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Abstract: Due to their high electron density, fluoride anions
can be considered the most effective halogen bond (HaB)
acceptors among the halides. However, under common
experimental conditions, F� uncommonly acts as HaB accept-
or, expectedly as it is present in hydrated form. Herein we
report that under specific crystallization conditions a hydro-

gen bond-free F� functioning as donor of electron density
can be obtained, with the formed HaBs constituting the
driving force of the observed crystal packings. Computations
confirm the strength of these HaBs compared to analogous
interactions involving other halides.

Introduction

Halide anions (X� ) are effective donors of electron density when
interacting with electrophilic halogens, namely they are partic-
ularly good halogen bond (HaB) acceptors.[1] The chameleonic
ability of halide anions to drive recognition and self-assembly
processes via HaB has been investigated extensively in
solution[2] and in the solid.[3] In crystals, halides can function as
mono- and polydentate HaB acceptor sites, specifically they can
form from one up to eight HaBs,[4,5] and supramolecular anionic
architectures with very different topologies are formed.

Both calculations and experimental findings indicate that
the strength of the HaBs formed by different halide anions is
different.[6–8] The electron density is more diffuse on larger
halides[9] than on smaller halides so that the electrostatic
attraction is weaker in the HaBs formed by larger anions.[6] As
revealed by the study of diverse halogen bonded adducts,
critical dissociation energies in the gas phase and association
constants in solution are smaller when the atomic mass of the
halide is greater.[10,11] Fluoride anions afford the strongest

HaBs,[12] iodide anions afford the weakest HaBs,[10] and chloride
and bromide anions give interactions of intermediate
strength.[13] For instance, the computed HaB energies of FI···X�

or CF3Br···X
� adducts are � 75.0, � 49.8, � 45.1, and

41.9 kcalmol� 1 or 14.81, 12.76, and 10.68 kcalmol� 1 when X is F,
Cl, Br, and I or Cl, Br, and I, respectively.[11,12]

An analysis of the Cambridge Structural Database (CSD)
indicates that the relative frequency of formation of crystalline
and halogen bonded adducts starting from different halide
anions is opposite to the relative strength of respective HaBs.
While some of the obtained datasets are too small to allow for
making definite and general statements, the CSD analysis
forcefully suggests that iodide anions are the most prone to
form HaBs and fluoride anions are the least prone (Table 1).

Many factors such as charge density or polarizability may be
considered to describe the chemical behavior of F� with respect
to other halides. Among them, the strength of hydrogen bonds
(HBs) formed by different halides and their respective hydration
energies are the most suitable in clarifying this seeming
contradiction between the strength and the frequency of
occurrence of HaB formed by different halides. In fact, the
strength of H···X� HBs decreases when the size of the halide
increases, for instance, the computed HB energies for FH···X�

adducts are � 53.0, � 26.6, � 21.9, and � 18.1 kcalmol� 1 when X
is F, Cl, Br, and I, respectively.[12] The hydration energies of
different halides run parallel to the strength of respective HBs,
being the highest for fluoride anions, the lowest for iodide
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Table 1. Number of structures in the CSD(a) containing an halocarbon
(C� F,Cl,Br,I) and a halide anion (X� ) and number of structures (respective
percentage in parenthesis) wherein the two units form an halogen bonded
adduct (C� F,Cl,Br,I···X� ).

X� = I� X� =Br� X� =Cl� X� =F�

C� F,Cl,Br,I and X� 861 1282 3467 107
C� F,Cl,Br,I···X� [b] 306

(35.5%)
330
(25.7%)

307
(8.8%)

5
(4.6%)

[a] ConQuest 2.0.5 was used. [b] I···X� separation shorter than sum of van
der Waals radii of involved atoms; C� F,Cl,Br,I···X� angle in the range 160°–
180°.
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anions, and of intermediate value for chloride and bromide
anions.[14]

Under common crystallization conditions, fluoride anions
are present as strongly hydrogen bonded species, typically as
hydrated species, and formation of halogen bonded adducts
requires HaB donor for HB donor substitution in the first
coordination sphere of the fluoride. Indeed, anhydrous fluoride
anion is hardly available[15] consistent with the fact that its
hydration energy is as high as 111 kcalmol� 1 while anhydrous
iodide anion is easily accessible as its hydration energy is
66 kcalmol� 1.[14] We reasoned that the high energetic cost
associated with fluoride anion dehydration and cleavage of
other HBs in which it is involved may account for the very low
frequency of formation of halogen bonded adducts wherein
fluoride anion is the HaB acceptor.

Being interested in preparing halogen bonded cocrystals
under control of fluoride anion driven self-assembly, we
adopted crystallization conditions which minimize fluoride
anion hydration and resulting energetic cost for halogen
bonded cocrystal formation. Here we report how these
conditions allowed for the preparation of the adducts 4a, b
comprised of 1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-
6, 1), potassium fluoride (2), and 1-iodo-heptafluoropropane
(3a) or 1,4-diiodo-octafluorobutane (3b) (Figure 1). Some
structural features of these cocrystals confirm that fluoride
anions are strong HaB acceptors. The adopted experimental
conditions are quite simple and expectedly can be employed
easily for other substrates. Several other cocrystals wherein
fluoride anion is the HaB acceptor may become available; it will
thus become possible to investigate the specific features of
fluoride anion in halogen bonded self-assembled systems and
to explore the applicative usefulness of halogen bonded
cocrystals containing fluoride anions, e.g., as nucleophilic
fluorinating agents.[16]

Results and Discussion

In the crystal structure of compound 4a (Figure 2), the most
notable close contact, and hence the focus of this discussion, is
the one between the iodine atom of 1-iodo-1,1,2,2,3,3,3-
heptafluoro propane and the naked fluorine anion from KF. This
HaB is as short as 254.3 pm (Nc: 0.76)[17] and displays a very
directional F···I� C angle of 178.02°. This interaction is held
between a single fluorine atom and three different 1-iodo-
1,1,2,2,3,3,3-heptafluoro propanes; the I···F···I angles are 106.45°.
The fluoride is also coordinated by one potassium cation,
presenting three K···F···I angles of 112.34°. The potassium atom
is then coordinated by the six oxygen atoms of the 18-crown-6
molecule. This supramolecular entity made of three 1-iodo-
1,1,2,2,3,3,3-heptafluoro propanes, KF and 18-crown-6 is able to
assemble in a complex two-dimensional architecture, so that
every 18-crown-6 molecule is surrounded by other 1-iodo-
1,1,2,2,3,3,3-heptafluoro propane units on the ring plane, in

Figure 1. Molecular structure of cocrystals 4a and 4b.

Figure 2. Ball and stick representation of crystal structure 4a (top). HaBs are
depicted as purple dotted lines. Color code: gray, C; red, O; violet, K;
yellowish green, F; purple, I. View along crystallographic axes c (A and C)
and a (B and D), of one (A and B) and multi- (C and D) layers present in the
crystal packing of 4a. All units in a layer are in the same color (blue, top
layer; red, mid layer; green, bottom layer).
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turn engaging in HaB with other F� anions. It is noteworthy that
there are no visible hydrogen bonds between the fluorides
(both from the iodoperfluoroalkanes or KF) and the hydrogen
atoms of 18-crown-6. In addition, the HaBs seem to be strong
enough to overcome the repulsion between the various F···F
steric clashes present in the structure between various units of
1-iodo-1,1,2,2,3,3,3-heptafluoro propane.

In the structure of crystal 4b (Figure 3) the potassium cation
is coordinated to two units of 1,4-diiodo-1,1,2,2,3,3,4,4-octa-
fluoro-butane through two fluorine atoms, approaching the
cation above and beneath the ring plane. The potassium is then
coordinated to ten different atoms. The iodoperfluoroalkanes
and crown ether moieties form pillars that extend along the a
and c axes of the crystal. The pillars are held together by HaBs
between the iodines of 1,4-diiodo-1,1,2,2,3,3,4,4-octafluoro-
butane and a naked fluoride anion at a distance of 255.2 pm
(Nc: 0.76) with an F···I� C angle of 178.22°. Another two units of
1,4-diiodo-1,1,2,2,3,3,4,4-octafluoro-butane positioned roughly
parallel to the pillar engage in an HaB with the fluoride, this
time with a separation of 264.6 pm (Nc: 0.79) and an interaction
angle of 177.45°. Once again, there are no visible hydrogen
bonds between the hydrogens of 18-crown-6 and the 1,4-
diiodo-1,1,2,2,3,3,4,4-octafluoro-butane units or the fluoride
anions. HaBs are the shortest interactions in both the structures
and, lacking any other relevant close contact between the
molecules of these two systems, they can be considered to play
a major role in the crystals formation.

Compounds 4a–b display perfluorinated iodoalkanes bound
to halide anions, similarly to previously reported crystal
structures (CSD refcodes GEBCEX and GEBCIB, Figure 4).[18] We
decided to investigate these halogen-halide interactions
through computations, in order to get a detailed insight into

their properties, namely how the nature of the involved
halogen atoms affects the features of the occurring HaBs. The
NCI method confirms the presence of three (compound 4a) and
four (compound 4b) strong and attractive HaBs between F�

and iodine atoms of C3F7I and C4F8I2, respectively (Figure 5).
Further analysis of electron density distribution was based

on the quantum theory of atoms in molecules (QTAIM). QTAIM
parameters for I···F� (4a–b), I···Cl� (GEBCEX) and I···I� (GEBCIB
and the triiodide anion) contacts are collected in Table 2. The
QTAIM properties of I3

� anion were also considered for
comparison as I···I� contacts in the triiodide anion are consid-
ered the strongest known halogen bonds.[19] The order of
magnitude of electron density in the studied BCPs (1BCPÞ,
approximately 10� 2 au, is typical for halogen bonds,[20] and the
positive values of the Laplacian of the electron density allow to
classify all I···X� interactions as showing a closed-shell character.
However, partially covalent character of these interactions is
confirmed by the two-center delocalization indexes δ(A,B), the

Figure 3. Ball and stick representation of crystal structure 4b. HaBs are
depicted as purple dotted lines. Color code: gray, C; red, O; violet, K;
yellowish green, F; purple, I.

Figure 4. Comparison between crystal structure of compound 4a (A) with
analogues GEBCEX (B) and GEBCIB (C). Halogen bonds are purple dashed
lines; color code: gray, C; red, oxygen; violet, potassium; yellowish green,
fluorine; green, chlorine; purple, iodine.

Figure 5. NCI isosurfaces for 4a (left) and 4b (right), colored according to the
sign of the second eigenvalue of Hessian of the electron density times the
density; blue disks: strong and attractive non-covalent interactions, shallow
green sheets: very weak non-covalent interactions.

Table 2. QTAIM parameters at BCPs for I···F, I···Cl and I···I contacts (in au).[a]

Structure Contact ρBCP r21BCP � G/V δ(A,B)

4a I···F 0.036 0.139 0.973 0.295
4b I···F 0.030 0.121 1.025 0.242
GEBCEX I···Cl 0.030 0.076 0.959 0.395
GEBCIB I···I 0.022 0.046 1.000 0.398
I3
� I···I 0.048 0.047 0.707 0.882

[a] Computed at the M06-2X/x2c-TZVPPall level.
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values of which are greater than 0.2 au (the lowest values
obtained for I···F� contacts in 4b) and they increase in order
I···F� (4b)< I···F� (4a)< I···Cl� < I···I� . For GEBCEX and GEBCIB
δ(A,B) values are almost 0.4 au showing the highest bond order
among the studied structures. For comparison for triiodide
anion the δ(A,B) value is equal to 0.882 au, indicating that the
I···I� contact in I3

� is much closer to a covalent bond in its
character than other investigated contacts. The values of ratio
� G/V<1 also indicate stabilisation due to local concentration
of electron density in the BCP. For all studied systems, except of
I3
� showing much greater electron density concentration in the
BCP (� G/V=0.707), this ratio is close to 1.

The condition � G/V<1 is fulfilled in the case of 4a, GEBCEX
and GEBCIB but in the case of 4b this ratio amounts to 1.025
and may be attributed to higher number of ligands bound to
the fluoride anion, preventing electron density concentration in
the I···F� BCPs. It should also be noted that the ratio � G/V
increases with the number of ligands bound to the halide
anions.

The nature of I···F� , I···Cl� and I···I� interactions was further
studied using the interacting quantum atoms (IQA) method
(Table 3), which decomposes the total energy of a studied
system into a sum of atomic self-energies and interaction
energies between all atoms of the system. Interestingly, the
I···F� interactions in 4a (� 94.9 kcalmol� 1) are stronger than the
I···I� interactions in I3

� (� 85.8 kcalmol� 1). The interactions
between atoms in I···F� contacts in 4b are only 4.8 kcalmol� 1

weaker than in the triiodide anion. Although the values of
interaction energies for I···F� contacts in 4a and 4b and I···I�

contacts in I3
� are comparable, their nature is different. Indeed,

while the I···I� contacts in I3
� are dominated by the exchange-

correlation component (EXC) and the classical term is practically
negligible (0.5 kcalmol� 1), I···F� contacts are dominated by the
classical component (Ecl), the value of which is almost twice the
value of the exchange-correlation term. Interestingly, the ratio
Ecl/EXC diminishes in order: I···F� (4a and 4b), I···Cl� (GEBCEX),
I···I� (GEBCIB). The values of EXC for 4a, 4b, GEBCEX and GEBCIB
show much smaller changes (the difference between its highest
and lowest value is 11.8 kcalmol� 1) in comparison with the
values of Ecl (they differ by 41.8 kcalmol� 1). This leads to the
conclusion that, for the studied structures, the Ecl component
has much stronger impact on the interaction energies than the
EXC term.

For each of the studied systems two interaction energies
were calculated. The first one, ΔE1, is the energy of interaction
between a halide anion and all ligands bound to it, divided by

the number of ligands (using mean value allows to compare
the results obtained for a different number of ligands).

The second one, ΔE2, is the interaction energy between one
of the perfluorinated iodoalkane ligands and the remaining part
of the system. The results, not including and including the
counterpoise correction (CP) are collected in Table 4.

Mean values of energy of interactions between the halide
anions and the ligands bound to them follow the same trend as
the IQA energies for atoms forming HaBs. The absolute values
of interaction energies (ΔE1 and ΔE1

CP) decrease in order: 4a,
4b, GEBCEX and GEBCIB. Taking this into account, one may
conclude that I···F� (in 4a and 4b) interactions are stronger
than I···Cl� (in GEBCEX structure) and I···I� (in GEBCIB structure)
interactions. For ΔE2 and ΔE2

CP such order is not kept due to
the fact that interactions between the ligand and the rest of the
system are affected by interactions between the ligands (not
identical for each system and arranged around a halide anion in
a different manner), and ΔE1 and ΔE1

CP are free of such an
impact by definition.

Conclusions

In the present paper it was demonstrated how uncommon
interactions can be transformed into the driving force of a
cocrystal formation by getting rid of competing interactions
and how this can be obtained by rational and smart design and
forecasting of the interaction’s strength. To prove this, two
crystal structures were obtained, both displaying strong HaBs
between an iodine of an iodoperfluoroalkane and a naked
fluoride anion. The absence of hydrogen bonds in those
structures lead us to infer that these HaBs drive the formation
of the observed crystal packings. This paper also reports the
reaction’s conditions used to obtain the two structures, that can
in principle be used to produce peculiar crystals usually hard to
obtain with ordinary methods. The same experimental con-
ditions may be used as a new source of naked fluoride anions;
this could be important in the synthesis of metal fluoride
complexes,[21–24] the latter being of major interest for their
unusual reactivity, including C� F bond formation or cleavage
and their role as asymmetric catalysts.[25] Computations support
our crystallographic findings, revealing that I···F� HaBs are
stronger than analogous I···Cl� and I···I� HaBs found in
previously reported crystal structures, confirming that fluoride
anion is the most efficient halogen bond acceptor among the
halides.

Table 3. IQA energies for I···F, I···Cl and I···I contacts (in kcalmol� 1).[a] All
energetic contributions can be summed in the equation Eint=Ecl+EXC.

Structure Contact Eint Ecl EXC

4a I···F � 94.9 � 60.3 � 34.7
4b I···F � 81.0 � 53.0 � 28.1
GEBCEX I···Cl � 72.8 � 32.9 � 39.9
GEBCIB I···I � 54.2 � 18.5 � 35.7
I3
� I···I � 85.8 0.5 � 86.3

[a] Computed at the M06-2X/x2c-TZVPPall level.

Table 4. Interaction energies for all studied systems (in kcalmol� 1).[a]

Structure ΔE1 ΔE1
CP ΔE2 ΔE2

CP

4a � 32.6 � 29.2 � 19.3 � 18.4
4b � 27.1 � 24.3 � 14.8 � 14.1
GEBCEX � 25.6 � 23.8 � 19.7 � 18.8
GEBCIB � 18.3 � 18.0 � 15.4 � 15.2

[a] Computed at the M06-2X/x2c-TZVPPall level.
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Experimental Section
Materials: Starting materials and AR grade solvents were purchased
from Sigma–Aldrich, TCI (Europe and Japan), and Apollo Scientific
and were used without any further purification.

Cocrystals preparation: 132 mg of 1 (0.5 mmol) were heated up
under argon until melting occurred and an equimolar amount of
powdered and spray dried 2 (29 mg, 0.5 mmol) were added. Excess
3a, or 3b, were added under stirring till a homogeneous and clear
solution was formed. Small crystals of 4a, or 4b, suitable for X-ray
analysis were formed on slow cooling of the solution.

Data collection and refinement: The single crystal data of 4a and
4b were collected at room temperature with a Bruker SMART APEX
II CCD area detector diffractometer, equipped with graphite
monochromator and Mo� Kα radiation (λ=0.71073 Å). Unit cell
refinement and data reduction were performed using Bruker
SAINT.[26] Structure solutions were performed with Olex2[27] using
charge Flipping methods and Fourier analysis and refinement were
performed by the full-matrix least-squares methods based on F2

implemented in SHELXL 2014.[28] Essential crystal and refinement
data are reported in SI. Pictures were prepared using Mercury
software.[29]

Computational methods: The structures, taken directly from
crystals, were optimized at the M06-2X/def2-TZVPP level.[30–32] In
order to verify whether stationary points correspond to potential
energy surface minima, a frequency analysis at the same computa-
tional level was performed. No imaginary frequencies were found.
For optimised structures, interaction energies (not comprising
system relaxation), also the ones including the counterpoise (CP)
correction were calculated. The optimizations, frequency analysis
and interaction energies calculations were performed with the
Gaussian 16 program.[33] The comparison between geometrical
parameters of the experimental and the optimized structures is
presented in Figure S1 and Table S4 of the Electronic Supplemen-
tary Information. The optimized halogen-halide contacts were
observed to be systematically shorter than in the crystal structure
with one exception for longer I···F� in 4b but in this case
equalization of all I···F� distances took place during the optimization
process.

To identify noncovalent interactions in the studied systems the NCI
method[34] was employed. The method is based on steep peaks
appearing in the reduced density gradient at low densities between
weakly interacting atoms. For optimized structures also an analysis
of electron density distribution in the framework of the quantum
theory of atoms in molecules (QTAIM) was performed.[35] The
following QTAIM properties were considered in this study: electron
density at bond critical points (ρBCP), its Laplacian (r21BCPÞ, total
electronic energy density (H) together with its potential (V) and
kinetic (G) components and the two center-delocalization index
(δ(A,B)), the latter being a measure of number of electron pairs
shared by atoms A and B.

The interacting quantum atoms (IQA) method,[36] consistent with
the QTAIM space partitioning, was also applied in this study. The
IQA method decomposes the total energy of a studied system into
a sum of atomic self-energies and interaction energies between all
atoms of the system. The latter can be further decomposed into a
sum of the classical term (Ecl) and exchange-correlation component
(EXC). Basis sets using the effective core potential (ECP) approxima-
tion, such as def2-TZVPP[31,32] can be used for QTAIM and IQA
analysis.[37] To avoid problems with relativistic effects in QTAIM and
IQA analysis, the all-electron x2c-TZVPPall[38] and Sapporo-TZP-
2012[39] basis sets in conjunction with the relativistic scheme by
eliminating small components (RESC) approach[40] were applied to

obtain analyzed wavefunctions. The NCI, QTAIM and IQA calcu-
lations were carried out with the AIMAll program.[41]
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