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Theory meets experiment for noncovalent complexes: the

puzzling case of pnicogen interactions

Weixing Li,”® Lorenzo Spada,®®!" Nicola Tasinato,”"” Sergio Rampino,™ Luca Evangelisti,™ Andrea
Gualandi,® Pier Giorgio Cozzi, Sonia Melandri, Vincenzo Barone," Cristina Puzzarini®’

Dedication ((optional))

Abstract: A gas-phase nitrogen-nitrogen noncovalent interaction has
been unveiled in the nitroethane-trimethylamine complex, in an
environment free from solvent and matrix effects using rotational
spectroscopy in supersonic expansion. Different quantum chemical
models (NOCV/CD and NBO) agree in indicating that this interaction
largely prevails over the C-H--O and C-H:-‘N hydrogen bonds.
Furthermore, a SAPT analysis shows that electrostatic and dispersion
interactions play a comparable role in stabilizing the complex. The
conformational landscape exploration and stationary points
characterization have been performed using state-of-the-art quantum-
chemical computations providing significant insights on structure
determination.

Noncovalent interactions play a key role in several biologicall'l
and technological processes,?® yet their characterization and
interpretation are still far from being satisfactory, especially when
the bonding pair is made up of two non-hydrogen atoms. In this
connection, integrated experimental and computational
investigations can play an invaluable role provided that the
accuracy of the results is accompanied by their rigorous and
understandable interpretation. In addition to the well-established
hydrogen and halogen bonds, emerging classes of noncovalent
interactions are attracting increasing attention, such as the R-
X:--Y ones involving a pnicogen atom (X= N, P, As, Sb or Bi),®
with X and Y being the pnicogen bond donor and acceptor,
respectively, in analogy with hydrogen!”l and halogen bond
definitions.®!

Several spectroscopic investigations, ranging from NMR to X-ray,
and theoretical calculations have been devoted to the description
of this kind of noncovalent interactions. Among others, worth of
mention are those studies that led to the characterization of heavy
pnicogen---Tr interactions® and of the P---Pl"%l P---N['"."21gnd P---O
noncovalent bonds.['? In particular, it has been recently
suggested that the last two interactions might play a role in
catalytic mechanisms involving phosphorous compounds. '3
Much less information is available in the literature for nitrogen,
whose positive electrostatic potential (“o- and m-holes”)["lis the
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smallest one within the pnicogen group, acting as pnicogen bond
donorl!'?1%, Because of the dual nature of nitrogen as pnicogen
bond donor and more widely as bond acceptor (i.e., in hydrogen
and halogen bonds), depending on the “chemical environment” to
which it is bound, a number of interesting questions arises: 1) Is
it possible to experimentally observe a complex showing the
nitrogen-nitrogen noncovalent bond in the gas phase, i.e., without
solvent or matrix effects that take place in liquid- or solid-state
experiments, respectively? 2) What is the role played by that
homo pnicogen noncovalent bond in competition with other
noncovalent interactions? 3) Is the binding energy similar in
magnitude to those typically observed for hydrogen bonds? 4)
What is the key contribution (dispersions, electrostatics or
polarizationl®92.112.11c.18]y stapilizing the complex?

The opportunity to answer these questions is provided by joint
experimental-theoretical investigations. Indeed, by combining the
capability of rotational spectroscopy!'” in supersonic expansion to
unveil structural and dynamical details of weakly stabilized
clusters in the gas phase with high-level quantum-chemical
calculations,!'® it is possible to unveil the nature of noncovalent
interactions. In this respect, the simplest tertiary amine
(trimethylamine, TMA) is a good candidate because the lack of
NH bonds avoids any competition between putative pnicogen
inter-molecular interactions and strong hydrogen bonds. At the
same time, the negatively-charged nitrogen atom of TMA should
lead to a stabilizing electrostatic interaction with the positively
charged nitrogen of nitroethane (NE), whose low-energy NO
antibonding orbitals should be also effective acceptors for the
lone-pair electrons of the TMA nitrogen.

The starting point of this investigation was the exploration of the
potential energy surface of the TMA — NE complex by using the
B3LYP hybrid density functionall"™ in conjunction with the
polarized double- SNSD basis set,??! thus identifying three
minima (M1, M2, M3, and M3' being equivalent to M3) and the
transition states ruling their interconversion (see Figure 1 for all
structures along with the corresponding energies and labelings).
All stationary point geometries were subsequently fully re-
optimized at the B2PLYP-D3!'°2"l |evel using the maug-cc-pVTZ-
dH basis set,?? also computing the corresponding harmonic force
fields. Improved electronic energies were then obtained by means
of the so-called “cheap” scheme defined in ref. [23], in which
CCSD(T)/cc-pVTZP42 energies are corrected by core-valence
and complete basis set extension contributions at the MP2
level.?81 All interaction energies were then corrected for basis set
superposition error (BSSE)?"! and for harmonic B2PLYP zero-
point energies (ZPEs). A full account of the computational details
is given in the Supporting Information (Sl). For all minima, the
B2PLYP-D3/maug-cc-pVTZ-dH optimized geometries
straightforwardly provided the equilibrium rotational constants
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Figure 1. Potential energy surface of the TMA — NE complex showing the structures of the four minima (M1, M2, M3, M3') and the transition states governing their
interconversion. The best-estimated relative electronic energies, also corrected by harmonic ZPE (within parentheses), are reported. The binding energy for the M1

isomer is reported in brackets.

(Be), then corrected for anharmonic vibrational effects!?®! at the
B3LYP-D3/SNSD level in order to obtain the vibrational ground
state rotational constants (Bo). Furthermore, equilibrium dipole
moments and nitrogen quadrupole-coupling constants were
evaluated at the B2PLYP-D3/maug-cc-pVTZ-dH level as well.
Guided by quantum-chemical calculations, the rotational
spectrum for the 1:1 TMA-NE complex was recorded using a
pulsed-jet Fourier-transform microwave (FTMW) spectrometer
(as detailed in the Experimental Section) and assigned. The
observed rotational transitions were fitted using the VMS-ROT
programi®! within the I representation of Watson’s S reduction,%
also accounting for the quadrupole coupling due to the presence
of two ™N nuclei (nuclear spin, /=1). Rotational transitions were
labelled employing the quantum numbers resulting from the
Fi=l1+J and F=I2+F1 coupling schemes, with J being the rotational
quantum number (as an example, the 505414 rotational transition
is shown in Figure 2, see also Figure S8.1 in the SI).
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Figure 2. The 505414 rotational transition showing the hyperfine structure due
to the presence of two N nuclei. The labelling of the hyperfine components is
Fi', F — F1", F” (see text, for the coupling scheme).

The same procedure was followed for the molecular complex
containing ®N-TMA (i.e., (">N)TMA-(**N)NE), for which the
quadrupole coupling interaction, resulting from the presence of
only one N nucleus, was taken into account using the F=/+J
coupling scheme. The results are summarized in Table 1, while
the assigned rotational transitions are reported in the SI.

Table 1. Experimental spectroscopic constants of the TMA-NE complexes,
using Watson’s S-reduction and I representation.

Spectroscopic parameters ("*N)TMA-("*N)NE ("SN)TMA-("*N)NE

A[MHz] 1956.7717(1)el 1956.7625(5)
B [MHz] 1035.08972(6) 1030.25149(8)
C [MHz] 902.83562(4) 899.13798(5)
Dy [kHz] 0.5608(4) 0.5527(8)
Dux [kHz] 1.385(5) 1.38(2)
D [kHz] -1.77(1) -1.72(2)
di [kHz] -0.0772(2) -0.0732(4)
T -4.632(1) -
Xob-Xoo [MHZ] -0.407(2) -
NE Xea IMHZ] 1.039(3) 1.037(5)
Xob-Xoo [MHZ] -0.866(3) -0.876(4)
oPlkHz 2.9 2.0
N 533 17

[a] Standard errors within parenthesis are expressed in units of the last digit.
Their values are obtained by using the PIFORME'! program. [b] Standard
deviation of the fit. [c] Number of fitted transitions.

As a first point, the computed stability of the adduct with respect
to the separate fragments (24.0 kJ-mol' for the M1 structure, as
fully detailed in the Sl) is comparable to that of medium-strength
hydrogen bonds. Next, the computed relative stabilities of the
different energy minima shown in Figure 1 suggest that rotational
transitions belonging to all three minima can be in principle



observed. However, the very small energy barrier for relaxation to
M1 (or M2) together with the corresponding small transition-state
imaginary frequency (about 30i cm™) allow one to exclude isomer
M3; this is furthermore confirmed by the comparison between
experimental and calculated rotational parameters (see Sl). On
the other hand, it is hard to discriminate between M1 and M2.
Indeed, their computed energy difference and also the energy
barrier for their interconversion (TS12) are so small that a proper
treatment of the physical-chemical parameters should involve
vibrational averaging along the large amplitude motion connecting
these three structures. While this investigation is currently under
way in our laboratories, the present calculations are not able to
discriminate whether M1 or the M1-TS12-M2 averaged structure
corresponds to the single isomer experimentally observed.
However, the similarity of the computed rotational constants for
M1 and M2 as well as for their average (see Sl) suggests that the
present results are sufficiently reliable for guiding the
experimental investigation and its interpretation. Even if an
accurate and complete structural determination is challenging,
small differences in the nitrogen-nitrogen interaction distance
(Rnn, see Figure 3a for M1) can be noted when going from M1
(Rnn = 3.044 A), to M1-TS12-M2 (Rnn = 3.056 A) and to M2 (Ran
= 3.081 A), with the (NE)O-N--"N(TMA) angle being close to 90°
in all cases. This suggests a directional nitrogen-nitrogen
interaction (see also Ref. [15b]), which is almost unaffected by the
orientation of the methyl groups, this latter determining the M1,
M1-TS12-M2 or M2 structural differences.

The stability of the observed adduct is clearly due to the presence
of different noncovalent interactions, whose contributions have to
be characterized at least at a semi-quantitative level, when aiming
at providing useful information, for instance, for supramolecular
design purposes. The nature of the inter-molecular interaction has
been unraveled by means of an analysis based on the symmetry
adapted perturbation theory (SAPT)®? in conjunction with the
aug-cc-pVDZ basis set. The results show that for M1, M2 and
TS12 electrostatic and dispersion stabilizing interactions are
comparable (about four times larger than induction) and larger
than Pauli repulsion (see Sl for details). Furthermore, we
performed a detailed analysis of inter-molecular charge flows by
means of the “Natural Orbital for Chemical Valence/Charge-
Displacement” (NOCV/CD) schemel®! (a full account is given in
the SI). In this model, the overall charge rearrangement issuing

from intermolecular interactions, is given by the electron density
difference Ap(x,y,z) between the adduct and the unbound
fragments (NE and TMA) taken at their in-adduct geometries. The
computed charge rearrangements Ap(x,y,z) for M1, TS12 and M2
are shown as iso-density surfaces in Figure 3b. On inspection of
this Figure, it is apparent that, for all isomers, the electron charge
in the lone-pair region of the nitrogen atom of TMA is increased,
while electron depletion is observed from the p orbital hosting the
lone pair of the nitrogen atom of NE. On the other hand, a charge
flow in the opposite direction is observed between the hydrogen
atoms of TMA and the neighboring oxygen atoms of NE. The
charge-flow profile along the interaction axis z (Figure 3c) results
quite flat, with oscillations between approximately 10 me and -35
me. By fixing a boundary between the fragments (e.g., the z point,
marked with a dashed gray line in the figure, where the equal-
valued iso-density surfaces of the isolated fragments become
tangent), for all structures considered, a net charge transfer of 10
me from TMA to NE is found, which is dominated by a charge flow
between the two nitrogen atoms with smaller contributions coming
from the charge flow between the hydrogen atoms of TMA and
the neighboring oxygen atoms of NE and between the nitrogen
atom of TMA and hydrogens of NE (see SI for details). A Natural
Bond Orbital (NBO) analysisi®! confirms the above results in
terms of charge fluxes, electrostatic interaction and stabilizing
interactions between localized orbitals (the largest one occurring
between the N lone-pair and the NO anti-bonding orbital). NBO
charges point out that there is a very limited charge transfer, but
there is indeed a relevant electrostatic interaction between the
nitrogen atoms (see Table S7.4).

In summary, different models for energy and/or charge
partitioning agree in indicating that the nitrogen-nitrogen
noncovalent interaction largely overcomes the weaker C-H--O
and C-H---N hydrogen bonds. Furthermore, according to a SAPT
analysis, the total intermolecular interaction energy is ruled by
comparable contributions of electrostatic and dispersions
attraction (with a much smaller contribution from the induction
term), which largely overcome Pauli repulsion. To conclude, high
level quantum-chemical computations have provided interesting
insights into structural determinations, from which nitrogen-
nitrogen distances have been determined to range from 3.044 to
3.081 A and binding energies have been found to be of the same
order of magnitude as relatively strong neutral hydrogen bonds.¢!
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Figure 3. a) The M1 isomer showing the distance between nitrogen atoms (Rnn) in the principal axes of inertia system. This picture has been created using UCSF
Chimera.l® b) Overall charge rearrangement Ap(x,y,z) (isosurface+0.0005 (e/bohr?)'?) for the M1,TS1 and M2 isomers of the TMA-NE complex. Volume regions in
red indicate electron depletion, volume regions in blue indicate electron accumulation. c) Charge-rearrangement profile along the interaction axis z upon bonding of

TMA (N on the left side) to NE (N on the right side).



Work is in progress in our laboratories to further elucidate the
nature of the molecular adduct from both a structural and
energetic point of view.

Experimental Section

A 0.5% mixture of *N-trimethylamine (or "*N-trimethylamine) in helium at
a stagnation pressure of 2 bar was streamed over nitroethane, kept at
room temperature, and supersonically expanded through the solenoid
valve (General Valve Series 9, nozzle diameter: 0.5 mm) into a Fabry-
Pérot-type cavity. The rotational spectrum was recorded in the 6.5-18.5
GHz frequency region using a COBRA-typel®”] pulsed supersonic-jet
Fourier-transform  microwave (FTMW) spectrometer,i3 described
elsewhere.[39 All rotational transitions are split by Doppler effect as a result
of the coaxial arrangement of the supersonic jet and the resonator, rest
frequencies thus being obtained as the arithmetic mean of the two Doppler
components. The estimated accuracy of the frequency measurements is
better than 3 kHz, and the resolution better than 7 kHz.
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A gas-phase nitrogen-nitrogen
noncovalent interaction has been
unveiled in an environment free from
solvent and matrix effects using
rotational spectroscopy in supersonic
expansion. This interaction largely
prevails over the C-H:--O and C-H--N
hydrogen bonds as pointed out by
different models for energy/charge
partitioning. A SAPT analysis shows
that electrostatic and dispersion
interactions play a comparable role in
stabilizing the complex.
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