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An ab initio computational study of the properties of the neutral Adtlicals (A= B, Al, Ga) as hydrogen-

bond (HB) acceptors, with HX (X = F, Cl, Br, CN, and CCH) as HB donors, is carried out at the UMP2/
6-311++G(2d,2p) level. Two different minima have been found for each of the 15 possible dimers. One
structure corresponds to a single-electron hydrogen-bonded complex (SEHB), with the A atom acting as an
HB acceptor. The second corresponds to a dihydrogen bond complex between one of the hydrogen atoms of
AH, and the H-X molecule. Thus, all the atoms of the neutral Aiolecule can act as HB acceptors and
none as donors. The stability of the SEHB complexes decreases as B¥H, > Gahb, while for the
dihydrogen-bonded complexes the order is AHGaH, > BH, For the BH radical the SEHB complexes

are stronger than the dihydrogen bonded ones, while the opposite is found for thamdisaH systems.
Regarding the HB donors, the order found for the binding energy in the two types of complex#s idH#

> HpA---HCIl > HA---HBr > H,A--*HCN > H,A---HCCH.

1. Introduction fluoride dimers and can additionally act as an acceptor of the
two hydrogen atoms.
To the best of our knowledge, there is no theoretical or

experimental report available in the literature concerning SEHB
| complexes between radicals of electropositive atoms and
hydrogen bond donors. In the absence of an experimental search
for the single-electron HBs of title radicals, a theoretical analysis
of their properties would appear to be in order. Therefore, the
present work reports a detailed examination of the stabilities,
electronic structure, and vibrational frequencies of the complexes
formed between these radicals with-{ (X = F, CI, Br, CN,

and CCH) molecules.

Since the beginning of the 20th century, hydrogen bonds (HB)
have attracted much attentioR because of their important roles
in chemistry, physics, and biology. A HB can be defined as an
intermolecular attraction between a hydrogen atom with a partial
positive charge and an electronegative region in the acceptor
moiety. A conventional hydrogen bond occurs when the
electron-deficient hydrogen is attracted to the localized lone pairs
on an electronegative atom. In recent years the list of moieties
that can act as HB donor and acceptors has greatly expédfded.

One of the new HB possibilities corresponds to that where
the electron donor is a radical and participates in the HB via a
single electron. It has been shown that the unpaired electron of
the methyl radical may attract the hydrogen atom of a proton

donor, forming a kind of unconventional HB called single-  cajculations were performed using the Gaussian03 program.
electron hydrogen bond (SEHB].Some of us have examined  Geometry optimizations and frequency calculations were per-
the ability of hydrocarbon radicals as HB acceptansd shown formed at the UMP2 levét using the 6-31%+G(2d,2p) basis
that the carbon radicals are poor HB acceptors. It was pointedset17 Harmonic vibrational frequency calculations were per-
out, from the electron density topological point of view (atoms  f5rmed, to confirm that the obtained structures were local
in molecule$), that the HB complexes involving radicals behave minima in the potential energy surfaces (PESs) of the studied
differently from other HBs formed between neutral molecules. complexes. The charge distribution has been analyzed by the
Nevertheless, it is worth noting that the HBs formed from natyral bond orbital (NBGY partitioning scheme at the UMP2/
radicals exhibit the same spectroscopic properties as the cIaSS|caé_3ll++G(2d,2p) level. The counterpoise (CP) metHodas

HBs (A~-*H—B): a lengthening of the HB distancé®and a  ysed to correct the basis set superposition error (BSSE) in the
red-shift of the H-B vibrational frequency in going from free calculation of the binding energy.

H—B to the HB complex. Recently, the experimental study of
the HC---HCN complex has been carried out using infrared
laser spectroscopy.

A combination of SEHB and dihydrogen bond (DHB)s Single Electron Hydrogen-Bonded (SEHB) Complexes.
present in the (FHje}(HF), complex!* where the loosely Two different configurations have been explored for the possible
bound (excess) electron can form a bridge connecting hydrogencomplexes between the AHadical (A= B, Al, and Ga) and
H—X (X = F, Cl, Br, CN, and CCH), as shown in Figure 1.

* Corresponding author. E-mail: m-solimannejad@araku.ac.ir. The first configuration corresponds to a SEHB where thexH
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2. Computational Details

3. Results and Discussion
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Figure 1. General scheme of single-electron hydrogen-bonded and dihydrogen-bonded complexes considered in the study.

TABLE 1: Binding Energies, Frequency Shift, Charge Transfer, Dipole Moment, and Electronic Interpenetration of the
Complexes of AH, (A = B, Al, and Ga) Radicals with H—X (X = F, Cl, Br, HCN, and CCH) in Configuration | at the UMP2/
6-311++G(2d,2p) Level

dipole
AE BSSE  AE®2 Vil Avhxc O Raen  Arpxg Q4 u interpene- moment
complex  (kJ/mol) (kJ/mol) (kd/mol) (cm™) (ecmy) (me) (A) (mA) (me) (D) tration (&) enhancement (D)
BHy:--HF —16.3 2.2 —-14.1 136 —260 36 2.278 11 3.6 3.058 1.101 0.70
BHy:+-HCI —-11.9 2.6 —-9.3 94 270 67 2.329 17 41 2332 1.182 0.67
BHy:--HBr —10.6 2.3 —8.3 45 —444 160 2.164 31 7.8 2.364 1.382 0.96
BHj---HCN —-7.8 1.0 —6.8 80 44 11 2.865 3 171 4.194 0.635 0.69
BHy-*HCCH —45 0.9 —-3.6 63 -—12 5 3.026 2 0.2 0.708 0.501 0.23
AlH *+-HF —-9.8 1.6 —8.2 82 177 18 2.889 7 1.6 2317 0.828 0.98
AlH 2:--HCI —-7.0 1.7 —-5.3 56 —155 26 2.996 10 19 1.393 0.853 0.75
AlH :--HBr —6.2 1.2 —-5.0 44 —164 38 2.983 11 1.8 1.184 0.901 0.80
AlH2:--HCN —4.2 0.9 -3.3 47 =27 7 3.534 2 19.0 3.380 0.304 0.90
AlH,---HCCH -—2.9 0.6 —-2.3 38 -8 3 3.673 1 0.13 0.232 0.192 0.31
GaHp:--HF —-9.7 2.1 7.7 71 -—184 61 2.803 8 203 2471 0.880 0.92
GaH+++HClI -7.0 2.0 —5.0 44  —157 25 2.926 10 22 1521 0.889 0.66
GaHp--HBr —6.4 1.6 —-4.8 31 -—160 32 20931 11 2.08 1.305 0.919 0.70
GahH*--HCN —4.4 1.1 -3.3 40 —26 7 3.476 2 156 3.517 0.328 0.82
GaH:-*HCCH -—3.0 1.1 -1.9 33 -8 2 3.594 1 0.22 0.095 0.237 0.23

a AE refers to binding energy after BSSE correctibmiy refers to intermolecular stretching frequencie€harge transferred (& o* H—X(C))
in me. 9 Total charge transferred in me.

molecules point toward the A atom of AHforming Cy, The interatomic distances range between 2.164 A f@-H
complexes. These structures were calculated to be minima atHBr and 3.673 A for HAI---HCCH. In general, there is a
the UMP2/6-31%++G(2d,2p) level of theory. It is worth  relation between the interatomic distance and the binding energy.
mentioning that the electronic analysis of the isolated,AH Nevertheless, the dispersion is important as well. Interestingly,
radicals shows that the spin density is mostly centered on thethe interatomic distance of the Gakbmplex is shorter than in

A atom (1.02, 0.85, and 0.77 for the BHAIH,, and GaH the corresponding Alklcomplex. To evaluate the extent of
molecules, respectively) and that this atom is positively charged overlap of the electronic clouds of donors and acceptors, the
in the Mulliken population analysis (0.13, 0.57, and 0.55 e, distance at which the electron density 0.001 e isosurface has
respectively) and NBO analysis (0.67, 0.89, and 0.81 e). The been determined in the isolated monomers, in the direction
most important results of the mentioned complexes are gatheredvhere the HB will approach. The calculated radii of isolated
in Table 1. AlH; and GaH are 2.61 and 2.58 A, respectively, in agreement

The computed binding energies of theAd-*HX SEHB with the HB distances in the corresponding complexes.
complexes, reported in Table 1, vary betweet4.11 kJ/mol The difference between the interatomic distance within each
for the H,B---HF complex to—1.90 kJ/mol for HGa--HCCH. complex, and the sum of the values obtained for the corre-
For comparative purposes, the corrected binding energiessponding donor and acceptor 0.001 e isosurface in the HB
described for the C--+HF and HC:--HCN complexes are  direction, ranges between 1.38 A forBt--HBr and 0.19 A
—8.50 and—4.77 kJ/mol, respectivel{/These binding energies  for HAl--*HCCH. The mutual penetration of the electronic
are lower than those obtained for the Bebmplexes and of  clouds has been defined as a necessary condition for formation
the same magnitude as those of Alkhd GaH. Regarding the of HB interactionst? Independently considering the complexes
HB acceptor molecule, the strongest complexes for a given HB of each HB donor, a linear correlation is found between the
donor are obtained with Bilfollowed by AlH,; those of GaHl binding energy and the total interpenetration of the electronic
are slightly weaker. With respect to the HB donor molecules, clouds for each case (the square correlation coefficient is larger
the stability of the complexes is ordered as followsiAH-HF than 0.99 for the five HB donors). Similar results have been
> HyA---HCI| > HyA--*HBr > H,A:-*HCN > H,A---HCCH. reported in a series of DHB complex&s.
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Figure 2. Variation of the H-X(C) bond length vs variation of the . .
stretching frequency. Open squares represent the HF complexes. The The charge transfer from the occupied orbital of the A atom

linear correlation of the rest of the cases corresponds to the equation:tg the antibonding* MO of HX, q, is expected to weaken and

Ar(H—X) = —14.80+ 0.02 [Av(H—X)], r2 = 0.999.
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Figure 3. Variation of the H-X bond length vs orbital charge transfer.
The fitted equation ig\r(H—X) = 0.84+ 0.11 x g*7*003 r2=0.98.

Analysis of the dipole moment of the isolated Aiolecules
shows that, using the same reference framework, the dipolestrongest complexes for a given HB donor correspond to those
moment direction is opposite for the Bldompared to the other

two molecules, AlH and GaH, whereas their values are 0.48,
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0.54, and 0.32 D, respectively. While in the first case, the
direction is suitable for its interaction with the dipole moment
of the HX HB donors, the opposite occurs for Alend GaH.
Thus the total dipole moment enhancement observed within the
complexes is larger in the AlHand GaH cases than in the
BH; case for the same HB donor, even though in the latter case
the binding energy is larger.

The H-X covalent bonds are lengthened by31 mA upon
complex formation. In the same vein, red shifts in the stretching
frequency associated with the HB donor molecules are observed
for all complexes. The largest values correspond to thé3H
stretch of the BHB---HBr complex (444 cm?). The elongation
of the H—X bond and the variation of the bond stretching are
linearly related, as shown in Figure 2. This relationship is in
agreement with the linear relationship found between the
experimental X-H stretching frequencies and the HB distafte.

elongate the latter bond. An exponential relationship has been
found between these two parameters for the cases studied here
(Figure 3).

Dihydrogen-Bonded (DHB) Complexes.The second part
of this work investigates the dihydrogen-bonded association of
the same compounds (Figure 1, configuration Il and Ill). The
resulting structures contay, symmetry for the BHcomplexes
(Figure 1, configuration I1), except for the HBHHF complex,
which is of Cs type. The optimized complexes containing AlH
and GaH are ofCs symmetry (Figure 1, configuration III). All
attempts to obtain structures of configuration Ill for the BH
complexes spontaneously evolved to configuration II. All the
structures obtained have been confirmed as minima at the
UMP2/6-311+G(2d,2p) level of theory.

The most important results obtained for the DHB complexes
have been gathered in Table 2. The binding energies show a
similar range as in the SEHB cases, betweel®.19 kJ/mol
for the HAIH---HF complex to—1.57 kJ/mol for HBH--HCCH.
However, a different trend is observed when compared to the
results of the SEHB complexes. In the DHB complexes, the

of AlH,, followed by GaH, and finally, the BH complexes
are much weaker than the other two HB acceptors. Regarding

TABLE 2: Binding Energies, Frequency Shift, and Geometrical Properties of the Complexes of AH(A = B, Al, and Ga)
Radicals with H—X (X = F, CI, Br, CN, and CCH) in Configuration Il and IIl at the UMP2/6-311 ++G(2d,2p) Level

AE BSSE AE®P2 A’Vfo(c) RH»«H(A) AI’fo(c) 9AH-H
complex (kJ/mol) (kJ/mol) (kJ/mol) (cmY) A (mA) (deg)
Configuration Il
BHy--HF -6.2 1.8 —4.4 -71 2.556 3 101
BHz+-+HCI 4.7 1.7 —-2.9 -39 2.716 3 90
BHz:+-HBr —-3.7 1.0 —2.7 —-31 2.814 2 91
BHa---HCN —-29 0.9 —-2.1 —12 2.965 3 93
BH+-*HCCH —-2.5 0.9 —-1.6 -5 3.088 4 88
Configuration 111
AlH ;---HF —16.6 2.4 —14.2 —218 1.653 1 141
AlH ++-HCI —-11.2 2.2 —-9.0 —143 1.812 9 151
AlH ,---HBr —-95 1.8 —7.8 —124 1.845 2 163
AlH2--HCN —-9.2 1.4 —-7.8 —53 2.054 1 173
AlH 2:--HCCH —5.4 1.2 —-4.2 —14 2.231 1 173
Gakp+-HF -15.0 2.7 -12.3 —206 1.686 1 136
GaH,:++HClI —-10.4 2.5 —8.0 —136 1.831 9 150
Gak:+-HBr —-9.0 2.0 —-7.0 —129 1.849 1 150
GaHp:-*HCN —-8.4 1.7 —6.7 —38 2.099 3 173
GaHp:--HCCH —-5.1 1.5 —3.7 —-13 2.252 2 169

a AE°? refers to binding energy after BSSE correction.
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04 TABLE 3: Value of the Molecular Electrostatic Potential

1 (MEP) Minima (au) and Distance (A) to the A or H Atoms
'2-_ minimum close to A minimum close to H
-4 AH>

] system MEP distance MEP distance
64 BH, —0.0252 1.919 —0.0028 1.795

1 AlH, —0.0071 2.578 —0.0206 1.372
-8 GaH —0.0081 2.599 —0.0157 1.457

N
=}
-

strongest and weakest complexes, respectively. The comparison
of the interatomic distance vs the binding energy shows an
| exponential relationship between these two parameters (Figure
44 . 4). However, when larger interatomic distances have been
] explored, the complete curve shows a Morse-like sRape.
-16 T s 20 22 24 26 28 30 a2 The H-X bonds are stretched by the formation of the DHB

’ ’ } ’ : ’ ’ ’ ’ complexes. The vibrational data indicate that the stretching

Interaction energy

'
-
N
1 L

Fiaure 4. Bind (kJ/DH%diSt;_T; distance (A) for the DHB frequencies associated with these bonds are shifted to the red,
Igure 4. Binding eénergy (kJ/mal) vS Istance (A) for the as reported in Table 2. The largest shift is obtained for the
complexes. The fitted curve s = —64+ 13 x (DHB distance)**, HAIH I-O--HF complex (218 cmt), which corresponds to the most

2=10.92.
r=09 stable DHB complex. The red shift of the HB donors correlates

exponentially with the DHB distance as illustrated in Figure 5.
0] This effect is associated with a lengthening of theXdcovalent
bond between 1 and 9 mA upon complex formation

To understand the HB behavior of the Aldystems, their

07 molecular electrostatic potentials (MEPS) have been explored.
< In each of the three molecules, three minima have been found,
+ -100- one close to the A atom and two degenerate ones that correspond
> to the hydrogen atoms. The values of the corresponding minima
< = BH, and the distance to the closest atom have been collected in Table

71509 © AH*GaH, 3. In addition, the+0.005 isocontour surfaces are depicted in
Figure 6.
-200 The MEP values explain qualitatively the binding energies

of the different complexes. Thus, the MEP minimum values
for each of the AH molecules indicate where the stronger
-250 T T r r T T r T T 1 H H
T e 18 20 22 24 726 28 30 a2 complex will be obtalne_d, SEHBf(_)r the Btand DHB for AlH,
) and GaH. A more detailed analysis shows that the MEP values
DHB distance -
Fi 5. Red shift of the HX hi - he DHE di of AIH, and GaH close to the A atom are reversed with respect
igure 5. Red shift of the HX stretching (cm) vs the DHB distance 0 hinding energies obtained for the SEHB complexes of
(A) of the DHB systems. The exponential relationships show square h | | h f 1h i
correlation coefficients of 0.99 and 0.999 for the Bihd AlH,+GaH, these tV_VO mo _ecu es. In t e case_o_ the DHB structure, linear
complexes, respectively. correlations with correlation coefficients larger than 0.98 are
found between the binding energy and the MEP minimum
the HB donor, the same ordering as before is obtained: values, considering each HB donor molecule separately (five
HAH---HF > HAH---HCI| > HAH---HBr > HAH---HCN > families with three complexes for each one).
HAH---HCCH. The position of the MEP values is, in addition, able to explain
The interatomic distance between the two hydrogen atoms the different configuration of the DHB complexes of BHn
varies between 1.65 and 3.09 A, which corresponds to thethis case, the two degenerate minima found close to the

Figure 6. Molecular electrostatic potential using the 0.005 au isocontour (pink is positive and green negative) surrounding rdaicals.
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hydrogen atoms are very close to the symmetry axis of the (3) Scheiner, SHydrogen BondingOxford University Press: New
molecule, with a distance between them of 0.94 A, while those YOrk 1997.

. (4) Alkorta, I.; Rozas, I.; Elguero, hem. Soc. Re 1998 27, 163.
in AlH2 and GaH are much further apart (3.35 and 3.61 A, (5) Desiraju, G. R. Steiner, Trhe Weak Hydrogen Bon@xford
respectively). Thus, most of the DHB complexes of Biiow University Press: Oxford 1999.

Cy, symmetry. (6) Wang, B.-Q.; Li, Z.-R.; Wu, D.; Hao, X.-Y.; Li, R.-J.; Sun, C.-C.

Chem. Phys. LetR003 375 91.

(7) Solimannejad, M.; Alikhani, M. EChem. Phys. Let2005 406,
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Two different hydrogen-bonded complexes have been found  (8) Alkorta, I.; Rozas, I.; Elguero, Ber. Bunsen-Ges. Phys. Chem.
for the neutral AH radical molecules (A= B, Al, and Ga). In 199?9)1‘)‘5 329-R . WAtoms in Molecules: A Quantum Theoxiord

aaer, R. F. oms In iViolecules: uantum eolyxror

both cases, the AHmolecule acts as HB acceptor, and University Press: Oxford, 1994.
consequently, all the atoms of these neutral systems are HB (10) koch, U.: Popelier, P. L. AJ. Phys. Chem1995 99, 9747.
acceptors and none a HB donor. These results are unexpected (11) Romieu, A.; Bellon, S.; Gasparutto, D.; CadetDdg. Lett.200Q
for such small molecules. The relative stabilities of the different 2. 1085.

complexes have been explained on the basis of the MEP of thelo‘(é%)5 Rudic, S.; Merritt, J. M.; Miller, R. EJ. Chem. Phys2006 124,

isolated AH radical molecules. It is our hope that the present ™ 3y"richardson, T. B.; deGala, S.: Crabtree, R. H.: Siegbahn, P. E. M.
study may motivate experimentalists to search for the studied j, Am. Chem. Sod995 117 12875. '

complexes of the title radicals, perhaps by matrix isolation  (14) Hao, X.-Y.; Li, Z.-R.; Wu, D.; Wang, Y.; Li, Z.-S.; Sun, C.-G.

4. Conclusion

techniques. Chem. Phys2003 118 83.
(15) Frisch, M. J.; et al. Gaussian 03, Revision B02, Gaussian, Inc.,
Supporting Informgtion Availab[e: Coordinates of the P'tt(i%l;r%rar;? zcg?i]esset M. Phys. Re. 1934 46, 618.
complexes and vibrational frequencies at the UMP2/643t G- (17) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem. Phys1984 80,
(2d,2p) computational level. This material is available free of 3265.
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