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The influence of the chemical compression on the electric properties of the model system is
investigated. Two types of chemical environments are applied to exert pressure on the LiH
molecule: nanotube-like and fullerene-like. The effects of two shapes of helium cavities onto the
electric properties of the model system are discussed. The obtained results are compared to the
data generated for the model spherical and cylindrical potentials by other authors.

I. Introduction

The properties and the behaviour of the molecules enclosed in
the cage can differ substantially from those of the gas phase or
bulk. The weak interaction between the enclosed molecule and
the cavity allows to finely tune the characteristics of the host
system. Therefore this issue remains of interest in various
branches of science: from catalytic effects on zeolites to the
storage properties of the solid media.

The simplest way to mimic the confinement effects is to apply
the model potential of the desired shape.”” However, the
chemical surrounding differs considerably from the one
modelled by the impenetrable spherical or cylindrical wells, since
the electron density distribution is not uniform in the whole
space when one considers the chemical species built from atoms.
Moreover, the harmonic oscillator potentials applied for this
purpose act only on the electrons of the confined system. Thus,
the model potentials are suitable for the introductory study
giving some general aspects of the confinement effects, never-
theless they should be substituted by the real chemical species to
reveal the true information about the molecular system.

In the last years growing interest can be noticed concerning the
properties of the molecules enclosed in the chemical cages such as
fullerene molecules, nanotubes, porous carbon materials, zeolites
or crystals.'?? Stability of the enclosed system, its electro-optical
properties, absorption and emission spectra, dielectric constants,
magnetic properties or the reactivity have been shown to depend
on the cavity surrounding the molecule.®!%1>73

However, taking into account the size of the chemical species
and the complexity of the topics mentioned above one has to
carefully choose the computational methodology. When the
weak molecular interactions come into play and the dispersion
energy becomes an important component, the simple conven-
tional density-functional methods should be used with a parti-
cular care. From the other side one can not easily afford the
high-level ab initio calculations for the analysed systems. Hence
the compromise between the accuracy and the computational
efforts has to be established.
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Therefore, the intermediate solution has been proposed: the
investigation of the system of interest embedded in the model
medium consisting of helium atoms.'%?%3¢ The advantage of
this approach is that the valence repulsion effects are taken
into account in a natural way.

In the present study, the spatial confinement effects for the
model LiH molecule are investigated. This simplest neutral
heteroatomic molecule is frequently chosen as a model system
for the benchmark calculations and the investigation of the
issues of importance in the fields of methods development as
well as in computational applications (for example in spectro-
scopy or non-linear optics) since it allows calculations using
highly sophisticated techniques and large basis sets.>’ !

Due to the simplicity of the chosen system, the set of the reference
data is present in the literature just to mention some of the papers
concerning the electro-optical properties of the isolated LiH>"* or
its behaviour in the model axially symmetric harmonic oscillator
potential *' The significant influence of the external axial harmonic
potential has been observed on the dipole moment of the LiH
molecule. Even more dramatic effects, such as the reduction of the
equatorial components and heavy rise of the axial component can
be noticed in the case of the dipole polarizability of LiH. These
phenomena are due to the spatial restriction imposed on the electron
density in the x and y directions in contrast to the only unconfined
degree of freedom along the z axis.* However the most pronounced
results appear for the LiH geometry far from equilibrium—for the
bond length equal to 3.015 a.u. all the differences are smaller than
the most evident effects, although still not negligible.

The aim of the current work is to perform the comparison of
the electric properties for the LiH molecule enclosed in the
helium cavities of different shapes. The data obtained for the
electric properties of the investigated complexes: dipole moment,
dipole polarizability and first-order hyperpolarizability are
related to the results generated with the model potentials to
verify their general performance and the correspondence
between the model and the chemical environment.

II. Computational details

The test calculations were performed in the supermolecular
manner for the LiH isolated molecule as well as for the

This journal is © the Owner Societies 2009
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(b)

Fig. 1 The investigated structures of LiH enclosed in the helium cages. (a) Spherical cavity and (b) cylindrical cavity. The white balls depicts

helium atoms, lithium is light grey and hydrogen is dark grey.

LiH-helium complexes with two helium atoms. Supermolecular
calculations were carried out within the HF, MP2, CCSD and
CCSD(T) approximations with the series of Dunning correla-
tion consistent basis sets aug-cc-pVXZ (X = D, T, Q). The Boys
and Bernardi counterpoise scheme was applied to correct for the
basis set superposition error. Obtained results justify the choice
of the MP2/aug-cc-pVDZ method for further calculations.

In the scope of the present study two models were investigated:
the first one, cylindrical, mimicking the nanotube environ-
ment and the other, spherical—simulating the fullerene cage.
The helium tubes were generated on the basis of the structure of
the carbon nanotube of the chirality (2,2) by changing the
helium-helium distance to obtain the series of the tubules of
the varying diameter.** Similarly, the helium fullerene-like series
of cages is based on the Cyq structure. The tubular systems and
the LiH bond are oriented along the z axis. The structures of the
investigated complexes are presented in Fig. 1.

All calculations were performed in GAMESS-US* program
package. The equilibrium structure of the LiH molecule (bond
distance 3.015 a.u.) was kept frozen during the calculations. The
interaction energies and interaction-induced electric properties for the
helium confinements were investigated within the MP2/aug-cc-pVDZ
approach using the dimmer-centered basis set to avoid the basis
set superposition errors. For comparison also the HF /aug-cc-pVDZ
calculations were carried out, where necessary. Finite field
technique was applied to estimate the corresponding energy deri-
vatives with respect to the electric field.** The electric field of
strength 0.001 a.u. was verified to provide numerically stable results.

In the supermolecular manner the interaction-induced
property of the system, AP, can be perceived as the difference
of the property of the N-body complex and the sum of the
properties of its constituents, P,

N
AP = Pcomplex - Z Pn- (21)
n=1

However, equivalently one can consider the interaction-induced
properties as the derivatives of the interaction energy with
respect to the applied electric field:

é’)Eint
Au, = — 2.2
. ( OF, )F,:o’ 22
82Einl
Ao = — .
% (aFiaFj) F[:F,:o7 23)

3

Abye = = (6Fé8]1?rgF ) ’

OO k) Fi=F=F=0

respectively, for the interaction-induced dipole moment Ap,,

dipole polarizability Aw; and first-order hyperpolarizability

A where i.j,k denote Cartesian components.

Since the polarizability and the first-order hyperpolarizabilityshow
the anisotropic behaviour, the invariant average of polarizability
Oave = %(axx + ayy + O(z:) (25)

(2.4)

and the vector component of the f;; tensor projected on the
axis of the dipole moment

ﬁz = g(ﬁzxx +ﬁzyy + ﬁzz:) (26)

are investigated here.

The calculations for the helium enclosed LiH molecule were
appended by the results of the interaction energy decomposi-
tion calculations followed by the estimations of the corres-
ponding interaction-induced properties components within the
variational-perturbational scheme*>*’ implemented in the
EDS package connected to GAMESS-US.*® According to this
approach, the total interaction energy AEMF? is partitioned
into the Hartree—Fock AE™F and correlation &&@p contributions.
They can be further written as:

AEMT = 0 + el + AEga 2.7)
and @ — 2 | L0 ¢ AEO
EMP — Eel,r + 8dis}:) + A exch,dels (28)

2886 | Phys. Chem. Chem. Phys., 2009, 11, 2885-2892
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respectively, where 49 denotes first-order electrostatic
contribution, &5 is the Heitler-London exchange term,
AEHY collects the induction and charge-transfer effects,
sé}%) stands for the correlation correction to the first-order
electrostatic energy, the dispersion component is represented
by sg%;)g, and the sum of correlation corrections to the exchange

and delocalization energy is expressed by AEg()Ch,dcl.

ITI. Results and discussion
A Electron correlation: properties of the LiH molecule

The system of interest is built of two subsystems: the LiH
molecule and the embedding helium atoms. The data available
in the literature clearly indicate that in the case of the rare-gas

Table 1 Axial components for the dipole moment, polarizability and
first order hyperpolarizability of the LiH molecule; the correlation for
all, not only valence, electrons included

Level of theory JTRERTR o../a.u. f--fau.
SCF/aug-cc-pVDZ —2.3713 20.80 —370.8
MP2/aug-cc-pVDZ —2.3518 23.07 —543.0
CCSD/aug-cc-pVDZ —2.3252 26.03 —828.1
CCSD(T)/aug-cc-pVDZ —2.3249 25.95 —825.0
SCF/aug-cc-pVTZ —2.3628 21.88 —325.7
MP2/aug-cc-pVTZ —2.3413 23.60 —454.8
CCSD/aug-cc-pVTZ —2.3100 26.06 —672.6
CCSD(T)/aug-cc-pVTZ —2.3064 26.03 —675.9
SCF/aug-cc-pVQZ —2.3620 21.89 -312.5
MP2/aug-cc-pVQZ —2.3330 23.45 —431.6
CCSD/aug-cc-pVQZ —2.3034 25.72 —630.7
CCSD(T)/aug-cc-pVQZ -2.3017 25.81 —641.3

100 T T T T T T T

Interaction energy, [kcal/mol]

20 22 24 26 28 30 32 34
He-He distance, [AJ

100 T T T T T T T

%0 “_ AEHF

Interaction energy, [kcal/mol]

20 22 24 26 28 30
He—He distance, [/0\]

systems the inclusion of electron correlation effects within the
coupled-clusters approximation give the noticeable results
only for the small internuclear distances. For the large inter-
atomic separation electron correlation contributions become
negligible.* However, for the second subsystem, the LiH
molecule, the situation becomes more complicated. The inclusion
of the electron correlation as well as the addition of the
higher angular momentum basis functions is necessary to
correctly describe the LiH molecule.* Nevertheless, considering

Table 2 Supermolecular interaction energy and interaction-induced
electric properties for the LiH- - -(He,) complex

AE] Aw/ Aw./  AP...]
Level of theory kcal mol™!  a.u. a.u. a.u.
SCF/aug-cc-pVDZ 8.80 —0.1332 —595 4235
MP2/aug-cc-pVDZ 8.29 —-0.1515  -7.30 578.1
CCSD/aug-cc-pVDZ 8.51 —0.1761  —9.33  842.6
CCSD(T)/aug-cc-pVDZ  8.42 —0.1752  -9.28 839.6
SCF/aug-cc-pVTZ 8.42 —0.1381 —5.78 404.1
MP2/aug-cc-pVTZ 7.34 —0.1459 —-6.76  529.6
CCSD/aug-cc-pVTZ 7.53 —0.1670 —8.42 741.6
CCSD(T)/aug-cc-pVTZ  7.39 —0.1656 —8.37 7389

Table 3 Supermolecular interaction energy and interaction-induced
electric properties for the tubular LiH-helium complex (helium—
helium distance 2.5 A)

AE/ AHZ/ AO(::/ AB:::/

Level of theory kecal mol ™! a.u. a.u. a.u.
SCF/aug-cc-pVDZ 10.97 —0.0595 =779  310.7
MP2/aug-cc-pVDZ 9.27 —0.0727 -9.12 441.0
CCSD/aug-cc-pVDZ 9.40 —0.0921 —11.25  680.9

100 T T T T I\}[P’)

20 F AE™T

e, 20
60 [ disp

Interaction energy, [kcal/mol]

©7]

1

20 22 24 26 28 30 32 34
He-He distance, [AJ

]OO L] T T T I\:[P’) T T
80 | AET

e QU
60 | disp

Interaction energy, [kcal/mol]

@7

L

20 22 24 26 28 30 32 34
He—He distance, [A]

Fig.2 The interaction energy components for the tubular and spherical LiH-helium complex. All the values in kcal mol ™. (a) First-order components:
electrostatic, exchange and delocalization and total HF/aug-cc-pVDZ interaction energy for the tubular system. (b) First-order components:
electrostatic, exchange and delocalization and total HF/aug-cc-pVDZ interaction energy for the spherical system. (c) Second-order
components: dispersion, electrostatics and exchange and the total MP2/aug-cc-pVDZ interaction energy for the tubular system. (d) Second-order
components: dispersion, electrostatics and exchange and the total MP2/aug-cc-pVDZ interaction energy for the spherical system.
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Table4 The interaction energy components the LiH-helium cage complex calculated within the MP2/aug-cc-pVDZ approach via the variational-

perturbational scheme

&4/ Géneh AEg AE"T) a7/ o AES i ael/ AEMP?)
He-He distance kcal mol™! kcal mol ™! keal mol ™! kcal mol ™! kcal mol ™! kcal mol™! kcal mol ™! kcal mol ™!
Tubular cage
2.0 —20.241 90.662 —28.594 41.828 —0.753 —11.285 7.900 37.689
2.1 —15.234 68.566 —21.133 32.199 —0.633 —9.046 6.251 28.771
2.2 —11.443 51.843 —15.682 24.718 —0.527 —7.253 4.926 21.863
2.3 —8.585 39.196 —11.684 18.927 —0.436 —5.819 3.874 16.546
2.4 —6.438 29.638 —8.739 14.461 —0.358 —4.674 3.043 12.472
2.5 —4.829 22.419 —6.564 11.026 —0.292 —3.761 2.390 9.362
2.6 —3.626 16.965 —4.950 8.390 —0.237 —3.033 1.877 6.996
2.7 —2.725 12.844 —3.748 6.371 —0.192 —2.452 1.474 5.201
2.8 —2.052 9.729 —2.850 4.827 —0.155 —1.988 1.157 3.842
2.9 —1.547 7.373 —-2.177 3.649 —0.124 —1.616 0.909 2.818
3.0 —1.168 5.591 —1.670 2.752 —0.100 —1.317 0.713 2.048
3.1 —0.884 4.241 —1.287 2.069 —0.080 —-1.077 0.560 1.472
3.2 —0.669 3.219 —0.998 1.551 —0.064 —0.884 0.439 1.043
3.3 —0.507 2.444 —0.778 1.159 —0.051 —0.727 0.344 0.725
34 —0.385 1.856 —0.609 0.862 —0.040 —0.601 0.270 0.491
3.5 —0.292 1.411 —0.480 0.638 —0.032 —0.498 0.211 0.320
Fullerene-like cage
2.0 —20.300 89.938 —25.300 44.338 —0.397 —11.477 6.781 39.244
2.1 —14.287 63.348 —-17.372 31.689 —0.314 —8.784 4.998 27.588
2.2 -9.975 44.461 —12.011 22.475 —0.247 —6.709 3.657 19.176
2.3 —6.918 31.105 —8.356 15.832 —0.193 —5.118 2.661 13.182
2.4 —4.769 21.694 —5.845 11.080 —0.149 —3.907 1.926 8.951
2.5 —3.453 15.892 —4.321 8.118 —0.118 —3.104 1.455 6.351
2.6 —2.358 11.024 —3.054 5.612 —0.089 —2.378 1.045 4.189
2.7 —1.604 7.626 —2.173 3.850 —0.067 —1.828 0.748 2.703
2.8 —1.086 5.262 —1.557 2.618 —0.050 —1.410 0.534 1.692
2.9 —0.734 3.622 —1.126 1.762 —0.037 —1.091 0.379 1.013
3.0 —0.494 2.488 —0.823 1.171 —0.027 —0.849 0.269 0.564
3.1 —0.333 1.706 —0.608 0.765 —0.020 —0.664 0.190 0.271
3.2 —0.224 1.168 —0.455 0.489 —0.015 —0.522 0.134 0.086
3.3 —0.150 0.798 —0.346 0.302 —0.011 —0.413 0.094 —0.028
3.4 —0.107 0.575 —0.276 0.192 —0.008 —0.339 0.069 —0.087
3.5 —0.072 0.392 —0.215 0.105 —0.006 —0.272 0.048 —0.126

the results presented in Table 1, the relatively low level
of theory such as MP2/aug-cc-pVDZ recovers almost 85%
of the total first order hyperpolarizability calculated within
the CCSD(T)/aug-cc-pVQZ approach. This produces the
error significantly smaller than using the large basis set
within the MP2 approximation (recovers only 67% of the
CCSD(T)/aug-cc-pVQZ value) or CCSD(T) approximation with
the small basis set (129% of the CCSD(T)/aug-cc-pVQZ value).

B Properties of the helium-LiH complex

The investigation of the quality of the MP2/aug-cc-pVDZ
results was additionally performed for the LiH-helium com-
plexes. Two systems were analyzed: one containing two helium
atoms placed in the positions cut out from the tubular cage of
the smallest radius and the other built of twenty helium atoms
equivalent to the cylinder with the helium-helium distance
equal to 2.5 A. The corresponding data are collected in
Tables 2 and 3. Although higher electron correlation contribu-
tions are non-negligible, the MP2/aug-cc-pVDZ approach
can be applied as the tool to obtain the correct qualitative
tendencies for the interaction energy and interaction-induced
electric properties for the LiH-helium complexes.

1 Interaction energy. Fig. 2 presents the components of
the interaction energy for the investigated helium systems

enclosing the LiH molecule. One should notice that here
is no qualitative differences between the interaction in the
cylindrical and spherical system. The total interaction energy
estimated both within the HF and MP2 approaches is
significantly repulsive, particularly for the short intermonomer
distances. The results of the interaction energy decomposition
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Fig. 3 The z-component of the dipole moment for the tubular and

fullerene-like helium—LiH complexes calculated at the MP2/aug-cc-

pVDZ level of theory.
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for both cavity shapes are summarized in Table 4. The main
destabilizing contribution is the exchange energy, which is
partially cancelled by the electrostatic and delocalization
components in the first order. The dispersion forces of the
attractive character, although not negligible, are neutralized to
the height extent by the second-order exchange contribution,
therefore the HF interaction energy does not differ much from
the interaction energy calculated at the MP2 level of theory.

2 Dipole moments. The z-component of the dipole moment
of the investigated complexes is presented in Fig. 3. Here, at
first glance, one can notice the difference between the spherical
and cylindrical helium cavity. The dipole moment for the
centrosymmetric cavity is equal zero and for the isolated
LiH molecule within the applied approach—2.349 a.u.
However the enclosing of the LiH molecule in the helium
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Fig. 4 The decomposition of the z-component of the interaction-
induced dipole moment for the tubular and fullerene-like helium-LiH
complexes calculated at the MP2/aug-cc-pVDZ level of theory.

cavity noticeably modifies the properties of the system causing
the decrease of the absolute value of the dipole moment in the
case of the spherical restriction and the increase for the tubular
shape of the cage. The tendency for the cylindrical confining
potential is consistent with the data obtained in the case of the
1-cyanoethyne molecule enclosed in the helium nanotube: '
The smaller the radius of the confining cavity, the larger is the
response of the complex in terms of the absolute value of the
dipole moment. One should however notice that the n-electron
system in the 1-cyanoethyne system is much more spatially
expanded than the small LiH molecule and the confinement
effects will be observed for the tubes with relatively large radius.

Fig. 4 clearly shows that the interaction-induced dipole
moment for the complex with the spherical cage rises from
zero for infinite radii of the confining cavities to about 0.25 a.u.
for the He-He distance equal to 2.0 A what corresponds to
the radius of 2.18 A. Simultaneously, for the potential with
the axial symmetry the corresponding z-component of the
interaction-induced dipole moment is reduced by almost
0.1 a.u. The trends obtained in the present study remain in
agreement with the data presented by Klobukowski er al.*! for
the cylindrical potential and by Strasburger er al.>° for the
spherical potential enclosing the LiH molecule. The enhance-
ment of the ionic character of the wavefunction for the axial
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Fig. 5 The average dipole polarizability and dipole polarizability

zz-component for the tubular and spherical helium-LiH complex
calculated within the MP2/aug-cc-pVDZ approach.
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confined system generates the noticeable increase in the dipole
moment of the LiH particularly for the geometries far from
equilibrium.*! The opposite tendencies—the reduction of the
dipole moment together with the increasing pressure exerted by
the cage is observed for the spherical model potential.>

The careful analysis of the components of the interaction-
induced dipole moment shows that the dominant contribution
in the first order is the exchange component partially cancelled
by the electrostatics and delocalization increments. The
second-order corrections to Au are small in the case of the
tubular helium cage and negligible for the spherical enclosure.
Therefore one can see that the values of the interaction-
induced dipole moments calculated within the HF and MP2
approaches differ only marginally. These observations remain
correct for both shapes of the helium cavities.
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Fig. 6 The interaction-induced average dipole polarizability compo-
nents for the tubular and spherical helium-LiH complex calculated
within the MP2/aug-cc-pVDZ approach.

3 Dipole polarizabilities. The picture of the polarizability is
not as clear as for the dipole moment in the case of the LiH
molecule in helium cages. This arises from the fact that the
dipole polarizability of the helium cavity is non-zero. Still the
comparison among the various confining helium structures is
possible, since they contain the same number (twenty) of
helium atoms. This was not the case in ref. 10 where the
helium cavities corresponded to the tubes of various chirality:
(2,2), (3,3) and (4,4), and therefore were built of 20, 30 and
40 helium atoms, respectively.

The total average polarizability of the spherical and
cylindrical helium—LiH complex is plotted in Fig. 5. The
monotonous functions for the average polarizability of the
system and the polarizability diagonal components behave
similarly for both confinement shapes. The spatial restriction
brings about the decrease of the complex response understood
as the absolute value of the dipole polarizability. Likewise, the
parallelism of the trends for tubular and spherical cages are
observed in the case of the interaction-induced components of
o.. and .. These findings remain correct for the total
values of the polarizability at the HF or MP2 level of theory
as well as for the particular components depicted in Fig. 6.
Again, the main contribution is the first-order exchange term
counterbalanced partially by delocalization and electrostatic
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spherical helium-LiH complex calculated within the MP2/aug-cc-pVDZ
approach.
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components. The second-order corrections amount to less
than 15% of the total interaction-induced dipole polarizability
for both confinement shapes at all intermolecular distances,
hence even the HF values remain qualitatively correct.

4 First-order hyperpolarizabilities. Fig. 7 shows the general
trends of the changes in the average first order hyperpolarizability
p. and the zzz-hyperpolarizability component. Although for
both cavity shapes the tendencies are similar in the case of the
larger helium cages, for the shortest He-He distance that
is equivalent to the highest pressures both spherical and
cylindrical confinement effects differ. The tubular potential
induces the minimum on the hyperpolarizability curve for the
interhelium distances equal to 2.2 A, that corresponds to
the tube radius of 2.17 A, while for the spherical cavities the
hyperpolarizability increases monotomically for the increasing
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Fig. 8 The interaction-induced f. hyperpolarizability component for
the tubular and spherical helium-LiH complex calculated within the
MP2/aug-cc-pVDZ approach.

cage radius in the investigated range. The careful analysis of
the interaction-induced hyperpolarizability allows to notice
similar trends as for the total hyperpolarizability of the
complex within the MP2 approach as well as for the HF
approximation. For both methods the plots of f. as the
function of the He—He distance are parallel. The perturba-
tional second-order corrections stabilize the system
additionally deepening the minimum for the tubular potential
and enhancing the absolute value of the interaction-induced
hyperpolarizability with respect to the HF data. One should also
note that since the interaction-induced f. values are negative,
(Fig. 8), the total hyperpolarizability of the complex is lowered
with respect to the sum of the hyperpolarizabilities of its consti-
tuents calculated in the dimmer-centered basis set. For the
centrosymmetric system such as the helium tube or sphere, the
hyperpolarizability is equal to zero—only slight variation from
zero is observed due to the mathematical procedure applied
(DCBS). Therefore the complex hyperpolarizability arises from
the guest molecule and the confining effects only. Thus it is
appropriate to say that the confinement effects cause the significant
decrease of the first-order hyperpolarizability of the LiH
molecule.

IV. Summary

The interaction energy of the LiH molecule with the helium
cavities and the interaction-induced electric properties are
discussed in the present contribution. The main force
determining the properties of the helium—LiH complexes
investigated here is the exchange repulsion. The dispersion
contributions arising in the second order of the perturbational-
variational treatment occur small, particularly in the case of
the interaction-induced properties. This observation together
with the earlier data allows to expect that the investigation of
the similar properties for the larger systems could be reliable
even at the HF level of theory. One has to remember however
that the helium-embedded systems are simplified models
retaining topological characteristics but neglecting the
influence of the delocalized m-electron density present in
the carbon nanotubes or fullerenes. Therefore they constitute
the transition step from the model potentials exerting pressure
on the molecular system to the real molecules enclosed in
chemical (for example carbon) environments. The latter
systems are much more complex and their understanding
can be achieved on the basis of the informations gathered
for the helium cavities. So far the data obtained for both
simple models are mutually consistent, therefore now the
behaviour of the model system in the carbon nanotubes and
fullerenes needs to be investigated to complete the picture. All
these data and the predicted tendencies are important from the
point of view of the non-linear optical material design and
could possibly be further utilized practically.
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