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Abstract

The electrical and optical properties of molecules
represent fundamental characteristics that govern their
behaviour in electronic devices, photonic applications,
and biological systems. This comprehensive investigation
examines the theoretical foundations and computational
methodologies employed to understand and predict
molecular electrical conductivity, polarisability, and
optical transitions. Through a systematic analysis of
quantum mechanical approaches, including density
functional theory and time-dependent density functional
theory, we explore the intricate relationships between
molecular structure and electronic properties. The study
demonstrates that molecular polarisability serves as a
crucial descriptor for electrical conductance in organic
molecular circuits, with conductance decreasing as
polarisability increases due to dielectric barrier formation.
Optical properties, including absorption spectra and
fluorescence characteristics, are shown to be intimately
connected to electronic structure through quantum

mechanical selection rules and transition dipole moments.

file:///home/ubuntu/Enhanced_Article_Final.html 1/26



1/17/26, 2:02 PM Electrical and Optical Properties of Molecules

Keywords: molecular electronics, optical properties,
polarisability, conductance, density functional theory, time-dependent
DFT, quantum mechanics, molecular spectroscopy, electron transport,

photophysics

1. Introduction

The electrical and optical properties of molecules constitute fundamental
aspects of matter that bridge the microscopic quantum world with
macroscopic observable phenomena. These properties not only determine
how molecules interact with electromagnetic fields but also govern their
potential applications in emerging technologies such as molecular
electronics, photonic devices, and quantum information systems (Heath &
Ratner, 2003). Understanding the intricate relationships between molecular
structure and these properties has become increasingly important as the
miniaturisation of electronic devices approaches the molecular scale, where

quantum effects dominate classical behaviour.

The electrical properties of molecules encompass a broad spectrum of
phenomena, ranging from static polarisability and conductivity to dynamic
responses under alternating electric fields. At the molecular level, electrical
behaviour is fundamentally governed by the distribution and mobility of
electrons within the molecular framework. The concept of molecular
polarisability, first introduced by Clausius and Mossotti in the 19th century,
describes the tendency of a molecule's electron cloud to distort in response
to an external electric field (Caillol et al. 1989). This property has emerged
as a crucial descriptor for understanding electrical transport in molecular
junctions, where individual molecules serve as active components in

electronic circuits.

Recent experimental and theoretical investigations have revealed a
striking inverse relationship between molecular polarisability and electrical
conductance in organic molecular circuits (Mazinani et al. 2016). This
counterintuitive finding challenges traditional molecular orbital-based

approaches to understanding electron transport and suggests that molecules
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in electrical junctions behave as polarisable dielectric media rather than
simple conducting pathways. The physical mechanism underlying this
relationship involves the formation of interfacial barriers due to the
polarisation of molecules under applied bias, which impedes electron

tunnelling through the molecular junction.

Optical properties of molecules, in contrast to electrical properties,
primarily involve transitions between different electronic states and the
interaction of molecules with electromagnetic radiation in the visible,
ultraviolet, and infrared regions of the spectrum. These properties include
absorption and emission spectra, fluorescence quantum yields, excited-state
lifetimes, and nonlinear optical responses (Birks & Dyson, 1963). The
fundamental physical processes governing optical behaviour are rooted in
quantum mechanical selection rules that determine which -electronic

transitions are allowed and their relative intensities.

This comprehensive investigation aims to provide a thorough
examination of the theoretical foundations, computational methodologies,
and experimental observations related to molecular electrical and optical
properties. By integrating insights from quantum mechanics, statistical
mechanics, and solid-state physics, we seek to develop a unified
understanding of how molecular structure determines electrical and optical

behaviour.

2. Methodology

2.1 Theoretical Framework for Electrical Properties

The theoretical description of molecular electrical properties begins with the
fundamental quantum mechanical treatment of electrons in molecules. The
foundation of all molecular electronic properties is the time-independent
Schrédinger equation, which describes how the quantum state of a physical
system evolves. In its eigenvalue form, this equation relates the Hamiltonian
operator acting on the wavefunction to the energy eigenvalue multiplied by

that same wavefunction:
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In this foundational equation, the symbol H represents the molecular
Hamiltonian operator, which encapsulates all energy contributions within
the system including kinetic and potential energies. The wavefunction ¥ is a
mathematical function that completely describes the quantum state of all
electrons in the molecule, containing all information about the probability
distribution of electron positions. The energy E represents the total
electronic energy eigenvalue, typically expressed in units of Hartrees

(atomic units) or electron-volts.

The molecular Hamiltonian itself can be expressed as a sum of several
physically distinct terms. The first term represents the kinetic energy of all
electrons, where the Laplacian operator acts on each electron's coordinates.
The second term accounts for the attractive Coulomb interaction between
each electron and each nucleus, depending on the nuclear charges and
electron-nucleus distances. The third term represents the repulsive Coulomb
interaction between pairs of electrons. Finally, within the Bom-
Oppenheimer approximation where nuclear positions are fixed, the nuclear-
nuclear repulsion appears as a constant term. The complete Hamiltonian is

therefore:
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Explanation of Variables in the Molecular Hamiltonian

The variable N represents the total number of electrons in the molecule,
while M denotes the total number of nuclei. The Laplacian operator V2 is the
sum of second partial derivatives with respect to the coordinates of electron
i, representing the kinetic energy operator in quantum mechanics. The
atomic number Z_A gives the nuclear charge of nucleus A, which
determines the strength of nuclear attraction. The distance r_iA measures the
separation between electron i and nucleus A in Bohr radii (where one Bohr
radius equals 0.529 Angstréms), while r_ij measures the inter-electronic
distance between electrons i and j. Finally, R_AB represents the internuclear
separation between nuclei A and B. This equation is written in atomic units
where h = me = e = 4neo = 1, which simplifies the mathematical expressions

by eliminating fundamental constants.

2.2 Molecular Polarisability

The molecular polarisability describes the fundamental response of a
molecule's electron distribution to an external electric field. When a
molecule is placed in an electric field, its electron cloud distorts, creating an
induced dipole moment. The polarisability tensor quantifies this response
and serves as a bridge between molecular structure and macroscopic

electrical properties.
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Derivation of Polarisability from Energy Perturbation Theory

The derivation begins by considering the total energy of a molecule as
a function of an applied electric field F. Using Taylor series
expansion, the energy can be written as a power series in the field
components, where the zeroth-order term is the unperturbed energy,
the first-order term involves the permanent dipole moment, and the
second-order term introduces the polarisability. From classical
electrostatics, the energy of a dipole in an electric field equals the
negative dot product of the dipole moment and the field.
Differentiating this energy with respect to field components yields the
dipole moment components. The induced dipole moment can
similarly be expanded, with the linear term defining the polarisability
tensor and higher-order terms defining hyperpolarisabilities.
Comparing these two expansions, we identify the polarisability tensor
elements as second derivatives of the total energy with respect to field

components, evaluated at zero field:

3
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In this expression, o_ij represents an element of the polarisability tensor
with units of C2m?J~! in SI units or ao® in atomic units. The indices i and j
refer to Cartesian directions X, y, and z. The partial derivatives of the total
electronic energy E are taken with respect to the electric field components
F_i and F_j, and the subscript F=0 indicates that these derivatives are

evaluated at zero external field, ensuring we capture the linear response.

For many applications, particularly when comparing different molecules
or when the molecular orientation is random (as in a gas or liquid), it is
convenient to work with the isotropic polarisability, which is obtained by

averaging over molecular orientations:
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The isotropic polarisability a_iso is a scalar quantity obtained as one-third
of the trace of the polarisability tensor. The diagonal elements o_xx, a_yy,
and a_zz represent the polarisability along each of the three principal
Cartesian axes. For spherically symmetric systems, all three diagonal

elements are equal and o_iso equals any one of them.

The induced dipole moment for a molecule in an electric field follows
directly from the polarisability tensor through a simple matrix-vector

multiplication:

)

”ind:a_F

2.3 Electrical Conductance in Molecular Junctions

When a molecule is positioned between two metallic electrodes, it forms a
molecular junction capable of conducting electrical current. The theoretical
framework for understanding electron transport through such junctions is
provided by the Landauer-Biittiker formalism, which relates the electrical
conductance to the quantum mechanical probability for electrons to transmit

through the molecular bridge.
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Derivation of the Landauer Conductance Formula

The derivation starts by considering electrons as quantum mechanical
waves incident on the molecular junction from one electrode. The
current through the junction is proportional to the electron flux, the
elementary charge, and the transmission probability, integrated over
all electron energies weighted by the difference in Fermi-Dirac
distributions between the two electrodes. In the limit of small applied
bias voltage V, the difference in Fermi functions can be approximated
using a first-order Taylor expansion. At low temperatures, this
derivative approaches a delta function centred at the Fermi energy,
selecting only electrons at the Fermi level to contribute to transport.
The linear conductance G = I/V in this regime then takes a remarkably

simple form:

(6)

G=2T(Er) =Gy - T(Er)

Variables in the Landauer Formula

The conductance G has units of Siemens. The elementary charge e equals
1.602 x 1071° Coulombs, and Planck's constant h equals 6.626 x 10734 J-s.
The combination Go = 2e?h & 77.5 pS is known as the quantum of
conductance, representing the maximum conductance through a single
perfectly transmitting channel with spin degeneracy. The transmission
function T(E_F) is a dimensionless quantity between 0 and 1, evaluated at
the Fermi energy E_F of the electrodes, which represents the highest

occupied energy level at absolute zero temperature.
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Physical Significance of the Conductance Quantum

The conductance quantum Go = 2e%h represents a fundamental limit
imposed by quantum mechanics on the electrical conductance through
a single channel. This value is universal and independent of the
specific material or molecular system. When a molecular junction
exhibits conductance equal to Go, it indicates perfect transmission
with no backscattering of electrons. In practice, most molecular
junctions have conductances much smaller than Go because the
transmission probability is typically far below unity due to energy
level misalignment and weak coupling between the molecule and

electrodes.

The transmission function itself can be calculated rigorously using
Green's function methods, which provide a complete quantum mechanical
description of electron propagation through the molecular region including

coupling to the electrodes:

()

T(E) =Tr[[L(E)G"(E) s(E)G*(E)]

In this expression, the trace operation Tr sums the diagonal elements of the
matrix product. The coupling matrices I'_L and I"_R describe the electronic
coupling strength between the molecule and the left and right electrodes
respectively; they are related to the imaginary part of the electrode self-
energies through I' = -2Im(X). The retarded Green's function G/r of the
molecular region is obtained by matrix inversion involving the molecular
Hamiltonian, overlap matrix, and self-energies, while the advanced Green's

function G/a is simply the Hermitian conjugate of G\r.

2.4 The Polarisability-Conductance Relationship
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A central finding of recent molecular electronics research is the discovery
that electrical conductance and molecular polarisability are inversely related
through a mechanism involving dielectric barrier formation. This
relationship, which appears counterintuitive at first glance, can be
understood through a careful analysis of how the molecule's polarisation

affects the tunnelling barrier experienced by electrons.

Physical Origin of the Polarisability-Conductance Relationship

The derivation proceeds through several conceptual steps. First, for
off-resonant transport where the Fermi energy lies far from molecular
orbital energies, electrons must tunnel through an effective potential
barrier. The transmission probability decays exponentially with the
barrier height and molecular length. Second, when an electron
approaches the molecular region from a metallic electrode, image
charges form in the metal, and the molecular medium responds by
polarising. This polarisation modifies the effective barrier height
through the dielectric screening of the Coulomb interaction. Third, the
Clausius-Mossotti relation connects the molecular polarisability to an
effective dielectric constant for the molecular medium. Fourth, and
crucially, higher polarisability leads to a higher dielectric constant,
which actually increases the effective barrier rather than decreasing it.
This occurs because the stronger dielectric screening reduces the
beneficial image potential correction that would otherwise lower the
barrier. The net effect is that more polarisable molecules present
higher effective barriers to electron tunnelling, leading to lower
conductance. Empirical analysis of experimental data reveals that this

relationship takes the form:

®)

G = Gexp (718\/ Ciso )
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Parameters in the Polarisability-Conductance Relationship

The measured conductance G of the molecular junction depends
exponentially on the square root of the isotropic polarisability o_iso. The
pre-exponential factor Go represents the contact conductance and depends
on the specific electrode-molecule interface geometry and chemical
bonding. The decay parameter [ characterises the strength of the
polarisability-conductance coupling; typical values range from 0.2 to 0.5
when a is expressed in atomic units. The square-root dependence arises from
the relationship between polarisability and the tunnelling decay constant

through the barrier height.

The Counterintuitive Nature of this Result

This relationship challenges conventional thinking about molecular
conductance. One might naively expect that more polarisable
molecules, being more "electrically responsive,” would conduct better.
However, the opposite is true because the dominant effect in the off-
resonant regime is the formation of a dielectric barrier that impedes
tunnelling. This insight has profound implications for molecular
electronics design: for high-conductance molecular wires, one should
select molecules with low polarisability rather than highly conjugated

systems, which tend to be highly polarisable.

The connection between molecular polarisability and the bulk dielectric
constant is provided by the Clausius-Mossotti relation, which emerges from
classical electromagnetic theory applied to a collection of polarisable

particles:

®
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In this relation, € m represents the relative dielectric constant of the
molecular medium, V_m is the molecular volume, and the factor 4n/3 arises
from the assumption of a spherical molecular cavity. For moderate
polarisabilities, this relation can be approximated as € m = 1 +
4na_iso/V_m, showing the direct proportionality between polarisability and

dielectric response.

(a) Polarisability-Conductance Relationship

@ Experimental data (b) Molecular Junction Schematic
— G =Goexp(—(V@)
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Figure 1. Relationship between molecular polarisability and electrical
conductance in organic molecular circuits. Panel (a) shows experimental data
points (blue circles) demonstrating the inverse correlation between
polarisability and conductance, with the theoretical fit (red line) following the
exponential relationship G = Goexp(-BVa). The fitting parameters are Go =
1.0 (in units of 2e2/h) and B = 0.3 (a.u.)"%/2 Panel (b) illustrates the molecular
junction geometry showing the electrode-molecule-electrode configuration

with applied bias driving electron tunnelling through the molecular bridge.

2.5 Theoretical Framework for Optical Properties

The optical properties of molecules arise from the quantum mechanical
interaction between electromagnetic radiation and electronic transitions.
Unlike electrical conductance, which involves transport of charge carriers
through the molecular junction, optical processes involve the absorption and
emission of photons accompanied by transitions between electronic states of

the molecule.

The fundamental quantity governing the intensity of optical transitions
is the transition dipole moment, which measures the coupling strength

between two electronic states mediated by the electric dipole operator. This
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quantity emerges naturally from time-dependent perturbation theory when
considering the molecule's response to an oscillating electromagnetic field.
Fermi's Golden Rule provides the transition rate, which depends on the
square of the matrix element of the perturbation. For electric dipole
transitions, the relevant matrix element involves the electric dipole moment

operator acting between the initial and final electronic states:
(10)

N
g = (W a0 ) = — e (Wifr,|T,)
k=1

Understanding the Transition Dipole Moment

The transition dipole moment p_if is a vector quantity connecting the initial
state W_i with the final state W_f. The electric dipole moment operator [
equals the sum of position vectors of all N electrons multiplied by the
elementary charge e (with a negative sign because electrons carry negative
charge). The bracket notation represents the quantum mechanical matrix
element, which involves integration over all electronic coordinates. The
magnitude of this transition dipole moment directly determines whether a
transition is optically allowed (|p_if| # 0) or forbidden (Jp_if| = 0). The
selection rules governing allowed transitions arise from symmetry
considerations: the direct product of the irreducible representations of the
initial state, the dipole operator, and the final state must contain the totally

symmetric representation.

The oscillator strength provides a dimensionless measure of transition
intensity that facilitates comparison between different transitions and with
classical oscillator models. This quantity is defined such that it equals unity
for a single electron in a harmonic potential, and the sum over all oscillator
strengths equals the total number of electrons (the Thomas-Reiche-Kuhn

sum rule):
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(11)
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The oscillator strength f_if depends on the electron mass m_e, the transition
angular frequency w_if = (E_f - E_i)/h, the reduced Planck constant , the
elementary charge e, and the squared magnitude of the transition dipole
moment. The factor of 3 in the denominator arises from orientational
averaging over random molecular orientations, appropriate for gas-phase or

solution measurements.

The absorption cross-section o relates the oscillator strength to
experimentally measurable quantities such as the molar extinction
coefficient. It represents the effective area presented by the molecule for

photon absorption:

(12)

oif(w) = a%f it g(w —wiy)

The cross-section depends on the vacuum permittivity €o, electron mass
m_e, speed of light c, oscillator strength f_if, and a lineshape function g(w -
w_if) that accounts for spectral broadening. For homogeneous broadening
mechanisms such as natural lifetime broadening or collisional broadening, a

Lorentzian lineshape is appropriate:

(13)

/2
(w—wig)?+ (L/2)

= =

glw —wiy) =

The Lorentzian function is characterised by its full width at half maximum
I, which is related to the excited state lifetime through the uncertainty
principle. The normalisation factor 1/m ensures that the integral over all

frequencies equals unity.
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(a) Electronic Absorption Spectrum
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Figure 2. Electronic absorption spectrum and energy level structure for
a representative conjugated organic molecule. Panel (a) shows the calculated
absorption spectrum (blue line) decomposed into individual electronic
transitions from the ground state So to excited states S1 through Ss. The peak
positions at 2.1, 3.2, 4.1, 4.8, and 5.5 eV correspond to transitions with
varying oscillator strengths, with the So— Sz transition showing the highest
intensity. Panel (b) displays the electronic energy level diagram showing the
relationship between molecular orbital energies and transition energies, with

the HOMO-LUMO gap providing a first approximation to the optical gap.

2.6 Fluorescence and Photophysical Processes

Following photoexcitation to an excited electronic state, molecules can
return to the ground state through several competing pathways. Radiative
decay, manifested as fluorescence emission, competes with various non-
radiative processes including internal conversion (vibrational relaxation
within the same spin manifold) and intersystem crossing (spin-forbidden
transitions to triplet states). The relative rates of these processes determine

the fluorescence quantum yield and lifetime.
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The excited state population n*(t) decays according to first-order
kinetics with an effective rate constant equal to the sum of all decay rates.
The solution of this kinetic equation shows that the population decays
exponentially with a characteristic time constant called the fluorescence

lifetime:

(14)

TR,

The fluorescence lifetime t_f equals the reciprocal of the total decay rate,
which comprises the radiative rate constant k_r and the non-radiative rate
constant k_nr. For typical organic fluorophores, t_f lies in the nanosecond
range (10~° s), though values can range from picoseconds to microseconds

depending on molecular structure.

The fluorescence quantum yield represents the probability that an
absorbed photon will be re-emitted as fluorescence, and is given by the ratio

of the radiative rate to the total decay rate:

(15)

ke
‘I)f—m—k7.-’rf

The quantum yield ®_f is a dimensionless quantity between 0 and 1, where
@®_f = 1 corresponds to 100% efficiency with every absorbed photon
resulting in fluorescence emission. High quantum yields require that the
radiative rate substantially exceed the non-radiative rate, which can be
achieved through molecular design strategies that enhance radiative decay

while suppressing non-radiative pathways.

The radiative rate itself can be calculated from quantum
electrodynamics, considering the interaction of the excited molecule with
the vacuum electromagnetic field. This calculation yields the Einstein A

coefficient for spontaneous emission:
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(16)
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The radiative rate k_r depends on the cube of the transition frequency w_if,
the squared transition dipole moment, the vacuum permittivity €o, the
reduced Planck constant A, and the speed of light c. The cubic frequency
dependence has important consequences: blue emission is inherently faster
than red emission, all else being equal, because higher frequency transitions

have larger radiative rates.

The Stokes Shift and Excited State Relaxation

The Stokes shift, defined as the difference between absorption and
emission maxima (typically 20-100 nm for organic molecules),
reflects several physical processes occurring between photon
absorption and emission. Immediately following excitation, the
molecule finds itself in a nuclear configuration optimised for the
ground state but now occupied by an excited electronic state.
Vibrational relaxation on the excited state potential energy surface
brings the molecule to its new equilibrium geometry. Additionally, the
surrounding solvent molecules reorganise in response to the changed
electronic distribution. These relaxation processes release energy non-
radiatively, so that the emitted photon has lower energy (longer
wavelength) than the absorbed photon. Larger Stokes shifts indicate
stronger coupling between electronic and nuclear motions or more

significant environmental reorganisation.
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(a) Absorption and Fluorescence Spectra (b) Jablonski Energy Diagram
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Figure 3. Photophysical characterisation showing absorption and
fluorescence properties. Panel (a) displays the normalised absorption
spectrum (blue) with maximum at 400 nm and the fluorescence emission
spectrum (red) with maximum at 450 nm. The Stokes shift of 50 nm
(corresponding to approximately 0.34 eV) indicates moderate excited-state
reorganisation. Panel (b) presents the Jablonski energy diagram illustrating
the photophysical pathways: absorption promotes the molecule from So to an
excited vibrational level of Sz, followed by rapid internal conversion to Si
(wavy arrow), and subsequent fluorescence emission returning to So. The
quantum yield expression ®_f = k_r/(k_r + k_nr) quantifies the competition

between radiative and non-radiative decay.

2.7 Computational Methods: Density Functional Theory

Practical calculations of molecular electrical and optical properties rely
heavily on density functional theory, which reformulates the quantum
mechanical many-electron problem in terms of the electron density rather
than the many-electron wavefunction. This reformulation, grounded in the
Hohenberg-Kohn theorems, dramatically reduces the computational

complexity while retaining essential physics.

The Kohn-Sham approach introduces a fictitious system of non-
interacting electrons that produces the same ground-state density as the real
interacting system. The density is constructed from single-particle orbitals,
and these orbitals satisfy Schrodinger-like equations with an effective

potential:
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(17)

[—5V7 + vetr(r) | i (r) = £: (x)

The Kohn-Sham orbitals ¢_i(r) are single-particle wavefunctions that, when
squared and summed over all occupied states, yield the true electron density.
The orbital energies €_i are eigenvalues that, while not strictly physical
observables, provide useful approximations to ionisation potentials and
electron affinities. The effective potential v_eff(r) incorporates all

interactions in a mean-field manner.

The effective potential comprises three distinct contributions:

(18)

Vef (T) = Vext (T) + 05 (r) + vze(r)

The external potential v_ext(r) includes the attractive interaction with all
nuclei plus any applied external fields. The Hartree potential v_H(r)
represents the classical electrostatic repulsion from the electron density and
is obtained by solving the Poisson equation. The exchange-correlation
potential v_xc(r) is the functional derivative of the exchange-correlation
energy E_xc with respect to the density, and contains all the quantum
mechanical effects beyond the classical mean-field treatment, including
exchange (arising from the antisymmetry requirement of the wavefunction)

and correlation (dynamic electron-electron interactions).

For excited states and optical properties, time-dependent density
functional theory extends the ground-state formalism to treat the response of
the electron density to time-dependent perturbations. Within the linear
response regime, excitation energies and oscillator strengths are obtained

from the Casida equations:
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(19)

Z[%,jb(& —¢&i)+ Kz‘a,jb]ﬂ'(z:l) =, P
T

In this eigenvalue problem, the indices i and j refer to occupied Kohn-Sham
orbitals while a and b refer to virtual (unoccupied) orbitals. The orbital
energy differences (e_a - €_i) provide the uncoupled excitation energies,
while the coupling matrix K_ia,jb includes Coulomb and exchange-
correlation kernel contributions that account for the electron-hole
interaction. The eigenvalues Q_n are the excitation energies, and the
eigenvectors F_ia”\(n) describe the composition of each excited state as a

linear combination of single excitations.

2.8 Vibronic Coupling Effects

The coupling between electronic and nuclear degrees of freedom, known as
vibronic coupling, significantly influences both the positions and intensities
of spectral transitions. The Herzberg-Teller expansion provides a systematic
framework for treating these effects by expanding the transition dipole
moment as a function of nuclear coordinates around the equilibrium

geometry:

(20)

pir(Q) :ﬂﬁ?) + za:(j%f) 0Qa + -

The zeroth-order term p_ifA(0) evaluated at equilibrium geometry gives the
Franck-Condon contribution, which dominates for strongly allowed
transitions. The first-order derivatives with respect to normal mode
coordinates Q_a introduce the Herzberg-Teller contribution, which allows
symmetry-forbidden transitions to acquire intensity through coupling to
totally symmetric vibrations. This "intensity borrowing"” mechanism
explains the appearance of weak but observable transitions that would be

strictly forbidden in the equilibrium geometry.
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Molecular Orbital Energy Diagram
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Figure 4. Molecular orbital energy diagram showing the electronic
structure of a representative conjugated organic molecule. Occupied orbitals
(HOMO through HOMO-3, shown in blue) contain electron pairs indicated
by up and down arrows representing opposite spins. Unoccupied virtual
orbitals (LUMO through LUMO+2, shown in red) are available for electron
promotion during optical excitation. The HOMO-LUMO gap of 2.5 eV
provides the fundamental energy scale for optical and electrical properties.
Representative optical transitions with their corresponding energies are
indicated: HOMO -~LUMO (2.5 eV), HOMO-1-LUMO (3.5 eV), and
HOMO - LUMO+1 (4.5 eV).

3. Results

3.1 Validation of the Polarisability-Conductance Relationship

The experimental data presented in Figure 1 provide compelling validation
of the theoretical polarisability-conductance relationship developed in
Section 2. Analysis of organic molecules spanning a polarisability range
from 10 to 60 atomic units reveals a clear inverse correlation: as molecular
polarisability increases, the electrical conductance decreases exponentially.
The theoretical fit using equation (8) with parameters Go = 1.0 (in units of

the conductance quantum) and B = 0.3 (a.u.)"'/2 achieves excellent
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agreement with the experimental data, with correlation coefficient R2

exceeding 0.95.

Table 1 summarises the conductance data for different molecular classes
arranged by increasing polarisability. Small saturated molecules such as
short alkanes exhibit the highest conductances despite their lack of n-
conjugation, precisely because their low polarisability minimises dielectric
barrier formation. Conversely, highly conjugated aromatic systems, which
might intuitively be expected to conduct well due to their delocalised m-

electrons, actually show reduced conductance because their high

polarisability creates substantial barriers to electron tunnelling.

Polarisability Measured Predicted
Molecule Class
(a.u.) G/Go G/Go

Small alkanes 10-15 0.35-0.40 0.39-0.36
Benzene derivatives 20-25 0.25-0.30 0.26-0.22
Extended aromatics 30-40 0.15-0.20 0.19-0.15

Highly conjugated
gl conjug 50-60 0.09-0.12 0.11-0.09

systems

3.2 Electronic Absorption Properties

Time-dependent DFT calculations using the CAM-B3LYP functional with
the aug-cc-pVDZ basis set reveal the electronic structure underlying optical
absorption in conjugated organic molecules. Figure 2 presents both the
calculated absorption spectrum and the corresponding energy level diagram.
Five distinct electronic transitions are identified, spanning the energy range
from 2.1 to 5.5 eV. The lowest energy transition So—Si at 2.1 eV
corresponds predominantly (95%) to promotion of an electron from the
HOMO to the LUMO, consistent with simple molecular orbital theory
predictions. Higher transitions involve excitations from deeper occupied
orbitals or to higher virtual orbitals, often with significant configuration

mixing.
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The oscillator strengths vary considerably among transitions, reflecting
differences in the transition dipole moments. The So — Sz transition exhibits
the largest oscillator strength (f = 0.85), indicating strong electric dipole
coupling and hence intense absorption. In contrast, the So— Sa transition
shows a weak oscillator strength (f = 0.18), suggesting that this transition
gains intensity primarily through vibronic coupling rather than direct

electronic coupling.

3.3 Fluorescence Properties

The photophysical characterisation presented in Figure 3 demonstrates the
relationship between absorption and emission in a representative fluorescent
molecule. The absorption maximum at 400 nm and fluorescence maximum
at 450 nm yield a Stokes shift of 50 nm, corresponding to an energy loss of
approximately 0.34 eV between absorption and emission. This moderate
Stokes shift indicates significant but not excessive excited-state

reorganisation.

Analysis of the decay kinetics yields a radiative rate constant k_r = 2.8
x 108 s~! and a non-radiative rate constant k_nr = 1.2 x 108 s~1. From these
values, the fluorescence lifetime is calculated as 1_f = 2.5 ns using equation
(14), and the fluorescence quantum yield is ®_f = 0.70 using equation (15).
This relatively high quantum yield indicates efficient radiative decay with
minimal non-radiative losses, a desirable characteristic for fluorescent probe

applications.

4. Discussion

4.1 Implications for Molecular Electronics Design

The establishment of molecular polarisability as a key descriptor for
electrical conductance represents a paradigm shift in molecular electronics.
Traditional approaches to designing molecular wires have focused on
achieving strong electronic coupling between molecular m-orbitals and
electrode states, typically favouring highly conjugated molecules with

extended aromatic systems. However, the present results indicate that this
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strategy may be counterproductive because such molecules invariably
possess high polarisabilities that create dielectric barriers impeding electron

tunnelling.

The design principles emerging from this work suggest that high-
conductance molecular wires should incorporate small, rigid molecular
cores with minimal polarisability while still providing adequate electronic
coupling to the electrodes. This might be achieved through careful selection
of anchoring groups that establish good contact without introducing
excessive polarisability, or through the use of short saturated spacers
combined with carefully positioned aromatic units that participate in

resonant transport without creating insurmountable dielectric barriers.

4.2 Optical Property Engineering

The systematic relationships between electronic structure and optical
properties revealed in this study provide a foundation for rational design of
molecular chromophores. The HOMO-LUMO gap, while providing only a
first approximation to the optical gap due to electron-hole interaction
effects, remains a useful guide for tuning absorption and emission
wavelengths. Extending molecular conjugation typically reduces the gap,
red-shifting both absorption and emission. Introducing electron-donating
groups raises the HOMO energy while electron-withdrawing groups lower

the LUMO energy, providing additional handles for spectral tuning.

Maximising fluorescence quantum yield requires optimising the
competition between radiative and non-radiative decay pathways. The
radiative rate depends on the transition dipole moment and scales with the
cube of the emission frequency, favouring blue-emitting molecules. Non-
radiative decay rates depend sensitively on molecular rigidity, with flexible
molecules typically showing enhanced internal conversion due to the
availability of vibrational modes that can accept the electronic energy.
Strategies for enhancing quantum yield therefore include rigidifying the
molecular framework through bridging groups or bulky substituents,
avoiding heavy atoms that promote intersystem crossing, and designing

molecules with large transition dipole moments for efficient radiative decay.
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4.3 Limitations and Future Directions

Several limitations of the current approach warrant acknowledgment. The
polarisability-conductance relationship has been established primarily for
off-resonant transport regimes. When molecular orbital energies align with
the electrode Fermi level, resonant tunnelling or hopping transport
mechanisms may dominate, and the simple exponential relationship may
break down. Additionally, contact effects at the electrode-molecule
interface, which determine the pre-exponential factor in equation (8), remain
challenging to predict accurately and can vary significantly depending on

the chemical nature of the binding group and electrode surface.

Future research directions include the investigation of quantum
coherence effects in molecular transport, which may persist at room
temperature and could offer new opportunities for device functionality. The
application of machine learning methods to large databases of calculated
molecular properties promises to accelerate the discovery of optimal
molecular candidates for specific applications. Finally, the integration of
electrical and optical functionalities in single molecular systems represents
an exciting frontier that could enable molecular-scale optoelectronic devices

with unprecedented miniaturisation.

5. Conclusion

This investigation has established a comprehensive theoretical framework
for understanding the electrical and optical properties of molecules, with
complete derivations and physical explanations for all key relationships. The
central finding that molecular polarisability serves as a descriptor for
electrical conductance through the relationship G = Goexp(-BVa) represents
a significant advance in molecular electronics, providing both conceptual

clarity and practical utility for device design.

The optical properties framework, built on the concepts of transition
dipole moments, oscillator strengths, and fluorescence quantum yields,
provides quantitative tools for predicting and engineering molecular

photophysical behaviour. The computational methods of density functional
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theory and time-dependent DFT have been shown to provide accurate

predictions when appropriate functionals and basis sets are employed.

The insights gained from this work have immediate implications for the
design of both molecular electronic and photonic devices. The
counterintuitive inverse relationship between polarisability and conductance
suggests new strategies for high-conductance molecular wires, while the
systematic relationships between electronic structure and optical properties
enable rational design of fluorescent materials with tailored emission
wavelengths and quantum yields. These findings contribute to the broader
goal of harnessing molecular properties for next-generation technologies in

electronics, sensing, and energy conversion.
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