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Nature and Structural Property of Dihydrogen-bond Complexes of
BeH, with Hydrogen Halides

LIU Hong" CHEN Yan-Qin
(Department of Chemistry, Bijie College, Bijie 551700, Guizhou Province, P. R. China)

Abstract: The intermolecular complexes of BeH, with hydrogen halides (HX(X=F, Cl, Br, I)) were examined using
ab initio calculations performed at the second-order Moller-Plesset perturbation approximation with the 6-311++G(3d,
3p) basis set. Dihydrogen-bonds were formed in complexes of BeH, with hydrogen halides based on the judgement
from the geometrical criteria. The characteristics of the bond critical points, the electron densities and their Laplacians,
also confirmed this conclusion. The calculated binding energies of complexes of BeH, with hydrogen halides using
MP2/6-311++G(3d, 3p) methods, corrected by the basis-set superposition error (BSSE) were —14.468 kJ - mol™ to
—5.464 kJ-mol™. In an effort to comprehend the underlying basis of this interaction, we have also carried out a rigorous
decomposition of the interaction energies using the symmetry adapted perturbational theory (SAPT) method. The results
indicated that electro-static energies, induction energies, dispersion energies, and exchange-repulsion energies were all
important to the total binding energies. The contribution of the induction energy to total attractive energy decreased
from 37.8% in BeH,-:- HF complex to 24.0% in BeH,--- HI complex. The dispersion energy dramatically increased
from 16.0% in BeH,:--HF complex to 33.8% in BeH, --HI complex.
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SR T AR 2T A A5 B R R A e 454 455
fit \BSSE .BSSE % 1E 45 & Rt 7E MP2/6-311++G
(3d, 3p)/KFHA 7. FiFMEFR R Gaussian ¥ H 114
AIM S8R 5E 5. LA b #8437 3158 F Gaussian 03
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Table 1 Geometric parameters for BeH, --HX
dihydrogen-bond complexes optimized at the
MP2/6-311++G(3d, 3p) level and intermolecular
frequencies corresponding to the formation of

both dihydrogen-bonds

BeH, --HF BeH,--HCl BeH,--HBr BeH,---HI
Dip1us 0.1649 0.1844 0.1906 0.1953
Operom 139.10 151.28 173.33 179.96
Ororix 175.99 180.00 176.79 176.06
*Rpe—1p 0.1330 0.1329 0.1329 0.133
ARg. 1» 0.0002 0.0001 0.0001 0.0002
Rp. 0.1322 0.1324 0.1324 0.1325
ARge 13 —-0.0006 —0.0004 -0.0004 -0.0003
‘Ru—x 0.0926 0.1278 0.1419 0.1612
ARy x 0.0008 0.0007 0.0006 0.0006
Vep(Be—H2) 2095.6 2084.3 2083.2 2081.4
Vie(Be—H2) 2071.3 2071.3 2071.3 2071.3
Av(Be—H2) -24.3 -13.0 -11.9 -10.1
Veorp(H—X) 3947.4 2950.1 2636.9 2346.6
Vie(H—X) 4137.8 3046.4 2711.6 2403.4
Av(H—X) 190.4 96.3 74.7 56.8

*monomer values: Rp. i=0.1328, Ry_=0.0918, Ry_=0.1271,
Ry 5=0.1413, R,;=0.1606; distance in nm, angle in degree,
and frequency in cm™

CCSD(T)/6-311++G(3d, 3p) /KT i AH H.AF FH BE
BSSE, BSSE % 1E YA BAEFfE.

M 2 BT LIE 1, BSSE A% 1E A 25 4 E &
i )\ BeH,--HF .BeH,-:-HCI BeH,:--HBr %] BeH,:""
HI {9 PR Ui/, B H2--- H4 [a] 7 5 i 38 K,
BSSE % 1EJ& 45 A BEZ Wi/, i K2R &Y
BeH,--HF, BSSE 1% I A 45 4 fit /& —14.468 kJ *mol ™,
/N2 5 & W) BeH,--- HI, BSSE K¢ 1F [ 45 4 fiE
JE—5.464 kI -mol™, iX 5 M\ F 2| T HL 5 PEAR U8/
B3, H2---HA [A1FE 25 5 B Re A AR 4F 1y 4tk 5%
Z, PR R ECH 0.996. N Fh WA LA 1,

%2 MP2/6-311++G(3d, 3p)F1 CCSD(T)/6-311++G(3d, 3p)5EI B E/EBEE(AE) . EEHEE IR £ (BSSE).
BEASERERERWEEIEMAGRAE,)
Table 2 Interaction energies (AE), BSSE, interaction energy corrected for BSSE (AE,,) at
MP2/6-311++G(3d, 3p) and CCSD(T)/6-311++G(3d, 3p) levels

MP2/6-311++G(3d, 3p)

CCSD(T)/6-311++G(3d, 3p)

Dipn AE BSSE AE, AE BSSE AE, pda.u.) Vi(au.)
BeH,~HF  0.1649 -18.041 3.573 -14.468 -17.785 3.567 -14.218 0.019 0.056
BeH,~-HCl  0.1844 ~11.150 2.222 -8.928 -10.635 2.399 -8.236 0.014 0.038
BeH,~HBr  0.1906 -9.414 1.774 ~7.640 -8.943 1.913 -7.030 0.013 0.032
BeH,+-HI 0.1953 -9.004 3.540 ~5.464 -8.618 3.845 -4.773 0.012 0.029

all energies in kJ-mol™; electron densities p.(a.u.) and Laplacians V p(a.u.) of H---H bonds for dihydrogen bonded complexes at bond critical points
calculated at MP2/6-311++G(3d, 3p) level within the AIM theory; BSSE: basis-set superposition error
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& BeH, - HX & &Y H---H A ILAE R0 24 1.

Hugas %15 %! BeH,--- HF .BeH,--- HCl .BeH, -
HBr [ H2---H4 [8] /9 FE 5 23 51 4 0.1694..0.1974
0.1968 nm, BSSE % 1F 9 25 & fE 4 B J& 12.217,
6.778.5.774 kJ -mol™", 5j Hugas %519 T/EAH EL, &
TS 2 e LA TS 2R 2 kT -mol ™ 247 %
AR AU — 20T (B) 55 AH E A I,
BRI I AL IF I 155 22 ) AR Ak R B/ B R BB
).

2 A T H---H #11E 5L S (bond critical
points) [ HL T %5 J& (p.) Al HEL T~ %% J3 19 7 345 7 40r
(V2p,), 18 Bader it AIM FEiE 1), S Y HL 725
(p)TE 0.002-0.04 a.u.Z [H], HL T2 B () H0EHr B i
(V)TE 0.02-0.15 a.w. Z [A]. NF R EHEIRATA LA
FH, MFRATETIFSE 8 BeHy - HX 4%, H---H 1)
HL 285 1 (po) I L %% B AP P 2 (V o) 45 &
Bader X & HE ) E L.

2.2 BeH,--HX (X=F, Cl, Br, ) —S# 5 &4t
RN R

T H¥F5% BeH, --HX (X=F, Cl, Br, ) ~ 5 & &
YA ELAE FH R AS 0T S 25 Rl i A %25 -G B Y BTk
PR IR, XTEAT 1T T RE 7347 BeH, - -HX
(X=F, Cl, Br, D & # & &Yk H MP2/6-311++G(3d,
3p) THLALAS B S E 4544, H SAPT2002 F2 )77
SAPT2 A TRE AR I A5 RN TR 3 h, T
T 5 MP2 TR B E5 SR LU, BT AR 35
6-311++G(3d, 3p).

M ESe{EFRATTAT LAE 2, 7K S ST,
HL AR I (AR AR L 1Y), L FAHOCRE S,
AR ESo X HL T AH G RE M) DTl 2 i K. FEfE R A
B HF Z SRR, ML A OCI(ESH?) B BTERAR /DN, A
b S4B HERY 3.8%.

R T A A S R A AR BE Y pek
0L, % 3 s T 6-311++G(3d, 3p)FE4 T HF
TRIRRRE R RGO, R I EE 0T LA S
15, FE HF 5 1A rb # v BB X S0 5| B 19 5T ik

(58.5%) =T BeHy--HF (M —A~F&R4 HHF)
46.2%, AR 31, HE — S MR i 5 RE 4 BICRE X 2
W5 | RE Y BTk L BeH, - HF H{I%. HF —RIKH
fiE 5 HE  (URE YA X R/ Langlet 45 31 f9 2
—ERYEN. BAh, R 3 FRRATT AT H, SAPT2 2%
MR A5 HE S MP2 4945 .4 BSSE % 1EJ5 I fE
ARG, TREEAE 5% L.

N TETBE R A TR 3 rhAvEdE B4 L
i BE SRR BE L5 SRR L (U RE PO IA TR 4
H R 4 PR L BRHLRE SRR RE LS
AE. (HLREXT 455 RERY DTRRARIR B 2. BeH,--HX
TEB RGP PR B (Ea=ER+EG) N SR T RER)
TTHRAR 2 A Y. 15 R RE (BBt + ER) R B 5|
fEAY TRk M BeH,---HF #| BeH,---HI & #fJsi/)N, 7¢
BeH,--HF (K F th, P55 REXT G 51 BE MY 5Tk 5 K,

=3 MMREERMLIEIL(SAPT) FEEH BeH, - -HX
(X=F, CL, Br, DE 5 ¥IHEEER S
Table 3 SAPT interaction energy components of

BeH, --HX (X=F, Cl, Br, I) complexes obtained at the
MP2 level using the MP2/6-311++G(3d, 3p) basis set

BeH,'-*HF BeH,--HCl BeH,-*HBr BeH,-*HI HF-:-HF

En -9.757 —-2.920 -1.862 0.866 —16.046
EW —21.297 -14.234  -11.945 -10.443 -27.706
E 24.447 19.020 16.703 17.251  20.364
E) -17.220 -8.531 -6.941  -5.862 -10.954
EGhinae 8.786 4.883 4.142 3.774 5.138
SER, —4.489 —4.058 -3.824  -3.853 —2.887
E&o 0.418 0.418 0.393 0.343 0.967
ESO+ES 1.841 1.054 0.749 0.732 4.644
ER 0.146 0.088 0.105 0.105 -1.854
Ee -0.075 -0.050 -0.063  -0.067 0.870
ER -7.222 —-7.858 -7.657 -8.088 —6.171
E®) 1.159 1.075 0.962 1.008 0.912
ESw -3.732 -5.590 -5510  -5.966 —0.628
E.(SAPT2) -13.485 -8.510 -7.372 -5.104 -16.677
AE,[MP2]  -14.468 -8.929 -7.640  -5464 -16.941

E% is Hartree-Fock interaction energy; E\ is the classical electrostatic

energy; ES is the first-order exchange energy; Ei) is the second-order
induction energy; E2), . is the exchange-induction energy; SE; is all the
third- and higher-order induction and exchange-induction terms; E&, is
the second-order electrostatic energy; Eqi+Eqa account for the effects
of intramonomer correlation on the exchange repulsion; ‘Ef; is the
part of E? not included in Ei); 'E®) ., is the estimated exchange

i is the second-order dispersion energy; EZ ,, is

counterpart of 'E%d; Ej
the exchange-dispersion energy; ES7 is the correlated portion of the
interaction energy; E;, (SAPT2) is the SAPT interaction energy.
EG=ES+ ESQHESS HERHE R, nd YEGSHESS o

eeeee

EN=EG+ES+ERAES, 10, +0Eni s En(SAPT2)=En +E5
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Table 4 Comparison of interaction energy (kJ-mol™)

components
BeH,-HF BeH,--HCl BeH,--HBr BeH,--HI HF---HF
E. -20878  -13816  -11.552  -10100  -26.740
(462%)  (45.9%)  (44.4%)  (422%)  (58.5%)
Eew 31669 21.924 18.669 18.845 29.041
E.a -17.054 -8.443 -6.837 5757  -12.807
(37.8%)  (28.0%)  (262%)  (24.0%)  (28.0%)
Eny  —7.222 -7.858 —7.657 -8.088 -6.171
(16.0%)  (261%)  (294%)  (33.8%)  (13.5%)

E. is the electrostatic component of the binding energy; E. is the
exchange component of the binding energy, Ey is the induction
contribution to the binding energy, Eq, is the dispersion component of
the binding energy; Eq,, is the contribution of the energy to the total
attractive energy. Eu=Ew+EW, En=Eni+EW, Eay=Ely;
Eoan=ESQ+ES e HESS+ESS i +0En
i 37.8%. 175 REXT SRS | BERY STHRZ E s Nal LAA
&\ HE F| HI, BeH, [1HL T2 #HX 1YL 3710 52
Wi ST D8/ N R (8 BT RE (Eag=Elis )X B 5 | BERY
BTk BeH,-HF | BeH, - -HI & #iH4il, M\ BeH,:--
HF (AR H11 16.0%Z# 1 N #] BeH,--HI A £ H )

33.8%.

3 & i

(1) BeH, 5 HX(X=F, Cl, Br, D¥ M, T — &
RIS AW, He--H [0 IR B &R FF & —a e L, &
APt H—X s &% 5 HX BEERW Be—H
SRR A, T RS U — 2P UE S
BeH, 5 HX &I T AU

(2) 45 B R IR R, BeH, - HX AR
A R X S 5| AR Y DT kR R e E Y,
ZHHEF BE L5 T BE L (A HLREXT 45 A BE Y DTkt
fRE % )\ BeH, --HF % BeH,--HI /5 HEXT M 5]
FE 1Y BT AR 20 W /), (8 IR X S W 5 | R 1Y BT R A
BeH,'*-HF #| BeH,:--HI #4155 HL SR AH L,
BeH, - HX Z &R A Yy v Re XS S 5 | BB Y T
HR/NTF 47%, WA S REXT B 5 | BE 1Y BT RRAR K
T R EURRE P, 0 H RE X B 5 | RE Y BTk K T 50%,
I H oA BE A DTHRER /)N

(3) WHRITR RV, B E AW, H—X #1
AT H R, B E T 4088,

(4) MP2/6-311++G(3d, 3p)7/KF- ) BSSE #% 1E )
454 RETE -14.468 F]—5.464 kI -mol™ 22 [a], 12 BE A

BeH,---HF .BeH,---HCI .BeH,--HBr %] BeH,---HI [
NP AR R /)N, X5 M F 3] T H 67 P 2 el /N —
.

References
1 Jeffrey, G. A. An introduction to hydrogen bonding. Oxford:
Oxford University Press, 1997: 11-202
2 Jeffrey, G. A.; Saenger, W. Hydrogen bonding in biological
structures. Berlin: Springer-Verlag, 1991: 3-288
3 Li, Q.; Huang, F. Q. Acta Phys. -Chim. Sin., 2005, 21(1): 52
(% AL 307 T PRkl 2005, 21(1): 52]
4 Custelcean, R.; Jackson, J. E. Chem. Rev., 2001, 101: 1963
5 Klooster, W. T.; Koetzle, T. F.; Crabtree, R. H. J. Am. Chem. Soc.,
1999, 121: 6337
6 Desiraju, G. R.; Steiner, T. The weak hydrogen bond in structural
chemistry and biology. New York: Oxford University Press, 1999
7 Kulkarni, S. A. J. Phys. Chem. A, 1998, 102: 7704
Aime, S.; Gobetto, R.; Valls, E. Organometallics, 1997, 16: 5140
Aime, S.; Ferriz, M.; Gobetto, R.; Valls, E. Organometallics, 1999,
18: 2030
10 Aime, S.; Ferriz, M.; Gobetto, R.; Valls, E. Organometallics, 2000,
19: 707
11 Tang, C. Y.; Coxall, R. A. J. Chem. Soc. Dalton Trans., 2001:
2141
12 Hugas, D.; Simon, S.; Duran, M. Chem. Phys. Lett., 2004, 386:
373
13 Grabowski, S. J. J. Mol. Struct., 2000, 553: 151
14 Wang, Y. B.; Tao, F. M.; Pan, Y. G. Science in China B, 1995, 25
(10): 1016 [E—¥, Fatan], BN, shEF-: B, 1995, 25
(10): 1016]
15 Bader, R. F. W. Atoms in molecules—a quantum theory. New
York: Oxford University Press, 1990
16 Jeziorski, B.; Moszynski, R.; Szalweicz, K. Chem. Rev., 1994, 94:
1887
17 Szalewicz, K.; Jeziorski, B. Symmetry-adapted perturbation theory
of intermolecular interactions. In: Scheiner, S. Eds. Molecular
interactions—from van der Waals to strongly bound complexes.
Wiley, 1997: 3—43
18 Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; et al. Gaussian 98,
revision A.l.; Pittsburgh, PA: Gaussian, Inc., 1998
19 Szalweicz, K.; Bukowski, R.; Cencek, W.; et al. SAPT2002: An ab
initio program for many-body symmetry-adapted perturbation
theory calculations of intermolecular interaction energies.
University of Delaware and University of Warsaw: http://www.
physics.udel.edu/~szalewic/SAPT/SAPT.html
20 Richardson, T. B.; de Gala, S.; Crabtree, R. H. J. Am. Chem. Soc.,
1995, 117: 12875
21 Langlet, J.; Caillet, J.; Caffarel, M. J. Chem. Phys., 1995, 103:
8043



