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Systematic investigation of in-plane hydrogen-bonded complexes of ammonia with partially substituted
fluorobenzenes has revealed that fluorobenzene, difluorobenzene, and trifluorobenzene favor formation of
cyclic complexes with a €H---N—H---F—C binding motif. On the other hand, tetrafluorobenzene and
pentafluorobenzene favor formation of linear-B---N hydrogen-bonded complexes. The complete absence

of exclusively linear N-H--+F hydrogen-bonded complexes for the entire series indicates thiatdond in
fluorobenzenes is a reluctant hydrogen-bond acceptor. However, fluorine does hydrogen bond when
cooperatively stabilized with €H---N hydrogen bonds for the lower fluoro analogues. The propensity of
fluorobenzenes to adapt to the-8---N—H---F—C binding motif decreases with the progressive fluorination

of the benzene ring and disappears completely when benzene ring is substituted with five or more fluorine
atoms.

Introduction Hydrogen-bonded complexes of methanol with fluorobenzéne,
1,4-difluorobenzené® and 1,2,4,5-tetrafluorobenzéfehave
structures analogous to corresponding complexes with water,
wherein the G-H group of methanol acts both as a donor and
an acceptor resulting in the formation cyclic structure with
C—H---O and O-H---F hydrogen bonds.

The hydrogen-bonded complexes of partially fluorinated

The structure directing ability of weak intermolecular interac-
tions, such as €H---O and C-H---N hydrogen bonds, have
been effectively used in organized self-assemblies and crystal
engineerind:~® Similarly, in the case of partially fluorinated
benzenes, it has been established that thelC-F interactions
influence the crystal structufe®. However, the efficacy of benzenes with water and methanol have a commeh GO
organic fluorine to hydrogen bond has been a subject of debate . . . .

) H---F—C structural motif leading to formation of cyclic
and several authors based on structural database analysis have . . . .
. complexes. Interestingly, the absence of exclusively linear in-
concluded that €F group is an extremely poor hydrogen-bond : .
11 . plane O-H---F and/or C-H---O linear in-plane hydrogen-
acceptof~11 Dunitz and Taylor have commented that, out of . .
. . bonded complexes suggests that in the case of partially
5947 C-F bonds reported in the Cambridge Structural Database, .
e . : fluorinated benzenes the two sets of hydrogen bonds coopera-
only 37 were possibly involved in-€F---H hydrogen bonding

) ) tively stabilize the in-plane complexésOn the other hand,
and only in two cases the formation of hydrogen bond could . . . .

. : hexafluorobenzene interacts with water via asnteraction,
be unambiguously establishéd.

Apart from crvstal structures. the hvdroaen-bonded complexes & reversal of the orientation relative to the watbenzene
of V\F/)ater metkré\nol and amr’noniaywitr? partially quorinF;ted complex9200One of the notably interesting results in the case
benzenes, viz.. fluorobenzeRe4 1 4-difluorobenzent4and of hexafluorobenzenrewater complex is the complete absence

in- .ee i 21 i i
1,2,4,5-tetrafluorobenzen®;1” have been investigated experi- of in-plane G-H---F hydrogen boded speci&s?" which is

mentally in the gas phase, along with computational studies. In completely n contras:[l;/vlth the water complexes of partially
the case of fluorobenzensvater system, two minima were fluorinated benzenes:
identified theoretically: one with ©H---7r hydrogen bond and At this stage, an interesting idea would be explore the

the second an in-plane structure with water molecule actin bothformation of exclusively linear in-plane hydrogen-bonded
P o . g complexes of partially fluorinated benzenes. To probe this point,
as a proton acceptor and a donor, resulting in a cyclic structure

- . . we investigated complexes of ammonia with series of partially
\r/:::; aO” Hbogmiﬂgn(igour%hgr?(;ot?]ini-r?-o?gr?g ggﬂﬁﬁi;ﬁ% fluorinated benzenes, viz., fluorobenzene (FBz) 1,4-difluoroben-
found %g be equally stable. However ep erimentally onlv the zene (DiFBz), 1,3,5-trifluorobenzene (TriFBz), 1,2,4,5-tetrafluo-
‘ou qually - However, experimentally only robenzene (TetraFBz), and pentafluorobenzene (PentaFBz). The
in-plane structure was observed, indicating that it is the lowest-

eneray confiauratio? In the case of the 1. 4-difluorobenzene choice of ammonia for such an investigation can be rationalized
gy g o o on the basis of the fact that ammonia is a better hydrogen bond
water complex only the in-plane structure, similar to fluoroben-

zene-water dimer, was found to be stable both theoretically acceptor ano[ a poor dOﬂOI’.In comparison with water and

and experimentallé/2 In the case of the 1,2,4,5-tetrafluoroben- methanol. Tt_ns, we expect, will probably lead to formation of
’ . e exclusively linear in-plane €H---N hydrogen-bonded com-

zene-water system, three isomers were observed at the MPZ/pIexes

6-31+G(d) level; however, once again only the in-plane cyclic '

structure was observed experimentally, in the gas ptase. Methodology

*To whom correspondence should be addressed. E-mail;  |he initial conformational search was performed at B3LYP/
naresh@chem.iitb.ac.in. 6-31G(d) level. The DiFBzammonia system resulted only in-
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Figure 1. Structures of FBzammonia (A), DiFBz-ammonia (B, C), and TriFBzammonia (D, E) complexes optimized at the MP2/6-8%1G-

(d,p) level of theory. The distances are given in angstroms.

plane complexes; however, for FBz, TriFBz, Tetra, and Pen- energy and 50% correction is a good empirical approximation.

taFBz, both in-plane and-bound structures were obtained.

Therefore, we report the stabilization energies with 0, 50, and

Since the primary objective of this report is to investigate in- 100% BSSE correction. All the calculations were carried out
plane hydrogen-bonded complexes, further calculations wereusing Gaussian 98.To get more insights into the nature of
carried out only on the in-plane structures. All the calculations interaction between ammonia and fluorobenzenes atoms in

reported here were carried out using 6-3H#G(d,p) and aug-

molecules (AIM) analysis was carried out using AIM 2000

cc-pVDZ basis sets at DFT-B3LYP and MP2 levels of theory. package®

The structures of the monomers and the complexes were

optimized without any constraints and the nature of the Results and Discussion

stationary point obtained was confirmed by calculating the
vibrational frequencies at the same level of theory. The
interaction energy for the binary clusters was calculated using

the following schem®@23
AE = AEg + AEggeet Zc 1)
AEg = Exg({AB}, Gag) — EA({A}, Gp) — Eg({ B}, Gp)
2
AEgsse= EA({A}, Ga) — EA({B}, Gpg) +
Es({B}, Gg) — Es({B}. Gap) (3)
Z. = ZPVE,; — ZPVE, — ZPVE, )

Wherein, Ex({Y}, Gz) denotes the electronic energy of
calculated with the basis sgY} at the geometrg; of Xin the
systemZ and ZPVE is the zero-point vibrational energy &f

The in-plane hydrogen-bonded complexes of partially flu-
orinated benzenes with ammonia can be classified into two sets.
The first one has cyclic structure with-¢4--N—H---F—C
binding motif, in which both fluorobenzenes and ammonia act
as hydrogen bond donors as well as acceptors. The second set
has linear structure with a-€H---N hydrogen bond, wherein
the fluorobenzenes act as donors and the ammonia as an
acceptor. The FBzammonia system, at all the four levels of
theory, converges only into a cyclic structure with-B---N—
H---F—C binding motif. Figure 1A depicts the structure
calculated at MP2/6-31+G(d,p) level of theory. The gross
features at all the four levels of theory are similar to that shown
in Figure 1A, with the N-H---F hydrogen-bonded distance
shorter than the €H---N distance. Table 1 lists the relevant
intermolecular geometrical parameters for all the complexes and
Table 2 lists the binding energies. For all the complexes, the
binding energies at B3LYP level are considerably lower than
those obtained at MP2 level, which can be attributed to

Further, according to Kim et al. 100% of basis set superposition significant contribution of dispersion to the total stabilization
error (BSSE) correction often underestimates the interaction energy.



2774 J. Phys. Chem. A, Vol. 111, No. 14, 2007

Singh et al.

TABLE 1: Optimized C —H-::N, N—H-+-F Distances (A) and G-H-::N, N—H---F Angles (Deg) for Various Hydrogen-Bonded

Complexes of Fluorobenzenes with Ammonia

FB DiFB TriFB TetraFB PentaFB
cyclic linear cyclic linear cyclic linear cyclic linear
B3LYP C—H--+N 2.51 2.40 2.45 2.34 2.30 2.28
6-311++G(d,p) OC—H--*N 146.8 175.3 149.8 179.9 179.5 178.9
—H-F 2.47 2.59
ON—H---F 115.9 1149
B3LYP C—H--N 2.54 242 2.47 2.38 2.32 2.30
aug-cc-pvVDZ OC—H--*N 147.1 175.6 150.8 179.4 179.5 178.9
N—H---F 2.49 2.64
ON—H---F 115.5 113.9
MP2 C—H--:N 2.47 2.38 2.42 2.32 2.34 2.28 2.27
6-311++G(d,p) OC—H--*N 146.8 179.9 148.0 173.6 150.7 178.6 177.4
N—H---F 2.45 251 2.77
ON—H---F 115.7 115.5 114.5
MP2 C—H--:N 2.44 2.40 2.35 2.32 2.26
aug-cc-pvVDZ OC—H--*N 145.8 146.8 148.1 149.4 160.2
N—H---F 2.37 2.42 2.55 2.63 3.14
ON—H---F 114.6 114.3 114.3 113.3 108.7

TABLE 2: Stabilization Energies (kJ mol~1) of Linear and
Cyclic Complexes of Partially Fluorinated Benzenes with
Ammonia at the B3LYP and MP2 Levels of Theory

linear [C—H---N] cyclic [C—H:-*N H---F—C]

E2 EP E° E?2 EP E°¢
FBz

B3LYP/6-31H-+G(d,p) 5.6 4.0 4.8

B3LYP/Aug-CC-PVDZ 5.1 3.2 4.1

MP2/6-31H-+G(d,p) 11.5 5.7 8.5

MP2/aug-cc-pVDZ 12.5 6.9 9.7
DiFBz

B3LYP/6-31H+G(d,p) 7.3 50 6.2 7.1 5.3 6.2

B3LYP/Aug-CC-PVDZ 6.6 45 55 6.4 4.3 5.3

MP2/6-31H+G(d,p) 127 6.6 9.6 136 8.3 11.0

MP2/aug-cc-pVDZ 13.4 7.6 10.5
TriFBz

B3LYP/6-311+G(d,p) 9.3 6.7 8.0

B3LYP/Aug-CC-PVDZ 8.1 59 7.0

MP2/6-31H1+G(d,p) 144 75 109 152 8.7 11.9

MP2/aug-cc-pvVDZ 14.7 8.9 11.8
TetraFBz

B3LYP/6-31H+G(d,p) 12.2 9.3 10.8

B3LYP/Aug-CC-PVDZ 106 84 9.5

MP2/6-31+G(d,p) 16.2 8.8 125

MP2/Aug-CC-PVDZ 16.9 10.8 13.9
PentaFBz

B3LYP/6-31H+G(d,p) 13.3 10.5 11.9

B3LYP/Aug-CC-PVDZ 116 9.2 104

179 106 143
17.8 114 14.6

aNo BSSE correction? 100% BSSE correctiorf.50% BSSE cor-
rection.

MP2/6-311+G(d,p)
MP2/Aug-CC-PVDZ

The DFBz-ammonia system also converges to a cyclic
complex with C-H++*N—H-+-F—C binding motif at all the four
levels of theory, and Figure 1B depicts the structure obtained
at MP2/6-31#+G(d,p) level. However, in comparison with
the FBz-ammonia complex, a reversal of NH---F and
C—H---N distances was observed, uniformly for all foursets of
calculation. Additionally, the emergence of the linear
C—H---N hydrogen-bonded complexes was also observed for
the DFBz-ammonia system (Figure 1C) at all levels of theory,
with an exception of MP2/aug-cc-pVDZ level. The comparable
binding energy for both linear and cyclic complexes indicates
that the strengthening-€H---N interaction is at the expense of
the N—H---F interaction. On the experimental front, Vaupel et
al. have recently reported that the out-of-plane-H\--mz
configuration is preferred for the FBammonia complex, while
in-plane configuration is preferred for the DiFBammonia
complex!4 The switching of binding from out-of-plane con-
figuration to in-plane configuration going from FBz to DiFBz

is unique to ammonia binding and has not been observed either
for water or methanol. Contrary to FBz and DiFBz, the
complexes of TriFBz have neither been reported experimentally
nor theoretically. The DFT-B3LYP level calculations yield only
the linear C-H---N hydrogen-bonded complexes in the case
of the TriFBz-ammonia system, while both cyclic and linear
structures were observed at MP2/6-31G(d,p) level, shown
in parts D and E of Figure 1, respectively. The MP2/aug-cc-
pVDZ level for the TriFBz-ammonia system converges only
onto a cyclic structure. Experimental evidence is awaited to shed
light on the exact structure, whether it is linear or cyclic.
Figure 2A shows the structure of the TetraFBammonia

Figure 2. Structures of TetraFBzammonia (A, B) and PentaFBz
ammonia (C, D) complexes. A,C and B,D were calculated at the MP/
6-311++G(d,p) and MP2/aug-cc-pVDZ levels of theory, respectively.
The distances are given in angstroms.
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Figure 3. Molecular graphs of complexes of ammonia with (A) FBz, (B) DiFBZ, (C) TriFBZ, (D) TetraFBz, and (E) PentaFBz calculated for
MP2/aug-cc-pVDZ level optimized structures. Both-3) BCPs and (3t1) RCPs are shown.

complex optimized at the MP2/6-311#G(d,p) level, which partially substituted fluorbenzenes optimized at MP2/aug-cc-
exhibits a linear € H---N hydrogen-bonded interaction between pVDZ level were analyzed by the topographical study of
TetraFBz and ammonia. The two DFT-B3LYP level calculations electron density using the AIM approa¢hin the present case
also yield similar linear structures. However, only a cyclic the critical points of electron density distribution were obtained,
complex was obtained at the MP2/aug-cc-pVDZ level, shown characterized by the rank and trace of the Hessian matrix. A
in Figure 2B. Mikami’s group has reported the IR spectra of (3,—1) bond critical point (BCP) with a positive Laplacian for
the TetraFBzammonia complex in the €H stretching region, the electron density distribution at the BCP indicates the
which indicates the formation of an in-plane compléx. noncovalent interactioff:2°Figure 3 shows the molecular graphs
However, from the IR spectrum it is not clear whether the of electron density for MP2/aug-cc-pVDZ optimized structures
structure of the complex is linear or cyclic. The IR spectrum in for complexes of ammonia with all the five fluorobenzenes.
the N—H stretching region is required to determine the exact These calculations reveal the presence of {3,BCP between
structure. In the case of PentaFBz, a linear complex was both the C-H---N and the N-H---F contacts, indicating the
observed at the MP2/6-31+G(d,p) level, shown in Figure 2C,  presence of two sets of hydrogen bonds for the complexes of
while a quasilinear complex was observed at MP2/aug-cc-pVDZ FBz, DiFBz, TriFBz, and TetraFBz with ammonia. Table 3 lists
level, shown in Figure 2D. Once again, no prior reports exist the values of the electron density and Laplacian of the electron
in the literature on complexes of PentaFBz, and this is the first density at the BCPs, values of which are in the range acceptable
such report. Finally, in the case of the hexafluorobenzene for hydrogen bond3? Additionally, a (3;+1) ring critical point
ammonia system no in-plane hydrogen-bonded structure was(RCP) was observed outside the benzene ring, indicating the
observed, similar to the hexafluorobenzemeter complex?-2° presence of a EH--*N—H---F—C cyclic binding motif. On the
The bonding pattern for ammonia complexes of all the five other hand, in the case of PentaFBz only one BCP for the
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TABLE 3: Topological Parameters® at the BCPs for C—H---N and N—H---F Contacts Calculated at the MP2/aug-cc-pVDZ

Level for the Ammonia Complexes with Various Fluorobenzenes

C—H-N N—H--F
o(ro) A?p(re) G Ve He € p(re) A?p(re) Gc Ve Hec €
FBz 0.0111 0.0331 0.0077 —0.0071 0.0006 0.0601 0.0083 0.0359 0.0081-0.0072  0.0009  0.0359
DiFBz 0.0120 0.0353 0.0083 —0.0077 0.0006 0.0433 0.0075 0.0338 0.0075-0.0065 0.0010 0.0550
TriFBz 0.0136 0.0396 0.0093 —0.0087 0.0006 0.0177 0.0057 0.0286 0.0060-0.0048 0.0012 0.1425
TetraFBz 0.0145 0.0418 0.0098 —0.0092 0.0006 0.0142 0.0049 0.0259 0.0052-0.0040 0.0013 0.2351
PentaFBz  0.0160 0.0460  0.0107 —0.0099 0.0008 0.0023

a All entries are in atomic units except which is dimensionless.
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Figure 4. (A) Plot of electron density at the BCPs for-El--N (@;
solid line) and N-H---F (M; dashed line) contacts vs hydrogen bond
distance. (B) Plot of the Laplacian at the BCPs forl&:+-N (@; solid
line) and N-H---F (l; dashed line) contacts vs hydrogen bond distance.
Note the reversal of the trend between the two correlations.

BCPs for G-H--*N and N-H---F contacts were calculated,
which are also listed in Table 3. The electronic energy density
H; at the BCPs is positive for both-H:--N and N-H-:-F
contacts, which indicates interaction between closed shell
systems, dominated by the kinetic energy téfrfurther, the
bond ellipticity (see Table 3) for the-cH---N contacts decrease
with increase in fluorination, which confirms the propensity of
fluorobenzenes to from linear €H---N hydrogen-bonded
complexes with increase in number of fluorine atoms. Another
interesting observation that can be made from the molecular
graphs depicted in Figure 3 is the curvature of the bond path
connecting N-H---F interaction, which increases with fluorina-
tion and eventually breaks in the case of pentaFBz. This
observation is in line with the increase in bond ellipticity for
the N—H---F contacts down the series (see Table 3). All the
above observations imply, in a straightforward manner, that
progressive fluorination favors the-&---N hydrogen-bonded
interaction at the expense ofNH---F interaction.

One of the most striking features of these calculations is the
complete absence of linear-NH---F hydrogen-bonded com-
plexes through the entire series, which glaringly points to the
fact that the organic fluorine is a reluctant hydrogen-bond
acceptor. The present calculations clearly demonstrate that FBz
exclusively forms cyclic complex at all levels of theory, while
only linear/quasilinear complexes were observed for PentaFBz.
For DFBz, TriFBz, and TetraFBz there is clear shift in tendency
to form linear complexes from cyclic complexes with increase
in fluorination. Progressive fluorination leads to shortening and
strengthening of €H---N hydrogen-bonded interaction at the
expense of the NH---F interaction. This implies that the
successive fluorination decreases the ability of fluorobenzenes
to adapt to the €H--:N—H---F—C binding motif, which
completely disappears in the case of PentaFBz. Extrapolating,
one would expect that hexafluorobenzene would not form any
in-plane hydrogen-bonded complexes due to lack-eH@roup,
which indeed is the case. The most important inference that
can be made from these calculations is that theFCbond
completely looses ability to hydrogen bond when benzene is
substituted with five or more fluorine atoms. Coincidentally,
this is exactly the number of fluorine atoms required to remove
the vibronic structure in the gas-phase absorption spectra of

C—H--N contact was observed, and the RCP completely absent,fluorobenzenes, which has been attributed to the mixing of the

which indicates the formation of a quasilinear—8---N

o and & molecular orbitals in higher fluoro analogues of

hydrogen-bonded complex. Parts A and B of Figure 4 show penzené?®

the plots of electron density at the BCP and the Laplacian of

the electron density at the BCP vs the-B:--N/N—H---F

Conclusions

hydrogen bond distance, respectively. Both, the electron density
at the BCP and the Laplacian of the electron density at the BCP, The in-plane hydrogen-bonded complexes of a series of

increase for the €H--N interaction linearly with progressive

fluorosubstituted benzenes with ammonia were investigated

fluorination; on the other hand they decrease linearly for the using ab initio calculations. The binary complexes of the lower

N—H---F interaction. To get further insights into the nature of
interactions, electronic energy density), and its components,
the local one electron kinetic energy densiBg), and the local
potential energy density), for the charge distribution at the

fluoro analogues, FBz, DiFBz, and TriFBz, preferentially adapt
to a cyclic structure with €H---N—H---F—C binding motif.

The stability of such cyclic complexes due to cooperativity of
C—H---N and N-H---F hydrogen bonds. It was observed that
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