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Um estudo ab initio MP2/6-311++G** foi redizado para obter geometrias, energias de
establizacdo e propriedades vibracionais dos complexos de hidrogénio HCN-HX com X = F, Cl,
NC, CN e CCH. Os resultados obtidos revelaram que: (i) os valores cal culados dos comprimentos
das ligaces de hidrogénio estéo em excel ente concordancia com seus val ores exeperimentais; (i)
aforcadaligagdio-H esta associada com a transferéncia de carga intermolecular e segue a ordem:
HCN-HNC » HCN-HF > HCN-HCI » HCN-HCN > HCN-HCCH,; (iii) corre¢ao BSSE introduz
uma reducdo média de 2.4 kJ/mol na energia de estabilizacdo MP2/6-311++G**; (iv) as energias
do ponto-zero calculadas reduzem a estabilidade destes complexos e estédo em boa concordancia
com os valores experimentais disponiveis; (v) a frequéncia de estiramento da molécula livre H-X
sofre, como esperado, um deslocamento para baixo no espectro ap6s a formagéo da ligagdo de
hidrogénio e quanto mais curta a distancia da ligagdo-H menor ser4 este deslocamento; (vi) a
intensidade no infravermelho deste estiramento H-X sofre a mudanga mais pronunciada apds a
complexagdo, verificando-se um aumento substancial devido ao termo de fluxo de carga; (vii) as
frequéncias de estiramento intermol ecular destes complexos HCN-HX mostram uma concordancia
muito boa com os seus valores experimentais; e, finmente, (viii) Os resultados obtidos para
HCN-HX seguem o mesmo perfil dagueles observados para os complexos do tipo acetileno-HX.
Entretanto, nestes tltimos, as mudangas nas propriedades mol ecul ares de suas mol écul aslivres, apos
a complexagdo, sdo menos pronunciadas do que agquel as observadas para os complexos HCN-HX.

AnabinitioMP2/6-311++G** study hasbeen performed to obtain geometries, binding energies
and vibrational properties of HCN-HX H-bonded complexes with X = F, Cl, NC, CN and CCH.
These MP2/6-311++G** results have revealed that: (i) the calculated H-bond lengths are in very
good agreement with the experimental ones; (ii) the H-bond strength is associated with the
intermolecular charge transfer and follows the order: HCN-HNC » HCN-HF > HCN-HCI » HCN-
HCN > HCN-HCCH; (iii) BSSE correction introduces an average reduction of 2.4 kJmal on the
MP2/6-311++G** binding energies, i.e. 11% of the uncorrected binding energy; (iv) the calculated
zero-point energies reduce the stability of these complexes and show a good agreement with the
available experimenta values; (v) the H-X stretching frequency is shifted downward upon H-bond
formation. Thisdisplacement isassociated with the H-bond length; (vi) Themore pronounced effect
on the infrared intensities occurs with the H-X stretching intensity. It is much enhanced after
complexation due to the charge-flux term; (vii) the calculated intermolecul ar stretching frequencies
are in very good agreement with the experimental ones; and, finally, (viii) the results obtained for
the HCN-HX complexes follow the same profile as those found for the acetylene-HX seriesbut, in
the latter case, the effects on the properties of the free molecules due to complexation are less
pronounced than those in HCN-HX.
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| ntroduction

Recently, we have performed a systematic ab initio
study?? using different basis sets at the Hartree-Fock (HF)
and Moller-Plesset 2 (MP2) levels of theory® in order to
arrive at a better understanding of the nature of hydrogen
bonding in T-type molecular complexes involving acety-
lene as proton acceptor and monoprotic linear acids as
proton donors. That study revealed that larger charge-trans-
fer values are associated with stronger hydrogen bonds and
larger H-X stretching frequency downward displacements,
in agreement with the experimental data for these com-
plexes®.

In another work®, we analyzed, by means of principal
component® and factorial design’ models, how ab initio
wave function modifications affect the H-bond energies of
acetylene-HX complexes. We have also analyzed the
HCN-HX linear complexes, which have been the target of
many theoretical® and experimental® studies, and con-
cluded that at least MP2/6-311++G** calculations are
needed to correctly predict the H-bond energies of the
HCN-HX complexes with X = F, Cl and CN. Del Bene et
al 83:80) haye also shown that intermol ecul ar distancesand
vibrational shifts of H-bonded complexes are well des-
cribed with the second-order many-body M 6ller-Plesset
level of theory using a split-valence basis set with polari-
zation and diffuse functions. Indeed, our calculations™?
withthelarger 6-311++G** basisset at theMP2 level have
correctly predicted the binding energy, the H-bond distance
and the shift of the H-X stretching frequency of the acety-
lene-HX complexes with X =F, Cl, CN, NC, CCH. This
level of calculation was found to be essential for an ade-
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quate description of nonspherical atomic densities and
polarizability effects'®.

In this work, we present a comparative study of the
molecular properties of both HCN-HX and HCCH-HX
complexesin the series defined by X = F, Cl, CN, NC and
CCH. Our interest is to analyse how the change of proton
acceptor affects the structural, electronic, and vibrational
properties of the monoprotic linear acids, as well as their
binding energies. The 6-311++G** basis set at the MP2
level is used for all species. The calculations were per-
formed on a VAX 6620 computer using the GAUSSIAN
92 program**.

Resultsand Discussion

Sructural properties

The molecular geometries of the HCN-HX complexes
and of the separated moleculeswere fully optimized at the
MP2/6-311++G** level of calculation. The results are
showninTable 1. Thefollowing conclusionscan bedrawn:
(i) The HC and HX bond lengths increase upon H-bond
formation. The most significant changeisfound in the HX
bond length which is directly involved in the H-bonding.
The lengthening (drrx) in the HCN-HX complex is larger
by approximately 0.004 A than that found for the corre-
sponding acetylene-HX T-complex. For instance, drir is
0.011 A in HCN-HF whereasiit is only 0.007 A in acety-
lene-HF. (ii) This lengthening is mainly due to charge
transfer from the nitrogen lone-pair in HCN to the s*
antibonding orbital in HX, considering that the minimum
energy electrostatic potential is along the molecular axis.
(iii) The MP2/6-311++G** H-bond lengths (rn..H) arein
very good agreement with the corresponding experimental

Table 1. MP2/6-311++G** optimized structural parameters for the HCN-HX complexes with X = F, NC, Cl, CN and CCH. Experimental valuesin

parentheses.

Structural parame-

HCN-HX complex

ter(A)
X=F X =NC X =Cl X =CN X = CCH
rHC 1.069 1.069 1.069 1.069 1.068
druc 0.001 0.001 0.001 0.001 0.000
ren 1.168 1169 1.170 1.170 1171
dren -0.003 -0.003 -0.002 -0.001 -0.001
FHX 0.927 1.013 1.282 1.074 1.069
drHx 0.011 0.012 0.008 0.006 0.004
(0.012)°
INH 1.888 1.983 2.106 2.264 2.417
IN..X 2.815 2.99% 3.388 3.338 3.486
(2.805) (3.405)° (3.331)% (3.480)

¥From Ref. [9(h)]; PFrom Ref. [9(e)].
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values. For instance, the calculated valuefor ry.. r in HCN-
HF is 2.815 A, very close to the experimental value of
2.805 A. The MP2/6-311++G** calculations have aso
yielded excellent results for the acetylene-HX T-com-
plexes. (iv) The C°N bond lengthsin HCN decrease upon
H-bond formation, in contrast to what is found for the HC
and HX distances.

Electronic properties

Table 2 showsvaluesof uncorrected (DE) and corrected
(DE’) binding energies, binding energies corrected by zero-
point energies (ZPE), dipole moments (n), polarity en-
hancements (Dn) and intermolecular charge transfers
(DQ™™M) of the HCN-HX linear complexes. DE was deter-
mined by subracting the total energy of each hydrogen
complex from the sum of the total energies of its isolated
molecules. Since the binding energies include a basis set
superposition error (BSSE)'? due to the supermolecule
approach, the full counterpoise method of Boys and Ber-
nardi‘®wasemployed to estimatethe BSSE, resultinginthe
corrected DE’ values. The polarity enhancement (Dim) was
calculated as the difference between the complex dipole
moment and the sum of the dipoles of the isolated mole-
cules. DQ™", which represents the amount of charge trans-
ferred from the proton acceptor (HCN) to the proton donor
molecule after complexation, was calculated using the
standard Mulliken atomic charges corrected by a specific
overlap tensor element of the charge-charge flux-overlap
(CCFO) modelfor infrared intensities.

From Table 2 we see that the DE values can be ordered
as HCN-HNC » HCN-HF > HCN-HCI » HCN-
HCN > HCN-HCCH considering the accuracy for DE at
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thislevel of calculation. The sameorder isverified for both
the dipole enhancement and the intermolecular charge
transfer. DE showsagood correlation with DQ*" (R =0.96
and n = 5), analogoudly to what was found for the acety-
lene-HX series. It is interesting to note that DQ" values
are amost identical to those found for the acetylene-HX
species (see Fig. 1). The DQ™" values therefore do not
reflect the change from acetylene to hydrogen cyanide,
despite the binding energies in HCN-HX being sistemati-
caly larger than those in acetylene-HX. For a given HX
proton donor, the binding energy isinvariantly stronger in
HCN-HX than in acetylene-HX by » 40%. For instance, in
HCN-HNC the value of DE is 30.9 kd/mol as compared to
18.4 kJmoal in acetylene-HNC.

The Dmdipole enhancement, in turn, correctly reflects
the proton acceptor change. For proton donors, DE shows
agood correlation with Dm(R = 0.94 and n = 10), which of
course meansthat larger DE values are associated to larger
Dmvalues.

The calculated DE values are in good agreement with
the corresponding experimental binding energies. For in-
stance, DE is 20.8 kJ/mol for HCN-HCI using the MP2/6-
311++G** calculation, whereas experimental value is
23.0 kI¥mol®?. For ease of comparison, we used “experi-
mental electronic binding energies’ derived from Del Bene
et al.%® using the experimental binding enthalpies. Thus,
the value of the equilibrium dissociation energy for HCN-
HF is 28.77 kJJmol using high resolution FTIR spectros-
copy®@, whereasits “modified” valueis 29.7 k¥mol. This
MP2/6-311++G** valueis 30.4 kJ/mal.

The BSSE correction introduces an average reduction
of 2.45kJmol to the MP2/6-311++G* * results (11% of the

Table 2. MP2/6-311++G** values of the uncorrected (DE) and corrected (DE’) binding energies, binding energies inclunding zero-point contributions
(DE?9), dipole moments (), polarity enhancements (D) and intermolecular charge transfers (DQ™") for HCN-HX complexeswith X = F, NC, CI, CN

and CCH. Experimental values are given in parentheses.

Parameter Complex
HCN-HF HCN-HNC HCN-HCI HCN-HCN HCN-HCCH
DE (kJmol™) 30.4 30.9 20.8 195 109
(29.7) (23.0)° (188)°¢
DE’ (kJmol™}) 27.6 28.6 17.0 17.7 9.3
DE™® (kJmol ™) 25 25.4 163 15.8 82
1.7) (15.9)©
m(Debye) 5.86 7.44 5.20 6.73 353
(5.61)¢
Dm(Debye) 0.89 113 0.82 0.73 0.53
(0.80) ¢
DQ™" (e) 0.060 0.059 0.048 0.032 0.022

¥From Ref. [9(d)]; PFrom Ref. [9()]; SFrom Ref. [9(1)]; “From Ref. [9(a)]; SFrom Ref. [9(0)]; SFrom Ref. [9(p)].
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Figure 1. Caculated profiles of the dipole enhancements (D) in (a) and
the intermolecular charge transfers (DQ®") in (b) for the HCN-HX and
acetylene-HX complexes.

uncorrected DE). Thisvalue is much lower than that found
for the acetylene-HX complexes (33%)>2. It isaso interest-
ing to note that the BSSE correction for HCN-HF obtained
from Del Bene®® is 2.5 kImol using a MP4/cc-pVTZ+
calculation, whichisin excellent agreement with our value
of 2.8 kIymol. Furthermore, the uncorrected DE values for
HCN-HF using both the MP4/cc-pVTZ+ and MP2/6-
311++G** calculations are also in very good agreement,
i.e, 31.3 kJmol and 30.4 kJ/mol, respectively. The BSSE
corrections do not alter the order of the values of the
binding energies: HCN-HNC » HCN-HF > HCN-HC| »
HCN-HCN > HCN-HCCH.

Since zero-point vibrational energy contributions have
a non negligible effect on the stabilities of hydrogen-
bonded complexes, we have evaluated these contributions
using the MP2/6-311++G** level of theory for the HCN-
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HX complexes. The zero-point contributions given in Ta-
ble 2 vary from 7.9 kJ/mol for HCN-HF to 2.7 kJ/mol for
HCN-HCCH. The initial order of the binding energies of
the HCN-HX complexes are not atered by correction of
the zero-point vibrational energies. The MP2/6-311++G**
corrected values (DE™®) are in very good agreement with
the corresponding available experimental values. For in-
stance, the calculated value for DE?® in HCN-HF is
22.5 kJ/mal, very close to the experimental value of
21.7 kIJmol.

Vibrational properties

HX stretching frequencies and infrared intensities

The calculated harmonic frequencies of the HX mole-
culesare overestimated by 5-7% with respect to the experi-
mental frequency values, whereas the calculated infrared
intensities are 20 to 30% larger than the experimental
values, except for HCI, when the overestimation isonly by
9%. These differences are due to lack of anharmonicity
correction, basis set truncation, and incompl ete treatment
of electron correlation.

Upon H-bond formation the HX stretching frequency is
shifted downward. For instance, the calculated displace-
ment is 242 cm® for HF after complexation, in excellent
agreement with the experimental value of 245 cm®. Larger
shiftsare associated with stronger H-bond strengths, analo-
gously to what wasfound for the acetylene-HX complexes.
This implies that, since the H-bonds are stronger in the
HCN complexes, the Dnyx shifts in HCN-HX must be
larger than the corresponding shifts in the acetylene-HX
series. In Table 3 values of Dnux for acetylene-HX are
given in brackets. For HCN-HF, for instance, Dnux is
-242 cml, whereas it is only -157 cm® in acetylene-HF.
Therefore, theweakness of the HF bond after complexation
in HCN-HF is larger by about 100 cm™ than what was
found in acetylene-HF.

Del Beneet al.#@ have also obtained similar resultsfor
the HCN-HX and CH3CN-HX complexes, with X = F or
Cl,usingMP2and B3LY P calculationswith a6-31+G(d,p)
basis set. The CH3CN-HX complexes are more strongly
bound than the HCN-HX ones since the substitution of
methyl for hydrogen in HCN increases both the electron
density on the nitrogen and the polarizahility of the proton-
acceptor molecule. Therefore, their HX stretching fre-
guency shiftsarelarger than thosein the HCN-HX species.

As can be seen from Table 3, the HX stretching inten-
sities of the proton donor molecule are much enhanced
upon H-bond formation. Thecalculatedratio, AnxC/AHxIS,
variesfrom 12.5 in HCN-HCI to 2.5in HCN-HCCH. It is
now well established that thisincreaseis dueto the charge-
flux term™2, which is strongly affected by complexation, in
contrast to what happens with the hydrogen charge. The
latter isalways positive, whereasthe charge-flux issightly
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negative in the free molecule and becomes quite positive
after complexation. In the complex, the hydrogen charge
and the charge-flux have the same algebraic sign, then,
since the HX stretching intensity is proportional to the
square sum of theseterms, it isenormously increased upon
complexation. Table4 showsthe MP2/6-311++G** values
of HX stretching intensities, hydrogen corrected charges
and charge-fluxes of HX before and after complexation.
For instance, the charge-flux term goesfrom -0.074ein the
free HF molecule to 0.532e after complexation, whereas
Q%4 remains around 0.4e. The more pronounced effect on
the HX stretching is found for chlorine, where the ratio is
12.5. The intensity ratios in the series are in the order
Cl >F>NC>CN > CCH, anaogously to what was found
for the acetylene-HX complexes.

Other vibrational modes

The C° N stretching of the HCN proton acceptor mole-
culeislittle affected by complexation, the C° N frequency
being only dlightly shifted upward. The most pronounced
effect isfound for fluorine, that exhibits a displacement of
31 cmt, whichisin very good agreement with the experi-
mental value of 24 cm™, while the smaller, 7 cm® occurs
when X = CCH. The C° N stretching intensity either before
and after complexation is very weak, about 1 Km/mol.

Thedoubly degenerate bending frequencies of HX with
X = CN, NC and CCH are shifted upward upon H-bond
formation, as in the acetylene-HX complexes. The shifts
are257 cm™ for X = NC, 101 cmt for X = CN and 45 cm'?
for X = CCH, respectively, corresponding to bending fre-
quencies in the free molecule of 506 cm™, 729 cm™ and
765 cmL, respectively. The bending intensities are dlightly
increased by » 1.2 after complexation. For instance, the
bending intensity of HNC goes from 157 Km/mol in the
free molecule to 188 Km/mol upon H-bond formation.
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It isinteresting to note that the bending intensities can
be estimated from hydrogen corrected charge in HX by
means of the following equation®®:

AHX bend @K (q ,3 ) 2 (1)

where K = 975 for intensity values in Km/moal. It is
important to point out that the charge-flux term is zero for
bending modesin linear molecules'®Y’. Thus, for instance,
using the value given in Table 4 for the hydrogen chargein
acetylene in the HCN-HCCH complex, q°w = 0.22e, one
obtain a predicted intensity of 47 Km/mol, in good
agreement with the MP2/6-311++G** calculated values,
i.e., 52 Km/mol.
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Figure 2. The MP2/6-311++G** intermolecular stretching frequencies
for HCN-HX and acetylene-HX with X = F, NC, CI, CN and CCH.

Table 3. MP2/6-311++G** values of the harmonic frequencies, frequency shifts, infrared intensities and intensity ratios after complexation of the HX
stretching. Experimental values are given in parentheses, whereas the corresponding MP2/6-311++G** values for acetylene-HX are given in brackets.

Mode HCN-HX oniS(cm'l) (npx© - oniS) (cm? Anx's (Km/mol) AnxCIARX'S
HX stretch X=F 4199 -242[-157] 142 6.1[4.2]
(3961) ¢ (-245)2 (77)¢
X =NC 3838 -218[-139] 266 42[31]
X=Cl 3085 -111[ -69] 35 125[7.2]
(2888)9 (-79)° (32)°
X =CN 3484 -76 [-43] 77 43[2.9]
(3311) ¢ (-70) ¢ (59)©
X = CCH 3458 -27[-13] 95 25[19]
(3282)" 70"

¥From Refs. [9(d)]; °From Ref. [9(K)]; “From Ref. [9(g)]; YFrom Ref. [9(q)]; &From Ref. [9(m)]; From Ref. [9(n)]; 9From Ref. [9(e)].
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Table 4. MP2/6-311++G** values of H-X stretching intensities and their intensity parameters before and after complexation.

Complexes A* (Kmimol) q°h (©) (T94/TRHx)Rex (€)
HF 142 0.447 -0.074
HCN-HF 864 0.403 0.532
HCI 35 0.225 -0.038
HCN-HCI 452 0.207 0.471
HCN 77 0.269 -0.013
HCN-HCN 333 0.262 0.301
HNC 266 0.443 0.006
HCN-HNC 1116 0.401 0.620
HCCH 95 0.224 -0.011
HCN-HCCH 237 0.215 0.222

Table 5. Harmonic frequencies and IR intensities of the new low-frequency vibrational modes. Experimental datain parentheses.

Complex Vibrationa properties New vibrational modes

stretch-H bend(HCN) bend(HX)
HCN-HF ni cm?) Aj (Km/mol) 167 (168) %4 8011 598 177
HCN-HNC ni cm?) Aj (Km/mol) 1485 635 159 28
HCN-HCI n (cm®) A (Km/mol) 115 (111)° 3 5315 31156
HCN-HCN ni cm?) Aj (Km/mol) ~ 112(119)“1 477 13745
HCN-HCCH ni cm?) Aj (Km/mol) 901 2727 106 3

¥From Ref. [9(r)]; °From Ref. [9(e)]; SFrom Ref. 9[(g)].

New vibrationa modes

Theformation of HCN-HX complexesgivesriseto new
vibrational modes, which are given in Table 5. The values
of the harmonic frequenciesand IR intensities of these new
modes exhibit several features: (i) The MP2/6-311++G**
intermolecular stretching frequencies(stretch-H or nqp) are
in very good agreement with the available experimental
values, analogously to what was found for the acetylene-
HX complexes. Inthelatter case, the values of theintermo-
lecular stretching frequencies are lower than the
corresponding values in HCN-HX (see Fig. 2), in agree-
ment with their binding energies. Experimental valuesalso
confirm the larger intermolecular stretching frequenciesin
HCN-HX relativetothe corresponding valuesin acetylene-
HX. For instance, the H-stretch experimental value in
HCN-HCN is 119 cm%, whereas the corresponding value
in acetylene-HX isonly 82 cmt. Values of nup in both the
HCN-HX and acetylene-HX complexes follow the order
F>NC>Cl » CN > CCH, in agreement with the corre-
sponding H-bond lengths. On the other hand, their intensi-
tiesarevery wesak. (ii) The new bending frequencies of HX
arising after complexation arelarger than thoseinthe HCN
proton acceptor molecule. Furthermore, the IR bending

intensities of HX are more intense than those of HCN,
except for X = CCH. For instance, theHX bending intensity
is45 Km/mol in HCN-HCN whereasits valuein the HCN
proton acceptor molecule is only 7 Km/mol. The corre-
sponding frequencies are 137 cmt and 47 cm, respec-
tively. (iii) Finally, it isinteresting to point out that the new
bending mode of HX for X = F or Cl, which corresponds
to apurerotation in the free HX molecule, becomesinfra
red-active after complexation. Besides, it hasafairly large
intensity, especially in HF (177 Km/moal), determined for
the most part by the hydrogen corrected charge. For in-
stance, the calculated intensity in HCN-HCI is 56 Km/mol,
whereas the value estimated by Eq. 1 is42 Km/mol.

Conclusions

Our MP2/6-311++G** cal cul ationsshow that the struc-
tural, electrical and vibrational changes that take place in
thefreeHCN and HX molecul es after complexation follow
the same behaviour as those found in the acetylene-HX
complexes. In the latter ones, however, the effects are less
pronounced than in HCN-HX, which are more strongly
bound. The binding energies in these complexes show a
good linear correlation with their dipole enhancements.
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The intramolecular vibrational modes exhibit the usual
effects of H-bonding formation, which are: (i) The HX
stretching frequency is shifted downward wheress its IR
intensity is much enhanced after complexation due to the
charge-flux, (ii) The HCN proton acceptor spectrumislittle
affected by complexation and (iii) The new vibrational
modes show severa interesting features, especially the
intermolecular stretching frequency and the bend modes of
HF and HCI in HCN-HX, which are pure rotations in the
free molecule.
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