173.7 −163.0 −10.7 0.264 0.66 1.65 −0.31 
IH···Cl− 2.191 0.566 1.423 0.130 −38.0 31.7 −69.6 −62.1 116.1 −123.6 −116.6 −7.1 0.324 0.66 1.46 −0.32 
IH···Br− 2.057 0.432 1.642 0.209 −28.6 21.8 −50.3 −47.8 89.6 −92.1 −87.3 −4.8 0.320 0.57 1.49 −0.38 
IH···I− 1.941 0.316 1.941 0.316 −21.8 13.6 −35.4 −33.8 63.0 −64.6 −61.3 −3.2 0.315 0.52 1.55 −0.45 
                 [a] ΔrD–H is the stretch of the DH fragment relative to the optimized DH molecule; ΔrH···A− is the 

change in H···A distance compared to the bond length of the optimized HA molecule; for the ener-
gy components, see Equations 2.9, 2.11 and 2.13; 〈σ*⎪np〉 is the overlap of the antibonding σ* ac-
ceptor orbital on DH with the σ lone pair np orbital on A−; pop. is population (in electrons) of the 
indicated orbital; QA

V
−
DD is the VDD charge on A− (in a.u.; see Equation 2.8). 
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gated from its equilibrium value in an isolated DH molecule (ΔrD–H = rD–HA− − rD–H). The 
opposite trend emerges as we vary the hydrogen bond-donating atom D in DH down 
group 17. Thus, along the hydrogen halides FH to IH, the hydrogen bond strength ΔE is 
reinforced, the H···A− bond rH···A− becomes shorter, and the D–H bond stretch ΔrD–H in-
creases. 

For example, from FH···F− to FH···I−, ΔE is weakened from −53 to −18 kcal mol–1 
while rH···A− increases from 1.159 to 2.319 Å and the stretch ΔrD–H is reduced from 0.226 to 
0.049 Å (see Table 8.1). This trend correlates with a systematic weakening of the halide’s 
proton affinity (PA) from 373 kcal mol–1 for F− to 316 kcal mol–1 for I−.[353-355] The effect is 
even more pronounced in the series from IH···F− to IH···I− along which ΔE weakens from 
−81 to −22 kcal mol–1, rH···A− increases from 0.982 to 1.941 Å, and ΔrD–H is reduced from 
0.694 to 0.316 Å. Note that, on the other hand, from FH···F− to IH···F−, ΔE is strength-
ened from −53 to −81 kcal mol–1 while rH···A− decreases from 1.159 to 0.982 Å and the 
stretch ΔrD–H is increased from 0.226 to 0.694 Å. The higher extent of deformation in the 
more strongly hydrogen-bonded complexes is also reflected by a more destabilizing strain 

Table 8.2 Bond lengths (in Å), bond energies relative to reactants (in kcal mol–1), and bond 
analyses of the fluorine-bonded complexes DF···A−.[a] 

 rD–F ΔrD–F rF···A−− ΔrF···A−− ΔE ΔEstrain ΔEint ΔVelstat ΔEPauli ΔEoi ΔEσ
oi ΔEπ

oi 〈σ*⎪np〉 σ* pop. np pop. QA
V

−−
DD 

                 FF···F− 1.755 0.335 1.755 0.335 −51.5 23.5 −75.0 −41.0 73.2 −107.1 −106.2 −1.0 0.125 0.59 1.43 −0.42 
FF···Cl− 1.864 0.444 1.965 0.301 −43.3 34.2 −77.5 −52.4 107.8 −132.9 −128.7 −4.2 0.146 0.76 1.26 −0.33 
FF···Br− 1.902 0.482 2.049 0.253 −44.0 37.7 −81.7 −53.8 111.7 −139.6 −134.8 −4.8 0.145 0.82 1.20 −0.30 
FF···I− 1.993 0.573 2.126 0.181 −48.4 46.0 −94.3 −61.7 132.2 −164.8 −158.0 −6.7 0.145 0.95 1.05 −0.27 

                 
ClF···F− 1.965 0.301 1.864 1.965 −30.3 16.4 −46.7 −17.3 51.7 −81.2 −81.2 0.0 0.107 0.54 1.49 −0.48 
ClF···Cl− 2.077 0.413 2.077 2.077 −21.2 26.1 −47.3 −30.2 78.3 −95.4 −93.6 −1.7 0.133 0.68 1.35 −0.38 
ClF···Br− 2.143 0.479 2.126 2.143 −21.8 31.8 −53.6 −37.6 91.8 −107.8 −105.2 −2.6 0.139 0.77 1.26 −0.33 
ClF···I− 2.294 0.630 2.158 2.294 −26.0 44.4 −70.4 −53.4 124.6 −141.6 −136.5 −5.1 0.144 0.95 1.08 −0.27 
                 
BrF···F− 2.049 0.253 1.902 2.049 −29.2 11.4 −40.6 −11.0 45.9 −75.5 −75.5 −0.1 0.099 0.52 1.51 −0.49 
BrF···Cl− 2.126 0.330 2.143 2.126 −20.0 17.2 −37.2 −21.4 64.3 −80.0 −78.9 −1.1 0.124 0.63 1.40 −0.41 
BrF···Br− 2.186 0.390 2.186 2.186 −20.5 21.9 −42.3 −29.1 77.6 −90.9 −89.1 −1.8 0.131 0.71 1.32 −0.37 
BrF···I− 2.335 0.539 2.200 2.335 −24.2 33.7 −57.9 −45.9 111.9 −123.8 −119.8 −4.1 0.140 0.89 1.14 −0.29 
                 
IF···F− 2.126 0.181 1.993 0.573 −23.9 5.9 −29.8 −1.8 33.7 −61.8 −61.4 −0.4 0.087 0.48 1.55 −0.53 
IF···Cl− 2.158 0.213 2.294 0.630 −14.5 7.8 −22.3 −8.3 40.3 −54.4 −53.7 −0.7 0.108 0.53 1.50 −0.49 
IF···Br− 2.200 0.255 2.335 0.539 −14.5 10.5 −25.0 −14.6 50.3 −60.7 −59.8 −0.9 0.118 0.59 1.45 −0.44 
IF···I− 2.324 0.379 2.324 0.379 −16.9 19.3 −36.2 −29.6 79.8 −86.5 −84.4 −2.1 0.133 0.75 1.29 −0.36 
                 [a] ΔrD–F is the stretch of the DF fragment relative to the optimized DF molecule; ΔrF···A− is the 

change in F···A distance compared to the bond length of the optimized FA molecule; for the energy 
components, see Equations 2.9, 2.11 and 2.13; 〈σ*⎪np〉 is the overlap of the antibonding σ* acceptor 
orbital on DF with the σ lone pair np orbital on A−; pop. is population (in electrons) of the indicat-
ed orbital; QA

V
−
DD is the VDD charge on A− (in a.u.; see Equation 2.8). 
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energy ΔEstrain (see Table 8.1). This trend correlates with a systematic weakening of the 
halogen-hydrogen bond from a homolytic bond dissociation energy (BDE) of 144 kcal 
mol–1 in FH to 82 kcal mol–1 in IH (see Table 8.6). Furthermore, note that the H···A− 
bond distance rH···A− in DH···A− is in all cases longer than it is in the diatomic HA molecule, 
rH–A, as revealed by the corresponding difference in bond distances ΔrH···A− = rH···A− − rH–A. 
This difference ΔrH···A− increases from 0.226 Å in FH···F− to 0.694 Å in FH···I− and from 
0.049 Å in IH···F− to 0.316 Å in IH···I−. 

We conclude that the DH···A− hydrogen bond becomes stronger and relatively short-
er while the D–H bond becomes more elongated in the complex, as the A− anion is a 
stronger base and/or the D–H bond is weaker. 

8.3 Halogen Bonds: Strength and Structure 

The halogen bonds display, in part, trends similar to the hydrogen bonds, but there are also 
striking differences. In general, and in agreement with ab initio results, the fluorine bonds 

Table 8.3 Bond lengths (in Å), bond energies relative to reactants (in kcal mol–1), and bond 
analyses of the chlorine-bonded complexes DCl···A−.[a] 

 rD–Cl ΔrD–Cl rCl···A−− ΔrCl···A−− ΔE ΔEstrain ΔEint ΔVelstat ΔEPauli ΔEoi ΔEσ
oi ΔEπ

oi 〈σ*⎪np〉 σ* pop. np pop. QA
V

−−
DD 

                 FCl···F− 1.909 0.245 1.909 0.245 −64.5 11.9 −76.4 −85.5 107.2 −98.1 −91.1 −7.0 0.187 0.45 1.57 −0.45 
FCl···Cl− 1.925 0.261 2.334 0.311 −43.9 13.2 −57.1 −61.6 86.4 −81.9 −76.5 −5.4 0.209 0.53 1.50 −0.46 
FCl···Br− 1.933 0.269 2.473 0.300 −40.5 13.8 −54.3 −57.3 82.1 −79.1 −74.3 −4.8 0.207 0.54 1.49 −0.45 
FCl···I− 1.955 0.291 2.637 0.285 −38.7 15.6 −54.3 −54.5 81.8 −81.6 −76.8 −4.8 0.206 0.61 1.41 −0.42 

                 
ClCl···F− 2.334 0.311 1.925 0.261 −57.2 12.8 −70.0 −74.8 109.3 −104.4 −98.8 −5.6 0.167 0.51 1.55 −0.43 
ClCl···Cl− 2.354 0.331 2.354 0.331 −37.5 14.1 −51.6 −54.1 86.2 −83.7 −79.3 −4.3 0.190 0.58 1.46 −0.43 
ClCl···Br− 2.366 0.343 2.495 0.322 −34.5 14.8 −49.3 −50.8 81.2 −79.7 −75.9 −3.8 0.191 0.60 1.44 −0.42 
ClCl···I− 2.399 0.376 2.654 0.302 −33.4 17.1 −50.5 −49.7 81.7 −82.5 −78.6 −3.9 0.192 0.67 1.35 −0.39 
                 
BrCl···F− 2.473 0.300 1.933 0.269 −55.8 10.9 −66.6 −70.1 108.8 −105.3 −100.1 −5.3 0.160 0.52 1.54 −0.43 
BrCl···Cl− 2.495 0.322 2.366 0.343 −36.5 12.1 −48.6 −50.5 84.9 −83.1 −79.1 −4.0 0.182 0.59 1.46 −0.42 
BrCl···Br− 2.507 0.334 2.507 0.334 −33.7 12.8 −46.4 −47.6 79.9 −78.8 −75.3 −3.5 0.183 0.61 1.43 −0.42 
BrCl···I− 2.541 0.368 2.665 0.313 −32.8 14.8 −47.6 −46.9 80.6 −81.3 −77.7 −3.7 0.185 0.68 1.35 −0.38 
                 
ICl···F− 2.637 0.285 1.955 0.291 −50.7 8.7 −59.4 −61.3 104.9 −103.0 −98.5 −4.5 0.148 0.53 1.55 −0.43 
ICl···Cl− 2.654 0.302 2.399 0.376 −32.2 9.5 −41.7 −43.1 79.1 −77.8 −74.5 −3.2 0.170 0.58 1.47 −0.44 
ICl···Br− 2.665 0.313 2.541 0.368 −29.5 10.1 −39.6 −40.9 74.4 −73.1 −70.3 −2.7 0.172 0.60 1.45 −0.43 
ICl···I− 2.700 0.348 2.700 0.348 −28.8 11.9 −40.7 −40.9 75.1 −75.0 −72.1 −2.9 0.175 0.67 1.37 −0.39 
                 [a] ΔrD–Cl is the stretch of the DCl fragment relative to the optimized DCl molecule; ΔrCl···A− is the 

change in Cl···A distance compared to the bond length of the optimized ClA molecule; for the en-
ergy components, see Equations 2.9, 2.11 and 2.13; 〈σ*⎪np〉 is the overlap of the antibonding σ* ac-
ceptor orbital on DCl with the σ lone pair np orbital on A−; pop. is population (in electrons) of the 
indicated orbital; QA

V
−
DD is the VDD charge on A− (in a.u.; see Equation 2.8). 
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are the weakest and the iodine bonds are the strongest halogen bonds.[89-92] The heavier 
DX···A− halogen bonds (i.e., X = Cl, Br and I) become weaker and longer as the accepting 
halide varies from A− = F− to I−, just as the corresponding hydrogen bonds do. In the case 
of the iodine-bonded complexes DI···A−, for example, ΔE weakens from a value around 
−70 kcal mol–1 for A− = F− as accepting halide, to a value around −40 kcal mol–1 for X− = I− 
(see Table 8.5). However, the fluorine bonds display a more complex dependency of ΔE 
upon varying the accepting halide A−. From A− = F− to Cl−, the fluorine bond strength ΔE 
still weakens, similar to the situation for the hydrogen bonds and the heavier halogen bonds. 
But thereafter, along A− = Cl−, Br− and I−, the fluorine bond strength ΔE does no longer 
continue to weaken and instead becomes stronger. This is most clearly seen in the series 
constituted by the complexes FF···A− between a fluorine molecule and a halide ion: here, 
the fluorine bond strength varies from −52 to −43 to −44 to −48 kcal mol–1, along A− = F−, 
Cl−, Br− and I−, respectively (see Table 8.2). 

Interestingly, variation of the donating atom D has opposite effects on halogen bonds 
DX···A− and hydrogen bonds DH···A−. All halogen bonds studied here become weaker and 

Table 8.4 Bond lengths (in Å), bond energies relative to reactants (in kcal mol–1), and bond 
analyses of the bromine-bonded complexes DBr···A−.[a] 

 rD–Br ΔrD–Br rBr···A−− ΔrBr···A−− ΔE ΔEstrain ΔEint ΔVelstat ΔEPauli ΔEoi ΔEσ
oi ΔEπ

oi 〈σ*⎪np〉 σ* pop. np pop. QA
V

−−
DD 

                 FBr···F− 2.009 0.213 2.009 0.213 −70.9 8.6 −79.5 −92.3 98.8 −86.0 −77.7 −8.2 0.201 0.43 1.60 −0.45 
FBr···Cl− 2.018 0.222 2.454 0.281 −48.7 9.2 −57.8 −65.9 79.1 −71.0 −65.6 −5.5 0.234 0.51 1.50 −0.47 
FBr···Br− 2.023 0.227 2.601 0.280 −44.7 9.5 −54.2 −61.5 75.6 −68.3 −63.6 −4.7 0.235 0.52 1.49 −0.46 
FBr···I− 2.036 0.240 2.775 0.269 −42.4 10.4 −52.9 −57.9 74.8 −69.8 −65.3 −4.4 0.235 0.58 1.43 −0.44 

                 
ClBr···F− 2.454 0.281 2.018 0.222 −65.7 9.7 −75.5 −84.6 103.1 −94.0 −86.9 −7.1 0.181 0.48 1.58 −0.43 
ClBr···Cl− 2.465 0.292 2.465 0.292 −44.0 10.4 −54.3 −60.5 81.1 −75.0 −70.2 −4.8 0.212 0.55 1.48 −0.44 
ClBr···Br− 2.473 0.300 2.612 0.291 −40.2 10.8 −51.0 −56.8 77.1 −71.3 −67.2 −4.1 0.214 0.57 1.45 −0.44 
ClBr···I− 2.495 0.322 2.786 0.280 −38.5 12.1 −50.6 −54.3 76.3 −72.5 −68.6 −3.9 0.216 0.64 1.38 −0.41 
                 
BrBr···F− 2.601 0.280 2.023 0.227 −64.3 8.6 −72.9 −80.8 103.9 −96.0 −89.3 −6.7 0.173 0.49 1.57 −0.43 
BrBr···Cl− 2.612 0.291 2.473 0.300 −42.8 9.2 −52.1 −57.6 81.1 −75.5 −70.9 −4.5 0.204 0.56 1.47 −0.44 
BrBr···Br− 2.621 0.300 2.621 0.300 −39.2 9.7 −48.9 −54.1 76.6 −71.4 −67.6 −3.9 0.206 0.58 1.45 −0.43 
BrBr···I− 2.644 0.323 2.794 0.288 −37.7 10.9 −48.6 −52.0 76.0 −72.5 −68.7 −3.8 0.208 0.65 1.36 −0.40 
                 
IBr···F− 2.775 0.269 2.036 0.240 −59.8 7.1 −67.0 −74.0 103.2 −96.2 −90.1 −6.1 0.162 0.50 1.57 −0.43 
IBr···Cl− 2.786 0.280 2.495 0.322 −38.8 7.6 −46.4 −51.8 78.3 −73.0 −69.0 −3.9 0.192 0.56 1.48 −0.44 
IBr···Br− 2.794 0.288 2.644 0.323 −35.5 7.9 −43.4 −48.9 73.9 −68.5 −65.1 −3.3 0.194 0.57 1.46 −0.43 
IBr···I− 2.818 0.312 2.818 0.312 −34.0 9.0 −43.1 −47.2 73.1 −68.9 −65.7 −3.2 0.197 0.64 1.39 −0.40 
                 [a] ΔrD–Br is the stretch of the DBr fragment relative to the optimized DBr molecule; ΔrBr···A− is the 

change in Br···A distance compared to the bond length of the optimized BrA molecule; for the en-
ergy components, see Equations 2.9, 2.11 and 2.13; 〈σ*⎪np〉 is the overlap of the antibonding σ* ac-
ceptor orbital on DBr with the σ lone pair np orbital on A−; pop. is population (in electrons) of the 
indicated orbital; QA

V
−
DD is the VDD charge on A− (in a.u.; see Equation 2.8). 
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longer as D runs from F to I (see Table 8.2 to 8.5), whereas the hydrogen bonds were 
found to become stronger and shorter along this series (see Table 8.1). For example, along 
the series from FF···F− to IF···F−, the fluorine bond strength ΔE weakens from −52 to only 
−24 kcal mol–1, the fluorine bond distance rF···A− increases from 1.755 to 1.993 Å, and the 
stretch ΔrD–F decreases from 0.335 to 0.181 Å. 

8.4 Bond Analyses: Variation of the Accepting Halide 

Insight into the bonding mechanism is obtained through activation strain analyses of the 
various hydrogen bond and halogen bond formation reactions. These complexation reac-
tions are computationally modeled by decreasing the distance between the A− and the DH 
or DX fragment, and simultaneously increasing the D–H or D–X bond length. The 
DH···A− or DX···A− distance is decreased from an initial value of 1.8 times the equilibrium 
bond length in the corresponding HA or XA molecule, to the actual value of the bond in 
the hydrogen- or halogen-bonded complex (rX···A−). The value 1.8 is based on the ratio of 

Table 8.5  Bond lengths (in Å), bond energies relative to reactants (in kcal mol–1), and bond 
analyses of the iodine-bonded complexes DI···A−.[a] 

 rD–I ΔrD–I rI···A−− ΔrI···A−− ΔE ΔEstrain ΔEint ΔVelstat ΔEPauli ΔEoi ΔEσ
oi ΔEπ

oi 〈σ*⎪np〉 σ* pop. np pop. QA
V

−−
DD 

                 FI···F− 2.129 0.184 2.129 0.184 −75.0 6.1 −81.1 −103.5 100.0 −77.7 −66.8 −10.9 0.205 0.36 1.66 −0.44 
FI···Cl− 2.124 0.179 2.620 0.268 −49.8 5.8 −55.6 −69.1 73.8 −60.3 −54.0 −6.3 0.252 0.44 1.57 −0.49 
FI···Br− 2.126 0.181 2.781 0.275 −45.1 5.9 −51.0 −63.7 69.8 −57.0 −51.8 −5.2 0.255 0.45 1.56 −0.49 
FI···I− 2.132 0.187 2.977 0.277 −41.9 6.3 −48.2 −58.5 67.1 −56.8 −52.2 −4.6 0.258 0.51 1.51 −0.48 

                 
ClI···F− 2.620 0.268 2.124 0.179 −73.3 7.8 −81.1 −101.2 107.6 −87.5 −77.5 −10.0 0.190 0.42 1.64 −0.41 
ClI···Cl− 2.615 0.263 2.615 0.263 −48.0 7.6 −55.6 −67.5 78.6 −66.7 −60.9 −5.9 0.232 0.49 1.54 −0.46 
ClI···Br− 2.620 0.268 2.776 0.270 −43.5 7.8 −51.3 −62.4 74.0 −62.8 −57.9 −5.0 0.235 0.50 1.52 −0.46 
ClI···I− 2.632 0.280 2.971 0.271 −40.6 8.4 −49.0 −57.6 71.0 −62.4 −58.0 −4.4 0.237 0.56 1.46 −0.44 
                 
BrI···F− 2.781 0.275 2.126 0.181 −72.2 7.4 −79.6 −98.7 109.6 −90.5 −80.9 −9.6 0.183 0.44 1.64 −0.41 
BrI···Cl− 2.776 0.270 2.620 0.268 −47.1 7.2 −54.3 −65.4 79.3 −68.2 −62.5 −5.7 0.223 0.50 1.53 −0.45 
BrI···Br− 2.782 0.276 2.782 0.276 −42.7 7.4 −50.1 −60.5 74.4 −64.0 −59.2 −4.8 0.226 0.52 1.51 −0.45 
BrI···I− 2.795 0.289 2.976 0.276 −40.0 8.0 −48.0 −56.0 71.3 −63.3 −59.0 −4.3 0.229 0.58 1.54 −0.43 
                 
II···F− 2.977 0.277 2.132 0.187 −69.0 6.4 −75.4 −94.0 111.6 −92.9 −83.8 −9.1 0.173 0.45 1.63 −0.40 
II···Cl− 2.971 0.271 2.632 0.280 −44.2 6.1 −50.3 −61.3 79.1 −68.1 −62.9 −5.2 0.211 0.51 1.53 −0.45 
II···Br− 2.976 0.276 2.795 0.289 −39.9 6.4 −46.3 −56.8 73.9 −63.4 −59.0 −4.4 0.214 0.52 1.51 −0.45 
II···I− 2.991 0.291 2.991 0.291 −37.4 6.9 −44.3 −52.6 70.6 −62.3 −58.4 −3.9 0.217 0.58 1.46 −0.43 
                 [a] ΔrD–I is the stretch of the DI fragment relative to the optimized DI molecule; ΔrI···A− is the 

change in I···A distance compared to the bond length of the optimized IA molecule; for the energy 
components, see Equations 2.9, 2.11 and 2.13; 〈σ*⎪np〉 is the overlap of the antibonding σ* acceptor 
orbital on DI with the σ lone pair np orbital on A−; pop. is population (in electrons) of the indicated 
orbital; QA

V
−
DD is the VDD charge on A− (in a.u.; see Equation 2.8). 
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the distance between the nucleophile and the central carbon atom and the bond length of 
the central carbon atom to the leaving group in the reactant complexes of the identity SN2 
reactions X− + CH3X (with X = F, Cl, Br and I).[205] The DH or DX fragment is stretched 
from its equilibrium geometry to the geometry it acquires in the hydrogen- or halogen-
bonded complex. Thus, each analysis starts from an optimized DH or DX molecule and a 
halide at a relatively large distance, which is then linearly transformed to the optimized hy-
drogen- or halogen-bonded complex. 

Our analyses show that the weakening of hydrogen bonds DH···A− and of the heavier 
halogen bonds DX···A− (X = Cl, Br, I), as the accepting group varies from A− = F− to I−, is 
directly related to the concomitant reduction in electron-donating capacity of the A− hal-

Table 8.6 Geometry (in Å), stability (in kcal mol–1), and electronic structure (in a.u. and 
eV) of DH and DX molecules.[a] 

 rD–X BDE QX
VDD ε(σ) ε(σ*) ε(π) ε(π*) 

        F–H 0.933 143.5 +0.20 −13.57 −0.72 −9.78 – 
Cl–H 1.293 107.5 +0.10 −11.79 −0.97 −8.05 – 
Br–H 1.433 94.6 +0.07 −11.18 −1.42 −7.51 – 

I–H 1.625 81.7 +0.05 −10.31 −1.88 −6.91 – 
        

F–F 1.420 50.1 0.00 −15.61 −6.17 −13.05 −9.74 
Cl–F 1.664 69.2 −0.07 −13.61 −4.86 −11.66 −8.04 
Br–F 1.796 69.8 −0.11 −12.86 −5.04 −11.01 −7.63 

I–F 1.945 75.3 −0.13 −11.95 −4.86 −10.49 −7.03 
        

F–Cl 1.664 69.2 +0.07 −13.61 −4.86 −11.66 −8.04 
Cl–Cl 2.023 62.0 0.00 −11.93 −4.51 −9.89 −7.37 
Br–Cl 2.173 58.8 −0.03 −11.38 −4.71 −9.36 −7.13 

I–Cl 2.352 57.9 −0.08 −10.72 −4.67 −8.93 −6.78 
        

F–Br 1.796 69.8 +0.11 −12.86 −5.04 −11.01 −7.63 
Cl–Br 2.173 58.8 +0.03 −11.38 −4.71 −9.36 −7.13 
Br–Br 2.321 55.0 0.00 −10.88 −4.82 −8.86 −6.93 

I–Br 2.506 53.0 −0.06 −10.26 −4.73 −8.41 −6.62 
        

F–I 1.945 75.3 +0.13 −11.95 −4.86 −10.49 −7.03 
Cl–I 2.352 57.9 +0.08 −10.72 −4.67 −8.93 −6.78 
Br–I 2.506 53.0 +0.06 −10.26 −4.73 −8.41 −6.62 

I–I 2.700 49.0 0.00 −9.68 −4.65 −7.92 −6.39 
        [a] rD–X = D–X bond length; BDE = homolytic bond dissociation energy without ZPE; QX

VDD = 
VDD charge on atom X (see Equation 2.8); ε = orbital energy. 
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ide’s np-type highest occupied molecular orbital (HOMO). The hydrogen bonds and halo-
gen bonds appear to have an electrostatic component ΔVelstat, and a covalent component 
ΔEoi stemming mainly from the HOMO-LUMO interaction between the occupied halide 
np AO and the DH or DX antibonding σ* acceptor orbital, shown schematically in Figure 
8.1. Both bonding components, ΔVelstat and ΔEoi, are weakened as the halide HOMO be-
comes more diffuse and effectively lower in energy from A− = F− to I−.[356] Consequently, 
also the interaction energy ΔEint, and thus the net hydrogen or halogen bond strength ΔE, 
becomes less stabilizing along A− = F− to I− (see Table 8.1, and Table 8.3 to 8.5). 

The key to understanding why fluorine bonds DF···A− show a more complex, partial-
ly opposite trend (i.e., the expected weakening from A− = F− to Cl−, but thereafter a 
strengthening along A− = Cl−, Br− and I−) is contained in the counteracting effects evolving 
from D–F bond stretching induced in the diatomic DF as it interacts with the halide A−. 
Interestingly, activation strain analyses reveal that from early till relatively advanced stages 
of the complexation reaction, for a given point along the reaction coordinate ζ, we indeed 

Figure 8.1  Simplified orbital interaction diagrams for (a) hydrogen-bonded complexes 
DH···A−, (b) halogen-bonded complexes DX···A−, (c) hydrogen halides D–H, 
and (d) dihalogens D–X, as they emerge from our quantitative Kohn–Sham MO 
analyses. 
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recover the original trend in interactions, namely, that ΔEint(ζ) weakens from A− = F− to I−. 
This can be nicely seen in Figure 8.2 which, for six representative series, shows the activa-
tion strain diagrams along the entire reaction coordinate ζ projected onto the stretch ΔrD–X 
of the complexation reaction between a DX molecule approaching the halogen bond ac-
cepting A−. Each of the six activation strain diagrams in Figure 8.2 refers to one particular 
DH or DX molecule forming a hydrogen or halogen bond with A− = F−, Cl−, Br− and I−. 
Therefore, the strain curves ΔEstrain within each of these graphs coincide because they refer 
to the same diatomic being stretched as the complexation reaction progresses. Consequent-
ly, the trend along A− = F− to I− in the total DH···A− and DX···A− energy profiles ΔE(ζ) in 
each graph is directly determined by the trend in the corresponding interaction energy 
curves ΔEint(ζ). Also, as can be seen in Figure 8.2, the ΔEint(ζ) curve appears to be most 
stabilizing for A− = F− and then weakens along Cl−, Br− and I−, for any given diatomic DH 
or DX, including all fluorine-bonded DF···A− complexes. 

In other words, fluorine bonds DF···A− would also show a weakening in interaction 
ΔEint from A− = F− to I−, as the hydrogen bonds and all other halogen bonds, if it were not 
for the increasingly stretched D–F bond in the fluorine bond-donating diatomic molecule 
(see Table 8.2 and Figure 8.2). This structural phenomenon is promoted by a combination 
of factors: (i) a weak D–X bond that is easily stretched; (ii) a strong interaction with an 
approaching halide A−; and importantly, (iii) a DX σ* acceptor orbital that quickly drops in 
energy as the D–X bond elongates (see Figure 8.1). The latter generates a driving force for 
D–X stretching in DX···A− because it enhances the orbital interactions and thus ΔEint (see 
Figure 8.1 and 8.2). Indeed, D–X stretching is most pronounced if this bond in the dia-
tomic fragment is weaker, that is, for the weaker halogen-hydrogen bonds (D–X = I–H; see 
Table 8.1) and the weaker halogen-halogen bonds (D–X = F–F; see Table 8.1). In the lat-
ter, it is able to affect the trend in overall bond strength ΔE. The D–F stretching in fluo-
rine-bonded complexes is most pronounced in the FF···A− series, along which the F–F 
stretch ΔrF–F increases from a value of 0.3 via 0.4 and 0.5 to 0.6 Å. This further stretch is 
able to induce the reversal of the trend in bond strength ΔE along the equilibrium struc-
tures FF···Cl−, FF···Br− and FF···I− (see Table 8.2). 

Thus, fluorine bond analyses in DF···A− equilibrium geometries show that in most 
cases the interaction energy ΔEint between the stretched D–F molecule and the halide A−, 
as well as its components ΔVelstat and ΔEoi, become more stabilizing along the entire series 
A− = F− to I−, that is, already from F− to Cl− (see Table 8.2). This is indeed most pro-
nouncedly so in the series FF···A−, due to the F–F bond in the DX fragment being relative-
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ly weak. Along the series FF···F−, FF···Cl−, FF···Br− and FF···I−, ΔEint increases in strength 
from a value of −75 to −78, −82 and −94 kcal mol–1, respectively. For comparison, along the 
corresponding series with the much stronger F–I bond in the DX fragment, that is, FI···F−, 
FI···Cl−, FI···Br− and FI···I−, the ΔEint weakens from −81 to −56, −51, and −48 kcal mol–1. 
The overall bond strength ΔE along the fluorine-bonded series shows the aforementioned 

Figure 8.2 Activation strain analyses along the reaction coordinate (Equation 2.10) for DX 
+ A− complexation as a function of A− = F−, Cl−, Br− and I−, projected onto the 
D–X stretch ΔrD–X for (a) hydrogen bonds, (b) fluorine bonds and (c) iodine 
bonds, with donating groups D = F (left) and D = I (right). Energy profiles ΔE 
(solid lines) are decomposed into strain energy ΔEstrain (dashed lines above ΔE = 
0) and interaction energy ΔEint (dashed lines below ΔE = 0).
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initial weakening followed by a strengthening, because the D–F stretching and the con-
comitant strain energy ΔEstrain becomes more destabilizing along the series and, from A− = 
F− to Cl−, dominates the strengthening in ΔEint (see Table 8.2). 

We conclude that, in general, hydrogen bonds DH···A− and halogen bonds DX···A− 
become weaker along A− = F− to I− because the larger radii and lower np AO energies of 
the halides lead to weaker electrostatic attraction and weaker orbital interactions. Interest-
ingly, for the same reason, F− is the halide with the strongest gas-phase basicity, the 
strongest alkyl cation affinity and the lowest barrier for SN2 reactions with halome-
thanes.[205,353-356] The trend in DF···A− fluorine bond strength is partially inverted, that is, 
ΔE becomes more stabilizing along A− = Cl−, Br− and I− because of a more subtle interplay 
of factors. Notably, a significant stretching of the relatively weak D–F bond in the DF···A− 
equilibrium structures lowers the DF σ* acceptor orbital and thus amplifies the donor-
acceptor orbital interactions, for example, along FF···Cl−, FF···Br− and FF···I−. 

8.5 Bond Analyses: Variation of the Donating Group 

We recall that for the hydrogen bonds DH···A−, a heavier donating halogen D results in a 
stronger bond, whereas the same variation in D weakens the halogen bonds DX···A− (see 
Table 8.1 to 8.5). In both cases, the trend in bond strength ΔE is determined by the inter-
action energy ΔEint. For example, from FH···F− to IH···F−, ΔEint is strengthened from a 
value of −71 to −121 kcal mol–1, whereas from FI···F− to II···F− it is weakened from a value 
of −75 to −29 kcal mol–1 (see Table 8.1 and 8.5). The strain energy ΔEstrain is not negligible, 
but it does not alter the trend set by ΔEint. Our activation strain analyses explain the above 
differences between hydrogen bonds and halogen bonds, but they also confirm once more 
that both are very similar in nature (see Figure 8.3). 

Starting with some general observations, we find that for hydrogen bonds as well as 
halogen bonds, the strain energy curves are most unfavorable when D = F and gradually 
become less destabilizing as the donating atom is varied along D = F, Cl, Br and I (see Fig-
ure 8.3). Furthermore, we find that for all DH···A− and DX···A− complexes, the interaction 
energy curves become less stabilizing along D = F, Cl, Br and I. The resulting energy pro-
files and, therefore, the stability and geometric properties of the complexes DH···A− and 
DX···A− depend on the balance between the ΔEstrain and ΔEint curves, which we first discuss 
individually. The slope and shape of the ΔEstrain curves is of course directly related to the  
D–X bond strength of the diatomic fragment, which in general becomes stronger as the 
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polarity across the D–H or D–X bond increases (see Table 8.6). This is a well-known and 
understood phenomenon.[357-359] From FH to IH, the halogen-hydrogen bond strength 
decreases significantly from a value of 143 to 82 kcal mol–1 (see Table 8.6). The corre-
sponding halogen-halogen bonds are all much weaker, and variations in the homolytic 
BDE are also much smaller. From FF to IF, the bond strength increases from 50 kcal mol–1 

Figure 8.3 Activation strain analyses along the reaction coordinate (Equation 2.10) for DX 
+ A− complexation as a function of D = F, Cl, Br and I, projected onto the D–X 
stretch ΔrD–X for (a) hydrogen bonds, (b) fluorine bonds and (c) iodine bonds, 
with accepting groups A− = F− (left) and A− = I− (right). Energy profiles ΔE (sol-
id lines) are decomposed into strain energy ΔEstrain (dashed lines above ΔE = 0) 
and interaction energy ΔEint (dashed lines below ΔE = 0). 
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to 75 kcal mol–1, while for the fragments DX, where X is Cl, Br or I, the bond strength 
generally decreases from a value of around 70 kcal mol–1 for FX to around 50 kcal mol–1 for 
IX. Thus, for the hydrogen-bonded complexes, the ΔEstrain curves show a pronounced re-
duction in slope from FH to IH, which, in the corresponding hydrogen-bonded complexes 
FH···A− to IH···A−, translates into an increasing stretch ΔrD–H of the diatomic fragment. 
As the stretch ΔrD–H becomes larger from equilibrium structures FH···A− to IH···A−, the 
ΔEint curves have been able to descend further, to lower, more stabilizing energies. The fi-
nal result is an increasing stability of the DH···A− complexes when the donating atom D is 
varied from F to I. 

For the halogen bonds, the ΔEstrain curves are very similar and not decisive. The reason 
for the decreased stability of the DX···A− complexes upon the same variation of D from F 
to I is, therefore, that the ΔEint curves descend more gradually to overall less stabilizing val-
ues. The interaction energy ΔEint becomes less stabilizing from FX···A− to IX···A− because 
of decreasing electrostatic attractions (ΔVelstat) and, in some cases, also because of greater 
Pauli repulsions (ΔEPauli; see Table 8.1 to 8.5). Both of these effects are easily explained 
when the electronegativities of the halogens are considered. Along the series FX to IX, the 
central atom X becomes relatively more electronegative, which will lead to a greater nega-
tive charge on this central atom, thus, reducing the electrostatic attraction with the anionic 
A−, while concomitantly the occupied orbitals will have more X character, which in turn 
induces stronger Pauli repulsions. 

8.6 Bond Analyses: Variation of the Central Atom 

A more direct comparison of hydrogen and halogen bonds DX···A− can be obtained by 
varying X along H, F, Cl and I (omitting Br for clarity), while keeping the donating atom 
(D) and the accepting halide (A−) constant (see Figure 8.4). We do this for four combina-
tions of D and A−, giving rise to four graphs in Figure 8.4. There appears to be a regular 
trend of increasing strength from the fluorine bonds to the iodine bonds. This trend derives 
again directly from the electronegativity difference across the D–X bond of the diatomic 
fragment: from DF to DI, the charge distribution on the DX fragment is increasingly po-
larized towards D, away from A− (see VDD atomic charges in Table 8.6), whereas the σ* 
acceptor orbital achieves a higher amplitude on X (see Figure 8.1). This results in a 
strengthening of the halogen bond DX···A− because of greater electrostatic attraction, less 
Pauli repulsion and more stabilizing orbital interactions (see Table 8.2 to 8.5). 
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In analogy to the situation described above, hydrogen bonds might be expected to be 
much stronger than the halogen bonds due to the large and favorable polarization across 
the D–H bond, leading to a partially positively charged hydrogen atom in DH. For exam-
ple, the VDD atomic charge on X in FH, FF and FI amounts to +0.20, 0.00 and +0.13 a.u., 
respectively (see Table 8.6). The decomposition of the interaction energy into its compo-
nents shows indeed a stronger contribution from the electrostatic attraction (ΔVelstat) to the 
bonding energy in the case of the hydrogen bonds (compare results in Table 8.1 to 8.5). 
Note, however, that this does not imply that hydrogen bonds are always stronger than the 
corresponding halogen bonds, since in our model systems the bonding mechanism is never 
purely, or even predominantly, electrostatic. The covalent or orbital interaction term (ΔEoi) 
is relatively large and crucial for understanding the bonding in our model systems. For the 
hydrogen-bonded complexes DH···A−, the ΔEoi term accounts for 40% to 66% of the total 
bonding interactions (ΔVelstat + ΔEoi). The stabilization due to this term results predomi-

Figure 8.4 Activation strain analyses along the reaction coordinate (Equation 2.10) for DX 
+ A− complexation as a function of X = H, F, Cl and I, projected onto the D–X 
stretch ΔrD–X for (a) D = F and (b) D = I, and accepting groups A− = F− (left) and 
A− = I− (right). Energy profiles ΔE (solid lines) are decomposed into strain ener-
gy ΔEstrain (dashed lines above ΔE = 0) and interaction energy ΔEint (dashed lines 
below ΔE = 0). 
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nantly from charge transfer from the np orbitals of the halide into the σ* LUMO of the 
hydrogen halide (see Figure 8.1). For the halogen-bonded complexes DX···A−, the contri-
bution from the orbital interaction term ranges from 43% for FI···F− to as much as 97% for 
IF···F− at the other end of the spectrum. The larger covalent contribution in the case of the 
halogen bonds is the result of the low orbital energy of the empty dihalogen σ* orbital (e.g., 
−0.7 eV for FH and −6.2 eV for FF; see Table 8.6), which directly translates into a stronger 
donor-acceptor orbital interaction with the halide np orbital (compare results in Table 8.1 
to 8.5). Note that, percentagewise, ΔEoi in the halogen bonds appears even larger because 
of the aforementioned, less favorable electrostatic attraction ΔVelstat. 

The nature of the strong hydrogen bonds and halogen bonds discussed so far, strong-
ly resembles that of the weaker, neutral hydrogen and halogen bonds, although contribu-
tions from dispersion interactions (ΔEdisp) become relatively more important in the 
latter.[84,86,100,360] Preliminary results of dispersion-corrected ZORA-BP86-D3/TZ2P calcu-
lations on FI···FI (ΔE = −4.3 kcal mol–1), ClCl···ClCl (ΔE = −1.3 kcal mol–1) and II···II 
(ΔE = −6.6 kcal mol–1) show that the covalent component ΔEoi amounts to 43% to 59%, 
whereas dispersion contributes 2% to 17% to the total of all bonding interactions (ΔEoi + 
ΔVelstat + ΔEdisp). The covalent contribution in these neutral model complexes stems from a 
donor-acceptor orbital interaction from an occupied π* orbital on one dihalogen fragment 
into the σ* orbital of the other dihalogen fragment. 

We conclude that halogen bonds DX···A− and hydrogen bonds DH···A− have a very 
similar bonding mechanism consisting of both electrostatic and covalent contributions. The 
electrostatic attraction is less favorable in the halogen bonds due to a smaller and in some 
cases less favorably oriented polarization across the dihalogen molecule DX. Nevertheless, 
halogen bonds can become stronger than hydrogen bonds, because of a more stabilizing 
covalent component in the former. The reason is the lower orbital energy of the empty σ* 
orbitals in dihalogen molecules DX leading to a stronger, more favorable donor-acceptor 
orbital interaction with the halide A− np orbital (see Table 8.6). 

8.7 Conclusions 

Halogen bonds in DX···A− are very similar in nature to hydrogen bonds in DH···A− (D, X, 
A = F, Cl, Br, I): both have a sizable covalent component stemming from HOMO-
LUMO interactions between the np-type lone pair on the halogen bond- or hydrogen 
bond-accepting fragment A− and the D–X or D–H antibonding σ* LUMO on the halogen 
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bond- or hydrogen bond-donating fragment DX or DH, respectively. Neither halogen 
bonds nor hydrogen bonds are, therefore, predominantly, let alone purely electrostatic phe-
nomena. 

Two characteristic differences between the halogen bonds DX···A− and hydrogen 
bonds DH···A− are that halogen bonds are generally associated with (i) a weaker electro-
static attraction (dihalogens DX are less polar than hydrogen halides DH), and (ii) a signif-
icantly more stabilizing HOMO-LUMO interaction. The stronger orbital interaction 
derives from the lower energy of the halogen-halogen σ* LUMO as compared to that of 
the much stronger halogen-hydrogen bond. Halogen bonds can be stronger, but also weak-
er, than the corresponding hydrogen bonds. 

Finally, hydrogen bonds DH···A− and halogen bonds DX···A− become weaker along 
A− = F− to I−, because the electron-donating capability (and basicity, alkyl cation affinity, 
nucleophilicity)[205,353-355] of the halide decreases in this order. The trend in DF···A− fluorine 
bond strength is partially inverted, that is, ΔE becomes more stabilizing along A− = Cl−, 
Br− and I−, because of a more subtle interplay of factors, in which a significant stretching of 
the relatively weak D–F bond lowers the DF σ* acceptor orbital and, thus, amplifies the 
donor-acceptor orbital interactions. 
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