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Abstract: 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 on the C-H∙∙∙O and C-H∙∙∙N hydrogen 

bonds, as shown by a quantitative analysis of the charge-

rearrangement profile along the interaction axis.  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 biological[1] 

and technological processes,[2-5] 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),[6]  

with X and Y being the pnicogen bond donor and acceptor, 

respectively, in analogy with hydrogen[7] and halogen bond 

definitions.[8] 

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∙∙∙π interactions[9] and of the 

P∙∙∙P[10], P∙∙∙N[11,12] and P∙∙∙O noncovalent bonds.[12] In particular, 

it has been recently suggested that the last two interactions 

might play a role in catalytic mechanisms involving phosphorous 

compounds.[13] 

Much less information is available in the literature for nitrogen, 

whose positive electrostatic potential (“σ- and π-holes”)[14] is the 

smallest one within the pnicogen group, acting as pnicogen 

bond donor[12,15]. 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 the 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? 

The opportunity to answer these questions is provided by joint 

experimental-theoretical investigations. Indeed, by combining 

the capability of rotational spectroscopy[16] in supersonic 

expansion to unveil structural and dynamical details of weakly 

stabilized clusters in the gas phase with high-level quantum-

chemical calculations,[17] it is possible to unveil the nature of 

noncovalent interactions.  

In the present work, a joint experimental-computational 

approach has been applied to the investigation of the gas phase 

formation of the 1:1 nitroethane (NE) - trimethylamine (TMA) 

cluster, which shows, as main noncovalent linkage, a nitrogen-

nitrogen interaction in cooperation with C-H∙∙∙O and secondary 

C- H∙∙∙N hydrogen bonds. 

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 functional[18] in conjunction with the 

polarized double-ζ SNSD basis set,[19] 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[18,20] level using the maug-cc-pVTZ-

dH basis set,[21] also computing the corresponding harmonic 

force fields. Improved electronic energies were then obtained by 

means of the so-called “cheap” scheme defined in ref. [22], in 

which CCSD(T)/cc-pVTZ[23,24] energies are corrected by core-

valence and complete basis set extension contributions at the 

MP2 level.[25] All interaction energies were then corrected for 

basis set superposition error (BSSE)[26] and for harmonic 

B2PLYP zero-point energies (ZPEs). A full account of the 

computational details is given in the Supporting Information (SI). 

For all minima, the B2PLYP-D3/maug-cc-pVTZ-dH optimized 

geometries straightforwardly provided the equilibrium rotational 

constants (Be), then corrected for vibrational effects[27] at the 

B3LYP-D3/SNSD level in order to obtain the vibrational ground-

state rotational constants (B0). 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 NE-TMA complex was recorded using a 
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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. See text.    

pulsed-jet Fourier-transform microwave (FTMW) spectrometer, 

as detailed in the Experimental Section. The observed rotational    

transitions were fitted using the SPFIT program[28] within the Ir 

representation of Watson’s S reduction,[29] also accounting for 

the quadrupole coupling due to the presence of two 14N nuclei 

(nuclear spin, I=1). Rotational transitions were labelled 

employing the quantum numbers resulting from the F1=I1+J and 

F=I2+F1 coupling schemes, with J being the rotational quantum 

number (as an example, the 505←414 rotational transition is 

shown in Figure 2). 

Figure 2. The 505←414 rotational transition showing the hyperfine structure due to the 

presence of two 14N nuclei. The labelling of the hyperfine components is F1’, F’ ← 

F1”, F’’ (see text, for the coupling scheme). 

The same procedure was followed for the molecular complex 

containing 15N-TMA (i.e., (14N)NE-(15N)TMA), for which the 

quadrupole coupling interaction, resulting from the presence of 

only one 14N nucleus, was taken into account using the F=I+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 NE-TMA 

complexes, using Watson’s S-reduction and I
r
 representation. 

Spectroscopic parameters (
14

N)NE-(
14

N)TMA (
14

N)NE-(
15

N)TMA 

A [MHz] 1956.7717(1)
[a]

 1956.7625(5) 

B [MHz] 1035.08972(6) 1030.25149(8) 

C [MHz] 902.83562(4) 899.13798(5) 

DJ [kHz] 0.5608(4) 0.5527(8) 

DJK [kHz] 1.385(5) 1.38(2) 

DK [kHz] -1.77(1) -1.72(2) 

d1 [kHz] -0.0772(2) -0.0732(4) 

TMA 
χaa [MHz] -4.632(1)  

χbb-χcc [MHz] -0.407(2)  

NE 
χaa [MHz] 1.039(3) 1.037(5) 

χbb-χcc [MHz] -0.866(3) -0.876(4) 


[b]

/kHz 2.9 2.0 

N
[c]

 533 117 

[a] Standard errors within parenthesis are expressed in units of the last 

digit. Their values are obtained by using the PIFORM
[30]

 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 (23.9 kJ∙mol-1 for the M1 structure, as 

fully detailed in the SI) 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 transition frequency 
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(about i35 cm-1)  

allows one to exclude isomer M3 and this is confirmed by the 

comparison between experimental and calculated rotational 

parameters (see SI). 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 SI) suggests that the present results are 

sufficiently reliable for guiding the 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 = 3.016 Å), to M1-TS12-M2 

(RNN = 3.029 Å) and to M2 (RNN = 3.044 Å), 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. [14b]), 

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. In this respect, 

we performed a detailed analysis of the involved charge flows by 

means of the recently developed “Natural Orbital for Chemical 

Valence/Charge-Displacement” (NOCV/CD) scheme[32] and we 

report here the main results (a full account is given in the SI). In 

the NOCV/CD model, the overall charge rearrangement taking 

place when intermolecular interactions are switched on, is 

formulated as the difference ∆ρ(x,y,z) between the total electron 

density of the adduct and those of the unbound fragments, NE 

and TMA, taken at their in-adduct geometries. The computed 

charge rearrangements ∆ρ(x,y,z) for M1, TS12 and M2 are 

shown as isodensity 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. A quantitative picture of 

the charge flow along the interaction axis z (here conveniently 

chosen as the principal axis of inertia a) can be obtained by 

computing the so-called charge-displacement function ∆q(z) 

(see SI for details) yielding, for each point z, the exact amount of 

electron charge that, upon bond formation, has flown from right 

to left across a plane orthogonal to the z axis through that point. 

As a result of the two opposite-direction charge flows highlighted 

above, the charge-flow profile along the interaction axis (Figure 

3c) results quite flat, with oscillations between approximately 10 

me and −35 me. By fixing a boundary between the fragments (a 

plausible choice is the z point, marked with a dashed gray line in 

the figure, where equal-valued isodensity surfaces of the 

isolated fragments become tangent), a net charge transfer of 10 

me from TMA to NE is found for M1, TS12 and M2. As fully 

detailed in the SI, a deeper insight into the several contributions 

to the overall charge rearrangement can be gained by adopting 

a slightly different reference density for the fragments (built from 

their occupied molecular orbitals previously made orthonormal to 

each other). The resulting charge rearrangement ∆ρ’, in fact, can 

then be written as a weighted sum of a few important, chemically 

meaningful contributions, ∆ρ’ = Σk wk∆ρ’k, which can be identified 

by a visual analysis of the related isodensity surfaces. The 

associated isodensity surfaces reported in the SI reveal that for 

all isomers the most important contribution (k = 1, wk = 0.084, 

0.085 and 0.094 for M2, TS12 and M1, respectively) involves a 

charge flow between the two nitrogen atoms of the complex, 



COMMUNICATION          

 

 

 

 

while the next three less important ones describe mainly a 

charge flow between the hydrogen atoms of TMA and the 

neighboring oxygen atoms of NE (k = 2 and 3, wk ≤0.035) and 

the one between the nitrogen atom of TMA and hydrogens of NE 

(k = 4, wk ≤0.023). 

In summary, the nitrogen-nitrogen noncovalent interaction has 

been unveiled to be the most important contribution to the 

stabilization of the TMA-NE complex, largely overcoming the 

 

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.
[31]

 b) Overall charge rearrangement ∆ρ(x,y,z) (isosurface±0.0005 (e/bohr
3
)
1/2

) for the M1,TS1 and M2 isomers of the NE-TMA 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 to NE.
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weaker C-H∙∙∙O and C-H∙∙∙N hydrogen bonds, as pointed out by 

the (NOCV/CD) scheme. High level quantum-chemical                               

computations have provided interesting insights into structural 

determinations, from which nitrogen-nitrogen distances have 

been determined to range from 3.016 to 3.044 Å and binding 

energies have been found to be of the same order of magnitude 

as relatively strong neutral hydrogen bonds.[32] 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 14N-trimethylamine (or 15N-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-type[34] pulsed supersonic-jet 

Fourier-transform microwave (FTMW) spectrometer,[35] described 

elsewhere.[36] 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. 

Acknowledgements  

This work has been supported by MIUR “PRIN 2015” funds 

(Grant Number 2015F59J3R) and by the University of Bologna 

(RFO funds). The SMART@SNS Laboratory (http://smart.sns.it) 

is acknowledged for providing high-performance computer 

facilities. W.L. thanks the China Scholarship Council (CSC) for a 

Ph.D. grant. Support from the Italian MIUR (FIRB 2013 “Futuro 

in ricerca” - Protocol: RBFR132WSM) is acknowledged. 

Keywords: Pnicogen bond • Quantum Chemistry • Rotational 

Spectroscopy • Bond analysis • Intermolecular interactions 

[1] E. A. Meyer, R. K. Castellano, F. Diederich, Angew. Chem. Int. Ed. 

2003, 42, 1210–1250. 

[2] S. E. Wheeler, T. J. Seguin, Y. Guan, A. C. Doney, Acc. Chem. Res. 

2016, 49, 1061−1069. 

[3] N. Vallavoju  J. Sivaguru, Chem. Soc. Rev. 2014, 43, 4084—4101. 

[4] X. Guo, Q. Liao, E. F. Manley, Z. Wu, Y. Wang, W. Wang, T. Yang, Y.-E. 

Shin, X. Cheng, Y. Liang, L. X. Chen, K.-J. Baeg, T. J. Marks, X. Guo, 

Chem. Mater. 2016, 28, 2449−2460. 

[5] V. Georgakilas, J. N. Tiwari, K. C. Kemp, J. A. Perman, A. B. Bourlinos, 

K. S. Kim, R. Zboril, Chem. Rev. 2016, 116, 5464−5519. 

[6] a) S. Scheiner, Acc. Chem. Res. 2013, 46, 280-288; b) S. Scheiner, Int. 

J. Quantum Chem. 2013, 113, 1609–1620. 

[7] E. Arunan, G. R. Desiraju, R. A. Klein, J. Sadlej, S. Scheiner, I. Alkorta, 

D. C. Clary, R. H. Crabtree, J. J. Dannenberg, P. Hobza, H. G. 

Kjaergaard, A. C. Legon, B. Mennucci, D. J. Nesbitt, Pure Appl. Chem., 

2011, 83, 1637–1641. 

[8] G. R. Desiraju, P. S. Ho, L. Kloo, A. C. Legon, R. Marquardt, P. 

Metrangolo, P. Politzer, G. Resnati, K. Rissanen, Pure Appl. Chem. 

2013, 85, 1711–1713. 

[9] a) A. Bauzá, D. Quiñonero, P. M. Deyà, A. Frontera, Phys. Chem. Chem. 

Phys. 2012, 14, 14061–14066; b) M. M. Watt, M. S. Collins, D. W. 

Johnson, Acc. Chem. Res. 2013, 46, 955-966; c) H. Schmidbaur, A. 

Schier, Organometallics 2008, 27, 2361–2395. 

[10] a) S. Zahn, R. Frank, E. Hey-Hawkins, B. Kirchner, Chem. Eur. J. 2011, 

17, 6034–6038; b) I. Alkorta, J. Elguero, S. J. Grabowski, Phys. Chem. 

Chem. Phys. 2015, 17, 3261—3272; c) S. Bauer, S. Tschirschwitz, P. 

Lönnecke, R. Frank, B. Kirchner, M. L. Clarke, E. Hey-Hawkins, Eur. J. 

Inorg. Chem. 2009, 2776–2788. d) P. Kilian, A. M. Z. Slawin, J. D. 

Woollins, Chem. Eur. J. 2003, 9, 215-222. 
[11] a) J. E. Del Bene, I. Alkorta, G. Sanchez-Sanz, J. Elguero, J. Phys. 

Chem. A 2011, 115, 13724–13731; b) I. Alkorta, G. Sanchez-Sanz, J. 

Elguero, J. Phys. Chem. A 2012, 116, 9205−9213; c) S. Scheiner, J. 

Chem. Phys. 2011, 134, 094315; d) S. Tschirschwitz, P. Lonnecke, E. 

Hey-Hawkins, Dalton Trans. 2007, 0, 1377–1382. e) J. E. Del Bene, I. 

Alkorta, G. Sanchez-Sanz, J. Elguero, J. Phys. Chem. A 2012, 116, 

3056−3060. 

[12] A. Bauzá, R. Ramis, A. Frontera, J. Phys. Chem. A 2014, 118, 2827-

2834. 

[13] J. Schmauck, M. Breugst, Org. Biomol. Chem. 2017, 15, 8037–8045. 

[14] a) J. S. Murray, P. Lane, T. Clark, K. E. Riley, P. Politzer, J. Mol. Model. 

2012, 18, 541–548; b). P. Politzer, J. S. Murray, T. Clark, Phys. Chem. 

Chem. Phys. 2013, 15, 11178-11189; c) J. S. Murray, P. Politzer, WIREs 

Comput. Mol. Sci. 2017, 7, e1326. 

[15] a) S. Scheiner, Chem. Phys. Lett. 2011, 514, 32–35. b) A. Bauzá, T. J.  

Mooibroek, A. Frontera, Chem. Commun. 2015, 51, 1491—1493. 

[16] a) K. Müller-Dethlefs, P. Hobza, Chem. Rev. 2000, 100, 143−167; b) W. 

Caminati, J.-U. Grabow, Advancements in Microwave Spectroscopy in 

Frontiers and Advances in Molecular Spectroscopy, edited by Jaan 

Laane, Elsevier, 2018, pp. 569-598; c) M. Becucci, S. Melandri, Chem. 

Rev. 2016, 116, 5014−5037. 

[17] C. Puzzarini, V. Barone, Acc. Chem. Res. 2018, 51, 548−556. 

[18] a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648-5652; b) J. P. Perdew, K. 

Burke, Y. Wang, Phys. Rev. B 1996, 54, 16533-16539. 

[19] a) V.Barone, M.Biczysko, J.Bloino Phys. Chem. Chem. Phys 2014, 16, 

1759-1787; b) http://dreamslab.sns.it/. 

[20] S. Grimme, J. Chem. Phys. 2006, 124, 034108. 

[21] E. Papajak, H. R. Leverentz, J. Zheng, D. G. Truhlar, J. Chem. Theory 

Comput. 2009, 5, 1197-1202. 

[22] a) C. Puzzarini, M. Biczysko, V. Barone,  .  argo, I. Pe a, C. Cabezas, J. 

L. Alonso, J. Phys. Chem. Lett. 2014, 5, 534-540. b) C. Puzzarini, M. 

Biczysko, J. Phys. Chem. A, 2015, 119, 5386-5395. 

[23] a) G.D. Purvis III, R.J. Bartlett, J. Chem. Phys. 1982, 76, 1910-1918; b) 

K. Raghavachari, G.W. Trucks, J.A. Pople, M. Head-Gordon, Chem. 

Phys. Lett. 1989, 157, 479-483. 

[24] T.H. Dunning Jr., J. Chem. Phys. 1989, 90, 1007-1023. 

[25] C. Møller, M.S. Plesset, Phys. Rev. 1934, 46, 618-622. 

[26] S.F. Boys, F. Bernardi, Mol. Phys. 1970, 19, 553-566. 

[27] D. Papoušek, M. R. Aliev, Molecular Vibrational−Rotational Spectra, 

Elsevier, Amsterdam, 1982. 

[28] H. M. Pickett, J. Mol. Spectrosc. 1991, 148, 371–377. 

[29] J. K. G. Watson, in: J.R. Durig (Ed.), Vibrational Spectra and Structure, 

vol. 6, Elsevier, New York/Amsterdam, 1977, pp. 1–89. 

[30] Z. Kisiel, PROSPE—Programs for ROtational SPEctroscopy. 

http://info.ifpan.edu.pl/~kisiel/prospe.htm. 

[31] E. F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch, D. M. 

Greenblatt, E. C. Meng EC, T. E. Ferrin, J Comput Chem. 2004, 

25,1605-1612. 

[32] a) G. Bistoni, S. Rampino, F. Tarantelli, L. Belpassi, J. Chem. Phys. 

2015, 142, 084112; b) G. Bistoni, S. Rampino, N. Scafuri, G. Ciancaleoni, 

D. Zuccaccia, L. Belpassi, F. Tarantelli, Chem. Sci. 2016, 7, 1174-1184; 

c) M. Fusè, I. Rimoldi, G. Facchetti, S. Rampino, V. Barone, Chem. 

Commun. 2018, 54, 2397-2400; d) A. Salvadori, M. Fusè, G. Mancini, S. 

Rampino, V. Barone, J. Comput. Chem. 2018, accepted on 18 June 

2018. 

[33] W. Caminati, J.-U. Grabow, Microwave spectroscopy: molecular systems, 

in  Frontiers of Molecular Spectroscopy, Edited by Jaan Laane, Elsevier 

B. V. 2009, pp. 455-552. 

[34] J.-U. Grabow, W. Stahl, H. Dreizler, Rev. Sci. Instrum. 1996, 67, 4072–

4084. 

[35] T.J. Balle, W.H. Flygare, Rev. Sci. Instrum. 1981, 52, 33–45. 

[36] W. Caminati, A. Millemaggi, J.L. Alonso, A. Lesarri, J.C. Lopez, S. Mata, 

Chem. Phys. Lett. 2004, 392, 1–6. 

http://dreamslab.sns.it/


COMMUNICATION          

 

 

 

 

 

COMMUNICATION 

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 on the C-H∙∙∙O and C-H∙∙∙N 

hydrogen bonds, as shown by a 

quantitative analysis of the charge-

rearrangement profile along the 

interaction axis. 
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