
Designing Excess Electron Compounds by Substituting Alkali Metals
to a Small and Versatile Tetracyclic Framework: A Theoretical
Perspective
Santosh Kumar Yadav, Snehasis Bhunia, Rajneesh Kumar, Ritu Seth, and Ajeet Singh*

Cite This: ACS Omega 2023, 8, 7978−7988 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Organic compound-based nonlinear optical (NLO)
materials have sparked a lot of attention due to their multitude of
applications and shorter optical response times than those of
inorganic NLO materials. In the present investigation, we designed
exo-exo-tetracyclo[6.2.1.13,6.02,7]dodecane (TCD) derivatives,
which were obtained by replacing H atoms of methylene bridge
carbon with alkali metals (Li, Na, and K). It was observed that
upon the substitution of alkali metals at bridging CH2 carbon,
absorption within the visible region occurred. Moving from 1 to 7
derivatives, the maximum absorption wavelength of the complexes
exhibited a red shift. The designed molecules showed a high degree
of intramolecular charge transfer (ICT) and excess electrons in
nature, which were responsible for rapid optical response time and
significant large molecular (hyper)polarizability. Calculated trends also inferred that the crucial transition energy decreased in order
that also played a key role in the higher nonlinear optical response. Furthermore, to examine the effect of the structure/property
relationship on the nonlinear optical properties of these investigated compounds (1−7), we calculated the density of state (DOS),
transition density matrix (TDM), and frontier molecular orbitals (FMOs). The largest first static hyperpolarizability (βtot) of TCD
derivative 7 was 72059 au, which was 43 times greater than that of the prototype p-nitroaniline (βtot = 1675 au).

1. INTRODUCTION
The scientific community has shown strong interest in
designing and synthesizing nonlinear optical (NLO) materials
over the last three decades due to their promising applications
in optical logic, optical communication, and optical computing.
It is also employed in advanced photonics, dynamic image
processing, and laser-based technologies.1−10 A significant
amount of effort has been done into the discovery of high-
performance NLO organic compounds.11−16 There are
numerous methods and approaches for achieving the goal;
however, quantum chemical calculations play a significant role
in the search for new and novel NLO materials with high
hyperpolarizabilities.17−23 With the introduction of new
computer structural design and more practical incorporation
of quantum chemical approaches such as Møller−Plesset
perturbation (MP2) theory, it has become viable to apply these
methods in the design of nonlinear optical molecules or to
understand the factors and structure−property relationships
that are liable for increasing hyperpolarizability values.24

Organic-based nonlinear optical compounds have a broad
range of applications from catalysis to optoelectronics.25 It is
noticed that the NLO properties can be modulated in several
ways such as by metal−ligand frameworks,26 push−pull
mechanism,27,28 and introduction of excess electrons.29

Among the recommended approaches for improving the
NLO response, the designing and simulation of excess electron
organic compounds are the dynamic areas of research.30,31

Alkali metals,32,33 alkali earth metals,34,35 superalkali,32,36 and
transition metals37,38 can be used to create diffuse surplus
electrons in complexes. It is worth noting that more electrons
boost the nonlinear optical response by lowering transition
energy and allowing for considerable charge transfer in organic
molecules.39 The excess electron compounds are found in
diffuse molecular orbitals, which are outside of the parent
molecules.40 Several literature reports showed that the doping
of inorganic nanocages with alkali metal atoms resulted in an
extraordinarily high NLO response.41 Such findings revealed
that capping of inorganic systems with alkali metal atoms
considerably increased their hyperpolarizability. Organic
systems can improve the NLO behavior by capping, similar
to inorganic systems by suitable substitution with alkali metals.
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A recent literature report revealed that by replacing the H atom
at the methine position in adamantane with an alkali metal (Li,
Na, or K), a substantial enhancement in the nonlinear response
was observed. The hyperpolarizability values of the resultant
alkali metal complexes were many times higher than that of the
isolated adamantine molecule.42 Based on this observation and
fact, it can be concluded that alkali metal doping significantly
improves the optoelectronic characteristics of both inorganic
and organic systems.

TCD is rigid and has only sigma bond cycloalkanes, which
can be considered a nanometer-sized H-terminated 2D
material.43,44 More than five decades ago, Winstein et al.
prepared several polycyclic hydrocarbons.45 Ermerhas reported
crystal structure analysis on the derivatives of exo-exo-
te t racyc lo[6 .2 .1 .13 , 6 .0 2 , 7 ]dodecanols . 4 6 Fused[n] -
polynorbornane-based frameworks appear to be one of the
most useful and well-organized macromolecular scaffolds that
may be customized for specific applications.47

In the quest for the large first hyperpolarizability of the
organic scaffold, we used the TCD compound as a parent
molecule, and other molecules were designed by suitable
substitution of an alkali metal at an appropriate position to the
parent scaffold.48 We employed quantum chemical calculations
to evaluate the unusual first hyperpolarizability of these
designed molecules. Quantum chemical calculations show
that the proper replacement of TCD by alkali metals causes
absorption in the visible region. From Li to K derivatives, the
maximum absorption wavelength of the complexes shows a
red-shift trend. The calculated results indicate that the
transition energy decreases as a result of the TCD derivatives
showing a substantial increase in nonlinear optical sensitivity.
Further, we also performed frontier molecular orbitals, density
of states (DOS), transition density matrix (TDM), and
molecular electrostatic potential (MESP) calculations (see
the Supporting Information and Figure S1), which further
substantiate our findings.

2. COMPUTATIONAL DETAILS
The optimized geometrical structure of the designed molecules
(1−7) with real frequencies in the ground state was obtained
by the MP2/6-311+G(d,p) method. The static (hyper)-
polarizabilities were evaluated at the same level of theory.
The static first hyperpolarizabilities were evaluated by a finite-
field (FF) approach of the MP2 method.24 A recent literature
report regarding NLO calculations revealed that the Møller−
Plesset perturbation (MP2) calculated results were in close
proximity to the calculated results from more sophisticated

correlation methods.24 For comparison of MP2 calculated
results, we also performed DFT calculations by applying
different functions, Supporting Information. We used a 0.001
au applied electric field for the evaluation of static first-order
hyperpolarizability, which is well established to the adequate
value for numerical differentiation. The absorption spectra
were calculated at the TD-DFT/6-311+G (d,p) level of theory.

The average polarizability (α0) can be calculated as follows

= + +1
3

( )xx yy zz0 (1)

The first hyperpolarizability is obtained as follows

= + +( )x y ztot
2 2 2 1/2

(2)

where

= + + =i j k x y z( ) , , , ,i iii ijj ikk (3)

In Table 2, the calculated parameters illustrated above, the
electronic dipole moment {μi (i = x, y, z)}, and the total dipole
moment (μtot) for the title compounds are listed. The total
dipole moment is calculated by the following equation:

= + +( )x y ztot
2 2 2 1/2

(4)

The net dipole moment, mean polarizability (α0), and first
static hyperpolarizability (βtot) were performed by the
Gaussian 16 program package.49

3. RESULTS AND DISCUSSION
3.1. Geometrical Parameters. All of the designed

molecules (1−7) were optimized by the MP2/6-311+G(d,p)
level of theory. All of the ground-state geometries were verified
as global minima by vibrational frequency analysis at the same
level of theory, since negative vibrational frequencies were
absent in all of the cases.

The important geometrical parameters are listed in Table 1.
To validate our method and basis set, we compared our
calculated geometry with the experimental finding to gauge
whether our geometry was reasonable. The C−X (X = H, Li,
Na, and K) bond lengths of TCD derivatives (2−7) show
interesting variations compared with those of TCD. The C−X
bond length is in increasing order as the metal atomic number
increases (Table 1). Experimentally, the observed C···C and
H···H distances for bridging CH2 groups are 3.104 and 1.82 Å,
respectively. These values are in good accordance with the
corresponding values calculated in this work, which are 3.126
and 1.78 Å, respectively. Thus, the MP2 method with the 6-

Table 1. Important Bond Lengths (Å) of Fully Optimized 1−7 Molecules Calculated at the MP2-6-311+G(d,p) Level of
Theorya

bond length 1 2 3 4 5 6 7

C···C (bridging) 3.126 3.179 3.225 3.154 3.149 3.171 3.177
H···H (bridging) 1.779 1.739 1.697 1.748 1.721 1.752 1.730
C−H 1.097cB

C−Li 2.036 2.039cB

C−Na 2.401 2.411cB

C−K 2.725 2.736cB

Egap (eV) 12.51 7.05 6.28 6.13 5.30 5.61 4.57
λmax 154.04 472.50 540.78 464.94 552.54 576.99 728.06
q(XC) 0.173 0.884 0.867b 0.809 0.758b 0.907 0.865b

aTD-DFT method was used to obtain the maximum absorption wavelengths (nm) for 1−7. bq(XC): the NBO charge. cBond length values are the
same for (two alkali metals substituted) alkali metal and carbon to alkali metal bonds.
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311+G(d,p) basis set seems to be adequate for further
calculations. Other significant geometrical parameters also
infer that the geometry of TCD is reasonable as on substitution
of alkali metal shows a very minor deviation, which is given in
Table 1. The computed results indicate that the outer bridging
CH2 hydrogen substitution by an alkali metal is more
energetically favored than that of the inner one (see Table
S1 in the Supporting Information). Table 1 also infers that the
bond length of C−K (2.736) is more than those of C−Na and
C−Li.
3.2. Charge Transfer and Electronic Properties. To see

the intramolecular charge transfer, we performed a natural
population scheme50 for atomic charges on alkali metals
present in TCD derivates. Based on atomic charge analysis, the
metals Li, Na, and K carry higher charges than TCD bridging

CH2 hydrogen (Table 1). It is interesting to note that the
monosubstituted alkali metal TCD derivatives bear higher
atomic charges than disubstituted alkali metal TCD deriva-
tives; however, disubstituted alkali metal TCD derivatives have
equal atomic charges on both alkali metals (Table 1). The
natural charges of alkali metals (Li, Na, K) in TCD derivatives
are in the range of 0.758−0.907|e|, which infers strong charge
transfer. Such a feature has already been found in the instance
of adamantane substituted with an alkali metal and Ti@C28.

51

It is noted that the intramolecular charge transfer is directly
connected to the NLO response of systems.52,53

To obtain more insights into the charge transfer and
electronic properties, we analyzed FMOs. The transitions in
FMOs that are highest occupied molecular orbitals (HOMOs)
and lowest unoccupied molecular orbitals (LUMOs) are one

Figure 1. (a) Frontier molecular orbitals of 1−7 at the MP2/6-311+G(d,p) level of theory with an isosurface value of 0.02 au. (b) DOS curves for
1−7.
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of the key factors in determining the optoelectronic properties
of any molecule. The calculated energy gaps of molecules 1−7
are presented in Table 1. Upon substitution of TCD with alkali
metals, the crucial transitions of 2 to 7 are from the HOMO to
LUMO energy level. The electron clouds of LUMOs in 2−7
have the same pattern and are mainly located on the alkali
metal side (Figure 1). However, an unusual observation was
seen in the case of 7. In this designed molecule, the electron
cloud was observed only on one side of bridging carbon in
LUMO, which was not in the cases of 3 and 5. This
observation indicates that the other transitions are possible,
which are discussed in the following section. When we see the
HOMOs critically, it is revealed that alkali metal atoms (Li,
Na, and K) have large diffuse orbitals, and their valence
electrons are loosely bound to the complexes. In general, the
valence electrons of Li, Na, and K become more and more
diffused in the order of Li < Na < K, which makes the
transitions easier. As a consequence, ΔE values of 2, 3, 4, 5, 6,
and 7 are much smaller than that of TCD (1), leading to larger
βtot values.

Further, to validate the electronic properties of the designed
complexes, we performed density of state (DOS) analysis using
GaussSum software.54 The DOS spectra of our designed TCD
derivatives were revealed as excess electron compounds and
are given in Figure 1b. To see the intricate features of charge
transfer and electronic properties, we calculated the highest
occupied molecular orbitals (HOMOs), which are the singly

occupied molecular orbitals (SOMOs) in the case of alkali
metal-substituted TCD. In the ground state, the HOMO
energy of compound 1 is −10.67 eV, which upon excitation
increases to 1.84 eV, and the band gap between the HOMO
and LUMO is found to be 12.51 eV. It is noted that the
calculated DOS spectra have no evidence for SOMO in parent
molecule 1. However, in the latter case (2−7), the SOMO was
observed. Similarly, the SOMO and LUMO of compound 2
have energies of −7.29 and −0.24 eV, respectively, with a band
gap of 7.05 eV. Other compounds 3, 4, 5, 6, and 7 have
energies of −6.36, −6.40, −5.38, −5.87, and −4.63 eV,
respectively, in the ground state, while their excited-state
energies (LUMO) are found to be −0.08, −0.27, −0.08,
−0.26, and −0.06 eV, with band gaps (ΔEg) of 6.28, 6.13, 5.30,
5.61, and 4.57 eV, respectively. We plotted the DOS spectra of
all derivatives, which are shown in Figure 1b. The calculated
DOS curves infer that the alkali atom contributes to the
SOMOs. Therefore, the reduced Egap of TCD derivatives may
result due to a rise in the SOMO level. This smaller Egap may
suggest that the electrical conductivity of TCD derivatives is
significantly improved.
3.3. Nonlinear Optical Properties and Electronic

Transitions Analysis. The mean polarizability (α0) and
ground-state and excited-state dipole moments (μg and μe,
respectively) of the designed molecules (1−7) were computed
at the MP2/6-311+G(d,p) level of theory, and the calculated
values are given in Table 2. The dipole moment in the ground

Table 2. Values of α0 (au) and βtot (au) of TCD Derivatives were Calculated at the MP2/6-311+G (d,p) Level of Theorya

1 2 3 4 5 6 7

α0 123 148 189 187 311 189 377
βx −5 −4996 0 −19 890 3 28 058 11
βy 15 −1 11 078 −7918 34 935 −6592 72 059
βz 0.00 3315 4 0 0 −1 0
βtot 16 5972 11 078 21 408 34 935 28 822 72 059
fo 0.0263 0.1010 0.1585 0.3237 0.4474 0.1928 0.3586
ΔE 8.0487 2.6240 2.2927 2.6667 2.2439 2.1488 1.7029
μg 0.0932 6.3869 6.3865 6.5988 6.1141 8.5976 5.7092
μe 2.1052 5.4981 0.4020 1.7476 1.8172 0.8861 2.5710
Δμ 2.012 0.8888 5.9845 4.8512 4.2969 7.7115 3.1382
transition nature H-2 → L H → L H → L H→ L H → L H → L H → L

aThe differences in the dipole moments between the ground and excited states (Δμ), the transition energies (ΔE), and the oscillator strength ( f 0)
are determined by the TD-DFT method.

Scheme 1. (a) Optimized Structure of TCD and Important Bond Length Given in Å; (b) Structures of a TCD Molecule and Its
Derivatives (1−7)
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state (μg) of 1 is negligibly small (μg = 0.0932 D), as expected
due to the symmetric charge distribution. However, μg values
of TCD derivatives significantly increase (Table 2). These
values are consistent with the charge distribution and geometry
of these molecules (Scheme 1). In a similar line, α0
significantly increases from 1 to 7. These calculated values
were correlated well with charge transfer in these systems (see
Table 1). In view of the hardness principle, species with lower
energy gaps are less hard and thus more polarizable. As a result,
these α0 values are in good agreement with the Egap values of
substituted TCD derivatives.

The NLO behavior of alkali-substituted TCD complex (Li,
Na, and K) systems has been explored by computing their first
hyperpolarizabilities (βtot) at the MP2/6-311+G(d,p) level,
which are listed in Table 2. Upon substitution of bridging CH2
carbon of TCD by alkali metals remarkably enhances the βtot
value. The calculated results indicate that the substitution of
alkali metals obviously affects the first hyperpolarizability of
TCD derivatives. Notably, the largest βtot value of 7 (72 059) is
about 43 times larger than that of the prototypical second-
order NLO of p-nitroaniline (βtot = 1675 au). The calculated
enhanced βtot values of TCD derivatives advocate their strong
NLO behavior.

To check the consistency in the calculations of polarizability
and hyperpolarizabilities values, the appropriate choice of
proper methods and basis sets is important to obtain
unswerving results. Therefore, we calculated the average
polarizability and first hyperpolarizability of the designed
molecules using a variety of hybrid and dispersion-corrected
DFT functionals such as M062X/6-311+G(d,p), CAM-
B3LYP,55 BHandHLYP,56 WB97XD,57 APFD,58,59 and
B97D60 using the 6-311+G(d,p) basis set as well as the MP2
method using the 6-311+G(d,p) basis set. The calculated β0
values at M062X,61 CAM-B3LYP, WB97XD, BHandHLYP,
APFD, and B97D using the 6-311+G(d,p) basis set along with
MP2 at the same basis set are not consistent.62−65

The reference molecule (p-nitroaniline) was also calculated
at the same level of theory and functional. Calculated results
suggest that DFT-based functionals M062X and CAM-B3LYP
and the MP2 method have a very close agreement for average
polarizability and first hyperpolarizability values, and it is also
seen with simply designed molecule 1. However, when we are
turning from a simpler push−pull organic system into excess
electrons, then we observed a larger deviation with DFT hybrid
functionals. It is important to note that as we have taken the
dispersion-corrected functional, the calculated first hyper-
polarizability becomes closer to MP2 method calculations
(see Table 3 and Figure 2). The calculated β0 values of 1−7 by
MP2 are significantly larger than M062X, CAM-B3LYP, and
WB97XD results but closer to the B97D value. The B97D-
calculated β0 of the molecule fairly agrees with the MP2

method-calculated β0. Among the chosen methods (Table 3),
the calculated β0 value with the M062x functional is not
consistent, as it is apparent that excess electron dispersion
correction is poorly estimated by this functional. However, the
long-range corrected functional properly estimates the
dispersion interactions, which are very close to those calculated
by the MP2 method. Dispersion interactions are a ubiquitious
consequence of electron correlation. Excess electron com-
pounds are found in diffuse molecular orbitals, which are
outside of the parent molecules. Therefore, the calculated
results are underestimated when we use the hybrid DFT
functional; however, when we use the dispersion-corrected
DFT functional, the calculated results are close to the MP2
method calculations.

A previous literature report also revealed such variations.
Champagne et al.66 showed that the hybrid functional
BHandHLYP minimizes the overestimation of the NLO
property. Nakano et al.67 noted that the CCSD(T) results of
hyperpolarizability can be reproduced by the BHandHLYP
method. Thus, the latter method can be chosen especially for
larger systems, as the CCSD(T) method is computationally
very costly and quite difficult to perform. The BHandHLYP,
WB97XD, APFD, and B97D functionals are also used widely
for evaluating the first hyperpolarizability for alkali and alkaline
earth metal-doped systems. Thus, for the investigated
molecular system, the chosen DFT functionals APFD and
B97D can provide satisfactory results, which are close to the
MP2 method-calculated results (Table 3). Thus, we employed
the MP2 method for the present investigation.

In the case of monosubstituted alkali halide TCD
derivatives, the βtot values are relatively lower than those of
disubstituted alkali halide TCD derivatives (see Table 2). It is

Table 3. Hyperpolarizability (βtot in au) of the Designed Molecules is Evaluated Analytically Using Hybrid and Dispersion-
Corrected DFT with Different Functionals and the MP2 Method using the 6-311+G(d,p) Basis Set

compounds M062X CAM-B3LYP WB97XD BHandHLYP APFD B97D MP2

1 15.80 15.89 18.91 11.49 17.35 22.70 16.71
2 5327.52 4472.29 4680.69 4093.40 5834.75 13 548.05 5996.98
3 11 701.86 7339.18 8245.07 7086.51 10 609.30 27 201.07 11 078.20
4 21 147.10 10 639.32 10 639.35 11 528.16 15 168.13 21 895.59 21 408.32
5 46 674.62 11 577.48 22 397.78 16 524.52 22 656.01 30 238.95 34 935.46
6 11 646.83 18 239.21 15 669.29 19 571.83 27 160.62 48 674.22 28 822.18
7 28 397.07 26 829.31 30 428.89 30 806.44 44 715.54 69 952.88 72 059.95

Figure 2. Plot of the first static hyperpolarizability (βtot) values of the
designed TCD molecules.
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observed that the βtot values follow a nearly similar trend as
that of charges on the alkali metal (see Table 1) except for
compound 7; however, disubstituted (7) metals have equal
charges. To analyze this, we plot the βtot values of TCD
derivatives and their q(XC) and ΔE values in Figure 3. It can be
seen from Table 1 that the NBO charges of molecules 2−7
vary in the range of 0.758−0.907, which are larger than that of
molecule 1 (0.173). Molecular electrostatic potential (MESP)
calculated results (1−7) also infer that the charge is mainly
localized at the metal-substituted side (see Figure S1 in the
Supporting Information). This is consistent with the concept
that the NLO response of a system can be improved more
efficiently by incorporating excess electrons, as observed
previously in a number of investigations.29 The f 0, Δμ, and
ΔE values determined at the TD-DFT/6-311+G(d,p) level of
theory are listed in Table 2. The crucial electronic transition
was specified by the largest oscillator strength ( f 0). To predict
the origin of βtot, Oudar and Chemla established a simple link
between βtot and a low-lying charge transfer transition by the
following two-level expression68,69

f

Etot
0
3 (5)

According to the two-level proposal, the βtot value is
proportional to the difference between the dipole moments

of the ground state, transition dipole moment (Δμ), and the
oscillator strength ( f 0) but inversely proportional to the third
power of the transition energy (ΔE). From the two-level
expression (eq 5), it is evident that the transition energy is one
of the prominent factors for enhancing the first hyper-
polarizability.

Figure 4 depicts the plotted absorption spectra of 1−7
complexes. It is worth mentioning that the parent molecule
TCD (1) exhibits no absorption in the wavelength range of
200−800 nm. However, when bridging CH2 groups in the
TCD is substituted by alkali metals that affect the absorption
spectra (Figure 4). The calculated results prompted us to
investigate and design TCD derivatives (2−7). The calculated
absorption spectra reveal that the maximum absorption
wavelengths of 2−7 are significantly higher than that of
TCD (λmax = 154.04 nm; see Table 1). According to these
findings, λmax shows an apparent bathochromic change with
increasing atomic numbers (substituted alkali metal). Surpris-
ingly, the bathochromic shift in λmax can result in reduced
transition energies, which may result in larger nonlinear optical
responses.

The crucial excited states of all designed TCD derivatives
correspond to the transition from HOMO to LUMO, and
other possible transitions are shown in Figure 5. Along the
prominent transition from HOMO to LUMO, the HOMO and

Figure 3. Plots of the first static hyperpolarizability (βtot) (a), charge on the alkali metal (q(XC)) (b), and transition energy (ΔE) values (c) of
TCD molecules.
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HOMO-2 to LUMO, LUMO + 1, and LUMO + 3 transitions
are also possible (Figure 5). The percent transition
probabilities are given in Table S3 (See the Supporting
Information).70 The ΔE values determined at the TD-DFT/6-
311+G(d,p) level of theory are listed in Table 2. The ΔE value
of 1 is 8.0487, while the ΔE values of 2, 3, 4, 5, 6, and 7 are
2.6240, 2.2927, 2.6667, 2.2439, 2.1488, and 1.7029 eV,

respectively. The calculated results revealed that the sub-
stitution of alkali metals on TCD derivatives greatly reduced
the ΔE value. The calculated βtot values followed a similar
trend as ΔE values. Thus, ΔE values are in line with the
explanation of the variation in βtot values. Similarly, the
calculated Δμ values infer that the charge transfer increases
from 1 to 7, which is in accordance with the βtot values.
Therefore, Δμ is also an important factor causing the variation
in βtot for the designed molecules.
3.4. Transition Density Matrix. We also used Multiwfn

3.8 software71 to create color 3D transition density matrix
(TDM) plots of our designed molecules at the MP2/6-
311+G(d,p) level of theory to estimate and visually see charge
transfer behavior between the lower and middle energy peaks.
It also contains information on the precise placement of
electrons, holes, and electron−hole overlap.72 The TDM plots
reveal a great deal about the phenomenon of intramolecular
charge transfer (ICT). It is worth noting that our computed
molecules have a permissible level of ICT behavior. The heat
map reveals that there is robust electron and hole dispersion.

To see the electron−hole distribution, we examined the X-
axis (corresponding to the hole position) and the Y-axis
(corresponding to the electron position). In the molecule of
TCD (1), electrons and holes are equally distributed on the
whole isosurface, and in 2, 4, and 6 molecules, electrons and
holes are present on the diagonal of the surface at an index of

Figure 4. Computed maximal absorption spectra for compounds 1−7.

Figure 5. Crucial electronic transition and molecular orbital involved along with transition probabilities are calculated using the TD-DFT/6-
311+G(d,p) level of theory.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07743
ACS Omega 2023, 8, 7978−7988

7984

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07743/suppl_file/ao2c07743_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07743?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07743?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07743?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07743?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07743?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07743?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07743?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07743?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


5. This observation corroborates with the hole and electron
isosurface map, but in molecules 3, 5, and 7, electrons are
holes are also present on the isosurface of the diagonal at 5 and
10 positions, respectively, and the electron density is very high
in the order of 1 < 2 < 3 < 4 < 5 < 6 < 7. Furthermore, we can
see from the isosurface map that molecule 5 is substantially
surrounded by a green isosurface, indicating that this atom
does not send electrons to others but does accept electrons
from others (Figure 6).

The estimated transition density matrix heat maps further
imply that electron transitions in alkali metal-substituted TCD
complexes are local excitations (see Figure S2 in the
Supporting Information).

4. CONCLUSIONS
We performed quantum chemical calculations on seven TCD
derivatives, which were obtained by replacing the H atom of
methylene bridge carbon with alkali metals (Li, Na, and K).
The calculated results reveal that alkali metal-substituted TCD
derivatives affect the absorbance spectrum. Calculated λmax
shows an apparent bathochromic change with increasing
atomic numbers of alkali metals. Further, the alkali atom
contributes to the HOMO of TCD derivatives (2−7) to form
excess electrons, as reflected by the orbital interaction diagram
and the DOS curve. The dipole moment and mean
polarizability of 2−7 are significantly enhanced, which are in
accordance with the charge transfer and Egap values,
respectively. The βtot value of 7 (βtot = 72059 au) is the
largest, which is about 43 times larger than a prototypical
second-order NLO molecule of p-nitroaniline (βtot = 1675 au).

The calculated MP2 results infer that alkali metal-substituted
exo-exo-tetracyclo[6.2.1.13,6.02,7]dodecane can act as a novel
and potential candidate for better organic NLO materials.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c07743.

Polarizability and first-order hyperpolarizability of p-NA
were calculated at the 6-311+G(d,p) basis set using MP2
and DFT methods with different functionals (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Ajeet Singh − Department of Chemistry, Prof. Rajendra Singh
(Rajju Bhaiya) Institute of Physical Sciences for Study and
Research, V.B.S. Purvanchal University, Jaunpur 222003,
India; orcid.org/0000-0001-8073-4909;
Email: ajeetmolecule@gmail.com

Authors
Santosh Kumar Yadav − Department of Chemistry, Prof.

Rajendra Singh (Rajju Bhaiya) Institute of Physical Sciences
for Study and Research, V.B.S. Purvanchal University,
Jaunpur 222003, India

Snehasis Bhunia − Department of Chemistry, National
Taiwan University, Taipei 10617, Taiwan (R.O.C.)

Rajneesh Kumar − Department of Chemistry, Prof. Rajendra
Singh (Rajju Bhaiya) Institute of Physical Sciences for Study

Figure 6. Simulated transition density matrix connected with the lowest excited states of 1−7 (the hydrogen atoms of all systems are omitted), and
the color bars are given on the right.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07743
ACS Omega 2023, 8, 7978−7988

7985

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07743/suppl_file/ao2c07743_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07743?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07743/suppl_file/ao2c07743_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ajeet+Singh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8073-4909
mailto:ajeetmolecule@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Santosh+Kumar+Yadav"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Snehasis+Bhunia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajneesh+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07743?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07743?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07743?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07743?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and Research, V.B.S. Purvanchal University, Jaunpur
222003, India

Ritu Seth − Department of Chemistry, Prof. Rajendra Singh
(Rajju Bhaiya) Institute of Physical Sciences for Study and
Research, V.B.S. Purvanchal University, Jaunpur 222003,
India

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c07743

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
A.S. acknowledges SERB, New Delhi (Ref No.: CRG/2019/
001032) for financial help under the core research grant. S.K.Y.
thanks UGC-India for financial support for the junior research
fellowship grant.

■ REFERENCES
(1) Eaton, D. F. Nonlinear Optical Materials. Science 1991, 253,

281−287.
(2) Zyss, J.; Ledoux, I. Nonlinear Optics in Multipolar Media:

Theory and Experiments. Chem. Rev. 1994, 94, 77−105.
(3) Hu, Z.-Y.; Fort, A.; Barzoukas, M.; Jen, A. K.-Y.; Barlow, S.;

Marder, S. R. Trends in Optical Nonlinearity and Thermal Stability in
Electrooptic Chromophores Based upon the 3-(Dicyanomethylene)-
2, 3-Dihydrobenzothiophene-1, 1-Dioxide Acceptor. J. Phys. Chem. B
2004, 108, 8626−8630.
(4) Green, M. L. H.; Marder, S. R.; Thompson, M. E.; Bandy, J. A.;

Bloor, D.; Kolinsky, P. V.; Jones, R. J. Synthesis and Structure of
(Cis)-[1-Ferrocenyl-2-(4-Nitrophenyl) Ethylene], an Organotransi-
tion Metal Compound with a Large Second-Order Optical Non-
linearity. Nature 1987, 330, 360−362.
(5) Di Bella, S. Second-Order Nonlinear Optical Properties of

Transition Metal Complexes. Chem. Soc. Rev. 2001, 30, 355−366.
(6) Yan, H.; Li, X.; Chandra, B.; Tulevski, G.; Wu, Y.; Freitag, M.;

Zhu, W.; Avouris, P.; Xia, F. Tunable Infrared Plasmonic Devices
Using Graphene/Insulator Stacks. Nat. Nanotechnol. 2012, 7, 330−
334.
(7) Chen, K. J.; Laurent, A. D.; Jacquemin, D. Strategies for

Designing Diarylethenes as Efficient Nonlinear Optical Switches. J.
Phys. Chem. C 2014, 118, 4334−4345.
(8) Máthé, L.; Onyenegecha, C. P.; Farcas,̧ A.-A.; Pioras-̧Ţimbolmas,̧
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