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Abstract

The structure, bonding, and relative stability of the dimers of aminoacrylonitrile were
investigated through the use of high level density functional theory (DFT) calculations.
Geometries and harmonic vibrational frequencies were obtained at the B3LYP/6-311+G(d,p)
level. Final energies were estimated by means of B3LYP/6-311+G(3df,2pd) single point
calculations. The aminoacrylonitrile dimers can be classified attending to the nature of the
interacting monomers as EE-, EZ- or ZZ-types. The primary factor controlling the relative
stability of these dimers is the intrinsic stability of the two monomers combining in the complex.
Since the Z monomer is predicted to be ca. 8 kJ mol™ more stable than the E monomer, the ZZ-
type dimers are more stable than the EZ ones, and these are more stable than the EE ones.
Irrespective of the composition of the dimer, the most stable complexes correspond to those in
which the HB acceptor is the cyano group. The global minimum, ZZ1, benefits not only from the
enhanced stability of the Z monomer but also from non-negligible cooperative effects. The
estimated dimerization enthalpy for aminoacrylonitrile (55.8 kJ mol") is only slightly smaller
than those of carboxylic acids, such as formic, acetic or trifluoroacetic acid. Hence, the
aminoacrylonitrile vapors should contain a significant amount of dimers.

Keywords:  Aminoacrylonitrile  (3-Amino-2-propenenitrile), hydrogen-bonded  dimers,
cooperative effects, density functional theory calculations
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Introduction

Aminoacrylonitrile 1 (3-amino-2-propenenitrile) is a kinetically stable enamine of great
astrochemical interest for its possible presence in the interstellar medium, the comets, and the
atmospheres of planets, including the primitive Earth. The formation of this compound in the
aforementioned media is likely associated with the reaction of cyanoacetylene 2 (HC=C-C=N)
and ammonia. The former is a compound observed in the interstellar rnedium,l’2 in comets,3 in
the atmosphere of Titan ** and in numerous laboratory simulations of planetary atmospheres,®’
and has often been proposed as a key- starting material *° for the formation of more complex
derivatives in interstellar space and on the primitive Earth.' Ammonia, on the other hand, has
been detected in many places in the Universe.'"'

The reaction of ammonia with cyanoacetylene 2 in a solvent " or in gaseous phase '* yields a
mixture of Z- and E-aminoacrylonitrile 1 (3-amino-2-propenenitrile). The Z/E ratio in the
reaction mixture is about 1 (unity) but rises to about 20 after distillation in vacuo."

The reasons behind the enhanced stability of conformer Z have been discussed in a recent
Paper,'” in which the infrared spectra of compound 1, both in the gas and the condensed phases,
were analyzed.

Aminoacrylonitrile can easily yield dimers in the gas-phase, because it can behave
simultaneously as a hydrogen-bond (HB) donor, through its NH, group, and as a HB acceptor,
through either its C=N or amino group. It is well established that systems that may behave
simultaneously as HB donors and acceptors usually yield vapors characterized by the presence of
large amounts of associated species.'® A paradigmatic example is provided by carboxylic acids,
where the extent of dimerization is very large so that, for example, saturated acetic acid vapor
contains about 50% of dimers at its normal boiling point.'” Hence, although ammonia itself does

'8 the amino group of

not hydrogen-bond well because it is a very weak HB donor,
aminoacrylonitrile, as we shall show later, can form HB’s in which the cyano group of a different
monomer behaves as a HB acceptor. Therefore, one of the aims of this paper is to analyze the
structure and relative stability of the different dimers that can be formed between the two
conformers of aminoacrylonitrile, by using high-level density functional theory (DFT)
calculations. This implies a full characterization of the intermolecular HB’s and analysis of
possible non-pairwise effects in the stability of the different dimers. In fact, since each monomer
may behave simultaneously as an HB- donor and acceptor, some of the local minima of the
potential energy surface (PES) will have a cyclic structure, that usually enhances the presence of
cooperativity effects. Elguero et al.'*** have paid particular attention to the role of cooperativity
in hydrogen bonding in water, alcohol, and hydrogen peroxide complexes. Importantly, it has
been shown that although cooperativity is usually observed in trimers or n-mers (n >3), it can
also be found in cyclic dimers, which explains for example part of the strong interaction existing
between two monomers of phosphinic acid derivatives.”
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Computational details
The geometries of the different dimers of aminoacrylonitrile were optimized at the B3LYP/6-
311+G(d,p) level of theory. The B3LYP approach includes Becke's three-parameter non-local
hybrid exchange potential *° and the non-local correlation functional of Lee, Yang and Parr.”’
Harmonic vibrational frequencies were obtained at the same level of theory to classify the
stationary points as local minima, and to estimate the corresponding zero point energies (ZPE),
thermal corrections to the free energy, and entropy. In order to gain reliable dimerization
energies, the final energies of the monomers and dimers were obtained by B3LYP/6-
311+G(3df,2pd) single point calculations carried out on the B3LYP/6-311+G(d,p) optimized
geometries. This theoretical approach has been shown to be quite reliable for describing
hydrogen bonded complexes,”*>° yielding dimerization energies in close agreement with values
obtained through the use of high-level ab initio calculations and with the experimental values
when these are available. All these calculations were carried out with the Gaussian-98 and

Gaussian-03 series of programs.”'?
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Figure 1. B3LYP/6-311+G(d,p) optimized geometries and molecular graphs of the E and Z
stereoisomers of aminoacrylonitrile. Bond lengths are in A, bond angles are in degrees, and
charge densities at the bond critical points (red dots) in a.u.

To investigate the bonding features of the most stable dimers we used the atoms in molecules
(AIM) theory,” which is based on a topological analysis of the electron charge density p(r) and
its Laplacian, V>p(r). Using this formalism we located the bond critical points (i.e., points where
p(r) is minimum along the bond path and maximum in the other two directions) because the
values of charge density at these points provide useful information on the strength of the
linkages. Indeed, a decrease in the charge density at a given bcp should be reflected in a
weakening of the bond, and therefore in an increase of its bond-length, and a red-shift of its
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stretching frequency. Conversely, an increase in charge density at the bep is associated with bond
reinforcement, reflected in shorter bond-lengths and higher stretching frequencies. The location
of ring critical points also permits ratification of the existence of cyclic structures. These
analyses were performed with the AIMPAC suite of programs.**

Results and Discussion

As indicated in the Introduction, aminoacrylonitrile has two stereoisomers E and Z (see Figure
1). At the B3LYP/6-311+G(3df,2pd) level the Z isomer is estimated to be 7.4 kJ mol™ more
stable than the E one, in very good agreement with previous estimates (8.3 kJ mol™) obtained
through the use of the G2-theory."> Therefore, in principle, it would be possible to find three
series of dimers, corresponding to the EE, EZ and ZZ combinations. On the other hand, within
each of these series, the association between the two monomers can present different
arrangements depending on the nature (cyano or amino) of the proton-accepting group.

Hereafter, the dimers will be named by identifying the nature of the isomers involved
followed by a number which indicates their relative stabilities in terms of free energies. Hence
EE1 will designate the most stable dimer in the gas phase formed by the interaction of two E
stereoisomers.

Geometries

The optimized geometries of the different local minima in which the proton-accepting group is
the amino group of one of the monomers are shown in Figure 2. It is observed that in all these
complexes, the two interacting molecules lie on planes which are almost perpendicular to each
other to favor the interaction of the proton donor with the lone pair of the amino group of the HB
acceptor. Complex ZZ3 is the only exception. In this the dihedral angle between the planes
containing the HB donor and the HB acceptor is only 48° in order to favor the existence of a HB
between a C-H group of the HB donor and the —CN group of the HB acceptor, clearly shown in
the corresponding molecular graph. The situation is less systematic when the HB acceptor is the
cyano group (Figure 3).

Only three complexes, namely EZ1, EZ3 and ZZ1 are strictly planar, in all other cases the
planes that contain the HB- donor monomer and the HB- acceptor monomer form different
dihedral angles that are shown in the Figure. In the EE4 complex both molecules lie in parallel
planes, and the dimer has C; symmetry. Also, the global minimum of the PES, ZZ1 has C;
symmetry.
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Figure 2. B3LYP/6-311+G(d,p) optimized geometries
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aminoacrylonitrile dimers in which the HB acceptor is the amino group. Bond lengths are in A,
bond angles are in degrees, and charge densities at the bond critical points (red dots) in a.u.
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Figure 3. B3LYP/6-311+G(d,p) optimized geometries of aminoacrylonitrile dimers in which the
HB acceptor is the cyano group. Bond lengths are in A, bond angles are in degrees.

Relative stabilities and binding energies
Amino group as HB acceptor

The total energies, free energies, relative enthalpies, and relative free energies of the species

investigated are summarized in Table 1.
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Table 1. Total energy (E, hartrees), zero point energy (ZPE, hartrees), entropy (S, cal mol'K™),
free energy (G, hartrees), relative enthalpy (AH, kJ mol™), relative free energy (AG, kJ mol™),
and binding energy (BE, kJ mol™)

E ZPE S G AH AG BE
Monomers
E -226.285956 0.068562 72.961 -226.246212 7.4 9.2 -
Z -226.288850 0.068765 74.497 -226.249728 0.0 0.0 -
Dimers
EE1? -452.585148 0.136912 124.499 -452.493183 34.7 16.5 -34.7
EE2? -452.584682 0.136999 123.655 -452.492268 36.1 18.9 -33.5
EE3? -452.585130 0.137791 114.948 -452.488376 354  29.1 -34.7
EE4? -452.586396 0.138313 111.842 -452.487932 32.7 30.3 -38.0
EES® -452.575135 0.137402 122.439 -452.482045 614 457 -8.5
EE6® -452.575107 0.137341 122.664 -452.423853 614 455 -84
EZ12 -452.587150 0.137239 125.708 -452.495607 299 10.1 -32.4
EZ2? -452.587388 0.137213 124.253 -452.495108 29.4 11.4 -33.0
EZ3? -452.591383 0.137718 114.511 -452.494433 19.0 13.2 -43.5
EZ42 -452.588829 0.138221 112.884 -452.490982 260 223 -36.8
EZ5° -452.577168 0.137754 121.459 -452.483446 56.5 42.0 -6.2
2712 -452.598954 0.138814 109.873 -452.499461 0.0 0.0 -55.8
2722 -452.589430 0.137665 122.364 -452.496083 24.4 8.9 -30.8
z73° -452.581806 0.137841 120.025 -452.487343 44 .5 31.8 -10.8

* Dimers in which the HB acceptor is the amino group.
® Dimers in which the HB is the cyano group.

We shall start our analysis with the dimers in which the proton-accepting group is the amino
group of one of the monomers. The first conspicuous fact from Table 1 is that these dimers,
namely EE5, EE6, EZ5 and ZZ3 are much less stable, both in terms of enthalpies and free
energies, than those in which the HB acceptor is the cyano group. This can be considered, in
principle, an unexpected result if one takes into account the fact that, in general, an amino group
should yield stronger HBs than a cyano group when the proton donor is the same. At the level of
theory used in this work, the FH--NH3; HB is found to be 10.5 kJ mol! stronger than the
FH---NCH HB. It must be noted, however, that—as explained in ref. 15—the amino group of
aminoacrylonitrile is strongly conjugated with the m-system, in particular with the C=C bond.
This conjugation is clearly reflected in the planarity of this group in both the E- and the Z-
isomers. Therefore, the amino group of aminoacrylonitrile must be a much poorer electron donor
than is a non-conjugated amino group and accordingly a poorer HB acceptor, which explains
why the dimers in which the amino is the HB- acceptor are the least stable of the PES. In this
respect it is worth noting that the amino group that behaves as HB acceptor in EES, EE6, EZ5
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and ZZ3 complexes, becomes slightly pyramidalized, the sum of the angles around the nitrogen
being ca. 345° instead of 360° which would define a planar group. This is reflected in the
lengthening of the C-NH; bond and shortening of the C=C linkage of the HB acceptor (Compare
Figs. 1 and 2). Consistently, on going from the isolated monomer to the dimer, the charge density
at the C-NH, bep decreases, and its stretching frequency appears red-shifted by 33 cm™, while
that at the C=C bep increases and its stretching frequency is 5 cm™ blue-shifted. The fact that the
amino group of aminoacrylonitrile is not a good hydrogen-bond acceptor together with the fact
that amino groups are not very good HB donors either,'® results in binding energies (See Table 1)
which are never greater than 11 kJ mol™ for this kind of complexes.

It can also be observed that no stationary points have been found in which the HB acceptor is
the amino group of the Z isomer. All attempts to obtain EZ dimers in which the amino group of
the Z monomer behaves as a HB acceptor collapsed to the most stable of these complexes,
namely EZ1. Thus, the only EZ-type stationary point with the amino group behaving as HB
acceptor that has been located, EZ5, corresponds to a dimer in which the proton donor is the Z
monomer, and the proton acceptor the E monomer. Similarly, all attempts to obtain ZZ dimers in
which the HB acceptor is the amino group of one of the monomers yield only one stationary
point, ZZ3.

The Cyano group as an HB acceptor

We have located ten different stationary points in which the HB acceptor is systematically the
cyano group of one of the monomers. Four of these local minima are EE-type complexes, four
are of the EZ-type, and two are ZZ-type.

The primary factor controlling the relative stability of these dimers is the intrinsic stability of
the two monomers interacting in the complex. Hence, the ZZ-type dimers are more stable than
the EZ ones, and these more stable than the EE ones.

Within the EE-type complexes we can distinguish those in which one of the monomers
behaves exclusively as an HB donor and the other as an HB acceptor, namely EE1 and EE2, and
those (EE3 and EE4) in which each monomer behaves simultaneously as an HB donor and HB
acceptor. It is interesting to note that the latter are the most stable ones in terms of enthalpies, but
not in terms of free energies, because they are entropically disfavored owing to their cyclic
nature. The same situation is observed as far as EZ-type complexes are concerned. The cyclic
dimers EZ3 and EZ4 are the most stable in terms of enthalpies but not in terms of free energies.
The situation is different within the ZZ-series, because the C; cyclic dimer, ZZ1, although
entropically disfavored, represents the global minimum of PES both in terms of enthalpies and
free energies.

It is important to emphasize that the dimerization energy involved in the formation of the ZZ1
dimer is of the same order of magnitude as those found for carboxylic acids. In fact, our
calculated value is only 7 kJ mol” smaller than the association energy of formic acid and 3 kJ
mol” smaller than that of trifluoroacetic acid. This very likely would implies that the
aminoacrylonitrile vapors should contain a significant amount of dimers, as is the case for
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carboxylic acids. Taking into account the fact that the boiling point of this compound is 63° C at
0.1 mbar,"” we have estimated the equilibrium distribution of the different dimers at 350 K, by
using the relative free energies reported in Table 1, and conclude that at this temperature the ratio
of dimers in the vapor of aminoacrylonitrile should be: ZZ1 (90.2%), ZZ2 (4.2%), EZ1 (2.8%),
EZ2 (1.8%) and EZ3 (1%).

Bonding characteristics

We start our analysis with complexes in which the HB acceptor is an amino group. A cursory
examination of Figure 2 seems to indicate that the HB in EE5 dimer is stronger than in EEG.
Actually, the NH---N distance in EES5 is shorter than in EE6 and the charge density at the bep is
greater. Consistently, the red-shifting of the N-H stretching frequencies of the HB donor is also
larger in the former than in the latter (See Table 2). This can easily be explained if one takes into
account the fact that EE5 and EEG6 differ in the amino hydrogen involved in the HB. In the
former, the amino hydrogen is Cis- with respect to the neighboring C-H group while in the latter
the amino hydrogen is trans- to this group, and the net charges of these hydrogens in isomer E
(see Figure 1), show that the former is more acidic than the latter. For the same reason, the HB in
complex EE1 is also slightly stronger than that in EE2 dimer, in terms of bond distances (See
Figure 3), charge densities at the bep (see Figure 4) and frequency shifts (see Table 2).

Table 2. Stretching frequencies (cm™) of the NH, group of the hydrogen-bond donor in
aminoacrylonitrile dimers. The two monomers are included for the sake of comparison

System NH; asymm. stretch NH, symm. Stretch

E 3724 (3464) 3606 (3352)°
z 3733 (3468 )* (3562.5)" 3598 (3357 )*(3437.3)°

EE1 3680 3500

EE2 3708 3481

EE3 3687 3492

EE4 3673 3557

EE5 3691 3547

EE6 3711 3539

EZ1 3684 3513

EZ2 3662 3502

EZ3 3697° 34544

Ez4 3687 3479

EZ5 3674 3543

771 3664 3511

772 3413° 3395°

773 3669 3549

“ Experimental values in the condensed phase taken from ref. 15. ® Experimental values in the
gas phase taken from ref. 15. © The N-H stretch of the bond not involved in the HB.
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4 The N-H stretch of the bond involved in the HB. ¢ In-phase combination of the N-H stretch of
the two N-H donors. " Out-of-phase combination of the N-H stretch of the two N-H donors.

The molecular graphs shown in Fig. 4 for complexes in which the HB acceptor is the cyano
group show that for some complexes other weak interactions appear, besides the intermolecular

HB’s.
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A paradigmatic example is the complex EE4, which has bond paths between the H of the
methylene group of one monomer and the C=N bond of the other. A second-order NBO
analysis®® actually shows the existence of an interaction between the ¢y bonding orbital of one
of the sub-units and the n*cy antibonding orbital of the other. A similar interaction is found in
both EE3 (See Fig. 4), that is accompanied by a second one involving the n*cc antibonding-
instead of the n*cn antibonding- one. No doubt these interactions play a relatively important role
in stabilizing this complex because, owing to the unfavorable orientation of the HB donor with
respect to the HB acceptor (both molecules lie in parallel planes 1.3 A apart) the HB’s are rather
weak, as reflected in both the distances and the charge densities at the bep.

The dimer EZ4 is stabilized essentially through an N-H--*N HB, but there is also a second
weak interaction between the ony bonding orbital of the HB acceptor monomer and the w*cc
antibonding orbital of the HB donor monomer, which is reflected in the existence of a bond path
between the corresponding NH hydrogen and the a- carbon of the C=C bond.

Cooperative effects

Another question of interest is whether the formation of the cyclic dimer ZZ1, which is the
complex that exhibits the strongest HB’s of the whole series of dimers investigated, implies the
appearance of internal cooperativity effects, as has been found for the cyclic dimers of
phosphinic acid.”? To answer this question we can compare the characteristics of this complex, in
which both monomers behave simultaneously as HB donor and HB acceptor, with the ZZ2
dimer, in which only one N-H--N hydrogen bond is formed. It seems evident that cooperativity
is not negligible. The charge density at the NH---*N bcp is 0.004 au larger in ZZ1 than in ZZ2
(See Fig. 4) and accordingly the corresponding distance is 0.071 A shorter (See Fig. 3).
Coherently, the charge density at the N-H donor decreases by 0.004 au on going from ZZ2 to
ZZ1 and the red shift of the N-H stretching frequency (see Table 2) increases by 251 cm™.

It is also worth noting that the NH---N HB in complex EZ3, despite involving the less acidic
hydrogen of the amino group, is slightly stronger than that in the EZ2 dimer that involves the
most acidic hydrogen of the amino group. Cooperative effects are also behind this strength-
enhancement due to the presence in EZ3 of an additional CH----N HB.

Conclusions

The most stable aminoacrylonitrile dimers can be classified according to the nature of the
interacting monomers as EE-, EZ- and ZZ-type. The primary factor controlling the relative
stability of these dimers is the intrinsic stability of the two monomers intervening in the complex.
Taking into account the fact that the Z monomer is predicted to be ca. 8 kJ mol” more stable
than the E monomer, we have found the ZZ-type dimers to be more stable than the EZ- ones and
these are more stable than the EE ones. No matter the composition of the dimer, the most stable
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complexes correspond to those in which the HB acceptor is the cyano group. Complexes in
which the HB acceptor is the amino group are less stable, both in terms of enthalpies and free
energies.

The global minimum, ZZ1, benefits not only from the enhanced stability of the Z monomer
but also from non-negligible cooperative effects, which are reflected in shorter bond distances,
greater charge densities at the bcp, and larger frequency shifts of the N-H donor stretch. The
cyclic nature of this Ci-symmetry complex renders it entropically disfavored. Accordingly, the
gaps between the global minimum and other local minima of the PES in terms of free energies
are significantly smaller than the gaps in terms of enthalpies. The most important consequence is
that at temperatures close to the boiling point of aminoacrylonitrile, the presence of dimers in the
vapor should be as follows: ZZ1 (90.2%), ZZ2 (4.2%), EZ1 (2.8%), EZ2 (1.8%) and EZ3 (1%).

The estimated dimerization enthalpy for aminoacrylonitrile is only slightly smaller than those
of carboxylic acids, such as formic, acetic or trifluoroacetic acid. Hence, we may assume that it
is very probable that the aminoacrylonitrile vapors should contain a significant amount of
dimers.
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