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Abstract: The 1:1 complex of ammonia with pyridine has been 

characterized by using state-of-the-art quantum-chemical 

computations combined with pulsed-jet Fourier-Transform 

microwave spectroscopy. The computed potential energy landscape 

pointed out the formation of a stable -type complex, which has 

been confirmed experimentally: the analysis of the rotational 

spectrum showed the presence of only one 1:1 pyridine – ammonia 

adduct. Each rotational transition is split into several components 

due to the internal rotation of NH3 around its C3 axis and to the 

hyperfine structure of both 14N quadrupolar nuclei, thus providing the 

unequivocal proof that the two molecules form a -type complex 

involving both a N-H···N and a C-H···N hydrogen bond. The 

dissociation energy (BSSE and ZPE corrected) has been estimated 

to be 11.5 kJ∙mol-1. This work represents the first application of an 

accurate, yet efficient computational scheme, designed for the 

investigation of small biomolecules, to a molecular cluster. 

Introduction 

Pyridine (PYR) is a prototype heterocyclic aromatic molecule, of 

great importance in organic and industrial chemistry. The 

simultaneous presence of n and  orbitals makes the molecule 

particularly suitable for forming non-covalent linkages, and for 

this reason many of its molecular adducts have been 

investigated. A detailed knowledge of the typology and strength 

of these non-bonding interactions has been obtained using high-

resolution spectroscopy. For example, PYR is the only molecule 

whose 1:1 adducts with all stable rare gases (from He to Xe[1]) 

and with all fluorine containing freons derived from methane 

(CHnF4-n, n = 0 to 4 [2]) have been investigated by means of 

rotational spectroscopy. The results for these two families are 

graphically summarized in Figure 1. One can note that either - 

or -type complexes are formed, depending on the type of the 

dominant interaction, dispersive or specific. Figure 1 shows that 

complexes with rare gases and methane belong to the first class, 

whereas those with freons, which can form weak hydrogen or 

halogen bonds, belong to the second class. Figure 1 also 

collects the dissociation energies, which range between 0.5 and 

5 kJ mol−1 for the -type complexes. We also note that the -

interaction is generally weaker than the hydrogen or halogen 

bond (PYR-CF4), which ranges between 10 and 16 kJ mol−1 (see 

Figure 1), with PYR acting as donor. Furthermore, -type 

arrangements have been found in molecular adducts of PYR 

with other partners, such as CO, CO2, SO2, SO3 and acetylene. 

All of them are linked to the n non-bonding orbital of PYR 

through formal C···N or S···N or C-H···N contacts.[3] In particular, 

we mention that PYR-SO3 is a charge transfer complex, where 

PYR donates its pair of electrons to SO3. The resulting S-N bond 

is thus a covalent one, with a corresponding bonding energy as 

large as ~ 120 kJ mol-1.[3d] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. PYR forms -type complexes with rare gases and methane, and -

type complexes with all the remaining molecules so far investigated. 

(Reproduced from Ref. [2e] with permission from the PCCP Owner Societies). 

Moving to other types of complexes, ZEKE spectroscopy has 

been used to investigate PYR-Metal (metal=Li, Ca, and Sc) 

complexes, produced using laser-vaporization techniques. Both 

- and -bonds are formed: it was found that Li and Ca 

complexes favour  bonding, whereas Sc prefers a  

coordination, with binding energies of 27.0, 49.1 and 110.6 kJ 

mol−1, respectively.[4] 

Despite the fact that such a large variety of molecular adducts 

involving PYR has been studied, the complexes with two very 

simple and important molecules, namely, water and ammonia, 

have not been investigated yet. For this reason, we have 

decided to investigate the electronic structure and rotational 

spectrum of PYR-NH3. This study aims at answering to the 

following key questions: does ammonia interact with the n or the 

 electronic system? Is more than one type of conformer stable? 
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What is the strength of this interaction? How much is the PYR 

molecular structure affected by this interaction? Does NH3 freely 

rotate around its symmetry axis in the complex?  

The importance of this investigation lies also on the fact that 

molecular complexes involving hydrogen bonding between 

nitrogen-containing systems can be considered as prototypes for 

studying the (N-H···N) interaction in biological systems.  

To elucidate the structure of the PYR-NH3 complex and the type 

of interaction occurring, we have undertaken a combined 

theoretical-experimental investigation. Guided by state-of-the-art 

quantum-chemical calculations, the rotational spectrum of the 

molecular complex (further complicated by the quadrupolar 

interactions of the two 14N nuclei with the overall rotation) has 

been recorded and analysed. The results are presented and 

discussed the following section. 

Results and Discussion 

Quantum-chemical Calculations 

The exploration of the potential energy surface (PES) of the 

pyridine∙∙∙ammonia complex has been carried out by employing 

density functional theory (DFT). Although standard DFT can 

handle large molecular systems and its accuracy has been 

validated for several molecular properties, the majority of density 

functional approximations fail to correctly describe the long 

range London dispersion interactions, particularly the correct –R-

6 dependence of the interaction energy on the intermolecular 

separation R.[5] As a consequence, dispersion correlation effects 

have been taken into account by the DFT-D3 correction 

scheme,[6] which combines reliability and computational 

effectiveness. Up to now, the DFT-D3 model has been 

successfully applied to thousands of different systems, including 

dimers, large supra-molecular complexes and reaction 

energies/barriers, as well as surface processes (e.g. see [7] and 

references therein). Within the DFT-D3 approach, Becke-

Johnson damping has been used and the exploration of the 

pyridine∙∙∙ammonia PES has been carried out using the B3LYP 

functional[8] in conjunction with the SNSD basis set.[9,10] These 

calculations have led to the identification of three distinct minima 

(M1, M2 and M3 in Figure 2), featuring hydrogen bonds between 

ammonia and pyridine. All of these minima show a -type 

arrangement, with the M1 isomer being the most stable because 

of the double interaction.  

A more thorough characterization of the PES, also including the 

saddle points (TS1, TS2 and TS3) connecting the stable 

structures, has been carried out by using the double-hybrid 

B2PLYP-D3 functional[11] in conjunction with the triple- m-aug-

cc-pVTZ basis set[12] in which d functions on hydrogen atoms 

have been removed (referred to in the following as maug-cc-

pVTZ-dH). Figure 2 provides the graphical representation of the 

stationary points found on the PES at the B2PLYP-D3/m-aug-cc-

pVTZ-dH level. 

An isomer with a -type arrangement has also been searched on 

the PES. While an energy minimum has been found at the 

B3LYP-D3 level, this has not been confirmed by the more 

reliable B2PLYP-D3/m-aug-cc-pVTZ-dH calculations. Therefore, 

we have not further considered -type arrangements. 

According to the relative energies reported in Figure 2, the M1 

isomer is the best candidate to be observed in the rotational 

spectrum and, thus, to be characterized. Experimental 

observations and spectral analysis can be profitably guided by 

accurate predictions of the rotational constants, which, in turn 

require a highly accurate determination of the complex structure. 

To fulfil the required accuracy, the equilibrium geometry has 

been determined by means of a composite scheme that 

accounts simultaneously for basis-set and electron-correlation 

effects.[13] In particular, we employed the so-called “cheap” 

geometry scheme.[14] The starting point is a geometry 

optimization at the CCSD(T)[15] level (within the frozen-core 

approximation): as a matter of fact, the coupled-cluster approach 

including single and double excitations (CCSD) with a 

perturbative treatment of triple excitations ((T)) is nowadays the 

method of choice when accurate results are sought. For a large 

system as that under consideration, to include the most relevant 

contributions in the electronic structure treatment without losing 

computational efficiency, second-order Møller-Plesset 

perturbation theory (MP2)[16] geometry optimizations are used. In 

particular, the extrapolation to the complete basis set limit (CBS) 

has been performed by means of the consolidated n–3 

extrapolation equation[17] applied to MP2 optimized geometries 

obtained with triple- and quadruple-zeta quality basis sets. The 

contribution of core-valence electron correlation has been 

included by means of the corresponding correction, r(CV), and 

the effect of diffuse functions in the basis set (r(aug)) has also 

been taken into account. On the whole, the best-estimated 

equilibrium structure has been determined as:  

      (1) 

In the computational section, at the end of this manuscript, the 

so-called “cheap” geometry scheme is described in more detail. 

Starting from the equilibrium rotational constants, Be
i, 

corresponding to the computed equilibrium geometry, best-

estimated ground-state rotational constants B0
i have been 

obtained by adding the vibrational corrections, ΔBvib, evaluated 

at the B2PLYP-D3/m-aug-cc-pVTZ-dH level: 

    

 

B0

i
Be

i
Bv ib                                                                           (2) 

where i denotes the principal inertial axis. The vibrational 

corrections have been computed by means of second-order 

vibrational perturbation theory (VPT2) applied to the molecular 

ro-vibrational Hamiltonian expressed in normal coordinates (see 

e.g. Ref. [18] and references therein), which requires the 

calculation of semi-diagonal cubic force constants (once again, 

more details are provided in the computational section). 

Computation of the anharmonic force field (performed at the 

B2PLYP-D3/m-aug-cc-pVTZ-dH level) also provided the quartic 

centrifugal-distortion constants, for which the symmetric-top 

reduction (Watson’s S reduction) has been considered.[19] 

A composite scheme analogous to that used for the structural 

determination has been employed for accurately predicting 

equilibrium nuclear quadrupole-coupling constants of both 
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nitrogen atoms (one belonging to PYR and one to NH3).[14,20] 

Subsequently, the ground-state quadrupole-coupling constants 

have been obtained by correcting the best-estimated equilibrium 

values through vibrational contributions evaluated at the 

B2PLYP-D3/m-aug-cc-pVTZ-dH level.[21] 

The computed spectroscopic results are summarized in Table 1, 

while selected geometrical parameters are given in Table 2 (the 

whole set of best-estimated bond distances and angles is 

provided in the Supporting Information).   

Rotational spectrum 

Guided by the quantum-chemical calculations described above, 

the rotational spectrum recording started with the search of the 

most intense μa-type rotational transitions of the most stable 

isomer (M1). Two separated lines, showing a complex hyperfine 

structure pattern due to the presence of two 14N nuclei (that 

possess nuclear spin I=1), have been found around 7504.85 and 

7505.85 MHz. They have been assigned to the JKa,Kc = 30,3←20,2 

transition of the E and A states, respectively, underlying the 

internal rotation of the NH3 group around its C3 axis. Later on, 

several μa-type lines up to J = 7 and Ka = 2 and some weaker μb-

type transitions have been assigned and fitted using Pickett’s 

SPFIT program,[22] within the I r -representation of Watson’s S 

reduction.[19] To account for the nuclear spin of the two nitrogen 

atoms, the coupling schemes F1 = I1+J and F = I2+F1 have been 

employed for both A and E states, where I1 and I2 are the 

quantum number of the 14N nuclear spin in pyridine and NH3, 

respectively. An example of such a doubling is provided by 

Figure 3, for the JKa,Kc = 60,6← 50,5 rotational transition. The 

measured transition frequencies are collected in the Supporting 

Information. 

The results of the fit are reported in Table 1 together with those 

obtained by fitting the centre frequencies of each transition 

(corrected for the nuclear hyperfine structure) using the XIAM 

program,[23] which provides directly the V3 internal rotation 

barrier. It is worth mentioning that the rotational constants 

obtained by the XIAM approach correspond to the limiting case 

of an infinite barrier, thus leading to intermediate values between 

the A and E cases, as dealt by the SPFIT code. Note that, for 

the E state, in the SPFIT fit it was also necessary to include 

terms of the type DaPa and DbPb in order to take into account the 

torsion-rotation interaction. 

Finally, it should be noted that no lines belonging to the other 

isomers have been observed. 

In addition to the intrinsic importance of the accurate 

determination of the spectroscopic parameters of the most 

stable PYR-NH3 isomer, Table 1 shows a very good agreement 

between experiment and theory. This is a particularly important 

result because the present study provides the first opportunity to 

test the reliability and accuracy of the “cheap” geometry scheme 

also for molecular complexes. While several investigations have 

demonstrated that this composite approach is able to determine 

accurate molecular and spectroscopic properties of semi-rigid as 

well as flexible systems,[14,24] the present application to the PYR-

NH3 complex suggests that the same accuracy is also 

obtainable for molecular adducts. This means that, for instance, 

the bond distances determined in this study are expected to be 

accurate within 0.001-0.002 Å. As evident in Table 1, the best-

estimated equilibrium rotational constants augmented by 

vibrational corrections agree with the experimental ground-state 

rotational constants well within 0.1%. 

  

 

 

Figure 2. Schematic representation of PES for PYR-NH3: three different minima (M1, M2, and M3) and the connecting transition state structures (TS1, TS2, and 

TS3) are shown together with the corresponding relative energies (including the correction for the basis set superposition error, BSSE [25]), as obtained at the 

B2PLYP-D3/m-aug-cc-pVTZ-dH level. 



FULL PAPER    

 

 

 

 

 

 

Figure 3. The J = 60,6← 50,5 rotational transition for the observed isomer of 

pyridine-ammonia showing, for both E and A states, the hyperfine structure 

due to the presence of two 14N nuclei (the component values can be found in 

the Supporting Information) and the doubling due to Doppler effect. 

Table 1. Computed and experimental[a] (using SPFIT and XIAM programs) 

spectroscopic parameters of the M1 PYR-NH3 complex.  

 THEORY SPFIT XIAM 

  “A” “E”  

A [MHz] 5875.20 5872.300(1) 5872.136(1) 5872.203(2) 

B [MHz] 1386.28 1387.6497(2) 1387.3647(2) 1387.4676(

3) 

C [MHz] 1127.93 1128.7913(1) 1128.7818(1) 1128.7904(

3) 

Da [MHz]  - -15.575(2)  

Db [MHz]  - -22.23(3)  

Dpi2J[kHz]   -18(2) 

DJ [kHz] 0.459 0.5364(6) 0.537(1) 

DJK [kHz] 7.929 7.95(1) 7.90(3) 

DK [kHz] -7.147   

d1 [kHz] -0.105 -0.1192(9) -0.121(2) 

d2 [kHz] -0.0348 -0.0357(4) -0.0346(9) 

aa [MHz] 

(14N PYR) 

-3.92 -3.747(5)  

bb – cc [MHz] 

(14N PYR) 

-2.86 -2.860(8)  

ab [MHz] 2.23 1.6(2)  

(14N PYR) 

aa [MHz]  

(14N NH3) 

1.42 1.437(5)  

bb – cc [MHz] 

(14N NH3) 

-4.49 -4.792(8)  

ab [MHz] 

(14N NH3) 

-0.51 [-0.51][b]  

(i,a) [] [c]    80.51(2) 

I [u∙Å2] [d]    2.551(7) 

V3 [cm-1] 238   319.8(7) 

N[ e]  28 28 

σ[f] [kHz]  3.0 2.6 

[a] Errors in parentheses are expressed in units of the last digit. [b] Fixed at the best-

estimated equilibrium value augmented by vibrational corrections. [c] (i,b) is the 

complement to 90° with respect to (i,a) ((i,c) is 90° because of the Cs symmetry of 

the M1 complex), where i is the NH3 internal rotation axis. [d] Moment of inertia of NH3 

around its C3 axis (α). [e] Number transition frequencies included in the fit. [f] Standard 

deviation of the fit. 

 

 

Figure 4. Orientation of the pyridine-ammonia cluster with respect to the principal axes 

of inertia a,b,c (the c axis is perpendicular to the figure plane), also showing the atom 

numbering and the N-H···N and C-H···N hydrogen bonds. The principal quadrupole 

axes x,y,z are also depicted, with y being parallel to c. 

In addition to the accurate calculation of the equilibrium structure of the 

M1 isomer, from the analysis of the experimental data a partial effective 

structure has been derived by fitting the N12-N6-C5 angle of Figure 4 

(N12N6C5 in Table 2), while keeping the other parameters fixed at the 

vibrationally-averaged B2PLYP/m-aug-cc-pVTZ-dH values (the complete 

geometry is available as Supporting information). The results, 

reproducing the experimental rotational constants with a maximum 

discrepancy on A within 0.1%, together with the hydrogen bond 

parameters and a selection of the best-estimated structural values, are 

reported in Table 2. It should be noted that, while it is straightforward to 



FULL PAPER    

 

 

 

 

 

derive rotational constants from the geometrical structure, the inverse 

problem, i.e., the derivation of the structure from the rotational constants, 

is not solvable. Only the availability of the rotational constants for several 

isotopic species would allow such determination. In order to support the 

analysis in terms of an effective structure, the vibrationally averaged 

geometry, evaluated at the B2PLYP/m-aug-cc-pVTZ-dH level, has been 

considered.   

 

Table 2. Effective r0 and best-estimated equilibrium re structural parametersa] 

 r0 re 

 N12N6C5  157.5(1)[b] 154.6 

Derived Hydrogen Bond Parameters 

rN6H14  2.326 2.208 

rN12H8 2.710 2.742 

 N12H14N6  150.5 150.8 

 C1H8N12  119.9 116.2 

rN6C1 1.344 1.337 

rN6C5 1.339 1.336 

rC1C2 1.394 1.391 

rC4C5 1.393 1.390 

rC2C3 1.392 1.388 

rC3C4 1.394 1.389 

[a] Distances in Å, angles in degrees. [b] Error in parentheses is expressed in units of 

the last digit. 

 

As already mentioned, the XIAM program directly provides the internal 

rotation barrier V3. The value obtained, 319.8.(7) cm-1, is reported in 

Table 1. However, a second approach can be used to determine from 

our data the V3 barrier. In fact, the Da and  Db terms of Table 1 are 

related to the first-order perturbation sum relative to the E state, WE
(1), 

according to the following equation:[25,26] 

    



DgFgWE
(1) ga,b

                                                      (3) 

where  
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with λg denoting the direction cosines between the internal rotation axis 

of NH3 and the principal axis g (with g=a,b) of the complex, and Iα is the 

NH3 moment of inertia. The value of WE
(1) (derived from Da and Db) of the 

ground torsional level v=0 depends on the reduced barrier value s,[25] 

which is related to both the V3 potential energy barrier and the reduced 

mass of the motion. In particular, the V3 barrier (in kcal mol-1) is 

calculated via the following expression:[25] 

 

V3 = 0.2146·F·s     ,                                                                      (4) 

 

Using Da and Db of Table 1, we obtain the values V3
(a)

 = 321 cm-1
 and 

V3
(b)= 343 cm-1, respectively. These agree with the XIAM fitted V3 value 

of Table 1 and are also in reasonably good agreement with the result 

obtained at the B2PLYP-D3/m-aug-cc-pVTZ-dH level including ZPE and 

BSSE corrections, V3= 238 cm-1.  

We note that the V3 barrier corresponds to the energy difference 

between the global minimum structure, characterized by the N-H···N 

hydrogen bond, and the conformation in which this hydrogen bond is 

broken. In a zeroth approximation, this energy barrier provides an 

indication of the strength of the hydrogen bond. The value obtained, 

~320 cm-1 (~3.8 kJ mol-1), is reasonable and reflects the internal 

dynamics of the cluster. One could argue that the maximum of the 

potential energy function for the internal rotation of NH3 has a bifurcated 

NH2···N hydrogen bond, but in the present case the N-H bonds of 

ammonia are not along the symmetry axis of the n-orbital of the pyridinic 

nitrogen. Furthermore, the value obtained is in line with literature results. 

To give an example, in the 1,4-difluorobenzene – ammonia complex, the 

V3 barrier has been estimated to be 60 cm-1 (0.7 kJ mol-1).[27] In that case 

the internal rotation of NH3 breaks a N-H···F hydrogen bond, which is 

rather weaker than the N-H···N one. 

Important chemical information can be derived from the quadrupole-

coupling analysis thanks to the availability of the full nuclear quadrupole-

coupling tensor (in the principal inertia axes) for the 14N nucleus of 

pyridine (see Table 1). From the diagonalization of this tensor (by means 

of the QDIAG program[28]), the quadrupole-coupling constants in the 

quadrupole principal coordinate system are obtained. For the nitrogen 

atom belonging to the ammonia unit, the experimental data have been 

complemented by the computed off-diagonal term, thus allowing the 

determination of the corresponding principal quadrupole tensor. 

However, this prevents a reliable estimate of the experimental 

uncertainties affecting the constants obtained from the diagonalization. 

In Table 3, for comparison purposes, the quadrupole-coupling constants 

of the pyridine and ammonia monomers are collected. Concerning the 

nitrogenatom of the pyridine unit, we note that the small decrease (up to 

a maximum of 0.6 MHz, see Table 3) of their values accompanying the 

formation of the PYR-NH3 complex is a clear diagnostic of a small 

degree of N-H∙∙∙N proton transfer, as also suggested by the length of the 

N12H14 distance which is about 30 mÅ longer than the N12H13 or 

N12H15 ones (see r0 values of Table S4 in the Supporting Information).  

Upon inspection of Table 3, it can be noted that the vibrational motions 

have small effect on the zz values for free ammonia and pyridine. 

Conversely, upon clustering, the quadrupole coupling constant of 

ammonia moves from -3.69 MHz at the equilibrium to -3.01 MHz at the 

0°K while pyridine values vary of about 0.1 MHz at most. 

The large variation shown by ammonia in the complex with respect to 

the free molecule may be ascribed to the effects of molecular oscillations 

and internal motions contribute. 

Further structural information can be derived from the rotation angles, 

obtained from the matrix diagonalization mentioned above. These are 

θza=19(2)° and θxa=71(2)° (θya=90° for symmetry reasons), and provide 

useful information on the orientation of ammonia in the molecular 

complex. 

Finally, it is worthwhile noting that the agreement between experiment 

and theory for the quadrupole-coupling constants is less good than what 

has been observed for rotational constants. This should be mainly 

ascribed to the vibrational corrections. In this respect, the VPT2 

approach shows strong limitation in dealing with the large amplitude 

motions (see, for example, Ref. [20]).  
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Table 3. Experimental (Exp)[a], computed (Theory) vibrationally averaged (Vib.Ave.)[b] 

and equilibrium (Equil)[c] principal quadrupole tensor of 14N in the complex as well as in 

the pyridine and ammonia monomers. Values in MHz. 

Pyridine-Ammonia 

 14N(PYR) 14N(NH3) 

 Exp Theory Exp[d] Theory 

  Vib.Ave. Equil  Vib.Ave. Equil 

zz  -4.3(1) -4.84 -4.97 -3.17 -3.01 -3.69 

xx  1.0(1) 1.48 1.47 1.68 1.54 2.09 

yy  3.304(5) 3.41 3.50 1.49 1.48 1.60 

[e] 0.53(3) 0.40 0.41 -0.06 -0.02 -0.13 

Monomers 

 14N(PYR) 14N(NH3) 

 Exp[f] Theory Exp[g] Theory 

  Vib.Ave. Equil  Vib.Ave. Equil 

zz  -4.908(3) -4.99 -5.04 −4.08983

(2) 

-3.79 -3.74 

xx  1.434(3) 1.47 1.46    

yy  3.474(3) 3.52 3.58    

[e] 0.416(9) 0.41 0.42    

[a] Errors in parentheses are expressed in units of the last digit.  

[b] Best-estimated equilbrium values augmented by vibrational corrections at 

the B2PLYP/m-aug-cc-pVTZ-dH (see text). 

[c] Best-estimated equilbrium values (composite scheme, see text). 

[d] Obtained by using the ab calculated value of Table 1. 

[e] Quadrupole asymmetry parameter: = (xx-yy)/zz. 

[f] Ref. [29]. 

[g] Ref. [30] 

 

Dissociation Energy 

From the partial effective structure determination, it is 

furthermore possible to evaluate the distance between the 

effective centres of mass of pyridine and ammonia, RCM, which 

turned out to be 4.48 Å. By assuming a pseudo-diatomic 

approximation, the force constant (ks) for the intermolecular 

stretching along the axis connecting the two centres of mass, 

which is to a rough approximation the a inertial axis, can be 

estimated as:[31] 

 

                     

(6) 

where μ is the pseudo-diatomic reduced mass. By using the B, 

C and DJ values from Table 1, and RCM derived from the data of 

Table 2, a value of 10 N·m-1 has been obtained for ks, which 

corresponds to a harmonic fundamental frequency of 110 cm−1. 

Subsequently, ks and RCM can be used, within a Lennard-Jones 

type potential, to determine the dissociation energy (ED):[32] 

 

    



ED
1

72
ks(RCM)

2                                                                       (7) 

thus leading to a value of 16.7 kJ mol-1. 

A more rigorous determination of the dissociation energy can 

be obtained via quantum chemistry. To accurately compute ED, 

single-point energy calculations at the best-estimated 

equilibrium geometry of the complex and of the isolated non-

interacting fragments, have been carried out by means of a 

composite scheme similar to that employed for geometry (see 

the Computational section). Then, the best-estimated 

dissociation energy has been evaluated as the difference 

between the electronic energy of the PYR-NH3 complex and 

those of the isolated monomers, with the BSSE taken into 

account via the counterpoise correction (CP) procedure, 

proposed by Boys and Bernardi.[33] The composite approach 

has led to a value of 16.7 kJ mol-1, with an estimated 

uncertainty around 1-2 kJ mol-1.[14c,20] It is noteworthy that, 

despite the limitations of the pseudo-diatomic approximation, 

the dissociation energy obtained at this level is in remarkable 

agreement with the quantum-chemical result. Subsequently, 

electronic energies have been corrected for the anharmonic 

ZPE contribution calculated at the B2PLYP-D3/m-aug-cc-pVTZ-

dH level by adopting the resonance-free perturbative approach 

within the hybrid degeneracy corrected second-order 

perturbation theory (HDCPT2).[21] ZPE energy turns out to 

reduce the dissociation energy by 5.2 kJ mol-1, thus leading to a 

ZPE-corrected value for the dissociation energy of 11.5 kJ mol-1.  

Conclusions 

The joint experimental-computational investigation reported in 

this manuscript provides incontrovertible evidence that the 

PYR-NH3 complex shows a -type bonding structure in which 

ammonia interacts via two hydrogen bonds within the plane of 

the pyridine ring, with a small degree of proton transfer from 

ammonia to pyridine. No evidence was obtained that supports 

the formation of a stable -bound adduct.  

For the first time, the so-called “cheap” composite scheme, 

purposely set up for accurately describing the electronic 

structure and spectroscopic properties of small biomolecules, 

has been applied to a weakly bonded molecular complex and 

its accuracy and reliability tested by means of a high-resolution 

MW spectroscopic study. The results reported demonstrated 

the suitability of this approach also for accurately studying 

molecular complexes. In detail, the molecular structure has 

been determined by means of a computational approach able 

to provide structural parameters with an estimated accuracy of 

about 0.001-0.002 Å for bond distances and of about 0.1° for 

angles. 

The binding energy has also been determined by means of a 

composite scheme analogous to that employed for the 

evaluation of equilibrium geometry. Our best-estimated, ZPE 

and BSSE corrected, dissociation energy is 11.5 kJ mol-1 and 

can be considered a reliable reference value, undoubtedly 

fulfilling chemical accuracy requirements. This value is perfectly 

in line with those previously derived for -type pyridine - CHnF4-

n freons complexes shown in Figure 1. 
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Experimental Section 

A 1% mixture of anhydrous NH3 (>99.99 %, commercial sample) in 

Helium at stagnation pressure of 0.2 MPa has been streamed over a 

sample of pyridine (>99,8%, commercial sample) kept at room 

temperature, and expanded through the solenoid valve (General Valve, 

Series 9, nozzle diameter 0.5 mm) into the Fabry-Pérot-type cavity. The 

rotational spectrum in the 6.5 – 18.5 GHz range has been recorded by 

means of a COBRA-type[34] pulsed-jet Fourier-transform microwave 

(FTMW) spectrometer,[35] described elsewhere.[36]  

Rest frequencies have been obtained as the arithmetic mean of the 

frequencies of the two Doppler components. The estimated accuracy of 

frequency measurements is better than 3 kHz, and the resolution is 

better than 7 kHz. 

Computational Section 

a) Composite approach 

As described in [13], the “cheap” geometry scheme is a composite 

scheme where the various contributions are evaluated separately and 

then combined to obtain the best theoretical estimates. The MP2 

method has been used in conjunction with the cc-pVnZ basis sets (n = T, 

Q), the triple- basis set augmented by diffuse functions, aug-cc-pVTZ, 

as well as the core-valence correlation consistent cc-pCVTZ basis 

set.[37] To account for triple excitations, the CCSD(T)/cc-pVTZ geometry 

optimization is used as starting point of this approach. As mentioned in 

the text, the best estimate for a generic structural parameter r is given 

by equation (1).[13] In detail, the terms of equation (1) are: 

  

                                   (1a) 

where n=4 (thus corresponding to the cc-pVQZ basis set), r(n) is the 

geometrical parameter optimized at the MP2/cc-pVQZ level and r(n-1) 

that at the MP2/cc-pVTZ level; 

                                      (1b) 

with r(CVTZ,all) and r(CVTZ,fc) being the MP2/cc-pCVTZ optimized 

parameter correlating all electrons and within the frozen core (fc) 

approximation, respectively. 

   
                                                (1c) 

where r(augVTZ,fc) and r(VTZ) are the structural parameters  optimized 

at the MP2 level within the fc approximation by using the aug-cc-pVTZ 

and cc-pVTZ basis sets, respectively. The correction due to the 

inclusion of diffuse functions in the basis set (r(aug)) has been 

introduced to recover on an empirical basis the limitations affecting 

extrapolation procedures carried out with small- to medium-sized basis 

sets. 

The same composite approach has also been worked out for the 

equilibrium nitrogen quadrupole-coupling constants, ij, in order to 

determine best-estimated values.[14,20] Actually, the additivity scheme 

has been applied to the electric-field gradient components.[14,20] Then, 

ground-state quadrupole-coupling constants have been obtained by 

correcting the best-estimated equilibrium values through vibrational 

contributions evaluated at the B2PLYP-D3/ m-aug-cc-pVTZ-dH level.[20] 

b) Force field 

As mentioned in the text, B3LYP-D3 and B2PLYP-D3 density 

functionals have been used in conjunction with either the SNSD or m-

aug-cc-pVTZ-dH basis set. For both functionals, geometry optimizations 

have been carried out first, and then, at the optimized geometry, 

harmonic frequencies have been computed by using analytic second 

derivatives.[38] Anharmonic force fields have been obtained by numerical  

differentiations of the analytic force constants.[37]  

All HF, MP2 and DFT computations have been performed with the 

Gaussian 09 software,[39] while the CFOUR program package[40] has 

been employed for CCSD(T) calculations. 
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In this combined theoretical and 

experimental investigation of the 1:1 

pyridine – ammonia adduct it has been 

pointed out that, contrary to the 1:1 

pyridine – methane complex, only the 

σ-type interaction leads to a stable 

system. We have demonstrated the 

validity and accuracy of the so-called 

“cheap” computational scheme also for 

molecular adducts as well as we have 

obtained important chemical 

information on the N-H···N prototype 

interaction. 
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