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ABSTRACT

M P2/aug-cc-pvtz level was used to optimize geometries of the complexes
between GeH, and Y (Y=He, Ne, Ar, Kr) have been calculated at the. The
structures and electronic properties of the blue-shift hydrogen bonds
complexesGeH,... Y(Y=Ar, Kr) were investigated. The calculated interac-
tion energies with basis set super-position error (BSSE) correction re-
vealed that the rel ative stabilities of the complexesintheorder: GeH,...He
<GeH,...Ne<GeH,...Ar~ GeH,...Kr. The calculated results showed that
theinteractions between GeH, and Y (Y =He, Ne) belong to van der Waals
force, and those between GeH, and Y (Y =Ar, Kr) belong to weak hydrogen
bond. NBO (natural bond orbital theory) and electron behavior analysis
showed that GeH,...Y(Y= Ar, Kr) hydrogen bond is with a non-electro-
static property. Electron density topological properties have also been
calculated to investigate the critical pointsof H...Y weak bonds in all the
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structures of the complexes.

INTRODUCTION

Noncovaent wesk interactionshaveimportant roles
inthefield of moleculerecognition, inbiochemica pro-
cesses, arangement of moleculesin crystalsand inma:
terid sscience. Theseinteractionshave captured thein-
terest of chemistsfor alongtime, and studiesof their
theori esand experimentshave been well reported* 2.
It hasbeen found that many physical and chemicd phe-
nomenaared osdy rdaed tointermol ecular noncovaent
wesk interactionsincluding dihydrogen bonds®, halo-
gen bondg“, d—cation interactions!®. Of course, hy-
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drogen bonds are the most studied among all the
noncovalent wesk interactions. Under certain condi-
tionsan atom of hydrogen in attracted by rather strong
forcestotwo atoms, instead of only one, sothat it may
be considered to be acting as a bond between them.
Thisisso-caled thehydrogen bond®, whichisacom-
mon noncoval ent weak interaction besides of van der
Waalsforce. Pauling pointed out that in a hydrogen
bond system, the hydrogen atom is situated only be-
tween themost € ectronegativeatomsandit usualy in-
teracts much stronger with one of them!™. That isto
say, theinteraction between hydrogen and another e ec-
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tronegative atom ismuch weaker and mostly e ectro-
static in nature. However, when ahydrogen atom co-
vaently bondsto aweak e ectropositiveatom situated
inthemiddle of thetwo weak € ectropositive atoms,
eveninthemiddleof aweak € ectropositiveatomand
an electrically neutral atom, what amoleculeinterac-
tionswill be? The hydrogen bond would beformed or
not? What the natureand the el ectronic behavior of the
interactionwill be?Based ontheseideas, weareinter-
ested inwhether there are any noncoval ent wesk inter-
actions like hydrogen bond or van der Waals force,
and how the interactions take place. We consider a
particular set of molecule complexesformed by GeH,
andY (Y=He, Ne Ar, Kr), asshowninFigure 1, where
the hydrogen atom covalently binding to Geatom situ-
atedinthemiddleof Geand raregasatomsY (Y=He,
Ne, Ar, Kr), Thus, the natureand e ectron structures of
theweak interactions between them wereinvestigated
and characterized using the second—order Mgoller—
Plesset (MP2) theoretical method.

COMPUTATIONAL DETAILS

All themonomersand complexeswere optimized
by using thesecond-order Mgller-Plesset (MP2) meth-
ods, respectively. And theaug-cc-pvtz wasused asthe
calculated basis set. This method and basis set ad-
equately describes noncovaent interaction systemsin
recent yeard® 9, soitisreliablefor the purpose of our
study. Theinteraction energieswere corrected with the
basis set superposition error (BSSE). The BSSE was
evaluated by using the counterpoi se method of Boys
and Bernardi!®. The calculationsof theelectron den-
sity topological propertieswere carried out with the
AlIM 2000 programi*, The NBO anal yses were car-
ried out withthe NBO 5.0 package™2. All other calcu-
lations were performed with the Gaussian 03 pro-
grami3,

RESULTSAND DISCUSSION

Geometricconfigurations

Theoptimized geometric configurationson the po-
tential surfacesof themonomer and GeH, ... Y(Y=He,
Ne Ar, Kr) complexesareshownin Figure 1, and some
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Figurel: Thegeometric configurationsof themonomer and
complexes

important structura parametersobtained at the M P2/
aug-cc-pvtz computationd level arelisedinTABLE 1.
Asshownin Figure 1, the weak interaction systems
formedviaY (Y=He, Ne, Ar, Kr) atomsinteracting di-
rectly with H1 atom of the GeH, monomer. Comparing
parameters of themoietieswith thoseof the complexes
givenin TABLE 1, it can beeasily found that the Ge-
H1 bond lengths all decreased to some degree after
complex formation. For example, the Ge-H1 bond
lengths decreased only by 0.0001, 0.0002, 0.0002,
and 0.0003 A in the complexes GeH,...He,
GeH,...Ne, GeH,...Arand GeH, .. KT, respectively.
Thispredictstha theinteraction energieswould besmall.
Thevan der Waalsradiusisan important factor inin-
vestigating the geometric structure. If thedistance be-
tween two atomsislessthan the sum of their van der
Waalsradius, acertain degree of weak interaction like
hydrogen bonding, whichisstronger thanvan der Wads
forces, existsbetween thetwo atoms. If the distance
between two atomsislarger than the sum of their van
der Wad sradius, avan der Waal scomplex forms. The
vander Waalsradii experimenta vaueof theH atomis
1.20A, and these of He, Ne, Ar and Kr atoms are 1.40,
1.54,1.88and 2.02 A, respectively. From TABLE 1,
it can befound that the distances between H1 and Y
(Y=He, Ne) obvioudy larger than thesum of their van
der Waalsradii. So we can concludethat GeH,...He
and GeH,...Ne systems belong to van der Waals com-
plexes. However, the distances between H1 and Y
(Y=Ar, Kr) obvioudy lessthanthe sum of their van der
Waalsradii inthe GeH,...Y (Y=Ar, Kr) systems, so
GeH,...Arand GeH,...Kr can be regard as like-hy-
drogen-bond complexesin geometric characteristic.
Further more, Ge-H1...Y(Y=He, Ne, Ar, Kr) bond
angleisanother bond parameter characteristic neces-
sary toinvestigate. In generally, hydrogen bondshave
theline structure potential in geometric configuration,
whichisdecided by then>c* eectron behavior of the
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hydrogen bonds. So, the stronger the hydrogen bond,
the morethebond angle closeto 180°. For example,
the bond angleisabout 175-180° in much strong hy-
drogen bonds, 130-180° in strong hydrogen bonds and
90-180° in weak hydrogen bonds!®. Asfor GeH,...Y
(Y=He, Ne, Ar, Kr) systems, Ge-H1-Y (Y=He, Ne,
Ar, Kr) bond angles are all 180°, so, it is suitable to
form hydrogen bonds structures between GeH, and Y
(Y=He, Ne, Ar, Kr) if only geometric characteristicwas
considered.

are about 2.0 ~ 4.0 k¥mol. So, the GeH,... Ar and
GeH,...Kr can be considered as hydrogen bond com-
plexes. Intotd, theintermolecular interactionsbetween
GeH, and He, Ne, Ar, Kr arevan der Waalsforcesto
hydrogen bond complexes consequently.

To help possibleexperimental identification of the

TABLE 2: Symmetry group, PG, and BSSE corrected inter-
action ener gy (kJ/mol) for thethree complexesat the M P2/
aug-cc-pvtz computational levels

complexes PG AE BSSE AEcp

TABLE 1: Geometrical parameters(A, °) of the complexes  GeH,-He C3v  -0.45 0.37 -0.08

obtained (r, d and o aredefined in theFigure 1) GeH,Ne cv  -105 0.92 013

Compound M P2/aug-cc-pvtz GeH, - Ar C3v  -2.22 1.37 -0.85

r d a GeHy - Kr C3v  -385 3.02 -0.83
GeH, 15118 - - intermol ecular wesk interactionsdescribedin thiswork,
GeHy-He 15117 2886 1800  TABLE 3showed the corresponding bond (Ge-H1)
GeHgNe 15116 2.779 180.0 stretching intensities and frequencies of monomer and
GeH,Ar 15116 3.086 180.0 complexesca culated at MP2/aug-cc-pvtz level . From
GeH-Kr 1.5115 3.089 180.0 TABLE 2, compared to GeH, monomer, the stretching

I nter action ener giesand frequency analysis

Interaction energy isapowerful approachfor esti-
mati ng thestrength of anintermolecular interaction. The
interaction energiesinthe GeH,...Y (Y=He, Ne, Ar,
Kr) systems at MP2/ aug-cc-pvtz level arelisted in
TABLE 2. The BSSE correctionistaken into consid-
eration becausethisisanecessary step for accurately
describing theenergiesof weak interaction systems. As
shownin TABLE 2, the BSSE-corrected interaction
energies (AE_,) are -0.08 and -0.13 kJ/mol in
GeH,...He and GeH,...Ne, respectively, which are
obvioudy lessthanthoseof GeH, ... Arand GeH,...Kr
complexes. Andthe AE_inGeH, ... Aris close to that
of GeH,...Kr. These suggest that GeH,, iseasier to bind
withAr and Kr than with Heand Ne. Comparing the
BSSE corrected interaction energies (AE_,) of the
GeH,...Y (Y=He, Ne, Ar, Kr) systems, it can be eas-
ily found that therel ative stabilities of thefour com-
plexesincreasedintheorder: GeH,...He <GeH,...Ne
< GeH,...Ar ~ GeH,...Kr. Further more, we noted
that the AE in the GeH,...Y(Y=He, Ne) systems are
only -0.45 and -1.05 kJ/mol, respectively. So, thein-
teractionsbetween GeH, and Y (Y =He, Ne) arevery
weak, and can be classified to van der Waalsforces.
However, theAEinthe GeH,...Y(Y=Ar, Kr) systems

frequencies of the Ge-H1 bonds in the complexes
present some degree of blue-shift. For example, the
blue-shift of the Ge-H1 bonds are 3.78, 6.68, 8.88
and 11.34cm*inGeH,--He, GeH,'Ne, GeH,~Ar and
GeH,-Kr complexes, respectively. Namely, the blue-
shift vauesof the Ge-H1 bondsincreased consequently
from GeH,~-He to GeH,~'Kr. In addition, compared
to GeH,, the Ge-H1 stretching intensitiesall decreased
after theformation of the complexes. Thisattributeto
the decrease of the Ge-H1 bonds polaritieswhen the
complexesformed, and thiskind of weaker polarity
produced lessdipolar under the sameinter-atomsdis-
placement. It isworth to noted that the existences of
theH1:--Y (Y=He, Ne, Ar, Kr) stretching vibrational
frequencies based on the whole complexes despite of
their smdl stretching vibrationa intengties. Thisisaso
TABLE 3: Stretch vibrational frequency (v, em™®), frequency
shift (Av, em?), and IR intensity (kmemol?) of the Ge-H1
bond.

Compound vgen: IR intensity Avgen: VH1y
GeH, 2292.02  127.38 - -
GeH,He 229580 122.71 3.78 29.97(0.007)
GeHyNe 2298.70  117.15 6.68 23.76(0.008)
GeH,+Ar  2300.90 116.5 8.88 31.31(0.009)
GeH,Kr 2303.36 112.96 11.34 31.46(0.010)
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oneof thetheoretica testimoniesfor the exi stences of
thewesk intermol ecul ar interactions between GeH, and
Y (Y=He, Ne, Ar, Kr).

NBO analysisand NMR properties

For abetter understanding of themechanism of for-
mation of complexes, NBO analysiswas performed
for themonomer and complexesat MP2/ aug-cc-pvtz
leve, andthecorresponding resultsarelisedin TABLE
4. Theinteraction strength between themonomerscould
beclarified according to the second-order stabilization
energy E, @ obtained from the NBO analysis asfol-
lows
e @ oy (0 FS

Y ° g, —¢€ ° AE

o

Where Fi isthe Fock matrix element between the
i andj NBO orbitals, ¢ _and ¢_, arethe energiesof ¢
andc*, and 77_isthe population of thedonor ¢ orbital.
AsNBO theory indicates, electron transfer among or-
bitalsaccompani estheformation of anoncovaent bond
and hasamajor rolein theformation, so the E”.<2) can
be taken as an index to judge the strength of a
noncovalent interaction. Generally, thelarger the stabi-
lizetionenergy E”@, thestronger theinteraction between
the donor and acceptor orbitals. Asshownin TABLE
4, there is only one kind of charge transfer in the
GeH,...Y(Y=Ne, Ar, Kr) complexes, namely LP4(Y)
— o*(Ge-H1) (Figure 2), and therelated second sta-
bilization energy Eij(Z) are about 0.2 ~ 2.0 kJemol™.
However, there is no corresponding LP4(He) —
c*(Ge-H1) chargetransferinthe GeH, . ..He complex.
The overlap between donor orbital and acceptor or-
bital isthe characteristic of the hydrogen bond interac-
tion. It can be seen from Figure 2 that thereisno obvi-
ousand effectiveorbita overlap between LP4(Ne) and
o* (Ge-H1) despite of the existence of the LP4(Ne)—
c*(Ge-H1) chargetransferinthe GeH,. . .Ne complex.
So, different from GeH,...Ar and GeH,...Kr,
GeH,...He and GeH,...Ne are impossible hydrogen
bond complexes. Thechargetransfersbetween natural
bond orbitalslead to the decrease of the charge popu-
lation of the (Ge-H1) bond orbital or increase of the
chargepopulation of the c* (Ge-H1) anti-bond orbital .
For example, thecharge population of thec* (Ge-H1)
increased by 0.01, 0.15, 0.59 and 1.17 me in the
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GeH,...He, GeH,...Ne, GeH,...Ar and GeH,.. K,
respectively. Additiondly, theMulliken chargeflow from
Y(Y=He, Ne Ar, Kr) toGeH, are 1, 6, 3and 3 mein
thefour complexes, respectively. Thedipolar of thefour
complexesareasolistedin TABLE 4. Thedipolar of
the GeH, and Y (Y=He, Ne, Ar, Kr) aredll zero, but
thedipolar of al thecomplexesarenot zero. Thissug-
geststhedectron distributions of the systemschanged
after thecomplex formed, namely, thesymmetry of the
el ectron distributions decreased. The charge popula
tion analys smanifeststhe charge population of the H
aomin GeH, monomer isnegative, but it till may form
complexeswith hydrogen bonds geometric character-
istic with neutral atoms like Ar and Kr. So, the
GeH,...Ar and GeH,...Kr hydrogen bonds studied
here different from the traditional hydrogen bonds.
GeH,... Y(Y=Ar, Kr) hydrogen bonds have no elec-
trostatic property whilethetraditiona hydrogen bonds
have. They are probably of non-electrostatic weak in-
teractionswhich are brought by the e ectron-del ocal -
Ization-ass sted processing.

Inorder tofurther investigate theflow direction of

LP4Ne)—o*iGeHi)

LP4{Ary—o*(Ge-HL) LP4{Err—o*iGe-H1)

Figure2: 3D imagesof theLP4(Y)—>¢*(Ge-H1) (Y=Ng Ar,
Kr) natural bond orbital interactions

TABLE 4: NBO analysisfor thecomplexesat theM P2/aug-
cc-pvtzlevel

GeHy~He GeHyNe GeHy-Ar GeH,Kr

E;®LP4
(Y)—>o* -
(Ge-H1) kdmal
Apc/me(Y —
(GeHy))
Ansc/me(Y —c*
(Ge-HY1))
Dipole
moments/Debye

0.59 172 3.02

0.01 0.15 0.59 1.17

0.0084 0.0229 0.0198 0.0205

thee ectronsinthefour complexes, dl theatoms’ chemi-
ca shiftsinthe GeH, obtained at the M P2/aug-cc-pvtz
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computationd level aregivenin TABLE 5. Comparing
the GeH, monomer with GeH, moiety of thecomplexes,
therelativechemical shiftsof thenon-involved H (H2,
H3 and H4) atomsall decreased by acertain degree,
and presented atrend to upfield, however, therelative
chemical shift of involved H atom (H1) increased and
presented atrend to downfield. Theabsolute chemical
shift of Ge atom increased when complexesformed.
Theseindicated that the el ectronsflow fromY (Y =He,
Ne, Ar, Kr) moiety to GeH, moiety.

TABLE5: Variation of therelative chemical shifts(ppm) of

theGeH , upon complexation at theM P2/aug-cc-pvtz computa-
tional level

Compound H1 Ge H(2, 3, 4)
GeH, 3.895  1822.64(absolut) 3.895
GeH,4-He 3.895 1823.22 3.883
GeH,Ne 3.907 1823.97 3.883
GeHy - Ar 3.978 1824.22 3.883
GeH,-Kr 4.073 1824.63 3.871

M oleculeselectrostatic potential and e ectron den-
sity topological analysis

Themoleculesée ectrostatic potential (MESP) im-
ageisone of thetoolsfor conformational analysis. It
has been used primarily for thestudiesof biological rec-
ognition and hydrogen bonding interactiong* !, The
electrostatic potential (gp) isdefined asbeing the en-
ergy of interaction of apositive point chargewith the
nucle and thed ectronsof amolecul €9;

nucleus 7 basefunction r r
e = z A _ z P Iq,u( )¢v()|r
P R uv r
A AP B v P

Thefirg summationisthet of nucleusA. TheZ terms
aretheatomic numbersand R, arethedistances be-
tween the nuclel and the pintscharge. The second part
of thesummationisthebas sfunctions¢. Pistheden-
sty matrix, and theintegra sreflect Coulombicinterac-
tions between the € ectronsand the point charge, where
r,isthe distance between them. Positive potential val-
uesreflect nucleus predominance, while negativeval-
uesrepresent rearrangementsof € ectronic chargesand
lone pairsof dectrons. Thefundamenta application of
thisstudy isthe analysis of non-cova ent interactions.
Figure 3 plotsthe 3D images of the molecular com-
plexeselectrostatic potential of the GeH,. .. Ar system.

Asshownin Figure 3, thepositive € ectrostatic poten-
tid inbluecolor distributesin theregion both out sde
of Ar nuclear and out sideof H1 nuclear. Weknow Ar
and H1 arethedirect interaction atomspair. Thisalso
suggeststheview of the non-e ectrostatic weak inter-
actionin nature of the GeH,... Y(Y=Ar, Kr) systems
described in part of NBO analysis.

-4, Ella—1

b Bdle-d
Figure3: 3D moleculeselectrostatic potential distribution
of theGeH,...Ar complexes

TABLE 6: Electron density topological propertiesof H1-Y
bond critical points

m vzp(rc)
Compound profau. A Ay A3
/a.u.
0.00 -0.00 -0.00 0.00 -0.00 6.66e
GeHy~He H--He
114 09 09 677 124 -12
0.00 -0.00 -0.00 0.01 -0.00 7.86e
GeHy~Ne H--Ne
261 225 225 583 283 -12
0.00 -0.00 -0.00 0.01 -0.00 9.22e
GeHy~Ar  H-Ar
394 286 286 970 349 -12
0.00 -0.00 -0.00 0.02 -0.00 4.53e
GeHy~Kr  H--Kr
530 386 386 493 430 -12

Thetopological propertiesof thescdar field elec-
tron density (fi(r)) can be described by the numbers
and the categoriesof thecritical points. A critical point
isthespatia position wherethefirst derivativeof the
p(r) iszero, namely asfollowing:

.0 .0 0
Vp(r) =i &P(r)ﬂap(rﬂkap(r)—o

Accordingtothecritica point’s curvature obtained
by cal culating the second derivative of thep(r), thetype
of thecritica point can be defined. TheHessian matrix
of electron density iscompaosed by nine secondary de-
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& - 4qx
X=He, Ne,  Ar. Kr

Figure4: Themolecular graph of GeH eY(Y=He, Ne, Ar,
Kr)
rivativesof p(r) inthreedimensions. Thethreeeigen-
values(A,, A, and ) can beacquired by performinga
diagonaized operator on Hessian matrix. Thesum of
thethreeeigenvauesisequa to Laplacian of theelec-
tron density (V?p(r) =A,+A,+1,). Among the three
elgenvalues, if two of them arenegativeandtheother is
positive, the corresponding critical point isdesignated
asthebond critical point (BCP) and markedas (3, -1),
indicating thelinkage between thetwo atoms. Theeec-
tron density topol ogical properties of amoleculede-
pend on electron density gradient vector field and
V?p(r). Ingeneral, theelectron density of aBCP (p(r )
isrelated to the strength of thebond: thelarger thep(r)
is, thestronger the bond will be; thesmaller thep(r ) is,
theweaker thebond will be. The V2p(r) of aBCPre-
flectsthe characteristic of thebond. If Vp(r )<0, BCP
chargeswill be concentrated, and the more negative
V?p(r) is, the more covaent property will be; if
V?p(r )>0, BCPchargeswill bedispersed, and themore
positive Vp(r ) is, themoreionic property will be.
Theeectron density topological propertiesof the
H1---Y(Y=He, Ne, Ar, Kr) critical points in the com-
plexesarelistedin TABLE 6. Thethreeeigenvalues of
the electron density Hessian matrix of H1---Y are all
“one positive and two negative”. Therefore, the critical
points between the atom pair of H1:--Y belong to the
typeof BCPs,and H1--Y has a certain degree of bond
property. Further, molecular graph istheintuitionistic
expression of theelectron density topological property,
and it canrdiably describethe bond structures. Figure
4isthemolecular graphsof theGeH,... Y(Y=He, Ne,
Ar, Kr) complexes, it also showsthat thereareabond
critical points (red points between H and Y') between
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H1 andY atom pair, which suggests bond behavior
between corresponding two atoms. Thep(r) of H1---Y
inthefour complexesareonthesmall scaleof 0.00114
~0.00530a.u.. Thisindicatesthat theinteractionsin
thefour complexesareweak, whichisin good agree-
ment with theinteraction energy analysisand NBO
anaysis. In addition, the Vp(r) of the corresponding
critica pointsaredl smdl negativevaues(-0.00430 ~
-0.00124 a.u.). Thisshowsthat thereisconcentration
theelectron density withintheH1:-Y atoms pair re-
gion, and thiskind of interaction iswith non-electro-
static property but covaent character, whichisagreed
well withtheNBO analysis. Thedllipticity £ isdefined
asA /A1, of whichthe A, and 1, are thetwo eigen-
values of the Hessian matrix of electron density. The
ellipticity providesameasurefor thec or & character
of abond. Ingenerd, thelessthee is, the stronger the
o character is, contrariwise, ther character is. Asshown
inTABLE 6, dl thedlipticity € of H1:--Y weak bonds
arecloseto zero, thisindicatesthat H1--Y weak bonds
have much o character.

CONCLUSIONS

M P2/aug-cc-pvtz level was used to optimize ge-
ometries of the four complexes between GeH, and
Y (Y=He, Ne, Ar, Kr) have been calculated at the.
Reported the Structuresand € ectronic propertiesof the
GeH,...Y(Y=Ar, Kr) intermolecular interactions. The
cd culated interaction energieswith basis set super-po-
sition error (BSSE) correction revea ed that therela-
tivestabilitiesof thecomplexesintheorder: GeH,...He
<GeH,...Ne <GeH,...Ar~ GeH,.. Kr. The calcu-
|ated resultsshowed that theinteractionsbetween GeH,
andY (Y=He, Ne) belongto van der Waa sforce, and
those between GeH, and Y (Y =Ar, Kr) bel ong to weak
hydrogen bond. Electron behavior and el ectron density
topologica anaysisshowedthat GeH,... Y (Y=Ar, Kr)
hydrogen bond iswith anon-€electrostatic property.
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