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Abstract. We have investigated the structures and properties of the hydrogen bonded com-
plexes formed between HRnCCH and X (X stand for nitrogen, oxygen, water and ammonia)
using MP2 (full) theoretical method at the aug-cc-pVTZ-pp for Rn atom and aug-cc-pVTZ
for other atoms. In this study, as for the complexes between HRnCCH and X, three sta-
tionary structures are located (one annular and two linear structures) corresponding to the
true energy minima on the potential energy surface. In these complexes, the red shift of
the H-Rn stretch in the linear structure CXA, whereas the blue shift of the H-Rn stretch in
the structure linear CXB and the structure circular CXC, the biggest red shift is -35.71 cm−1

in CNH3A and the biggest blue shift is 76.45 cm−1 in CH2OB. In addition, we found a
tremendous red shift in CH2OC (-154.7 cm−1 in O–H bond) and CNH3A (-96.15 cm−1 in
C–H bond). The most stable structure is the circular structure between HRnCCH and H2O,
whose interaction energies is -27.4 kJ/mol. The origin of the frequency shift and charge
transfer in these complexes has been analyzed by the natural bond orbital analysis and
atom in molecule. The natural bond orbital analysis indicates the C→σ∗H–Rn orbital inter-
action plays a key role in the stabilization energy. The atom in molecule shows the largest
the absolute value of V =0.0220 a.u and the most negative the value of H=−0.0055 a.u
corresponding the most stabilization of the circular structure between HRnCCH and H2O.
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1 Introduction

Hydrogen bonding is one of the weak forces between van der Waals force and covalent bond,
which plays an important role in chemistry, biology and physics [1–3]. The type of the hydro-
gen bond is X-H···Y, where X and Y are electronegative atoms (such as F, O, and N [4–6]) or
groups. For the past decades, the hydrogen bonding has been extensively studied by experi-
mental [7] and computational methods. The first studies focused on the hydrogen bond (H–
X) for the characteristics of the red-shift of stretch vibration. For example, ab initio methods
have been employed to investigate the relations among bond distances, interaction energies
and frequency shifts [8]. Later, researchers began to study their characteristics of structure,
the charge transfer and interaction energy [9]. In particular, the blue shift hydrogen bonds
have obtained an increasing interest for recent years [10–13]. In addition, hydrogen bonding
has been applied to the macromolecular, such as the hydrogen bonding changes in stresses
environmental [14] and the application in molecular recognition [15–17]. Additionally, one
has explored the natures and features of hydrogen bond and halogen bond [18,19].

On the other hand, although it is well known that the single noble-gas cannot partici-
pate in chemical reaction, it can be inserted into other molecules, leading to formation of
the metastable complex by photolyzing HY molecules at the low temperature rare gas and
thermally mobilizing H atoms [20]. In 1962, the first noble-gas compound has been dis-
covered by Barlett [21]. Some natures and features of neutral noble-gas molecules HNgY
(Ng = noble gas atom, Y = electronegative atom or group) have been explored. The HNgY
molecule has an ionic bond (Ng–Y) and a covalent bond (H–Ng), and has a very large dipole
moment. Thus, these molecules are very easy to form hydrogen bonded complexes [22].
After the first stable neutral noble-gas compound HArF [23, 24] studied, the complexes be-
tween HKrF [25], HKrCl [26] and N2 [27], P2 and CO had been studied by theoretical and
experimental methods. Large red-shift in the HArF···P2 [28] complex was unveiled. Re-
cently, the features and natures of FArCCH [29, 30], HArCCH and HArCCF [31] have been
explored by theoretical methods. The gigantic blue-shift (574 cm−1) of the H-Ar stretching
frequency in C2H2···HArCCF complex [32] was observed. Hanna Tanskanen have studied the
HXeCCH···CO2 complex [33] using theoretical calculations, which have found blue-shift and
red-shift, respectively. According to the latest reports, HRnCCH [34] was probably existed in
the atmosphere by theoretical investigation.

In this study, the complexes formed between HRnCCH and X (X=N2, O2, H2O, NH3) using
the MP2 theoretical method at the aug-cc-pVTZ-pp level for the first time. In addition, the
natures and characters of the bond critical points have been analyzed using the natural bond
theory and quantum theory of atom in molecules. The purpose of this study is to elucidate the
structures of these complexes and obtain the stabilization energies of the complexes reported
here. Furthermore, this study provides a new insight on the Rn atom to affect the natures of
the molecule.
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2 Computational methods

The electronic structure calculations are carried out using the Gaussian09 package of com-
putational codes [35]. Harmonic geometry optimization and vibrational frequencies of com-
plexes and isolated monomers are optimized using the second order Møller-Plesset pertur-
bation theory (MP2). The augmented Dunning’s correlation consistent valence triple -zeta
aug-cc-pVTZ basis sets are applied for all atoms except Rn. For Rn atoms, the pertinent poten-
tial effect is used. The computational method in this study was previously applied for other
complexes about Rn atom [34]. The minimum energy nature of the optimized structures is
verified using the vibrational frequency analysis. The interaction energies are obtained at the
same level of theory and calculated by subtracting the energies of the complex to the energies
of the isolated compounds. The nature bond orbital (NBO) analyses are carried out using
the NBO package included in the Gaussian 09 suite of programs [36]. AIM calculations are
carried out using the wave functions, generated from the MP2/aug-cc-pVTZ-pp calculations
with the AIM2000 [37].

3 Results and discussion

3.1 Geometrical parameters, interaction energies and vbration frequencies

Fig. 1 shows the structures of the complexes between HRnCCH and X. There have been three
distinct structures between HRnCCH and X, which involve two approximately linear structures
and one circular structure. The structure HRnCCH···X and the X···HRnCCH are denoted CXA,
CXB respectively, while the ring structure is expressed as CXC. It is noted that the complex
(CN2B) N2···HRnCCH is not a linear structure with the bond angle (∠HNN) of 151.0◦, whereas
in the complex (CO2A) the molecular oxygen is about perpendicular to the HRnCCH.

Table 1 presents the interaction energies of the complexes between HRnCCH and X. The
linear configurations (CXA and CXB) in the complexes are less weakly bound than the circular
structure (CXC). The interaction energies of CXA complexes are stronger than those of the
CXB, except HRnCCH···NH3 complex. The energy of CH2OA is -6.4 kJ/mol and CH2OB is -
3.8 kJ/mol [38], but the complex of HCCH···H2O (linear) is -3.3 kJ/mol at 6-31G** level
and -4.5 kJ/mol at MP2/6-31G** level. The energy of CNH3A is -8.02 kJ/mol and CNH3B is -
10.64 kJ/mol, whereas HCCH···NH3 complex is -4.0 kJ/mol at 6-31G** level and -5.3 kJ/molTable 1: Ele
troni
 intera
tion energies of the 
omplexes HRnCCH between X (X=N2, O2, H2O and NH3)(in kJ/mol)∗.

CXA CXB CXC

EN2 -3.27 -2.86 -10.00
EO2 -4.61 -2.99 -5.71
EH2O -6.43 -3.81 -27.43
ENH3 -8.02 -10.64 -23.77
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 Figure 1: Computational stru
tures of the 
omplexes between HRnCCH and X (X=N2, O2, H2Oand NH3). The values of bond lengths and angle are in Å and degrees, respe
tively.
at MP2/6-31G** [38] level. The result shows that the interaction energy changes stronger
because of the insertion of Rn atom into the H–C bond.

The interaction distances in structures CXA range from 2.238 Å to 2.523 Å; 2.277 Å to
2.820 Å in CXB, and 2.164 to 3.286 Å in CXC, respectively. From geometrical point of view, the
optimized geometries show that the Rn atom exerts a minor influence on CXA, compared with
complexes HCCH···Y(Y=H2O, NH3), where the hydrogen bond distances are in the range
2.197 Å–2.218 Å [38]. However, it is worth noting that the binding distance in the linear
complexes HRnCCH and N2 is calculated to be 2.519 Å, which is shorter than that in the
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HCCH···N2 (4.753 Å [39]). Table 2 displays the variations of binding distance between com-
plex and monomers. It is indicated that the variation of R(H–Rn) and R(Rn–C) is obviously
in the range -0.025 Å–0.012 Å and -0.016 Å – 0.083 Å. The change of ∆R(C–C) bond and
∆R(C–H) bond is very subtly because the largest value is 0.003 Å and 0.007 Å, respectively. In
ring HRnCCH···O2 complex, the H–Rn bond is shortened a little, whereas the Rn–C bond is
elongated. The change of the H–Rn bond length is smaller than Rn–C bond length, the same
situation can also be founded in other complexes.

Table 3 displays the change of the vibration frequency. All the N-N/H bonds and O–O/H
bonds stretch vibration shift to low frequency (red shift). The change value in the circular
structure is more larger than others especially in the CH2OC complex, which is (-154.7 cm−1)
about twelve times as much as that in the CH2OB compound. The large red-shift correspondsTable 2: The bonds length variations between 
omplexes and monomers (Å).

∆R(N–N) ∆R(O–O) ∆R(H–Rn) ∆R(Rn–C) ∆R(C–C) ∆R(C–H) R(H/C–N/O)
CN2A 0.000 0.000 0.002 -0.004 0.000 0.000 2.523
CN2B 0.000 0.000 -0.006 0.011 0.001 0.000 2.820
CN2C 0.000 0.000 -0.004 0.004 0.001 0.000 3.286
CO2A 0.000 0.000 0.002 -0.004 0.000 0.000 2.415
CO2B 0.000 0.001 -0.004 0.006 0.000 0.000 2.623
CO2C 0.000 0.003 -0.006 0.007 0.000 0.000 2.843

CH2OA 0.000 0.001 0.009 -0.012 0.001 0.004 2.238
CH2OB 0.000 0.001 -0.022 0.045 0.003 0.000 2.435
CH2OC 0.000 0.01 -0.025 0.038 0.003 0.001 2.164
CNH3A 0.000 0.000 0.012 -0.016 0.001 0.007 2.318
CNH3B 0.001 0.000 -0.023 0.083 0.004 0.000 2.277
CNH3C 0.005 0.000 -0.018 0.026 0.002 0.000 2.387Table 3: The vibrational frequen
ies (
m−1) 
hange between 
omplexes and monomers.

∆ν(N–N/H) ∆ν(O–O/H) ∆ν(H–Rn) ∆ν(Rn–C) ∆ν(C–C) ∆ν(C–H)
CN2A -0.52 -6.92 5.98 0.34 7.89
CN2B -3.56 27.92 -2.71 -2.56 -0.02
CN2C -4.94 8.28 -2.25 -3.55 -2.32
CO2A -4.34 -7.06 7.10 0.08 2.66
CO2B -11.08 27.72 -1.64 -1.45 0.23
CO2C -27.75 15.65 -2.68 -7.27 -3.96

CH2OA -8.41 -28.20 15.05 -2.04 -42.35
CH2OB -13.69 76.45 -12.22 -12.29 -2.57
CH2OC -154.70 69.84 -16.56 -13.38 -9.88
CNH3A -4.08 -35.71 16.62 -8.62 -96.15
CNH3B -10.24 11.60 -21.33 -22.65 -5.46
CNH3C -41.55 46.51 -13.93 -10.99 -7.72
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to one of the biggest bond length change of -0.01 Å. In H–Rn bond, the unique red-shift in CXA
complex is found, which is calculated to be -6.92cm−1 in the structure HRnCCH···N2 complex,
-7.06cm−1 in the structure CO2A, -28.2 cm−1 in the structure CH2OA, -35.71 cm−1 in the struc-
ture CNH3A, whereas the unique blue-shift appears in structure CXB and CXC. The biggest is
76.45 cm−1 in CH2OB complex. In addition, in the HRnCCH···H2O and HRnCCH···NH3 com-
plex the H–Rn bond is shortened, whereas the Rn–C bond is elongated. The C–C and C–H
bonds are always red-shift in HRnCCH···H2O and HRnCCH···NH3 complexes. The huge red-
shift in C-H bond is calculated to be -42.35cm−1 in the HRnCCH···H2O complex, whereas it is
-96.15cm−1 in the HRnCCH···NH3 complexe, which is accompanied the bond length change
by 0.004 Å and 0.007 Å, respectively.

3.2 Natural bonding orbital (NBO) analyses

In order to better understanding the frequency shifts and nature of the interaction in these
complexes, the natural bonding orbital (NBO) analyses have been carried out to study the
complexes, at the MP2/ aug-cc-pVTZ-pp level. The results are summarized in Table 4. In
all the orbital interaction between the acceptor orbital and the donor orbital, the C→σ∗H–Rn
orbital interaction plays a key role in the stabilization energy. The change of stabilization
energy in complexes HRnCCH and X (X=O2, N2) is very small, whereas the value ranges
from 24.04 kJ/mol to 33.25 kJ/mol in the complexes between HRnCCH and H2O and from
20.00 kJ/mol to 33.84 kJ/mol in the complex between HRnCCH and NH3, respectively. In
the structure CXA, the stabilization energy is the largest, while the value in the structure CXB
is the smallest. The stabilization energy displays the ability of transfer electron: the bigger of
the stabilization energy, the more charges transfer from C atom to H–Rn bond. Therefore, the
most charge transfers from C atom toσ∗H–Rn orbital in CNH3C complex from Table 4. There are a
little different about the stabilization energy and the charge transfer direction in HCCH···NH3
compound, which corresponds -54.52 kJ/mol and O→N–H orbital interaction [40].

The charge on the H atom is negative, which becomes more negative in CXA, whereas the
charge on the C atom is negative, which becomes fewer in all the compounds except CO2C
complex. In the complexes, the electron density in H–Rn bond in increased, ranging from
0.00342 to 0.02073 e in the structure CXA, whereas the electron density is decreased in H–Rn
bond, which ranged from -0.06032 to -0.00623 e and from -0.04435 to -0.00268 e in the
structure CXB and structure CXC, respectively. Furthermore, the loss of the electron density in
absolute value at the structure CXB is larger than that of the structure CXA and the structure
CXC. It is proved that the decrease of electron density in the σ∗H–Ar orbital corresponds to blue-
shift hydrogen bonded N2 ···HArF complex, whereas an increase in the σ∗H–Ar orbital electron
density of red-shift hydrogen bonded P2 ···HArF complex [41]. Thus, we could understand
that the negative value of the ∆σ

∗
H–Rn is responsible for the blue shift of the H-Rn stretch in

the structure CXA, whereas the positive value of ∆σ
∗
H–Rn is reflected the red shift of the H-Rn

stretch in the structure CXB and the structure CXC.
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hanges in sele
ted atom 
harges (∆q, e) and sele
ted orbitalo

upan
ies in the 
omplexes at the MP2/ aug-

- pVTZ-pp level∗.
Ei j (kJ/mol) ∆qH ∆qC ∆σ

∗
H–Rn

CN2A 31.47 -0.00407 -0.00270 0.00343
CN2B 29.05 0.01595 -0.00375 -0.01001
CN2C 30.18 0.00448 -0.00039 -0.00492
CO2A 31.33 -0.00412 -0.00090 0.00342
CO2B 29.71 0.00839 -0.00274 -0.00623
CO2C 30.24 0.00353 0.00888 -0.00268
CH2OA 33.25 -0.01955 -0.02463 0.01688
CH2OB 24.04 0.08502 -0.01592 -0.04690
CH2OC 25.16 0.04229 -0.01850 -0.04435
CNH3A 33.84 -0.02397 -0.02951 0.02073
CNH3B 20.00 0.13228 -0.02551 -0.06032
CNH3C 26.82 0.02646 -0.00257 -0.03074
∗

Ei j is the stabilization energy due to the C→σ∗H–Rn orbital in-
teraction. ∆q is representing the different charge of complex
and monomer. ∆σ

∗
H–Rn is the different charge of complex and

monomer at H–Rn bond.Table 5: Topologi
al properties of the bond 
riti
al points of the HRnCCH···N2, HRnCCH···O2,HRnCCH···H2O and HRnCCH···NH3 
omplexes at the MP2/aug-

-pVTZ level of theory∗.
Compound Bond/ring ra

ρ(au)b ∇2
ρ(au)c G(au)d V (au)e H(au) f

CN2A H2N6 2.523 0.0072 -0.0286 0.0055 -0.0039 0.0016
CN2B H5N7 2.820 0.0053 -0.0163 0.0032 -0.0024 0.0008
CN2C Rn4N7 3.528 0.0068 -0.0243 0.0048 -0.0035 0.0013

C3N7 3.286 0.0056 -0.0199 0.0039 -0.0027 0.0012
CO2A H2O1 2.415 0.0184 -0.0225 0.0064 -0.0072 -0.0008
CO2B H5N7 2.623 0.0104 -0.0268 0.0059 -0.0051 0.0008
CO2C C3O1 2.843 0.0295 -0.0391 0.0120 -0.0142 -0.0022

CH2OA H2O1 2.238 0.0265 -0.0450 0.0125 -0.0137 -0.0012
CH2OB H5O1 2.435 0.0183 -0.0339 0.0085 -0.0086 -0.0001
CH2OC C3H5 2.164 0.0339 -0.0441 0.0165 -0.0220 -0.0055
CNH3A H2N7 2.318 0.0143 -0.0448 0.0098 -0.0085 0.0013
CNH3B H5N6 2.277 0.0187 -0.0479 0.0110 -0.0101 0.0009
CNH3C Rn4N7 3.421 0.0101 -0.0312 0.0066 -0.0054 0.0012

C3H5 2.387 0.0129 -0.0386 0.0087 -0.0078 0.0009
∗

a: the distance of hydrogen bonding; b: Electronic charge density at the critical point; c: Lapla-
cian of the electron density at the bond critical point; d: Kinetic electron density at the bond
critical point; e: Potential electron energy density at the bond critical point; f: Total electron
energy density at the bond critical point.

3.3 Topological analysis

Table 5 lists the binding distance intermolecular, the electron density, the Laplacian of the elec-
tron density, the densities of kinetic energy, potential energy and total energy (H=G+V ) at
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bond critical points located between two monomers. In all the systems studied here, the value
of electron density is relatively small, and the Laplacian of the electron density is negative.
According to Bader and Essën [42], the negative value of the Laplacian of the electron den-
sity, occurs in shared interactions, displays the electron density concentrated and the potential
energy dominates both the local total electronic energy and the local virial relationship.

In Table 5, it can be seen that the absolute value of the potential energy density is larger
than the kinetic energy density, which leads to values of total energy is negative. Exceptions
are hydrogen complexes formed with nitrogen and ammonia complexes, in which the kinetic
energy density is larger than the potential energy density, total energy is positive. According
to the theory of Cremer and Kraka [43], indicates the larger the absolute value of the po-
tential energy density and the more negative the value of total electronic energy, the more
stabilization of the structure. Thus, the most stable complex is CH2OC (the value of total elec-
tronic energy is -0.0055 a.u), whereas the most unstable complex is CN2A (the value of total
electronic energy is 0.0016 a.u).

4 Conclusions

In this work, we have studied the complexes between HRnCCH and X (X = N2, O2, H2O, NH3)
by ab initio methods at MP2/ aug-cc-pVTZ level. Three structures are found for the interaction
between HRnCCH and X: one circular and two linear structures. The computed H-Rn bond
stretching frequencies are red-shifted by -6.92 cm−1, -7.06 cm−1, -28.20 cm−1, -35.71 cm−1

for the linear structure CXA, respectively. For structure CXB and structure CXC, the H–Rn bond
stretching values are blue shifted and the biggest is 76.45 cm−1 in CH2OB. Furthermore, a very
large red shift is reported in CH2OC (-154.7 cm−1 in O–H bond) and CNH3A (-96.15 cm−1 in
C–H bond).

The circular structure CXC has the largest interaction energy (-27.43 kJ/mol for CH2OC
complex, specifically), whereas the other two linear structures are weakly bonded. Thus, the
structure CXC is the most stable configuration. In these complexes, the electron density in
the ∆σ

∗
H–Rn orbital of structure CXC is increased, whereas the other two linear structures are

decreased. In all the orbital interaction between the acceptor orbital and the donor orbital, the
C→σ∗H–Rn orbital interaction plays a key role in the stabilization energy. The Laplacian of the
electron densities in all the complexes are negative value, which occurs in shared interactions,
displaying the electron density concentrated.
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