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When hydrogen is completely replaced by fluorine, arenes become prone to forming a lone pair- - x—
hole non-covalent bond with ligands presenting electron rich regions. Such a species is ammonia, which
confirms this behavior engaging its lone pair as the electron donor counterpart in the 1:1 adducts with
hexafluorobenzene and pentafluoropyridine. In this work, the geometrical parameters of the interaction
have been unambiguously identified through the detection, by means of Fourier transform microwave
spectroscopy, of the rotational spectra of both normal species and their 15NH; isotopologues.
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An accurate analysis of the experimental data, including internal dynamics effects, endorsed by quantum
chemical calculations, both with topolegical analysis and energy decomposition method, extended to
the hydrogenated arenes and their water complexes, proved the ability of ammonia to create a stronger

and more flexible lone pair- - -n~hole interaction than water. Interestingly, the higher binding energies of
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Introduction

Non-covalent interactions (NCIs) play a very important role in
many physical, chemical and biochemical processes and the
interest in their experimental and theoretical characterization
is testified by the large amount of literature on this theme,"™
Among NClIs, the hydrogen bond (HB) is recognized to be the
most diffuse and important one and its discovery is now one
century old.”” In recent years, other kinds of intermolecular
interactions involving different atoms or fragments that can
replace the bridging proton of the HR and attract an electron
donor via a region of depleted electron density, have been a
subject of great interest. This region is called a “hole” and,
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the ammonia lone pair- - .x—hole interactions correspend to larger intermolecular distances.

depending on whether it is in the direction of or perpendicular
to the molecular o-framework, it is called a “o"- or a “‘nr-hole",
respectively, The formation of a “hole” can be obtained by
suitable substitutions.”' It is known that halogen atoms,
fluorine in particular, can drastically change the interaction
properties of molecules; therefore, fluorine substitution is used
to tune the features of new materials,'" drugs'*"* or proteins."*
The effect of fluorine substitution in peptides for example, has
been shown to impart favourable but not easily predictable
properties.'®

Incorporating the C-F bond into a molecule can give rise to
different phenomena: the fluorine atom can directly engage in
intermolecular interactions with its environment but also
influence, through its electron withdrawing effect, other
functional groups in the same molecule, which will then
interact differently with their immediate environment. In this
sense, the action exerted by fluorine on the binding abilities of
a molecule perfectly represents a “through-space’ substitution
effect. Actually, the effect generated by the sequential addition
of fluorine atoms on the electron density is a shift of
the electronic cloud towards the halogen atom causing the
formation of a “hole” of diminished electron density.'*™""
Interestingly, the through-space substitution effects prevail
over the through-bond ones in arene n-systems,' for which
NCIs are extremely important in all fields of chemistry and
biochemistry.*” For these reasons, it seemed particularly inter-
esting to study the influence of full fluorination



(perfluorination) on the binding properties of aromatic rings
such as benzene and pyridine.

Hexafluorobenzene (C¢Fg) and pentafluoropyridine (C;F;N)
were chosen as prototype perfluorinated aromatic systems and
cavity-based Fourier transform microwave (FTMW) spectro-
scopy performed in a supersonic expansion was selected as
the investigation tool. The high resolution and sensitivity of the
experimental technique allow the accurate determination of the
interaction in the absence of solvent and matrix effects. Using
this experimental technique, unique information can be
obtained: in particular highly detailed structural parameters
and dynamical information related to internal motions both in
molecules®** and non-covalently bound complexes.”**!

Rotational spectroscopy investigations of the 1:1 adducts of
hydrogenated and perfluorinated arenes with water have been
performed recently. In both the gas phase complexes CF, W**
and CsFsN-W** (here W represents the water molecule), the
water molecule lies above the aromatic plane with the oxygen
lone-pairs pointing towards what has been characterized as a
n-hole at the center of the ring and thus forming the lone
pair- - -m-hole interaction (from now on indicated as lp- - -n-hole).
The determined orientation of the water molecule in CgFg-W is
opposite to that observed in the complex with benzene (CgHg
W),”” where, although a complex dynamical situation is present,
the evidence is that the water molecule forms an O-H---n HB
with the aromatic cloud of benzene.

Differently, in the complex with pyridine (C;H;N-W),** the
presence of the nitrogen atom allows for the formation of a
relatively strong in-plane O-H---N HB with water, which
becomes weaker and is overcome by the new Ip---n-hole
interaction in the perfluorinated analogue (C;F;N-W).*® These
results can be considered as direct evidence of the effect of
perfluorination on the aromatic cloud of benzene and pyridine
and show that in perfluorinated aromatic compounds the “hole”
is formed perpendicularly to the bond frame (n-hole) differently
from that, which is formed along the bond (o-hole).***

As indicated by these previous results, fluorine is very
effective in tuning the binding properties of aromatic rings;
nevertheless, the outcome is not easily predictable. When only
one or two fluorine atoms are present as substituents in
the aromatic ring, the Ip- - -n-hole interaction is not observed.
In fact, in the water complexes of fluorobenzene and p-difluoro-
benzene® the water molecule is bound in-plane forming a
HB to the fluorine atom and also in the complexes of 2- and
3-fluoropyridine with water,**”** the water molecule maintains
the in-plane O-H-.-N HB shown in the C;H;N-W complex.
Preliminary results obtained in our laboratory indicate that
the in-plane interaction prevails in fluorine-substituted pyr-
idine-water complexes even if four out of five hydrogen atoms
are substituted.*® Intrigued by these results and cager to
investigate further, we have undertaken, and we report here,
the rotational spectroscopy investigation of complexes formed
by CgFs and CsF;N with another prototype polar ligand:
ammonia.

Ammonia, although possessing a N-H bond, is known,
differently from water, to be an almost universal proton

acceptor even with the weakest donors.** Nevertheless, it has
been shown to form HBs, although generally much weaker than
those formed by water.**™" In particular, it behaves similarly to
water in binding to benzene with a NH- - -m HB*® and in forming
an in-plane N-H---N HB with the heteroaromatic nitrogen
atom of pyridine.‘“’ Also, it has been found that ammonia gives
rise to lp---m-hole interactions with fluorine substituted
ethylene.'”

The fact that ammonia presents a single lone pair gives it
interesting properties if compared to water. In fact, in water
complexes the simultaneous interaction of the two lone pairs of
the oxygen atom usually prevails over a centered interaction of a
single lone pair. We thought it interesting to relate this feature
with the structure and the binding energies of the 1:1 complexes,
and in turn understand the effect produced on the dynamics and
the intermolecular interaction by the insertion of a heteroatom
such as in CsFsN as we will show in the following.

Results and discussion

Quantum chemical calculations, performed at the B3LYP-
GD3(BJ)/def2-TZVP level using the GAUSSIAN16 software
package,” suggest that in the global minimum structure of
both complexes, CgFg:NH; and CsFsN-NH;, the ammonia
molecule lies above the aromatic plane, pointing its nitrogen
lone pair towards the centre of the ring. For C,F;N-NH; a
second conformation where the N-H bond points toward the
ring has been optimized but its stabilization electronic energy
is much higher (10.6 k] mol *). The method and basis set were
chosen as they proved to be accurate for the structural char-
acterization of molecular complexes also when dispersion
terms are important in shaping the conformational space.*!

According to the geometries shown in Fig. 1, the symmetry
axes of ammonia and CgFg are coincident, leading to the Cs,
symmetry, whereas when interacting with C;F;N, the ligand
slightly bends toward the pyridinic nitrogen leading to the C,
symmetry. CgFgNH; can thus be classified as an oblate
symmetric rotor characterized by the rotational constant B =
766.3 MHz, the electric dipole moment lying along the
symmetry axis p. = 2.15 D and the nuclear quadrupole coupling
constant (responsible for the coupling of the nuclear
quadrupole moment to the overall molecular rotation) y.. =
—4.43 MHz. On the other hand, C;F;N-NH; is predicted to give
rise to the rotational spectrum of an asymmetric rotor with
sizeable values of both py, and . dipole moment components.
The depiction of the equilibrium structures for both systems
together with the calculated structural parameters of CsF;N-
NH; can be found in the ESIT (Tables S1-S3).

Guided by the theoretical predictions, the rotational spectra
of CiF,'NH; and C;F;N-NH, were recorded in the 6-18 GHz
range with FTMW spectroscopy using the instrument and the
conditions described in the Experimental section. In agreement
with the predictions, the rotational spectrum observed for the
CeFg-NH; system was indeed that of a symmetric rotor and
several progressions J + 1 « Jwith rotational quantum number J
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Fig. 1 Molecular structure and intermolecular distances {in A) for CoFe-W, -NHs and CoFgN-W, -NHs, CoHg-W, -NHy and CoHN-W, -NH;. Ball and stick
representation and red values from B3LYP-GD3{BJ)/def2-TZVP calculations. Superimposed small blue spheres and black values from expenmental

substitution coordinates (only for CgFgNH3 and CsFsN-NH3).

ranging from 4 to 8 were identified. The observed band features
(see Fig. 2) suggest an almost free rotation of the ammonia moiety
analogous to that observed for C,H, W and CgFe-W. Considering
the NH; molecules as the rotating top and CF as the framework,
the internal rotational state of the complex is specified by the
quantum number m, the projection of the angular momentum of
the NH; unit on the symmetry axis of the complex.
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Both the "*NH, and the '*NH; complexes were investigated;
in the case of the former one, additional nuclear quadrupole
coupling splitting, arising from the coupling of the nuclear
quadrupole moment (/(N) = 1 for **NH,) and (/(N) = 0 for **NH;)
to the overall rotation of the molecular species, were
observed leading to a very complex hyperfine spectral structure.
The rotational transitions have been satisfactorily fitted with
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Fig. 2 Survey scan (MHz) for the J: 7 « 6 transition of CgFe'*NHs (top) and CgFg-'*NH;3 {bottom).



the equation reported below*? to which, for the CF-''NH;
case, the standard nuclear quadrupole term for the symmetric
top was added."

UJ+1 « J)=2B(J+1) — aD{J +1)" — 2D{ ]+ 1)-K* — 2Hiy(J + 1)
K' = 2D, J + 1)m* = 2Dpo(J + 1)Km + f(I, ], F, K) Jee

In this expression Dy, Dy, Hyy, Dy, and Dy, are the centrifugal
distortion constants, while y. is the nuclear quadrupole
constant for the nitrogen atom along the ¢ inertial axis. The
coupling scheme used for the labelling of the rotational
transitions is: Fy = I, +Jand F = I, + F, with J being the rotational
quantum number and /; and I, the nuclear quadrupole
moments of the two nitrogen atoms. All fitted transitions are
reported in the ESIT (Tables S4 and S5) and the resulting
spectroscopic parameters for both isotopologues are reported
in Table 1.

As regards the experimental nuclear quadrupole coupling
constant along the ¢ axis (.. = —3.17(2) MHz), it is smaller than
the calculated one (y.. = —4.43 MHz), which in turn is slightly
larger than that of free ammonia (7. = —4.089 MHz),"* but it is
very similar to the corresponding value observed in other
ammonia complexes.*® These differences have been attributed
to large amplitude motions of the ammonia moiety with respect
to the inertial axis.*® Concerning C,F;N-NHj;, the spectrum
observed was that of an asymmetric top. Several progressions
J+1 « Jwith rotational quantum number J ranging from 4 to 7
and pseudo quantum number K. from 0 to 7 have been
observed and analysed for both the normal and the
C;F;N-"*NH; species. The normal species presents two nitrogen
nuclei that contribute to the nuclear hyperfine structure
observed in the spectrum, while in the CsF;N-""NH; complex,
only the hyperfine structure related to the aromatic nitrogen
atom is observed. The measured rotational transitions were
fitted using the SPFIT program®” within the I' representation of
Watson's S reduction.® All transitions are reported in the ESIT
(Tables S6 and S7), while the fitted spectroscopic parameters are
reported in Table 2. The deviation between the experimental and
calculated rotational constants (lower energy conformer) is less
than 1%, confirming the assignment.

Analysis of the rotational constants of the isotopologues,
which differ because of the different masses, allows the deduction
of structural parameters for the substituted atoms. From the two

Table 1 Experimental spectroscopic parameters of CeFg-NH¢

CeFe ''NH, CeFy'°NH,
B/MHz 759.6291(1)° 749.7555(2)
Dy/kHz 0.0910(7) 0.093(2)
Dy/kHz 1.899(7) 1.94(1)
Hyy/Hz —4.3(2) -3.3(3)
DymlkHz 67.01(5) 64.9(1)
Dyn/kHz 11.178(1) 11.177(3)
e/ MHz -3.17(2) —
N 157 a4
o kHz 3.2 3.9

“ tandard error in parentheses in units of the last digit. ” Number of
lines in the fit. © Root-mean-square deviation of the fit.

Table 2 Experimental spectroscopic parameters of CsFsN-NH3

CsFsN-"'NH, CsF:N-""NH,
A/MHz 996.25781(9)" 980.2763(1)
BIMHz 803,41525(8) 793.8382(1)
C/MHz 618.2949(2) 617.8025(6)
Dy/kHz 0.242(1) [0.242]°
Dyy/kHz 0.685(3) [0.685]
Dy/kHz -0.717(3) —0.717]
d,/kHz 0.0208(9) 0.0208]
d,/kHz 0.0865(3) [0.0865]
ZaalCsFsN)MH2z 1.967(4) 1.967(7)
Fob—ZeCsFsN)/MHz —5.583(4) —5.548(8)
Faa (NH;)/MHz 1.631(4) -
ob—Yee (NH3)/MHz 2.803(4) —
N 390 71
a/kHz" 2.6 3.5
Jeal il i Nojyes/yes No/ves/ves

“ Standard error in parentheses in units of the last digit. " In brackets,
values fixed to those determined for the normal species. © Number of
lines in the fit. ¢ Root-mean-square deviation of the fit,

sets of rotational constants determined for each complex using
normal NH; or '"NH,, the substitution coordinates (r;) of the
ammonia nitrogen atom can be obtained by applying
Kraitchman's equations.”” The use of these relations is based
on the standard assumption of the isotopic invariance of
molecular geometries and does not require any a priort
assumption. In the ESIF (Table S8) the values of the r, coordinates
are reported, while in Fig. 1 the experimental partial r, structure is
superimposed on the theoretical equilibrium one. The comparison
of these data further confirms the assignment of the observed
spectra and allows estimating the accuracy of the theoretical
calculations. Looking closer at Fig. 1, we can see that the structural
arrangements are in good agreement and the differences between
the calculated interatomic distances and those estimated from the
1, in the studied systems do not exceed 60 mA. These observations
allow us to rely on the theoretical properties for a comparison and
generalization of the behaviour of hydrogenated and perfluori-
nated arenes with water and ammonia.

To do so, the structures of the water complexes of hexa-
fluorobenzene and pentafluoropyridine together with the
ammonia and water complexes of their hydrogenated counter-
parts, benzene and pyridine, have been characterized with the
same method and basis set. For these systems, a systematic
comparison between calculated and experimentally derived
structures is difficult because the data are not always reported
in the literature, but the authors have verified that the
calculated structures yield rotational constants, which differ from
the experimental ones within 4% at this level of calculation. This
proves the reliability of the quantum chemical calculations for
what concerns their ability to model all the interactions and
allows the comparisons among the different systems based on
the calculated values of distances and energies. The theoretical
data (see Fig. 1 where the calculated distances for all systems are
reported) show that in the HBs established with pyridine, the
weaker ability of ammonia to form these interactions with respect
to water is reflected by the larger interaction distance observed in
the ammonia complexes (N-H:--N = 2.224 A in C;H;N:NH; and



O-H --N=19204in C;F;N-W). This is also observed in the case
of the benzene complexes, in which the ammonia and water
molecules interact via a weak HB to the m-cloud and again
ammonia appears to be more distant than water (3.490 A vs.
3.270 A). In the Ip- - -n-hole complexes formed by the perfluori-
nated moieties, the distance of the water oxygen or the ammonia
nitrogen to the centre of the ring ranges from 3.037 A in CsFsN-W
to 3.217 A in C.Fg'NH,. The distance is larger for the ammonia
complexes with respect to those with water and in the ones
involving CgFg with respect to those with CsFsN.

A deeper analysis of the potential energy as a function of the
orientation of the ligands was also undertaken. In Fig. 3 the
shape of the potential energy functions for the internal rotation
of the two ligands (water and ammonia) around the C, or C;
axis in CgFg'W, ‘NH;, and C;F;N-W, -NH; are shown. They are
obtained using the B3LYP-GD3(BJ)/def2-TZVP level of theory
and the internal rotation coordinate is moved with a step size of
5°, while all the other geometrical parameters were freely
optimized.

The picture, which we can infer from these results, is that in
the complexes with C.Fg, and in the minimum of the curve, the
C, or C; symmetry axis of water or ammonia, respectively, is
perfectly aligned with the axis normal to the plane of the ring
and centred in the m-hole. This does not prevent the NH;
molecule from undergoing an almost free rotation around its
axis and a wagging motion responsible for the value of 7 . being
smaller than the theoretical one. Moreover, in both cases the
resulting V; barrier is dictated by the aromatic ring, giving rise
to an almost inexistent gap (about 0.02 k] mol~'). This factor,
together with the relatively light mass of the hydrogen atoms,
indicates that the ligands can be considered completely
delocalized with respect to the symmetry axis, which causes
the systems to be effectively symmetric tops, in agreement with
the experimental observations. The insertion of a perturbing
heteroatom in the ring, the nitrogen, causes a shift in the
ligand position, thus the corresponding lone pairs are now
unable to interact symmetrically with the n-hole. This fact
produces an eccentric rotation of water or ammonia that is
responsible for the surging of a barrier. The barrier to the
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Fig. 3 The effect of the internal rotation of the ligands (ammonia or
water) on the binding energy of the corresponding perfluorinated benzene
(first two traces) and pyridine (last two traces) complexes.

rotation of the ligand represents ~9% of destabilization for
CsFsN-W and less than 2% for CsFsN-NH;.

To visualize and quantify the interactions and their energies,
the topology of the theoretical electron densities was analysed
with the Multiwfn program,*® which is based on the atoms in
molecules theory (AIM).*' Complementary information was
also achieved visualizing the interactions with the NCI
method,*” which considers the distribution of both the electron
density and its gradient. A comprehensive picture can be drawn
using these regions of density overlap for both the hydro-
genated and perfluorinated arenes with ammonia and water.
An advantage of this method is that the NCI index has proved to
be very little dependent on the method and basis set used in the
calculation once the geometry is fixed.* The isosurfaces visible
in the NCI plots are reported in Fig. 4 and according to the
colour code reported on the graphs, they represent the areas for
attractive and repulsive interactions.

In Fig. 4, the Ip---n-hole attractive interactions present in
the water and ammonia complexes with both C4F, and C;FsN
can be easily viewed. In the case of the CgFs complexes, the
structure of the interaction region is perfectly symmetrical with
respect to an axis normal to the ring plane and passing through
its centre, while a slight distortion and attractive region
towards the nitrogen atom is present in the complexes of
CsFsN. Despite this, it is clearly visible that the shape of the
interaction, which represents the lp-..n-hole (small green
circle) is more symmetric for ammonia than for water, giving
further proof of the greater directionality of the ammonia
Ip- - -m-hole interaction. For comparison, in the complexes of
the hydrogenated arenes these interactions are replaced by HBs
to the n-cloud (OH, and NHx) for C.H, W and CHg NH; or to
the heterocyclic nitrogen (OH, and NH-N) in C;H;N-W and
Cs;HsN:NH;, respectively.

In order to understand if, as observed in the HB systems, the
trend of the distances is in any relation with the energies
involved in the interactions, a quantitative understanding of
the chemical nature of the NCIs has been achieved by an energy
decomposition analysis, using the symmetry-adapted perturbation
theory.™ Using this scheme and methodology, the energy of
the intermolecular interaction can be interpreted as the sum of
different terms with a defined physical meaning: electrostatic,
induction, dispersion and exchange-repulsion terms. The SAPT
analysis has been carried out using the PSI4 package™ at the
SAPT2+3(CCD)/aug-ce-pVDZ level on the same group of complexes
and the results are summarized in Table 3. In the same table the
binding energies (B.) calculated at the B3LYP-GD3(B])/def2-TZVP
level are also reported. The agreement of B, with the SAPT total
energies is very good for the complexes held by the Ip---n-hole
interaction, while the SAPT calculations are systematically smaller
for the systems bound by a HB. In general, the SAPT values are
lower than the B3LYP ones but the relative energy scale is the same
for both methods allowing a general discussion on the driving
forces of the different interactions.

Looking at the complete set of complexes, we can see that
the in-plane HB of C;HsN-W stands out for having a total
energy at least one third higher than those of all the other
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Fig. 4 The NCI plots from the theoretical (B3LYP-GD3(BJ)/def2-TZVP) electron densities of CyFg-W, -NH s, CeHg- W, -NHs, CoFsN-W, -NH ¢ and CoHsN-W,
-NH3z. For each system: in the pictures the blue and green colours identify the presence of strong and weak attractive interactions, respectively, while red
colour indicates repulsive interaction. The top diagrams show the value of the electron density gradient {s) vs. the electron density (p) multiplied by the
sign of its second derivative /. Positive values indicate repulsive interactions and negative values attractive ones

Table 3 SAPT2+3(CCD)/aug-cc-pVDZ analysis for the complexes of water and armmmenia formed with CgFg, CsFsN, CgHg and CsHsN. The total SAPT
interaction energy is compared to the density functional (B3LYP-GD3(BJ)/def2-TZVP) binding energy (8.} (all values are in k] mol™)

Energies Electrostatic Induction Dispersion Exchange Total B.

Ip- - -n-hole systems

CyFg - -NH; —16.03 —3.10 —13.40 17.59 —14.99 —16.26
CgFe- - -HO -12.42 —2.67 -11.23 13.52 -12.80 —14.39
C.F:N---NH, ~20,90 —~3.60 ~14.90 21.22 ~18.18 ~19.53
C;F;N- - -H,0 -17.19 -3.21 -13.14 17.51 -16.03 —-18.47
HB systems

CgHg---NH; —8.40 —-2.37 -12.73 15.19 —8.31 -11.79
CgHg - 'H,0 13.84 4.37 14.28 20.75 11.74 19.28
CsHsN---NH;, —-26.97 —-7.42 -13.48 31.05 -16.82 —20.06
C;H;N- - 'H,O 51.04 19.26 16.53 59.34 27.49 33.87

complexes that involve the n-cloud/n-hole interaction, due to
the dominant electrostatic component. The interaction is
weaker for ammonia in all its HB complexes, which show a
much lower interaction energy than those of their water
homologues: B, = 20.06 k] mol " for C;H;N-NH; compared to
B. = 33.87 kJ] mol™" for C;H:N-W and B, = 11.79 k] mol " for
CgHg-NH; compared to B, = 19.28 k] mol ! for CsHg-W. Indeed,
the ammonia complex with benzene (CgHg NH;) turns out to be
the least strongly bound complex, highlighting the lower inter-
action force exerted by the n-cloud---H-N bond not only
compared to the same weak HB established by water in C,H-
W, but also with respect to the Ip---r-hole interaction in
CgFg:NH;. The SAPT analysis also highlights the nature of the

HB interaction. In all the HB systems the dispersion terms
show similar values (from —16.53 k] mol ' for CsH;N-W to
~12.73 k] mol "’ for CgH,NH;), while the electrostatic and
induction terms are larger for the pyridine complexes and
decrease in the benzene ones. The electrostatic term becomes
comparable (in CgHg W) or smaller (in CgHg NH;) with respect
to the dispersion term when the weak HB to the n-cloud is
established.

Focusing on the Ip- - -n-hole systems, it is interesting to note
that whilst the electrostatic term is the largest one for all
complexes, the dispersion terms are of comparable value to
it, the maximum difference between the two terms being only
6 kJ mol ' shown by C;F;sN-NH;. In fact, as already observed by



Evangelisti et al,*” the electrostatic interaction, albeit smaller,
represents the principal attractive term in the complexes
formed by the perfluorinated compounds. In addition, it is
observed that in the perfluorinated complexes all terms are
slightly higher for ammonia than for the water complexes,
resulting in general a slightly higher stabilization energy, which
is contrary to the HB systems where water is more competitive
than ammonia to interact with its partners. Since, different to
what happens in HB systems, this higher binding energy is
accompanied by larger distances between the moieties, we have
also performed a SAPT calculation of the energy components as
a function of the intermolecular distance to deepen our under-
standing of the driving forces of this process. We have limited
the calculations to the symmetric cases of CgHgW and CgHy-
NH;. The results are reported in the ESIT (Fig. S1) and they
clearly show that all energy contributions are larger for
ammonia with respect to water at all values of the distance.
This also includes the repulsive contribution, which shows the
largest difference between ammonia and water at comparable
distances of the ligands in the complexes. The positions of the
minima are correctly reproduced with the SAPT method
showing that the equilibrium position is reached for ammonia
at a larger distance and higher stabilization energy than for
water. So, if the ability of ammonia to form weaker HBs when
compared to water is well documented, with this study we can
conclude that in the case of the lp..-n-hole interaction the
binding energy is slightly higher for ammonia with respect to
water and this is probably related to the fact that the single lone
pair of ammonia is able to create a more direct interaction with
the n-hole than water is, with the two lone pairs straddling it.

Experimental

The rotational spectra were recorded with a COBRA-type®” pulsed
supersonic-jet Fourier-transform microwave spectrometer®®
described previously,*™*°

For the measurements, commercial samples of CgFs, CsFsN
(bought from Alfa Aesar), NH; and '*NH, (bought from Aldrich,
anhydrous 99.9%) were used without further purification. For
both C.F,-NH3 and C;F;N-NH; complexes, a gas mixture of
NH; in He (a concentration of about 1-2% and a pressure of
0.3 MPa) was flowed over the liquid samples maintained at
273 K. The final mixtures were then expanded through a
solenoid valve (General Valve, Series 9, and nozzle diameter
0.5 mm) into the Fabry-Perot cavity.

An alternative method was tested. It consisted in preparing a
tank, which contained CsFs;N and NH; in He at a concentration of
1% and a final pressure of 0.6 MPa. The mixture was then
expanded into the cavity under the same conditions. This method
gave similar results and no increase in the signal intensity, so the
previous method was used for all the measurements.

Each rotational transition is split by the Doppler effect,
mainly due to the molecular beam expansion in the coaxial
arrangement of the supersonic jet and resonator axes. The rest
frequency is evaluated as the arithmetic mean of the

frequencies of the Doppler components. The estimated
accuracy of frequency measurements is better than 3 kHz
and transitions separated by more than 7 kHz are resolvable.
The signals were quite weak requiring an accumulation of
32000 FIDs for the measurement of the weakest lines.

Conclusions

In summary, based on experimental proof intertwined with
extensive theoretical characterization, we have shown for the
first time, that ammonia forms a lp-.-nt-hole interaction both
with C4F, and C;F;N and that this interaction, mainly established
through electrostatic and dispersive forces, is slightly stronger
than that of water due to the perfect alignment of the lone pair of
ammonia with the n-hole. Nevertheless, the distances between
the two moieties in the complexes are larger for ammonia
demonstrating that the final geometry is a delicate balance
between the different driving forces leading to the formation of
the complex. Moreover, the barriers to rotation are smaller for the
ammonia complexes with respect to those of water; thus we can
conclude that the ammonia ligand produces stronger and more
flexible interactions with respect to water both with C.F, and
C5FsN. Considering the two complexes formed by ammonia with
CgFg and C5F;N, we can assert that the insertion of a nitrogen in
the ring (CsFsN) produces an increment of the binding energy
(3-4 kJ] mol ') and an increment in the height of the rotation
barrier due to the additional interaction with the heterocyclic atom.
We believe that these results can be considered relevant and helpful
for the understanding of this particular kind of interaction, which
seem to be increasingly fundamental in the study of materials,
drugs, and proteins, as well as in the design of specific ligands.
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