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Abstract: The optimized geometries and topological parameters of the
BeH, --Na*", BeH,--Li*, 2BeH,':-Na*, BeH,-:-2Na*, 2BeH,:-Li* and
BeH,---2Li* cationic complexes were obtained through BHandHLY P/6-
-31G(d,p) calculations. Besides the characterization of one or two hydride
bonds formed simultaneously on the same hydride center, the analysis of the
infrared spectra revealed the existence of red-shifts and blue-shifts on the BeH
bonds, the effects of which are not in line with the intermolecular interaction
strength determined by means of the supermol ecule approach. Quantum theory
of atoms in molecules (QTAIM) calculations were developed to measure the
charge density concentration on the H---Na* and H---Li* hydride bonds.
Moreover, the covalent character of these interactions, interpreted based on the
ratio between the kinetic and potential electronic energies, was aso examined.

Keywords:. hydride bonds; infrared; QTAIM.

INTRODUCTION

Since the pioneering insights of Moore, Winmill, Lewis and Pauling, and
surely without forgetting the contributions elaborated by Pimentel and McClel-
lan,! over al these years, the hydrogen bond was acclaimed as the matriarchal
interaction throughout the world of chemistry.2=7 Some time ago, however, Crab-
tree et al.8 discovered another type of interaction called the dihydrogen bond in
which two hydrogen atoms interact mutually, although one of them is often attri-
buted to a hydride bound with an alkaline earth metal. In some cases, the dihyd-
rogen bond concept is interpreted as an inverse hydrogen bond, although at first
sight this interaction might be anomalous once the contact is doubly electro-
positive.2.10 In addition, the chemical literature recognizes the existence of this
vanguard group of new intermolecular interactions in nature!!l as being formed
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1414 OLIVEIRA

by halogen bonds,12 hal ogen-hydride bonds,13 picanogen bonds,14 or even beryl-
lium bonds.15

Nevertheless, one of the most innovative investigations with involvement of
akaline earth metals and hydride compounds is the formation of intermolecular
complexes in the configuration of cations,16 namely as BeH,---Li*, BeHy:--Na*
and BeHy---Mg2*. A comparison with similar interactions must be worthwhile,1?
although knowledge of the vibration stretch modes followed by their absorption
intensities in the infrared spectrum is always treated as one of the states of art
upon the formation of intermolecular interactions, such as those in the CoHs* -+,
BeH,:--HCF3 and LiH---HCF3 complexes.1819 |n this scenario, there are two
forms of analyses, namely: the identification of new vibration modes commonly
caled intermolecular frequency interactions (H---Na" and H---Li*) or the fre-
guencies of proton donors (Be-H) shifted to upward or downward values fol-
lowed by decreasing, or sometimes an increasing, absorption intensities,20-23
Regarding the main purpose of the present study, the formation of cationic sys-
tems does not occur in the sense of dihydrogen bonds’:8 but actually of hydride
bonds. Although sodium and lithium cation are not proton donors, they are con-
sidered acids whereas beryllium hydrideis the basis.

In view of this, this current work was elaborated with the aim of studying the
BeH»---Nat and BeHo---Li* bimolecular complexes, but not only in the light of
these bimolecular configurations. Actualy, it must be emphasized that trimole-
cular complexes formed with acids or proton acceptors in excess enlarge the hori-
zons in any intermolecular study once the search for the most stable configur-
ation among three entities is recognized as no easy task.24 Thus, besides the
bimolecular complexes of BeH»:--Na* and BeH»:--Li*, the trimolecular forms
represented by BeHo---2Nat and 2BeH»---Na*, as well as BeHp---2Li* and
2BeH,---Li*, form part of a selected group of systems in which such structures
must be governed by the formation of multiple hydride interactions.

COMPUTATIONAL DETAILS

The geometries of the complexes were obtained at the BHandHLY P/6-31G(d,p) level of
theory with all calculations executed by the Gaussian 03W2> program. With the coordinates of
the optimized geometries, the QTAIM modeling was developed by the AIMAII 11.05.16 suite
of codes.26

Additional parameters and the coordinates of the optimized geometries of the
BeH, --Na*, 2BeH, --Na*, BeH, --2Na*, BeH, --Li*, 2BeH, --Li* and BeH, --2Li* dihydride
complexes obtained by calculations at the BhandHLY P/6-31G(d,p) level of theory given in
the Supplementary material to this paper.

RESULTS AND DISCUSSION

The optimized geometries of the BeHy:--Na* (1), 2BeH»---Nat (I1),
BeHo:--2Na* (111), BeHp---Li* (1V), 2BeHy---Li* (V) and BeHy:--2Li* (VI)
complexes are grouped and illustrated in Fig. 1, in which the variations on the
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Fig. 1. Optimized geometries of the | (BeH, :*Na'), I (BeH,--Na*---BeH,), |11
(Na*---BeH, --Na'), IV (BeH,---Li*), V (BeH, --Li*---BeH,) and VI (Li*---BeH, --Li*)
complexes at the BHandHLY P/6-31G(d,p) level of theory. The values of the bond length

of Be-H (Only in the BeH, monomer) is 1.3231 A computed at the
BHandHLY P/6-31G(d,p) level of theory.

bond lengths are also drawn. Due to the absence of experimental data, such as
those generated by rotational spectroscopy, the intermolecular distances can be
validated by the van der Waals radius of the hydrogen2” and by the Shanoon
crystal radii28 for the lithium and sodium ions, the values of which are 1.20, 1.24,
and 0.92 A, respectively. By associating these data, the intermolecular distances
of 2.44 (radii of H* and Na*) and 2.12 A (radii of H* and Li*) are referential to
examine the single (H---Na* and H---Li*) and double (Na*---H---Na* and
Li*---H---Li*) hydride interactions. By taking into account the values of 2.5462
and 2.5584 A, it can be seen that only the hydride bonds in |11 are beyond the
limit of 2.44 A. In addition, VI is on the intermolecular allowed threshold in that
the values of 2.0751 and 2.0808 A are shorter by 0.0449 and 0.0392 A in com-
parison with the referential value of 2.12 A. In other words, the formation of hyd-
ride bonds is valid in 111. The hydride bond distances of the complexes are
shorter than those formed by potassium and calcium when in interaction with
beryllium hydride.2®

On complexation, the structure of the BeH» hydride changes distinctly. For
this reason, four moieties were assigned, namely A, B, C and D (see Fig. 1). The
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1416 OLIVEIRA

bond lengthsin A and D are reduced regardless of whether a complex is bimole-
cular (with one BeH») or trimolecular (with two BeH»). On the other hand, the
bond length increases not only of B and C, but also of A and B in the complexes
I11 and VI. Unlike al that has often been documented in the chemical literature
that shorter distances followed by high interactions strengths often leads to an
enlargement in the bond lengths of proton donors,30 this systematic tendency is
surely not valid here. The determination of the variations in the bond lengths was
performed based on analyses of infrared spectra and the obtained values for the
vibration modes are listed in Table .

TABLE I. Values of the main infrared modes (stretch frequency and absorption intensity) of
the I-VI dihydride-bonded complexes obtained from BHandHLY P/6-31G(d,p) calculations;
values at the BHandHLY P/6-31G(d,p) level of theory of the stretch frequencies and absorp-
tion intensities of the Be-H oscillator are given in parenthesis; Values at the BHandHLY P/6-
-31G(d,p) level of theory of » and | of the Be-H bond (BeH, monomer) are 2318.8 cm! and
240.5 km mol-1, respectively

Dihydride complex

Mode
| I 11 A V VI
Viox1 ] O 249.0 1985 48.0 3858 2348 159.3
Iy...x / kmmol-1 10.8 0.002 0.2 61.2 0.0 11
AvgepA [ cml +25.3 +21.2 —117.2 +36.2 +37.1 -282.9
(2344.1)  (2340.0) (2021.1) (2120.6) (2355.9) (2035.9)
lgett,A/lge i mA 1.10 2.14 0.0 1.19 2.79 0.0
(2652)  (5160)  (0.03) (3345 (671.6)  (0.01)
Avge B/ cmil 2269  -2246 -117.2  -1982  -1851  —2829
(2001.9) (2094.2) (2021.1) (2355.0) (2133.7) (2035.9)
lget,cB/lgetimB 1.10 1.97 0.0 1.39 253 0.0
(2656)  (4746)  (0.03)  (287.2) (610.1)  (0.01)
AVBe—HC / Cm_l — -212.3 - - —172.7 -
- (2106.5) - - (2146.1) -
lget1C/ lgeimC - 0.16 - - 0.0 -
- (38.3) - - (0.0) -
Avge D / cmt - +27.4 - - +44.9 -
- (2346.2) - - (2363.7) -
lgett,dD/lge i mD - 0.24 - - 0.0 -
- (58.3) - - (0.0) -

The values of the new vibrational modes or hydride bond stretch frequencies
are widely varied, e.g., the results of 48.0 and 385.8 cm2 for viy...x aswell as 0.2
and 61.2 km mol=1 for Iy..x in 111 and IV, respectively. Moreover, if the inter-
molecular geometry is stabilized either into aglobal or local minimum in the pot-
ential energy surface, the proton donor bond may be strengthened because its fre-
guency is shifted to upward values, and in this case, the blue-shift effect is mani-
fested. No matter if the shift is from red or blue nature,3! these phenomena vali-
date the bond strength profile of the proton donors. Currently, the interpretations
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of red shifts and blue shifts in hydrogen-bonded complexes are made if the
hyperconjugation or hybridization effects are taken into account,32 when, under
these circumstances, the intermolecular system can be strong or weakly bound.
Thus, in agreement with the structural analysis, the reductionsin the bond lengths
in the subparts of A and D were evidenced by the frequencies shifted to blue, the
values of which for Avge_y a vary from +21.2 to +37.1 cm~1. Moreover, the red
shifts of —117.2 and —282.9 cmr! are also in excellent agreement with the inc-
reases in the Be-H bond lengthsin 111 and V1. Regarding B and C, the red shifts
are the only infrared effects manifested on their oscillators whereasin D of 11 and
V, only blue ones are characterized. Concerning the absorption intensities, the
values listed in Table | indicate unsystematic profiles. In order to understand
better the synergism between the structural changes and frequency shifts in Be-H,
the linear relationship between the values of the variations of the bond lengths
and red shifts and blue shiftsis plotted in Fig. 2.

Fig. 2. Relationship between the
vibrational displacement in the
stretch frequencies (red- or blue-
shift) vs. the variations on the bond

002 -0.01 0.00 001 0.02 003 length of the Be-H oscillator at the
0 BHandHLYP/6-31G(d,p) level of
ArBe—H IA theory.

The values of the hydride bond energies33 with zero-point vibrational energy
corrections (4ZPV) and amendments for basis set superposition errors (BSSE), as
well as those without adjustments are presented in Table Il. The shortest bound
intermolecular systems, |V and V, are those whose values of AEC are the highest.
On the other hand, the longest bound systems, in this case |11 and VI, have
values of their interaction energies that are unreal. Not simply by the fact of ext-
remely lengthy distances, but the BSSE amounts outweigh these intermolecular
energies. These are intermolecular systems the stabilization of which is prejud-
iced by whether more than two interactions are formed. Although the enhance-
ments on the dipole moment justify the absorption intensities of the hydride
bonds of complexes | and |1V, the difference between the AEC values of —51.80
and —55.66 kJ mol—1 cannot be appraised by this argument. In comparison, the
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1418 OLIVEIRA

values of —51.80 and —75.61 kJ mol—1 are quite close to —49.12 and —76.44 kJ
mol~1, which were obtained by Grabowski et al.16 through MP2/aug-cc-pVQZ
calculations. At the MP2(full)/6-31G(3df,3pd) theoretical level, a result of
—51.04 kJ mol—1 was obtained,32 which is less stable by 0.76 kJ mol-1 in com-
parison with the value of —51.80 kJ mol-1 computed by BHandHLY P/6-
-31G(d,p). As can be seen, this functiona theoretical level seems useful to pre-
dict the hydride bond strength or maybe any other intermolecular interaction of
interest.

TABLE Il. Values of the electronic parameters (dihydride bond energy with ZPE and BSSE
corrections) of the |-VI dihydride-bonded complexes obtained from BHandHLY P/6-31G(d,p)
calculations

Dihydride complex

Mode
| I Il IV v Vi
AE/KJmolT 5727 11141 10963 8173  —15663 9801
AZPE/kImol'L  3.40 733 348 4.39 10.07 5.85
BSE/kJmalt 207 383 9436 173 352 985.8
AEC/KkImolt 5180  —49.97 5108 7561 5566  >108
At/ Debye* 422 -00016 0018 803  -00038  0.019
puxlea? 00158 00154  0.0068 00189 00097
©0o1552 (000672 901 (001892 (0.0006)
Viu.x|a%S 00772 00738 00189 o oo. 00975 00368
007442 (001822 O (0.0975)2  (0.0361)°
Gy | € 00162 00155  0.0041 00203  0.0075
001572 (000392 %0294 (002032 (0.0074)
Uy / € 00131  -00126  -00035 00163  —0.0059
(001272 (-0.0033)2 90163 (501632 (-0.0058)°
Hipoox /€ 00031 00029  0.0006 0004 00016
00032 (000062 2% (o002 (0.0016)
GuoxlUnox 123 123 117 Lo 124 127

(1.23)2 (1.18)2 (1.24)2 (1.27)P
3 auesrelated to the Na-**H-Be-H(C/D) moiety; bvalues related to the Li *H-Be—H"""Li(A/B) moiety

Nevertheless, the interaction strength is one of the main goals in intermole-
cular studies. Despite the quantification of the interaction strength by means of
the supermol ecule approach, the prediction of this parameter can be realized by
analysis of topological descriptors derived from the quantum theory of atomsin
molecules (QTAIM),34 such as electronic density (p), Laplacian (V2p), electronic
kinetic energy (G) and electronic potentia energy (U), and through of them, the
interaction strength can be unveiled. The values of the QTAIM parameters are
also enumerated in Table I. In addition to the low electronic density, al hydride
bonds were identified as closed-interactions due to the positive values of the Lap-
lacian.3> The QTAIM integrations were able to locate distinct electronic density

*1 C m = 3x10% Debye
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CATIONIC COMPLEXES OF BeH, 1419

fluxes between ge_pyB--*Nat and Nat---Cy_ge of Il, Nat---Ay_ge and
Be—HB--*Na* of |ll, geyB---Li* and Li*---Cy_ge of V, and Li*:--Ay_ge and
Be_HB---Lit of VI.

In advance, the electronic density energy or the sum of the kinetic and poten-
tial energy operators is aways positive and thereby yields a low intermolecular
electronic density flux, i.e., U is outweighed by G. In terms of interaction
strength, the rationalization between G and U would indicate a covalent character
or at least partial if -G/U < 1,36 or even total if -G/U < 0.5. Unfortunately, the
values depicted in Table | suggest that all [-V1 complexes are non-covalent ones.

CONCLUSIONS

A series of intermolecular complexes formed by hydride bonds were exa-
mined herein. Although the structural parameters were in good agreement with
the infrared modes, the calculations of the intermolecular energies revealed unus-
ua vaues, some of which were completely unacceptable. The variation of the
dipole moment aso fails into rationalize the interaction strength. Finaly, the
QTAIM method valued the existence of the hydride bonds, and albeit the inter-
molecular distance was very short, a covalent profile was not found, such as is
well-known in other studies.16:32

SUPPLEMENTARY MATERIAL

Additional parameters and the coordinates of the optimized geometries of the
BeH, --Na*, 2BeH, --Na*, BeH, --2Na*, BeH, --Li*, 2BeH, --Li* and BeH, --2Li* dihydride
complexes obtained by calculations at the BhandHLY P/6-31G(d,p) level of theory are
available electronically from http://www.shd.org.r/’JSCS/, or from the corresponding author
on request.

U3BOJ
O®OPMUPAILE XUIPUOHHKX BE3A Y KATJOHCKUM KOMIITEKCUMA nBeH,--mX CA
n=1HWJIN2, m=1HUIHU2UX =Li* UWIHU Na*t

BOAZ G. OLIVEIRA

Institute of Environmental Sciences and Sustainable Development (ICADS), Federal University of Bahia,
47801-100, Barreiras — BA, Brazil

[Tpopauynuma merogama BH u HLYP/6-31G(d,p) onpeheHe cy onTuMnsoBane reomer-
pHje ¥ TOMOJIOMIKK MapaMeTpH 3a KaTjoHCke Kkomiuiekce BeHj-Na*, BeHj,-Lit,
2BeH, -‘Na*, BeH,---2Na*t, 2BeH,---Lit u BeH, --2Li*. JenHa wiu [Be XUApUMIHE BE3E CY Ce
CUMYJITAHO Tpajuie Ha UCTOM XUJPUIOHOM LIeHTPy. AHanusa MHGpaUPBEHUX CHEKTapa yKa-
3yje Ha IOCTOjame LPBEHOT U IUIaBOT IIOMaka Kog ABajy BJ Be3a, IITO HHUje Y cKkiamy C mpen-
BUhamUMa Ha OCHOBY Mopena cynepmorekyna. I[lomohy QTAIM mpopadyyHa npouemeHa je
ryctuHa Haenektpucawa Ha H--*Na®™ u H---Lit xunpunnum Besama. PasmaTpaHa je uHTEpIIpe-
TallMja KOBaJIEHTHOT KapaKTepa OBMX HMHTepakliMja Ha OCHOBY OJHOCAa KMHETHYKE W IMOTEeH-
LiijajiHe eHepryje.

(TTpumibeno 24. mapTa, mpuxsaheno 17. maja 2014)
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