Asian Journal of Chemistry, Vol. 33, No. 8 (2021), 1811-1818

ASIAN JOURNAL OF CHEMISTRY

5121 Journa) of Chems

F\ ASIAN JOURNAL
OF CHEMISTRY

https://doi.org/10.14233/ajchem.2021.23252

Theoretical Investigation of Intermolecular Dihydrogen Bonds in C,H,*HM and
C,Hys+-HM (M = Li, Na and K) Complexes: A DFT and ab initio Study

D. ParimaLa Devi™®, Tom Guu'®, G. Praveena® and A. ABIRAM™™

'Department of Physics, Karunya Institute of Technology and Sciences, Coimbatore-641114, India
*Department of Physics, PSGR Krishnammal College for Women, Coimbatore-641004, India

*Corresponding author: E-mail: aabiram @ gmail.com

Received: 19 April 2021; Accepted: 15 May 2021;

INTRODUCTION

During the last few decades, several researchers [1,2] have
focussed their attention in the study of non-covalent interaction
due to their significant effect in hydrogen storage, biological
process, molecular recognition, crystal engineering, catalytic
process and material chemistry. Of the various non-covalent
interactions, hydrogen bond and dihydrogen bond (DHB) are
the most fascinated subject of investigation [3]. The dihydrogen
bond is an electrostatic interaction formed between two different
hydrogen atoms that have opposite charges. That is, one acts
as a proton donor and other as a proton acceptor causing them
to electrostatically interact with each other, provided that their
intermolecular separation should be less than the van der Waals
radii of both the hydrogen atoms summed up together [4,5]. It
is designated as X-H---H-M where ‘X’ represents hydrocarbon
and ‘M’ represents the metal to which the hydrogen is bonded.
These interactions are formed due to the close approach of hydridic
hydrogen and protonic hydrogen causing a charge separation
which results in an attractive pull. The existence of DHB has
been proved in the literature [6-8]. All these factors were governed
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This study aims to investigate the dihydrogen bond formation in ethyne (C;H,) and ethene (C.H.) with alkali metal hydrides (HM; M=Li, |
Na and K)) complexes using density functional theory (DFT) and ab initio methods. It mainly focuses on the comparison of the performances |
of different functionals of DFT and ab initio method on the intermolecular dihydrogen bonded complexes. The geometrical parameter and
energy values agree with the formation of dihydrogen bonds in the complexes. Among the ethyne and ethene complexes, the smallest |
dihydrogen bond distance was formed by C;H,--HK and C,H,---HK, respectively. The C;H: is found to form better dihydrogen bond |
(DHB) with alkali metal hydrides than C,Hs. Among all the functionals, MO6L was observed to predict shortest H:--H bond distance, |
while M062X the longest. Natural bond orbital (NBO), quantum theory of atom in molecules (QTAIM) along with molecular electrostatic |
potential (MEP) analysis further confirms the dihydrogen bond formation. |
|
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by the property of hydrogen atom to exist in H* or H™ state that
makes them attractive electrostatically in a molecule [9].

Many experimental and theoretical studies in identifying
the DHB formation are found in the literature [ 10-12]. Yao & Ren
[11] studied the dihydrogen bond formation between HB=BH
and HM (M = Li, Na, K, BeH, MgH or CaH) complexes, to
check whether B-H can be the proton donor or not in the system
formed. Cybulski ez al. [ 12] have reported the formation of several
dihydrogen bonded complexes such as LiH---H,, LiH---CHy,
LiH---C,H,, LiH---C;H, in the gas phase and identified that
density functional theory (DFT) gives an accurate result for
the interaction energy and spin-spin coupling constant than
coupled cluster (CCSD). Lu et al. [13] studied the dihydrogen
bond (DHB) in CaH,---HY (Y = CHj;, C;H3, C;H, CN and NC)
complexes and identified both linear and bent structures using
B3LYP and MP2 methods. Alkorta et al. [14] while studying
the weak interaction in different complexes using ab initio
method at different basis sets identified DHB in few complexes
along with X-H---c interactions.

Ethyne (C;H>) and ethene (C,H,) are found to be the deri-
vatives of unsaturated hydrocarbons with importance in indus-
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tries as raw materials and as an energy sources [15]. Several
studies on the dihydrogen bond interactions between alkali
metal hydrides and proton donors are reported because of their
importance in high volumetric and gravimetric capacities [ 10-
12,16]. Hence, in this study we have focused on the study of
DHB formation between hydrocarbons (C,H, and C;H,) and
alkali metal hydrides (M = Li, Na and K). A benchmark study
of density functional theory (DFT) and ab initio methods was
performed in order to identify the best appropriate method for
dihydrogen bonded interaction. Comparison of the impact of
different functionals on these DHB complexes is necessary as
it will aid the researchers in selecting the functional/methods
to better understand the behaviour and properties of various
DHB systems.

COMPUTATIONAL METHODS

In this study, a systematic theoretical investigation of the
dihydrogen bonded complexes formed by C,H, and C,H, with
HM (M =Li, Na and K) was performed using stand-alone hybrid
functionals in density functional theory (DFT) and ab initio
methods. Several DFT functionals were selected e.g. PBEPBE
[17], B3LYP[18], B3PW91 [19], CAM-B3LYP [20], LC-BLYP
[21], HSEHIPBE [22], M062X [23], MO6L [24], ®B97XD
[25] and ab initio methods [26-28] (MP2, MP3 and CCSD)
employed along with the 6-311++G** basis set. The vibra-
tional analysis confirmed all the structures to have no imaginary
frequencies and hence to occupy the local minima. Interaction
energy (AEC) gives the information about how the system energy
varies when the individual structures combine to form a complex.
AE€ requires few corrections, which normally includes the infl-
uence of the functional of nearby compounds expressed as
basis set superposition error (BSSE) which was corrected using
Boys & Bernardi method called the counterpoise correction
[29], given by the following equation:

AEC = E,p — E, — Eg+ BSSE (1)

where E4p is the energy of the dihydrogen bonded complex,
E4 and Eg are the energies of individually optimized hydro-
carbon and metal hydride, respectively.

The strength of dihydrogen bonds were analyzed in terms
of electron density distribution and population for all the selected

functionals using the quantum theory of atoms in molecules
(QTAIM) [30] and natural bond orbital (NBO) analysis [31,32],
respectively. This will provide a proper knowledge about the
atomic level behavior of the DHB systems. Additionally, to
know the nature of H---H interaction, we also carried out charge
analysis using molecular electrostatic potential (MEP) by MO6L
method [2]. All the structures were constructed using
Chemcraft [33] software and the calculations were performed
by Gaussian 09 program package [34].

RESULTS AND DISCUSSION

Structural parameters: The isolated complexes of C,H,
and C,H, with HM (M=Li, Na and K) were optimized using
various DFT and ab initio methods and are listed in Table-1.
All the structures were optimized at B3LYP level of theory
and are depicted in Fig. 1. Since, the geometrical structures
obtained from other potentials are almost similar to B3LYP,
are not shown. Dihydrogen bonds play a major role in the geo-
metry of the molecules and the H---H bond distance is what
administers all the properties of these molecules. The H---H
bond distance varies for all the complexes in the range of 1.835-
2.528 A (Table-1) with the change in the functional. The struct-
ural difference in C,H, and C,H,causes the dihydrogen bond
distance to vary for the same metal hydride, making it incomp-
arable with each other. In the case of C,H, involving complexes,
the functional predicts the DHB distance to be in the range of
1.835-2.116 A. The bond distance varies with the interacting
metal hydrides in the order of C,H,---HK < C,H,---HNa <
C,H,---HLi for most of the functionals. This implies that better
dihydrogen bond is formed for K-H bonded hydrocarbons than
Na-H and Li-H. The functional also shows different bond
distance in each of the cases such that it varies in the order of
MO6L < PBEPBE < HSEH1PBE < B3PW91 < LC-BLYP <
B3LYP < CAM-B3LYP < ®B97XD < M062X < MP2< MP3
< CCSD as clearly observed from Fig. 2.

Similarly, the DHB distance varies in the case of C,H,4
complexes are in the range of 2.173-2.528 A. The order of
bond distance for C,H, with metal hydrides is similar to C,H,
geometry predicting K-H to be the most stable alkali metal
hydride. However, among the other two, Na-H is found to have
better bonding than Li-H. C,H, with Li-H has its bond distance

TABLE-1
DIHYDROGEN BOND DISTANCE (A) OF ALL THE COMPLEXES OPTIMIZED
USING DIFFERENT HYBRID FUNCTIONALS AT 6-311++G** BASIS SET

Functionals C,H,---HLi C,H,--HNa C,H,--HK C,H,---HLi C,H,--HNa C,H,--HK
PBEPBE 1.921 1.921 1.882 2.247 2227 2.195
B3LYP 2.010 2.013 1.974 2.398 2.388 2.337
B3PWO1 1.987 1.984 1.934 2.400 2.396 2.309
CAM-B3LYP 2.012 2.014 1.975 2.363 2.361 2311
HSEH1PBE 1.943 1.945 1.909 2.267 2.255 2217
LC-BLYP 2.006 2.005 1.970 2.307 2.306 2.272
M062X 2.022 2.023 1.984 2.528 2.506 2.426
MO6L 1.884 1.867 1.835 2.245 2.222 2.173
®B97XD 2.022 2.020 1.962 2.322 2.303 2.275
MP2 2.049 2.042 1.983 2.405 2.388 2.322
MP3 2.076 2.078 2.011 2.423 2412 2.338
CCSD 2.104 2.116 2.041 2.471 2.473 2.383
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Fig. 1. Optimized structures of (a) C,H,---HLi, (b) C,H,---HNa, (¢) C;H,---HK, (d) C,H,---HLi, (e) C;H,--HNa and (f) C,H.---HK at B3LYP/6-

311++G** level of theory
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Fig. 2. Graphical representation of DHB distance versus various functionals
of all the complexes

ranging from 2.245-2.528 A which is in the order of MO6L <
PBEPBE <HSEH1PBE < LC-BLYP < ®B97XD < CAM-B3LYP
<B3LYP <B3PW91 < MP2 < MP3 < CCSD < M062X. C,H,4
with NaH has its bond distance ranging from 2.222-2.506 A
which is in the order of MO6L < PBEPBE < HSEH1PBE <
0B97XD < LC-BLYP < CAM-B3LYP < B3LYP < MP2 <
B3PW91 < MP3 < CCSD < M062X. The C,H, with KH has
its bond distance ranging from 2.173-2.426 A, which is in the
order of MO6L < PBEPBE < HSEHIPBE < LC-BLYP <
0B97XD <B3PW91 < CAM-B3LYP < MP2 < B3LYP < MP3
< CCSD < M062X.

Among the functional M062X predicts the largest DHB
distance for all the complexes and it seems to be comparatively
high (2.426-2.528 A) for C,H,---HM complexes. From the DHB
distance, it is understood that C,H, shows more tendencies to
form a better dihydrogen bond with alkali metal hydrides than
C,H,. Few changes are also noted in the bond distance of hyd-
rogen due to complexing which further proves the effect of
dihydrogen bond interaction on a system.

Interaction energy: The BSSE corrected interaction energies
of the complexes are shown in Table-2. From the energy values,
we recognize that the dihydrogen bond formation very much
depends on the interacting molecule (ie., alkali metals). Under
different functionals, C;H, and C;H, with alkali metal hydrides
exhibit different values in their AE®. For C,H,--HLi and
C,H,---HNa, the AEC ranges from -2.604 to -4.367 kcal/mol in
the order HSEH1PBE > LC-BLYP > MO6L > wB97XD >
wB97XD > PBEPBE > M062X > MP2 > CAM-B3LYP >
B3LYP>B3PW91 > MP3 > CCSD, and -3.250 to -4.832 kcal/
mol in the order MO6L > wB97XD >HSEH1PBE > LC-BLYP
>M062X > PBEPBE > MP2 > CAM-B3LYP > MP3 >B3LYP
>B3PW91> CCSD respectively. In case of C;H,--HK the AE®
ranges from -4.016 to -5.924 kcal/mol where the AE® shown
by the functional are in the order of MO6L > LC-BLYP >
HSEHI1PBE > wB97XD >M062X > PBEPBE > MP2 > CAM-
B3LYP > B3PW91 > B3LYP > MP3 > CCSD. C,H,has AE®
ranging from -0.195 to -1.618 kcal/mol, -0.853 to -1.733 kcal/
mol and -0.502 to -2.309 kcal/mol for C,H,---HLi, C,H,---HNa

TABLE-2
BSSE CORRECTED INTERACTION ENERGY (AES, kcal/mol) OF ALL
THE COMPLEXES OPTIMIZED USING DIFFERENT FUNCTIONALS

Functionals C,H,--HLi C,H,-HNa C,H,HK C,H,HLi C,H,~HNa C,H,-HK
PBEPBE -4.148 -4.060 -5.296 -1.073 -1.625 2309
B3LYP 3571 -3.521 -4.587 -1.054 -1.030 -1.355
B3PW91 3432 -3.583 -4.682 -0.796 -0.853 -1.231
CAM-B3LYP -3.810 -3.884 -4.938 -1.236 -1.267 -1.644
HSEHIPBE -4.367 -4.398 -5.502 -1.544 -1.594 -2.034
LC-BLYP -4316 -4.381 5.521 -1.549 -1.637 -2.115
M062X -4.011 -4.147 -5.304 -1.618 -1.733 2204
MO6L -4.280 -4.832 5.924 -1.142 -1.694 2159
©B97XD -4.161 -4.474 -5.459 -1.513 -1.668 -2.008
MP2 -3.903 -3.891 5.271 -1.255 -0.879 -1.719
MP3 3219 -3.847 4.173 -1.431 -1.450 -1.632
CCSD -2.604 -3.250 -4.016 -0.195 -0.860 -0.502
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and C,H,---HK, respectively and each of the functional follow
different order. Both the hydrocarbons (C,H,and C,Hs) show
the interaction energy (AE®) ranges to be in the order of KH >
NaH > LiH for all the alkali metal hydrides among which KH
interacted complexes have more interaction thereby signifying
to be the most stable DHB complexes.

Vibrational frequencies: The selected vibrational frequ-
encies (cm™) and corresponding intensities (km mol™) of the
monomers and their complexes are listed in Tables 3 and 4.
The H---H stretching frequencies of the complexes are in the
range of 60 to 150 cm™ for all levels of theory and indicated
the formation of DHB interactions. Datka & Kukulska-Zajac

TABLE-3
SELECTED VIBRATIONAL MODES (cm™) AND CORRESPONDING INTENSITIES (km/mol)
OF THE ISOLATED MONOMERS OBTAINED AT DIFFERENT FUNCTIONALS

CAM- HSEHI

Structures PBEPBE B3LYP B3PW9l1 B3LYP PBE

LC-

BLYP M062X MO6L ®B97XD  MP2 MP3 CCSD

C-H of C,H, 3453 3520 3528 3535 3538
C-H of C,H, 3074 3136 3147 3161 3159

Li-H 1366 1408 1395 1425 1398
(146) (180) (195) (203) (187)

Na-H 1136 1167 1158 1196 1160
(175) (219) (246) (275) (233)

K-H 953 975 976 999 982

(369) (434) (478) (511)  (455)

3554 3542 3494 3529 3546 3570 3535
3192 3165 3139 3160 3192 3197 3171
1447 1424 1378 1348 1432 1427 1407
(228)  (13)  (229) (240) (222)  (208) (177
1226 1195 1117 1100 1182 1179 1150
(322)  (283)  (298) (337) (304)  (281)  (210)
1025 986 1014 1016 1012 1007 977
(556) (473)  (530) (551) (540)  (503)  (383)

TABLE-4
CALCULATED FREQUENCIES (cm™) AND CORRESPONDING INTENSITIES (km/mol)
OF THE COMPLEXES OBTAINED AT DIFFERENT FUNCTIONALS

Complexes PBEPBE B3LYP B3PWI1 CAM-B3LYP HSEHI1PBE LC-BLYP
H---H 146 (1) 136 135 139 148 145
C,H,--HLi C-H 3163 (588) 3282 (461) 3269 (486) 3305 (433) 3269 (508) 3326 (423)
Li-H 1424 (320) 1458 (339) 1444 (373) 1475 (356) 1457 (359) 1503 (377)
H---H 100 (0) 94 113 (24) 97 101 102
CH,-HNa C-H 3151 (739) 3272 (583) 3250 (634) 3292 (539) 3112 (36) 3179 (17)
Na-H 1200 (370) 1224 (409) 1143 (503) 1254 (469) 1227 (439) 1289 (514)
H--H 93 88 91 91 95 95
C,H,--HK C-H 3073 (1059) 3210 (800) 3176 (857) 3232 (703) 3182 (874) 3252 (645)
K-H 1038 (674) 1050 (720) 1055 (794) 1076 (782) 1070 (753) 1105 (804)
H--H 103 (9) 84 (12) 79 (14) 93 (10) 104 (11) 107 (8)
C,H,--HLi C-H 3028 (36) 3123 (18) 3132 (19) 3148 (17) 3144 (20) 3180 (15)
Li-H 1389 (207) 1427 (244) 1411 (267) 1446 (266) 1422 (254) 1474 (282)
H--H 79 (8) 61 (14) 61 (14) 70 (10) 79 (10) 81 (8)
CH,;-HNa  C-H 3022 (43) 3132 (23) 3132 (23) 3147 (20) 3143 (23) 3179 (17)
Na-H 1163 (242) 1176 (337) 1176 (337) 1220 (357) 1189 (313) 1260 (124)
H---H 82 (23) 70 (39) 70 (41) 76 (34) 83 (31) 85 (11)
CH,--HK C-H 3002 (95) 3118 (29) 3127 (29) 3142 (26) 3139 (29) 3174 (21)
K-H 991 (471) 1004 (551) 1007 (605) 1031 (625) 1023 (562) 1060 (658)
Complexes M062X MO6L ®B97XD MP2 MP3 CCSD
H---H 138 164 (1) 137 135 133 129
C,H,--HLi C-H 3297 (425) 3208 (626) 3291 (443) 3350 (377) 3379 (339) 3359 (321)
Li-H 1474 (376) 1450 (454) 1434 (370) 1477 (370) 1477 (347) 1457 (313)
H--H 97 114 (0) 94 95 93 89
CH,HNa C-H 3147 (15) 3167 (822) 3145 (23) 3328 (493) 3363 (442) 3328 (493)
Na-H 1253 (487) 1189 (564) 1214 (465) 1227 (501) 1226 (474) 1200 (402)
H--H 106 (44) 102 (0) 95 92 92 88
C,H,---HK C-H 3253 (659) 3101 (1027) 3215 (691) 3267 (659) 3307 (589) 3298 (596)
K-H 1094 (737) 1108 (905) 1110 (819) 1073 (812) 1067 (769) 1043 (670)
H--H 113 (0) 114 (41) 21 (29) 91 (23) 89 (26) 84 (23)
C,H,--HLi C-H 3149 (11) 3127 (19) 3149 (20) 3189 (14) 3186 (13) 3162 (12)
Li-H 1453 (243) 1419 (278) 1419 (300) 1451 (283) 1450(265) 1429 (232)
H--H 93 (35) 102 (2) 97 (0) 71 (27) 70 (32) 122 (3)
CH,HNa C-H 3147 (15) 3096 (56) 3145 (23) 3179 (18) 3184 (17) 3075 (27)
Na-H 1245 (202) 1157 (379) 1201 (410) 1199 (388) 1197 (362) 1213 (292)
H--H 89 (5) 95 (3) 89 (57) 36 (128) 36 (110) 34 (123)
CH,--HK C-H 3139 (22) 3075 (102) 3139 (28) 3148 (36) 3156 (29) 3156 (25)
K-H 1044 (503) 1098 (633) 1039 (649) 1027 (628) 1020 (589) 995 (497)
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[35] experimentally studied the alkenes family and found C-H
stretching vibrations to be in the range of 3100-3000 cm™. Singh
et al. [36] theoretically reported dihydrogen bonds between
C;H, and borane trimethylamine complexes and observed that
the C-H stretching vibrations are in the range of 3400-3100
cm’' [36]. In present case, the C-H stretching vibrations of Li-H
complexes are in the range of 3379-3028 cm™ for all the levels
which is decreased by -46 to -167 cm™ from their respective
monomers. Similarly, C-H bonds of Na-H and K-H complexes
are red-shifted by -4 to -207 cm™ and -18 to -263 cm™', respec-
tively from their corresponding monomers and matched well
with the earlier reported results [35-37]. The isolated Li-H stret-
ching frequencies are in the range of 1447-1348 cm™ which
upon complexation increased by 23-56 cm™ resulting in a blue
shift. Similarly, Na-H and K-H involving complexes of Na-H
and K-H stretching frequencies are also blue shifted from the
corresponding monomer.

Natural bond orbital (NBO) analysis: The natural bond
orbitals (NBO) analysis was performed to examine the delocal-
ization interaction between occupied Lewis type NBO orbitals
(lone pair or bonding) to unoccupied non-Lewis type NBO orbitals
(Rydberg or anti-bonding) orbitals. It corresponds to a donor-
acceptor interaction explaining intra- and intermolecular inter-
actions [38,39]. To gain a better understanding into the nature,
the NBO calculations were carried out at different functionals
with 6-311++G** basis set. In all complexes, electron exchange
was observed between two molecules causing the formation

of dihydrogen bond. The stabilization energy (E(2)) (kcal/mol)
that defines the strength of donor-acceptor interaction is listed
in Table-5, along with the energy splitting of donor and acceptor
orbitals (E; — E;) and the element of Fock matrix (F;;) describing
their interaction. The stabilization energy E(2) of the complexes
are found to be in the range of 0.56-11.11 kcal/mol. Among
all the complexes, more E(2) is observed for C;H,---HK complex
which has the smallest DHB distance and more interaction
energy. Among the functionals, MO6L and M062X give the
maximum and least E(2) values for all C;H,complexes making
the latter not appropriate.

QTAIM analysis: From the quantum theory of atom in
molecules (QTAIM) analysis, topological parameters such as
electron density (p), Laplacian of electron density (V’p) and
dipole moment (D) are tabulated in Table-6. Dipole moment varies
for different molecular combination with different functional
groups. Normally, more the dipole moment, more is its stability,
but in present case for a specific molecular combination diffe-
rent functionals gives different values of dipole moment and
the least value among these denotes better dihydrogen bonding.
Dipole moment being charge dependent depends highly on the
structure of the molecule; hence in present studies, it exhibits
the changes based on the complexes. For C,H,---HLi, dipole
moment varies from 6.609 to 7.467 D, and for C,H,---HNa and
C,H,---HK it varies from 6.470 to 8.498 D and 6.457 to 10.09
D, respectively. In case of C,H,, the dipole moment for Li-H,
Na-H and K-H interacted complexes varies from 5.449 to 7.031 D,

TABLE-5
NBO PARAMETERS OF THE COMPLEXES CALCULATED AT DIFFERENT FUNCTIONALS WITH 6-311++G** BASIS SET
Complexes PBEPBE B3LYP B3PWI1 CAM-B3LYP HSEH1PBE LC-BLYP
Donor(i) H3-Lil H3-Lil H3-Lil H3-Lil H3-Lil H3-Lil
Acceptor(j) C2-H2 C2-H2 C2-H2 C2-H2 C2-H2 C2-H2
C,H,---HLi EQ2) 7.01 5.73 6.33 6.44 6.91 7.20
E() - E@1) 0.62 0.72 0.71 0.85 0.71 0.97
F(i,j) 0.059 0.057 0.060 0.066 0.063 0.075
Donor(i) H3-Nal H3-Nal H3-Nal H3-Nal H3-Nal H3-Nal
Acceptor(j) C2-H2 C2-H2 C2-H2 C2-H2 C2-H2 C2-H2
CH,-HNa  E(Q2) 6.98 5.83 6.72 6.84 7.16 7.97
E() — E@) 0.61 0.71 0.70 0.83 0.70 0.95
F(i,j) 0.058 0.057 0.061 0.067 0.063 0.078
Donor(i) H3-K1 H3-K1 H3-K1 H3-K1 H3-K1 H3-K1
Acceptor(j) C2-H2 C2-H2 C2-H2 C2-H2 C2-H2 C2-H2
C,H,---HK EQ2) 8.27 7.07 8.35 8.65 8.53 10.23
E() - E@) 0.59 0.69 0.68 0.81 0.68 0.92
F(i,j) 0.062 0.062 0.067 0.075 0.068 0.087
Donor(i) H3-Lil H3-Lil H3-Lil H3-Lil H3-Lil H3-Lil
Acceptor(j) C2-H2 C2-H2 C2-H2 C2-H2 C2-H2 C2-H2
C,H,--HLi E(2) 2.85 1.87 1.87 2.13 2.66 2.56
E() - E@1) 0.60 0.70 0.69 0.82 0.69 0.95
F(i,j) 0.037 0.032 0.032 0.037 0.038 0.044
Donor(i) H3-Nal H3-Nal H3-Nal H3-Nal H3-Nal H3-Nal
Acceptor(j) C2-H2 C2-H2 C2-H2 C2-H2 C2-H2 C2-H2
CH,HNa EQ2) 2.96 1.92 1.96 222 2.80 2.77
E() — E@) 0.59 0.69 0.68 0.81 0.68 0.93
F(i,j) 0.037 0.032 0.033 0.038 0.039 0.045
Donor(i) H3-K1 H3-K1 H3-K1 H3-K1 H3-K1 H3-K1
Acceptor(j) C2-H2 C2-H2 C2-H2 C2-H2 C2-H2 C2-H2
C,H,-HK E(2) 3.43 2.61 2.90 3.15 3.60 3.82
E() - E@1) 0.58 0.67 0.67 0.79 0.66 0.91
F(i,j) 0.040 0.037 0.039 0.045 0.044 0.053
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Complexes M062X MO6L ®wB97XD MP2 MP3 CCSD
Donor(i) H3-Lil H3-Lil H3-Lil H3-Lil H3-Lil H3-Lil
Acceptor(j) C2-H2 C2-H2 C2-H2 C2-H2 C2-H2 C2-H2
CH,-HLi  EQ) 5.88 8.55 7.39 6.20 5.73 5.32
EG) - E@1) 0.84 0.61 0.87 1.09 1.09 1.09
F(,j) 0.063 0.065 0.072 0.073 0.071 0.068
Donor(i) H3-Nal H3-Nal H3-Nal H3-Nal H3-Nal H3-Nal
Acceptor(j) C2-H2 C2-H2 C2-H2 C2-H2 C2-H2 C2-H2
CH,-HNa  E(2) 6.37 9.93 8.13 6.89 6.22 5.61
EG) - EQ@) 0.82 0.59 0.86 1.06 1.06 1.06
F(i,j) 0.065 0.068 0.074 0.076 0.073 0.069
Donor(i) H3-K1 H3-K1 H3-K1 H3-K1 H3-K1 H3-K1
Acceptor(j) C2-H2 C2-H2 C2-H2 C2-H2 C2-H2 C2-H2
CH,~HK  EQ) 7.92 11.11 10.18 9.40 8.71 8.03
EG) - E@1) 0.80 0.58 0.84 1.05 1.05 1.04
F(,j) 0.071 0.072 0.082 0.089 0.085 0.082
Donor(i) H3-Lil H3-Lil H3-Lil H3-Lil H3-Lil H3-Lil
Acceptor(j) C2-H2 C2-H2 C2-H2 C2-H2 C2-H2 C2-H2
C,H,--HLi E(2) 0.56 244 2.63 1.74 1.64 1.43
EG) - EQ@) 0.81 0.60 0.86 1.06 1.06 1.05
F(,j) 0.019 0.034 0.042 0.038 0.037 0.035
Donor(i) H3-Nal H3-Nal H3-Nal H3-Nal H3-Nal H3-Nal
Acceptor(j) C2-H2 C2-H2 C2-H2 C2-H2 C2-H2 C2-H2
CH,~HNa EQ) 0.64 3.35 2.94 2.03 1.89 1.59
EG) - E@1) 0.79 0.58 0.84 1.03 1.03 1.03
F(,j) 0.020 0.040 0.044 0.041 0.040 0.036
Donor(i) H3-K1 H3-K1 H3-K1 H3-K1 H3-K1 H3-K1
Acceptor(j) C2-H2 C2-H2 C2-H2 C2-H2 C2-H2 C2-H2
C,H,--HK E(2) 1.19 391 3.80 3.11 3.01 2.63
EG) - EQ@) 0.78 0.57 0.83 1.01 1.01 1.01
F(,j) 0.027 0.042 0.050 0.050 0.049 0.046
TABLE-6
THE ELECTRON DENSITY (p, a.u.) AND LAPLACIAN OF ELECTRON DENSITY (V?p, a.u.) AND DIPOLE
MOMENT (D, debye) OF ALL THE COMPLEXES CALCULATED USING DIFFERENT FUNCTIONALS
M
2 & 2 L [ A = % = g o
Complex % ; E % Q E ;f g é ;’i § § 8
a m @ Um 2 S = 3 ©
CH,HLi D 6.609 6.645 6.746 6.611 6.763 6.745 6.785 7.117 7.467 6.992 6.992 6.992
P 0.0146 0.0121 0.0128 0.0120 0.0139 0.0121 0.0117 0.0159 0.0123 0.0112 0.0105 0.0099
V’p 0.1538 0.1645 0.1594 0.1649 0.1602 0.1653 0.1661 0.1614 0.1551 0.1695 0.1707 0.1689
CH,-HNa D 6.941 6.470 7.473 7.352 6.712 6.788 6.848 8.498 6.964 8.217 8.217 8.217
P 0.0149 0.0123 0.0132 0.0122 0.0142 0.0124 0.0119 0.0170 0.0127 0.0117 0.0108 0.0100
V’p 0.1244  0.1323  0.1288 0.1368 0.1300 0.1410 0.1369 0.1262 0.1254 0.1328  0.1340  0.1309
CH,-HK D 8.625 6.457 9.278 9.397 9.148 9.696 9.494 9.960 9.620 10.09 10.09 10.09
p 0.0169 0.0140 0.0153 0.0139 0.0160 0.0140 0.0135 0.0189 0.0144 0.0138 0.0130 0.0121
V’p 0.0751 0.0770 0.0770 0.0787 0.0775 0.0800 0.0797 0.0769 0.0759 0.0811 0.0810 0.0789
CH,-HLi D 6.203 5.449 6.342 6.331 6.324 6.369 6.331 6.637 7.031 6.590 6.590 6.590
p 0.0084 0.0064 0.0063 0.0068 0.0081 0.0075 0.0059 0.0088 0.0074 0.0063 0.0060 0.0055
V?p 0.1525 0.1633 0.1580 0.1641 0.1586 0.1644 0.0138 0.1603 0.1541 0.1680 0.1690 0.1670
CH,-HNa D 6.424 5.997 6.264 6.180 6.222 6.375 7.064 7.966 7.500 7.719 7.719 7.719
p 0.0089  0.0066 0.0066 0.0070 0.0085 0.0077 0.0062 0.0094 0.0079 0.0067 0.0063 0.0056
V’p 0.1231 0.1310 0.1275 0.1357 0.1285 0.1399 0.0140 0.1248 0.1249 0.1321 0.1328 0.1294
CH,+HK D 8.0088 59457 8.6834 8.8189 85683 9.1599 8.7960 9.3583 9.1443 95234 95234 9.5234
P 0.0099 0.0077 0.0082 0.0081 0.0096 0.0088 0.0074 0.0108 0.0090 0.0081 0.0079 0.0072
V’p 0.0740  0.0760 0.0759 0.0778 0.0763 0.0790 0.0154 0.0759 0.0170 0.0803  0.0801 0.0779
5.997t07.966 D and 5.946 t0 9.523 D, respectively. Comparing The values of electron density and its Laplacian are found

the dipole moment based on the functional, B3LYP provides to be in the range of 0.0055-0.0189 a.u. and 0.0170-0.1707
the least and ®B97XD, MO6L provides the maximum values. a.u. Among all the functionals, MO6L gives the best result for
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electron density and Laplacian in all the molecular systems.
On the other hand, M062X under estimates the values making
itunstable for DHB studies. Fig. 3 illustrates a good exponential
correlation between the electron density at bond critical point
(BCP) and DHB distance of all the complexes. It is clearly
observed that the DHB distance decreases as the electron density
increases exponentially.

Molecular electrostatic potential (MEP) analysis: The
electrostatic potential caused in space by charge distribution is
obliged to know the electrophilic and nucleophilic regions in
the given molecule. The molecular electrostatic potential
affords a visual method to understand the charge distribution
of compounds [40,41]. To attain a deeper understanding into
the origin of DHB interaction between C,H, and C,H4 with
HM (Li, Na and K), the analysis of the molecular electrostatic
potential has been carried out. Fig. 4 illustrates the molecular
electrostatic potential of C,H, and C,H, with alkali metal
hydrides (Li, Na and K) complexes calculated at MO6L/6-
311++G** level of theory. As mentioned above, both electro-

0.020
(1) MosL
. (2) PBEPBE
0.0184 (3) HSEH1PBE
— (4) B3PW91
3 d (5) LC-BLYP
T (6) B3LYP
S 0.0164 (7) CAM-B3LYP
= il (8) ®B9I7XD
> (9) M062X
g i (11) MP3
s 12) CCSD
-§ 001 2' —— CZHZ_LiH (5)
i ) CZHZ-NaH (10)
0.010 —#— C,H,-KH

L] L L
1.85 1.90 1.95 2.00 2.05 2.10
DHB distance (A)

Electron density at BCP (a.u.)

philic and nucleophilic parts were observed on the given comp-
lexes wherein red-colour surface represents the nucleophilic
region and the blue-colour part denotes the electrophilic region.
Thus, the nucleophilic area is indeed located on both sides of
the bond (M-H, C=C, and C=C), whereas electrophilic area is
around the ethene and ethyne molecules. Therefore, molecular
electrostatic potential confirms the dihydrogen bond formation
between C-H and M-H bonds.

Conclusion

A theoretical study on dihydrogen bond in C;H,---HM and
C,H,---HM (M = Li, Na and K) complexes were performed by
DFT and ab initio methods. The intermolecular dihydrogen
bond distances were well in agreement with the van der Waals
radii of two hydrogen atoms (2.4 A). The smallest dihydrogen
bond distance and more interaction energy were observed for
C,H,---HK complex. Among all the functionals, smallest
dihydrogen bond distance was observed for MO6L functional
while the largest for M062X. The vibrational analysis of the

0.011
(1) Mo6L
(2) PBEPBE
0.010 « (3) HSEH1PBE
| (4) LC-BLYP
(5) ®B97XD
0.009 - (6) CAM-B3LYP
(7) B3LYP
(8) B3PWO1
0.008 + (9) MP2
(10) MP3
(11) CCSD
0.007 C,H,LiH (12) M062X
—a— C,H,-NaH (7)(8)
0.0069 ame C,H,-KH ©
(12)
i (1)
0.005 - ———r—T—r—T ——

L] L]
215 220 225 230 235 240 245 250 255
DHB distance (A)

Fig. 3. Dependence of electron density at BCP (a.u.) upon bond distance of H---H interaction

C,H,--HLi
Fig. 4. Molecular electrostatic potential of the complexes obtained at MO6L/6-311++G** level of theory

C,H,-HNa

C,H,-HK
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complexes revealed red and blue shift for C-H and M-H bonds.
The QTAIM analysis of H---H bond revealed closed shell
interactions for all the complexes. The MEP shows that the
negative potential sites were around alkali metal hydride while
positive potential sites were around the ethene and ethyne
molecules. Among all the complexes, it was found that K-H
containing complexes are most stable than Li-H and Na-H
involved complexes.
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