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Abstract.

We have investigated the structural aspects of several carbon dioxide molecular aggregates

and their spectroscopic and nonlinear optical properties within the quantum chemical theory framework.
We find that, although the single carbon dioxide molecule prefers to be in a linear geometry, the puckering of
angles occur in oligomers because of the intermolecular interactions. The resulting dipole moments reflect in
the electronic excitation spectra of the molecular assemblies. The observation of significant nonlinear optical
properties suggests the potential application of the dense carbon dioxide phases in opto-electronic

devices.
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1. Introduction

The development of materials with large nonlinear
optical (NLO) properties has been of great interest
in past few decades. These materials find numerous
device applications, from lasers to optical switches
and electronics.! So far, the organic 7z-conjugated
molecules have been considered mostly for this pur-
pose because of their easy functionalization to fine
tune the desired properties and the ease of fabrica-
tion and integration into devices.”* In fact, it is the
delocalized 7z-electrons in the organic molecular sys-
tems that govern various macroscopic arrangements
and thereby show characteristic optical responses.
For real applications, these materials can be grown
into molecular crystals, either in bulk or in the form
of thin films on substrates or as amorphous poly-
meric systems. In this respect, there exist many
other molecular systems, where although there exist
n-electrons, they mainly play roles in attaining a
particular state of the matter. One such system is
carbon dioxide, which exist in various forms of mat-
ter, from gaseous to liquid, supercritical liquid and
solids. In fact, given the sophistication of experi-
mental advances in recent years, self-assembly of
any molecular system can be obtained for desired
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electro-optic performances with lower dielectric con-
stants. However, note that, the fabrication of better
NLO devices require proper understanding of the
geometrical aspects of these molecular aggregates
and the forces that stabilize these assemblies.””’
Earlier we have investigated a few chromophoric
aggregates with promising NLO properties.”’ The
quest for such structural dependence of NLO proper-
ties further motivates us to investigate one of the
most well-known and interesting molecule, carbon
dioxide (CO;). The bond dipoles, arising from the
partial charge distributions on carbon and oxygen
atoms result in significant quadrupole moment.
However, the two bond dipoles cancel out each
other, leading to a non-dipolar structure because of
its linear geometry with D, symmetry. The high
polarizability value of CO,, which is almost compa-
rable with that of HCI, suggests the softness of its
electronic cloud, indicating it as a promising candi-
date for NLO devices in self assembled geometry.®
The NLO properties of gaseous CO,, which is effec-
tively the monomeric response because of the negli-
gible interactions within the neighbouring molecules
in gas phase, has been studied earlier.” " It would
thus be of fundamental interest to explore theoreti-
cally the dependence of its NLO response functions
in dense aggregates. CO, molecule in supercritical
phase shows unique characteristics of liquid-like den-
sity and gas-like diffusivity in addition to its non-
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toxic behaviour, as observed in neutron diffraction
experiments.'*'° It has been observed in some earlier
studies that, due to close proximity of the monomers
in these dense phases, the CO, molecules no longer
remain linear,'”*° giving rise to instantaneous dipole
moment. Thus we believe, which can be understood
in the light of their linear and nonlinear optical re-
sponse functions. In the present study, we have con-
sidered a few possible aggregates of varying special
orientations with n (= 2-4) CO, molecules and stu-
died their geometrical stabilities and NLO responses
within the quantum chemical theory framework.

2. Computational method

Geometries of all the molecular aggregates have
been relaxed within Moller-Plesset perturbation the-
ory up to second order (MP2), as implemented in
Gaussian 03 package.”’ We consider 6-31++g (d)
polarized basis set. The dispersion forces play a key
role in stabilization of these van der Waal molecular
assemblies. MP2 level of calculations are known to
capture these forces very well. Having the optimized
geometries, we adopt the many body configuration
interaction (CI) level of calculation with single exci-
tations to compute the self-consistent field (SCF)
molecular orbital energies, the spectroscopic proper-
ties and the NLO coefficients using the Zerner
INDO (ZINDO) method.” The single CI is known
to reproduce well the experimental spectroscopic and
NLO results.”® Considering the Hartree—Fock (HF)
ground state as the reference state, we consider eight
occupied and eight unoccupied molecular orbitals
for electronic excitations to construct the CI space.
To calculate the spectroscopic and NLO properties,
we use correction vector method,”* which implicitly
assumes all the excitations to be approximated by a
correction vector. Given the Hamiltonian matrix, the
ground state wave function, and the dipole matrix,
all in CI basis, it is straightforward to compute the
electronic absorption spectra and the dynamic nonlin-
ear optical coefficients using either the first-order or
second-order correction vectors. The details of these
methods have been published elsewhere.” " For
consistency check, we also compute the linear and
first order nonlinear optical coefficients within the
MP2 level of calculation.

3. Structure and geometry

All the optimized molecular aggregates has been
shown in figure 1. The optimized geometry of single
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CO; molecule has symmetrical C—O bond lengths,
dco=118075 A with perfectly linear geometry
(M). We have arranged several single molecular
optimized structures in different special orientations
and optimized further the molecular aggregates to
obtain the cluster geometry, which can be seen pos-
sibly in dense CO, phases like supercritical one.'” "
The calculated binding energies for these molecular
assemblies are given in table 1. As can be seen, the
dimer with slipped parallel geometry (D1) is slightly
stabler than the T-shape one (D2). The O-C-O
angle of both the molecules changes to 179-84° upon
optimization in case of the DI. In fact, in the D1
geometry two C—O bonds from two different mono-
mers come closer resulting in electrostatic repulsion
between the bond pairs, making the CO, molecules
effectively nonlinear. However, in case of the
T-shape dimer, one of the molecules remains linear,
making the O-C-O angle of the other more tilted
(« O-C-0=179-38°) because of enhanced oxygen
lone pair and C-0O bond pair repulsions.

All the trimers, except the cyclic planar geometry
(T3) show comparable binding energies. The T3 geo-
metry is the most stable structure among the all pos-
sible trimers,'® because of enhanced number of
Lewis acid—Lewis base interactions within the CO,
molecules. The O-C-0 angle in this case becomes
179-25° for all the three molecules. It is due to the
fact that, the attractive electrostatic forces between
carbon and oxygen acts in opposite direction with
respect to the repulsive electrostatic forces between
the neighbouring oxygen molecules within the hexa-
gonal cyclic geometry. For rest of the trimers, the
bond angle distortion is less prominent and asym-
metric because of their structural asymmetry com-
pared the T3 geometry. The T4 species resembles
the D2 structure and shows similar behaviour.

Among the two quadrumeric structures, the planar
Q1 species show lower stability in comparison to
tetrahedral Q2 which consists of four CO, mole-
cules, sitting at four apex of one tetrahedron. The
latter geometry is highly anisotropic with different
O-C-0O angles for the monomers, resulting from
varying distances within them with anisotropic
forces.

4. Excitation spectra

The electronic absorption spectra of dipolar aggre-
gates in different spatial geometries can be explained
in terms of two state exciton splitting model. It is
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Figure 1.
(D1 and D2), four trimers (T1, T2, T3 and T4) and two quadrumers (Q1 and Q2).

Table 1.

Optimized geometries of molecular aggregates of CO,: monomer (M), two dimers

Ground state energy (eV), binding energy (eV) and dipole moment

(Debye) of all the molecular aggregates considered.

Molecular Ground state Binding Dipole
species energy (eV) energy (eV) moment (D)
M -5119-066 0-00000
D1 -10238-20 -0-0727 0-007615
D2 -10238-20 -0-0680 0-207322
T1 -15357-35 -0-1492 0-098621
T2 -15357-34 -0-1397 0-122581
T3 —-15357-41 -0-2121 0-000000
T4 -15357-34 -0-1384 0-000856
Ql -20476-51 -0-2484 0-000031
Q2 -20476-67 -0-4034 0-068796

well known that, an excitonic state is a result of
electron correlations and the excitonic theory is the
interaction theory between these excitonic states.
The molecular exciton theory can successfully treat
the excited state resonance interaction between the
molecules in van der Waal aggregates, including
molecular crystals, dimers, trimers and of higher
orders. In self-assembled aggregates with low pack-
ing densities, the excitons are considered to be

Frenkel type excitons where the electron and hole of
a mono-excitation are located on the same molecular
site.

For dipolar molecules, the lowest optically allowed
energy state is an exciton state, and the interactions
between these states can be expressed in the direct
product basis of the interacting molecular orbitals if
the direct overlap between the molecular orbitals is
negligible.”* > This can be realized only at large dis-
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tances and thus the coupling between dipolar mole-
cules can be approximated at large distances by a
point dipole model. If two molecular species, m and
n, are the same, the coupling interactions can be
written as,

_ /aij Iazj _ 3(/[‘1] 'fmn)(/aij fmn)
mmn — 3 5 >

7

m rmn

H

(1

where fi; 1s the transition dipole moment from state
i to state j of the monomer molecule and 7,, is the
distance between the two molecular centers, m and
n, as shown in figure 2. It is to be noted that both the
transition dipole (£;) and the distance (7,,) are
vectorial quantities. Thus depending on the spatial
orientation of the dipoles, the interactions in an
aggregate will be governed uniquely by the angle
between the two dipoles (¢) and the angles that the
dipolar axes make with each of the molecular axes
(6), as shown in figure 2. The equation for the dipo-
lar splitting can be directly derived from the above
equation as,

2
/ug.s
3

7

mn

AE =2

(cos¢p—3cos? 0), 2)

where g, 1s the transition dipole from the ground
state to the excited state of a single molecule. There-
fore, a singlet excited state of the monomer mole-
cule would split according to the angles, (6 and ¢)
and the relative distance among them.

In the present case also, one could expect the
excitonic splitting of the monomeric spectra for the
interacting molecular aggregates. Although, the single
CO; molecule is nonpolar, in the aggregates the

(a)

Figure 2.
specifying their spatial orientations. (b) Resulting excitonic splitting of the monomeric spec-
tral peak of two interacting monomers.
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deviation in the linearity of CO, molecules induces
finite dipole moments in each monomer. Moreover,
the asymmetric arrangement of the monomers within
a cluster results in finite dipole moments for the
cluster as a whole, which is shown in table 1. In fig-
ure 3, we have shown the electronic absorption spec-
tra of CO, molecular aggregates along with the
monomer spectra (gas phase spectra), as obtained
from many body singles CI calculations. It is clear
from the spectral distribution that, the absorption
peaks for the gas phase spectra indeed splits in case
of the molecular assemblies because of the enhanced
intermolecular interactions, suggesting visible spec-
troscopic response of CO, with increasing density.
But, the extent of splitting is very small because of
less number of interacting neighbours in the systems
considered. However, we anticipate very strong
spectroscopic response in larger molecular clusters.
The significant vibrational spectroscopic response
has been observed ecarlier for some the molecular
aggregates considered.”**

5. Polarizability (o)

As discussed earlier, instead of its nonpolar nature,
CO, molecule shows very high polarizability value,
suggesting the softness of its electronic cloud
towards the external perturbations, like electric field
or electromagnetic radiation. The polarizability de-
pends linearly on the applied field. The change of
frequency dependent polarizability with the strength
of electromagnetic radiation is shown in figure 4.
The polarizability of monomer shows monotonic
increase with the increasing frequency. Although, in
the dimmer structure the similar trend is observed,

i

(a) Schematic representation of two interacting dipoles with all the parameters
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Figure 3. The electronic absorption spectra of (CO»),
aggregates with (a) n=1, (b) n=2, (¢) n=3 and (d)
n=4.
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Figure 4. The polarizability per molecule as a function
of frequency for the (CO.,), aggregates with (a) n =1, (b)
n=2,(c)n=3and (d)n=4.

the rate of change of polarizability with electric field
diminishes in comparison to the monomer. How-
ever, because of the asymmetric structure, the D2
species shows enhanced polarizability in comparison
to the D1 dimer. All the trimers show similar varia-
tion in polarizability as a response to the external
field. In case of two quadrumeric clusters, the
polarizability is higher for the planar geometry (Q1).
The reduced polarizability value for the Q2 species
can be attributed to the close packed tetrahedral
structure which in turn results in stiffness in the
celectronic cloud. The polarizability values at zero
frequency, calculated at MP2 level show close
agreement with the CI results, as evident from table 2.
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The calculations for spectroscopic and NLO prop-
erties are more reliable within the semiemperical
ZINDO/CI methodology, because of its better de-
scription for the excited states. However, for a com-
parison, we have presented in table 3 the results
obtained from CI singles (CIS) and time-dependent
density functional theory (TdDFT) calculations con-
sidering the B3LYP exchange correlation function
and the 6-31G basis set as implemented in Gaussian
03 package® along with ZINDO/CI results. As can
be seen, the dipole moment and the polarizability
values in all three level of calculations show qualita-
tively similar trend. However, we would like to
point out that, the ab initio methods like CIS and
TdDFT can not capture the whole range of the exci-
tation spectrum as can be obtained from ZINDO/CI,
although the later is semiemperical.

6. Second hyperpolarizability ()

The second hyperpolarizability shows monotonic in-
crease with increasing field strength, as shown in
figure 5. The behaviours of the molecular aggregates
resemble the polarizability variations, except in case
of the dimers. Although the dipole moment is sig-
nificantly higher in D2 arrangement, the D1 species
shows enhancement in second hyperpolarizability in
comparison to its counterpart. One striking feature
can be noticed that, with increase in the number of
molecules in the aggregate, the magnitude of the
second hyperpolarizability per molecule increases
significantly. This behaviour can be directly probed
by the enhancement in the density of CO, with
higher number of molecules in the coordination
sphere. Thus, in dense phases like supercritical CO,
the increased second hyperpolarizability may find
potential application in the electro-absorptions and
higher order optical responses.

7. First hyperpolarizability (5)

It is well-known that, for non-zero hyperpolarizabi-
lity which is a first order nonlinear response func-
tion, the system should be lacking the center of
symmetry.” In the present study also, we find that,
the centrosymmetric structure of the CO, monomer
gives rise to zero hyperpolarizability. Among all the
molecular aggregates considered, only the D2, T2
and Q2 show significant first hyperpolarizability, as
can be seen from figure 6. This is due to the fact that
the asymmetric spatial orientations of the CO, mole-
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Table 2. Polarizability and first hyperpolarizability values per molecule for all the
molecular aggregates considered, as obtained from MP2 level of calculation for zero

frequency.

Molecular Polarizability First hyperpolarizability
species (a.u.) () (a.u) (V) (au.)
M 15-812 0-0102
D1 15991 0-1901
D2 16-265 1-6580
T1 16-398 0-0991
T2 16-381 0-9048
T3 16-501 0-0820
T4 16-412 0-1544
Q1 16-560 0-0279
Q2 16-470 0-8450

Table 3. The dipole moment (x), polarizability (<), excitation energy (AE) and oscillator strength (/) values of all
the molecular aggregates as obtained from configuration interactions singles (CIS), time-dependent density functional
theory (TdDFT) and ZINDO level of calculations. Excitation energy and the oscillator strength are given for three low-
est excitations. (Note that, the higher energy excitations have non-zero oscillator strengths within ZINDO/CI, as shown
in figure 3).

CIS TdDFT ZINDO/CI
Molecular
species #u@D) a(@u) AE@mm) [ u@D) a(@u) AE@mm) f D) o(auwn) AE@m) f
M 0-0 18-11 14837  0-0 0-0000 14-48 156-13  0-0  0-000 1212 1926 00
14294 00 148-86  0-0 185-5 0-0
14294 00 148-86  0-0 185.5 0-0
D1 0-1425  16-84 147-62  0-0 0-0294 2593 156-19  0-0 0-008 10-:39 19199 00
147-59 00 15606  0-0 1919 0.0
14230 0-0 149-:35  0-0 1849 0.0
D2 0-3245 1502 14797 00 0-1623 16-14 156-.07 00 0-171 10-59 1918 00
14758  0-0 15580  0-0 191.6  0-0
14259 00 148-85  0-0 184.8  0-0
T1 0-1824 1402 14783 0-0 0-0512 28-14 15639  0-0 0-081 1020  192-3 0-0
14721 0-0 15626  0-0 192.3 0-0
14248  0-0 156-13  0-0 191-3 0-0
T2 0-2013 1505 14757  0-0 0-0924 20-32 15605 0-0 0-112 10-15 1916 00
14740 00 15586 0-0 191.6  0-0
14218  0-0 15579  0-0 191.0  0-0
T3 0-0000 1639 14703  0-0 0-0006 16-18 155-83  0-0  0-000 10-16 1907  0-0
14696  0-0 155-64  0-0 1907  0-0
14696  0-0 148-67  0-0 1907  0-0
T4 0-0074 1435 147.60  0-0 0-0015 19-30 15595  0-0 0-005 10-15 1916 00
14740 00 15581  0-0 191.6  0-0
142.08  0-0 155.69  0-0 1909 0.0
Q1 0-0002 1445 14774  0-0 0-0005 17-11 15642  0-0  0-000 10-18 1918 00
14772 00 15621  0-0 191.8  0-0
14746 00 156-02  0-0 1912 0.0
Q2 0-3124 1337 147770  0-0 0-1828 15-88 15597  0-0 0-090 997  190-1 0-0
14659  0-0 155-87  0-0 1900  0-0

146-46 0.0 15579 0.0 190-0 0-0
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Such electronic polarization results in variations in
the electronic absorption spectra of these aggregates.
Our study clearly shows the close relationship
between the structures and the nonlinear responses
of the molecular assemblies, which may gain signi-
ficance in the process of designing efficient opto-
clectronic devices.
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