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Ab initio EOM-CCSD calculations have been performed to determine one- and two-bond spin-spin coupling
constants 1J(F-Cl), 1XJ(Cl-N), and 2XJ(F-N) across F-Cl · · ·N halogen bonds in complexes with F-Cl as
the Lewis acid and N2, FCN, HCN, (CH3)CN, LiCN, Z-HNNH, H2CNH, NH2F, NH3, cyclic-NH(CH2)2, and
NH2(CH3) as Lewis bases. The structures of these complexes were optimized at MP2 with the aug′-cc-pVTZ
basis set. The absolute value of 2XJ(F-N) increases in these complexes as the F-N distance decreases, a
behavior similar to that of 2hJ(F-N) for complexes stabilized by F-H · · ·N hydrogen bonds. 1XJ(Cl-N) also
tends to increase in absolute value with decreasing F-N distance. 1J(F-Cl) is always positive, decreases
upon complex formation as the F-Cl distance increases, and appears to be sensitive to the hybridization of
the nitrogen base. The relatively large differences in the values of these coupling constants in the various
complexes and their variation along the chlorine-transfer coordinate for F-Cl · · ·NH3 suggest that they should
be amenable to experimental investigation.

Introduction

Although halogen bonds (X-bonds) have been known for over
a half-century, there has been a resurgence of interest in halogen
bonds over the past decade.1–23 In his recent article,23 Legon
reviewed the gas-phase structures and binding energies of
complexes with intermolecular halogen bonds and compared
them with corresponding properties of complexes with hydrogen
bonds. This work prompted us to extend our recent studies of
coupling constants across F-H · · ·N hydrogen bonds24–27 to an
investigation of one- and two-bond spin-spin coupling constants
across F-Cl · · ·N halogen bonds. Although the number of papers
dealing with halogen bonds is very large, there are no reports
of coupling constants across intermolecular halogen bonds.

In the present paper, ab initio spin-spin coupling constants
are reported for complexes with FCl as the Lewis acid and N2,
FCN, HCN, (CH3)CN, LiCN, Z-N2H2 (diimide), H2CNH, NH2F,
NH3, cyclic-NH(CH2)2 (aziridine), and NH2(CH3) (methylamine)
as the Lewis bases. By analogy with the nomenclature used for
coupling constants across X-H · · ·Y hydrogen bonds [1hJ(H-Y)
and 2hJ(X-Y)], we propose 1XJ(Cl-N) and 2XJ(F-N) to
designate coupling across F-Cl · · ·N halogen bonds. Systematic
variations in these coupling constants are noted, and their
characteristics compared with coupling constants for corre-
sponding complexes stabilized by hydrogen bonds. Variations
in coupling constants along the chlorine-transfer coordinate for
F-Cl · · ·NH3 are compared with variations of the corresponding
coupling constants across the proton-transfer coordinate for
F-H · · ·NH3.

Methods

The structures of all complexes were optimized at second-
order Møller-Plesset perturbation theory (MP2)28–31 with the
aug′-cc-pVTZ basis set, where aug′ implies that the aug-cc-
pVTZ basis was used on all atoms except H, in which case the

cc-pVTZ basis was employed.32,33 Vibrational frequencies were
computed to ensure that the stationary points found correspond
to equilibrium structures on the potential surfaces. Structure
optimizations were carried out using Gaussian 03.34

Structures were also optimized along the chlorine-transfer
coordinate for F-Cl · · ·NH3. The first point at a Cl-N distance
of 2.235 Å corresponds to the equilibrium structure of
F-Cl · · ·NH3. The final point has the Cl-N distance fixed at
1.736 Å, the value for the isolated optimized ion H3NCl+. The
remaining points correspond to fully optimized structures at
fixed Cl-N distances of 2.13, 2.03, 1.93, and 1.83 Å.

One- and two-bond coupling constants 1J(F-Cl), 1XJ(Cl-N),
and 2XJ(F-N) were computed using the equation-of-motion
coupled-cluster singles and doubles (EOM-CCSD)35–38 method
in the CI (configuration interaction)-like approximation with all
electrons correlated. These calculations were carried out with
the Ahlrichs39 qzp basis set on 13C, 15N, and 19F, the qz2p basis
on 35Cl, the “hybrid” basis set on 7Li,40 and the cc-pVDZ basis
set on 1H.32,33 In the Ramsey approximation, the total coupling
constant is a sum of four terms: the paramagnetic spin-orbit
(PSO), diamagnetic spin-orbit (DSO), Fermi-contact (FC), and
spin-dipole (SD).41 Except for F-Cl · · ·N(CH3)3, all terms were
computed for all of the complexes formed from FCl and the
nitrogen bases. Although the structure of F-Cl · · ·N(CH3)3 was
optimized, the size and low computational symmetry of this
complex limited the evaluation of coupling constants to the FC
terms. Coupling constants were computed using ACES II.42 All
calculations were performed on the Itanium cluster at the Ohio
Supercomputer Center.

Results and Discussion

Structures and Binding Energies. The computed structures
and binding energies for complexes with halogen bonds are
given in Table 1 along with the corresponding experimental
Cl-N distances reported by Legon.23,43 The complexes with
sp hybridized N bases are listed first in order of increasing
protonation energy (proton affinity44). These are followed by
the two sp2 hybridized bases and then the set of complexes with
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the sp3 hybridized N bases, again listed in order of increasing
protonation energy (proton affinity), although the protonation
energies and proton affinities of N(H)(CH2)2 and NH2CH3 are
very similar, and these two measures of basicity are reversed
for these two bases. Increasing base strength correlates with
increasing binding energies of these complexes.

A comparison of the computed and experimental Cl-N
distances indicates that the computed values underestimate the
experimental. There are two factors which account for this
difference, one related to the computed values and the other to
the experimental values. The computed distances are Re

distances, whereas the experimental are Ro. Taking zero-point
motion into account would lead to a lengthening of the
equilibrium values of the Cl-N distance. On the other hand,
the experimental distances were determined under the assump-
tion of rigid monomer geometries. Optimization of the com-
plexes FCl:NH3 and FCl:N(CH3)3 under this same constraint
leads to longer Cl-N distances of 2.335 and 2.143 Å,
respectively. Nevertheless, from the perspective of the present
investigation, the computed Cl-N distances are reasonable, and
the decrease in the Cl-N distance observed experimentally upon
methyl substitution in HCN and NH3 is reproduced by the
calculations.

The binding energies of complexes stabilized by F-Cl · · ·N
halogen bonds vary considerably, ranging from 2.3 kcal/mol
for the complex with N2, the weakest nitrogen base, to 23.9
kcal/mol for the complex with the strongest base, N(CH3)3. As
noted previously by Legon,23 these are comparable to the
binding energies of corresponding hydrogen-bonded complexes.
This is illustrated in Figure 1, which presents a plot of the
binding energies for complexes with F-Cl · · ·N halogen bonds
versus the binding energies for corresponding complexes with
F-H · · ·N hydrogen bonds, both computed at MP2/aug′-cc-
pVTZ. Figure 2 illustrates the relationship between the Cl · · ·N
and H · · ·N distances in corresponding halogen-bonded and
hydrogen-bonded complexes. Since the ground-state properties
of complexes with halogen bonds have been discussed previ-
ously by others, no further discussion will be provided here
except to relate the structures of these complexes to spin-spin
coupling constants.

Spin-spin Coupling Constants for Complexes. Compo-
nents of J. Spin-spin coupling constants for complexes of FCl
with the nitrogen bases N2, FCN, HCN, (CH3)CN, LiCN,

Z-HNNH, H2CNH, NH2F, NH3, cyclic-NH(CH2)2, and
NH2(CH3) are reported in Table 2. Total coupling constants
1J(F-Cl), 1XJ(Cl-N), and 2XJ(F-N) and the components of J
are given for these complexes and the monomers FCl and
H3NCl+ in Table S1 of the supporting data. From Table S1, it
can be seen that 2XJ(F-N) is dominated by a negative FC term,
due to a near cancelation of a positive PSO term with a negative
SD term in the complexes with the sp nitrogen bases. With one
exception (Z-N2H2), these terms have opposite signs in com-

TABLE 1: F-N and Cl-N Distances (R, Å) and Binding
Energies (-∆Ee, kcal/mol) for Complexes Stabilized by
F-Cl · · ·N Halogen Bonds, Base Protonation Energies (PE)
and Experimental Proton Affinities (PA, kcal/mol)

R(Cl-N)

complex computed exptla R(F-N) -∆Ee PE (PA)b

F-Cl · · ·N2 2.802 2.921c 4.444 2.3 121.2 (118)
F-Cl · · ·NCF 2.578 4.231 5.3 168.8 (151)
F-Cl · · ·NCH 2.541 2.693 4.197 5.8 173.8 (170.4)
F-Cl · · ·NCCH3 2.473 2.561d 4.135 7.1 189.7 (186.2)
F-Cl · · ·NCLi 2.263 3.960 11.8 227.0
F-Cl · · ·N2H2(Z) 2.231 3.928 9.1 195.1 (192.0)
F-Cl · · ·N(H)CH2 2.159 3.880 15.9 213.1 (203.8)
F-Cl · · ·NH2F 2.288 3.976 8.3 189.2
F-Cl · · ·NH3 2.235 2.371 3.949 11.7 210.6 (204.0)
F-Cl · · ·N(H)(CH2)2 2.100 3.843 15.9 222.4 (214.9)
F-Cl · · ·NH2(CH3) 2.116 3.869 16.5 221.9 (216.4)
F-Cl · · ·N(CH3)3 2.042 2.090 3.834 23.9 233.8 (226.8)

a Experimental structural data from ref 23 except where noted.
b Computed protonation energies; experimental proton affinities from
ref 44. c Reference 43a. d Reference 43b.

Figure 1. Binding energies (∆EX) for complexes with F-Cl · · ·N
halogen bonds vs binding energies (∆EH) for complexes with F-H · · ·N
hydrogen bonds. ∆EX ) 1.646 e0.164∆EH; R2 ) 0.936.

Figure 2. Cl · · ·N distances R(Cl-N) in complexes with F-Cl · · ·N
halogen bonds vs H · · ·N distances R(H-N) in complexes with
F-H · · ·N hydrogen bonds. R(Cl-N) ) 1.725 R(H-N) - 0.695; R2 )
0.936.

TABLE 2: Spin-Spin Coupling Constants 1J(F-Cl),
1XJ(Cl-N), and 2XJ(F-N) (Hz) across F-Cl · · ·N Halogen
Bonds

complex 1J(F-Cl)a 1XJ(Cl-N)b 2XJ(F-N)

F-Cl · · ·N2 772.3 -13.9 -1.0
F-Cl · · ·NCF 759.4 -32.1 -9.1
F-Cl · · ·NCH 753.0 -32.7 -12.0
F-Cl · · ·NCCH3 747.5 -39.0 -18.3
F-Cl · · ·NCLi 726.5 -51.6 -49.6
F-Cl · · ·N(H)CH2 679.6 -55.4 -73.0
F-Cl · · ·N2H2(Z) 684.3 -57.0 -64.0
F-Cl · · ·NH2F 692.9 -54.3 -44.4
F-Cl · · ·NH3 693.6 -51.1 -48.6
F-Cl · · ·N(H)(CH2)2 666.2 -58.6 -87.2
F-Cl · · ·NH2(CH3) 663.5 -49.0 -70.8

a For F-Cl: R ) 1.638 Å; 1J(F-Cl) ) 798.0 Hz. b For H3NCl+:
R(Cl-N) ) 1.736 Å; 1J(Cl-N) ) +8.5 Hz.
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plexes with the sp2 and sp3 bases, and although there is only a
partial cancelation, the FC term still dominates.

1XJ(Cl-N) is negative in all complexes, ranging from -13
to -59 Hz. It is dominated by a negative FC term. It is
interesting to note the difference between 1XJ(Cl-N) in the
complexes relative to 1J(Cl-N) for the isolated ion H3NCl+.
In the ion the FC term has a positive value of 21.7 Hz and the
PSO and SD terms have larger negative values compared to
the complexes. Nevertheless, the FC term dominates and
1XJ(Cl-N) is +8.5 Hz in the isolated ion.

In contrast, the FC term does not dominate 1J(F-Cl). For
the isolated FCl monomer, the PSO and SD terms make large
positive contributions of 642 and 255 Hz, respectively, while
the FC term is relatively small and negative at -99 Hz. The
FC term varies considerably in the complexes. It is large and
negative for F-H...N2, but decreases in absolute value and
becomes positive in the complex with the strongest sp base,
LiCN. It is positive for the complexes with the sp2 bases. The
FC term is only -2 Hz for F-Cl · · ·NH2F but then increases in
the complexes with the sp3 bases, having its largest value of
143 Hz for F-Cl · · ·N(CH3)3. However, it is still the positive
PSO and SD terms that dominate. Thus, 1J(F-Cl) in the
complexes is sensitive to the hybridization of the nitrogen and
the strength of the base.

Coupling Constants across F-Cl · · ·N Halogen Bonds.
Table 2 lists the total coupling constants 1J(F-Cl), 1XJ(Cl-N),
and 2XJ(F-N) for the complexes of F-Cl with N2, FCN, HCN,
(CH3)CN, LiCN, Z-HNNH, H2CNH, NH2F, NH3, cyclic-
NH(CH2)2, and NH2(CH3). Figure 3 provides plots of the
variation of 2XJ(F-N) and 1XJ(Cl-N) with the F-N distance.
As evident from this figure, 2XJ(F-N) increases in absolute
value as the F-N distance decreases. The equation of the third-
order trendline shown in Figure 3 is

2XJ(F-N)) 303.5R(F-N)3 - 4060R(F-N)2 +

1813R(F-N)- 2701 (1)

with a correlation coefficient of 0.990. [A second-order curve
also fits the data well with a correlation coefficient of 0.988,
but it has its extremum at R(F-N) ) 4.38Å.] The increase in
the absolute value of 2XJ(F-N) with decreasing F-N distance
is similar to the increase in 2hJ(F-N) with decreasing distance
for complexes with F-H · · ·N hydrogen bonds.25 All of the two-
bond coupling constants 2XJ(F-N) across F-Cl · · ·N halogen
bonds are negative. Since the magnetogyric ratio of 19F is
positive whereas that of 15N is negative, the reduced two-bond
coupling constants 2XK(F-N) are positive. Thus, reduced two-

bond coupling constants across both hydrogen bonds45 and
halogen bonds are positive.

Also shown in Figure 3 is the variation of 1XJ(Cl-N) with
the F-N distance. The equation of the trendline is

1XJ(Cl-N)) 46.97R(F-N)2 - 315.9R(F-N)+ 463.1

(2)

with a correlation coefficient of 0.953. It is interesting to note
the difference between the curvature of the trendline for
1XJ(Cl-N) and that for 2XJ(F-N). While it may have been
anticipated that 1XJ(Cl-N) should be better correlated with the
Cl-N distance, such is not the case. A plot of 1XJ(Cl-N) versus
the Cl-N distance has a curvature similar to that shown in
Figure 3, with a lower correlation coefficient of 0.946.

1J(F-Cl) in the monomer is 798 Hz, and decreases in the
complexes as it ranges from 772 Hz in FCl:N2 to 664 Hz in
FCl:NH2(CH3). In this respect, 1J(F-Cl) resembles 1J(F-H)
for complexes with F-H · · ·N hydrogen bonds. The variation
of 1J(F-Cl) with the F-Cl distance is shown in Figure 4. The
equation of the trendline is

1J(F-Cl)) 7543R(F-Cl)2 - 2664R(F-Cl)+ 2419 (3)

with a correlation coefficient of only 0.934. 1J(F-Cl) appears
to be sensitive to the hybridization of the nitrogen base. For
example, the F-Cl distances in the complexes of F-Cl with
LiCN and Z-N2H2 are identical at 1.697 Å, but 1J(F-Cl) is 727
Hz in the former and 684 Hz in the latter. The smaller decrease
in 1J(F-Cl) upon complexation with LiCN resembles the
smaller decreases observed for the sp-hybridized bases. More-
over, in Figure 4 there are four points which lie in the F-Cl
distance interval from 1.688 to 1.714 Å. The one with the largest
coupling constant belongs to the sp base LiCN, while the
remaining three belong to sp2 (Z-N2H2), and sp3 bases (NH2F
and NH3). As measured by its protonation energy, LiCN is a
stronger base than any of the sp2 and sp3 hybridized bases,
except for N(CH3)3. Nevertheless, the decrease in 1J(F-Cl) for
the F-Cl · · ·NCLi complex is much less than would be expected
from the F-Cl distance and the base strength of NCLi. Thus,
the point for this complex lies far from the trendline shown in
Figure 4.

Coupling Constants across the Chlorine-Transfer Coordi-
nate. In a previous study, changes in one- and two-bond
spin-spin coupling constants along the proton-transfer coor-
dinate were characterized for FH:NH3 and FH:pyridine com-
plexes.24 As the proton is transferred from F to N, 1J(F-H)

Figure 3. 2XJ(F-N) (9) and 1XJ(Cl-N) (2) vs the F-N distance for
complexes with F-Cl · · ·N hlaogen bonds.

Figure 4. 1J(F-Cl) vs the F-Cl distance for complexes with
F-Cl · · ·N halogen bonds.
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decreases and changes sign as the F-H distance increases, and
1hJ(H-N) increases in absolute value as the N-H distance
decreases, asymptotically approaching its value for the corre-
sponding isolated protonated base. Along this same coordinate,
2hJ(F-N) initially increases in absolute value with decreasing
F-N distance, reaches a maximum when the F-N distance is
shortest and the hydrogen bond becomes quasi-symmetric
proton-shared, and then decreases as the F-N distance increases
and an ion-pair complex is formed. A plot illustrating the
changes in 1J(F-H), 1hJ(H-N), and 2hJ(F-N) across the proton-
transfer coordinate for FH · · ·NH3 as a function of the F-H
distance is given in Figure 5. The computed variations in these
coupling constants are consistent with experimental data for
changes in spin-spin coupling constants for FH:collidine as a
function of temperature.46,47 Subsequently, both 2hJ(X-Y) and
the sign of 1hJ(H-Y) for X-H · · ·Y hydrogen bonds have been
shown to be NMR fingerprints of hydrogen bond type.48

How do the corresponding distances and coupling constants
change across the chlorine-transfer coordinate for F-Cl · · ·NH3?
As chlorine transfer occurs, the F-Cl distance exhibits only a
relatively small change, increasing from 1.714 Å in the
equilibrium structure to 1.843 Å in the ion-pair. Simultaneously,
the F-N distance decreases continuously from 3.949 Å at
equilibrium to 3.579 Å in the ion-pair. There is no contraction
and then expansion of the F-N distance accompanying chlorine
transfer as there is in proton transfer.

Figure 6 shows the variation of 1J(F-Cl), 1XJ(Cl-N), and
2XJ(F-N) along the chlorine-transfer coordinate. 1J(F-Cl)
decreases from 694 to 599 Hz as the F-Cl distance increases,
a change similar to the variation of 1J(F-H) for proton transfer
in FH · · ·NH3. It is here that the similarity ends. Along the

proton-transfer coordinate, 1J(F-H) is dominated by the FC
term, which decreases and changes sign. Along the Cl-transfer
coordinate, the FC term dominates 1J(F-Cl) at equilibium and
then decreases but does not change sign as Cl approaches N.
Moreover, along this coordinate, the positive PSO and SD terms
increase and are the dominant terms in the ion-pair complex.
There is no sign change in 1J(F-Cl) along the chlorine-transfer
coordinate. The second one-bond coupling constant, 1XJ(Cl-N),
initially increases slightly in absolute value from -51 to -54
Hz and then decreases to -31 Hz in the ion-pair as the Cl-N
distance decreases. However, the value of 1J(Cl-N) in the ion-
pair complex F-:+ClNH3 at a Cl-N distance of 1.736 Å does
not approach the value of 1J(Cl-N) for the isolated ion H3NCl+,
which is +9 Hz. This may be attributed to the close proximity
of F- to Cl in the ion-pair and its influence on the chlorine and
nitrogen electron distributions in both the ground state and the
excited electronic states which couple to it. An MP2 ground-
state density analysis indicates a large alternation of charge [F
(-0.41e), Cl (+0.25e), N (-0.49e)] in the ion-pair complex.
In the isolated ion the chlorine bears a positive charge of +0.32e,
but N is essentially uncharged (-0.04e). Finally, as the F-N
distance continuously decreases along the chlorine-transfer
coordinate, the two-bond spin-spin coupling constant 2XJ(F-N)
continuously increases in absolute value from -49 to -107 Hz.
This curve has no extremum value indicative of a “chlorine-
shared” halogen bond. The 1XJ(Cl-N) and 2XJ(F-N) curves
are quite different from the corresponding curves for 1hJ(H-N)
and 2hJ(F-N) across the proton-transfer coordinate. Neverthe-
less, the changes in 1J(F-Cl), 1XJ(Cl-N), and 2XJ(F-N) are
large, and should be amenable to experimental study.

Conclusions

Ab initio EOM-CCSD calculations have been performed to
determine one- and two-bond spin-spin coupling constants
1J(F-Cl), 1XJ(Cl-N), and 2XJ(F-N) across F-Cl · · ·N halogen
bonds in complexes with F-Cl as the Lewis acid and N2, FCN,
HCN, (CH3)CN, LiCN, Z-HNNH, H2CNH, NH2F, NH3, cyclic
NH(CH2)2, and NH2(CH3) as Lewis bases. The following
statements are supported by these calculations.

(1) 2XJ(F-N) increases in absolute value in these complexes
as the F-N distance decreases, a behavior similar to that of
2hJ(F-N) for complexes stabilized by F-H · · ·N hydrogen
bonds. In addition, the reduced two-bond coupling constants
2XK(F-N) are positive, as are the reduced two-bond coupling
constants 2hK(X-Y) across X-H · · ·Y hydrogen bonds.

(2) The absolute value of 1XJ(Cl-N) also increases with
decreasing F-N distance, and has a slightly better correlation
with this distance than with the Cl-N distance.

(3) 1J(F-Cl) is always positive, decreases upon complex
formation, and appears to be sensitive to the strength and
hybridization of the nitrogen base.

(4) Along the chlorine-transfer coordinate in F-Cl · · ·NH3,
1J(F-Cl) decreases but remains positive, 2XJ(F-N) continuously
increases in absolute value, and 1XJ(Cl-N) initially increases
in absolute value and then decreases but remains negative. Its
value in the ion-pair complex does not approach the value of
1J(Cl-N) for isolated H3NCl+.

(5) The relatively large variations in the one- and two-bond
coupling constants across F-Cl · · ·N halogen bonds in the
various complexes and their variation along the chlorine-transfer
coordinate for F-Cl · · ·NH3 suggest that they should be
amenable to experimental investigation.
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Figure 6. 2XJ(F-N) (9), 1XJ(Cl-N) (2), and 1J(F-Cl) (() vs the
Cl-N distance across the Cl-transfer coordinate in F-Cl · · ·NH3.
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