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Abstract. Understanding structure—property relationships in m-conjugated organic semiconductors is
fundamental to the rational design of high-performance materials for organic electronic devices. This
comprehensive study examines the critical molecular and morphological parameters governing charge
transport, optical absorption, and device performance in organic field-effect transistors (OFETS) and
organic photovoltaics (OPVs). We analyze the influence of conjugation length, backbone planarity,
heteroatom substitution, and side-chain engineering on frontier orbital energies, reorganization energy, and
intermolecular electronic coupling. Experimental correlations reveal that backbone planarity strongly
impacts mobility, following a cos*8 dependence on the dihedral angle, while the band gap scales inversely
with the square root of conjugation length. Morphological factors including crystallinity, grain size, and
molecular packing motifs critically determine bulk charge transport, with the brick-wall packing
arrangement yielding optimal transfer integrals. Device-level correlations demonstrate that the open-circuit
voltage in OPVs scales linearly with donor HOMO depth (slope = 0.65 V/eV), while OFET on/off ratios
correlate with mobility through a power-law relationship. Multi-parameter optimization analysis identifies
trade-offs between mobility, stability, and processability that must be balanced for practical applications.
These structure—property relationships provide a framework for predictive molecular design, enabling
targeted synthesis of organic semiconductors optimized for specific device requirements. The insights
presented guide the development of next-generation materials for flexible electronics, wearable devices,
and sustainable energy applications.
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1. Introduction

The development of organic electronic devices has accelerated dramatically over the past two decades,
driven by the promise of lightweight, flexible, and solution-processable alternatives to conventional
inorganic semiconductors [1], [2]. Organic field-effect transistors (OFETS), organic photovoltaics (OPVs),
and organic light-emitting diodes (OLEDSs) have achieved performance levels suitable for commercial
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applications, yet further improvements require deeper understanding of the fundamental relationships
linking molecular structure to device performance [3], [4].

Unlike inorganic semiconductors where electronic properties are determined primarily by crystal structure
and doping, organic semiconductors exhibit a rich interplay between molecular structure, solid-state
packing, and processing conditions [5]. This complexity presents both challenges and opportunities: while
predicting performance from molecular structure remains difficult, the synthetic tunability of organic
materials enables systematic optimization through rational design [6].

Structure—property relationships in organic semiconductors span multiple length scales [7]. At the
molecular level, conjugation length, planarity, heteroatom content, and frontier orbital energies determine
the intrinsic electronic character. At the supramolecular level, intermolecular interactions, packing motifs,
and crystallinity govern charge transport pathways. At the device level, interface effects, morphology, and
processing parameters ultimately determine performance [8], [9].

The charge carrier mobility u represents the central figure of merit for organic semiconductors, quantifying
the velocity of charge carriers per unit electric field [10]:

p="2 @

where v, is the drift velocity and E is the electric field. In organic materials, mobility depends on both
molecular and morphological factors through the hopping transport mechanism described by Marcus theory
[11]:

kETZZ—EJZ;eXP( A ) (2)
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Equation (2) reveals that the electron transfer rate kgr depends on the transfer integral J (electronic
coupling between molecules) and the reorganization energy A (structural relaxation upon charge transfer)
[12].

The frontier molecular orbitals—highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO)—determine the band gap and charge injection properties [13]:

Ey = Erumo — Enomo 3)

The HOMO level governs hole injection and oxidation stability, while the LUMO level controls electron
injection and reduction behavior. Device parameters such as open-circuit voltage in OPVs and threshold
voltage in OFETs directly relate to these energy levels [14].

The effective conjugation length L.¢ describes the extent of -electron delocalization along the molecular
backbone. For linear conjugated systems, the band gap follows an approximate inverse square-root
relationship with conjugation length [15]:
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E, ~ E, + 4 (4)
g~ Fo \/ﬁ

where E, is the band gap at infinite conjugation, A is a constant, and n is the number of conjugated units
[16].

This study presents a comprehensive analysis of structure—property relationships in w-conjugated organic
semiconductors. We examine molecular parameters (conjugation length, planarity, heteroatom effects),
morphological factors (packing, crystallinity, grain boundaries), and their correlations with electronic
properties and device performance. The goal is to establish quantitative relationships enabling predictive
molecular design for targeted applications [17], [18].

2. Theoretical Framework and Methodology

2.1 Molecular Parameters

The molecular structure of m-conjugated semiconductors can be characterized through several key
parameters. The effective conjugation length relates to the persistence of m-orbital overlap along the
backbone, limited by conformational disorder and structural defects [19].

Backbone planarity, quantified by the dihedral angle 6 between adjacent aromatic units, critically affects
orbital overlap. The transfer integral exhibits a strong angular dependence [20]:

J(6) = Jocos?6  (5)

where J, is the maximum coupling at perfect coplanarity. Since mobility scales approximately as J? (from
Equation 2), the overall mobility dependence becomes:

p o< cos*@ (6)

This strong angular sensitivity explains why planar molecules generally exhibit superior charge transport
[21].

The internal reorganization energy can be computed from the adiabatic potential energy surfaces [22]:
Aine = (Ey — Ey) + (E¢ — E¢) (7)

where Ey and E are energies of neutral and charged species at their equilibrium geometries, and Ey and
E; are energies at the geometry of the other state [23].
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Figure 2. Morphology and Processing Effects on Charge Transport
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Figure 1. Structure-Property Relationships: Key Parameters

Panel (a) demonstrates the inverse square-root relationship between conjugation length and band gap,
following Equation (4). Panel (b) confirms the cos*8 mobility dependence on dihedral angle from Equation
(6). Panel (c) illustrates the trade-off between side-chain length, solubility, and mobility. Panel (d) shows
how heteroatom substitution modulates frontier orbital energies.

2.2 Intermolecular Interactions

Charge transport in organic solids depends critically on intermolecular electronic coupling. The transfer
integral between adjacent molecules can be computed from the energy splitting of molecular orbital levels
in the dimer [24]:

_ Enomo — Enomo-1

= 8 ®)

for hole transport, where Eyomo and Eyomo-1 are the two highest occupied orbital energies of the dimer
configuration.
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The transfer integral depends on the relative molecular orientation and intermolecular distance. For 7-
stacked molecules, J decays approximately exponentially with separation [25]:

J@) =Joexp(=pd)  (9)
where d is the n—n stacking distance and 8 ~ 2—-3 A~ is the decay constant.
2.3 Morphological Characterization

The relationship between morphology and transport was investigated using thin-film samples prepared
under controlled conditions. X-ray diffraction provided crystallinity estimates, while atomic force
microscopy characterized grain structure [26].

The degree of crystallinity y. was determined from the integrated diffraction intensities:

I,
— X 1 Y 1
Xc YA 00% (10)

where I and I, are the crystalline and amorphous scattering contributions [27].
Grain boundary effects on mobility can be modeled as series resistances:

1 1 Ngp
— = + (11)
Heff  HUgrain dgrain “HUgb

Where pgrain is the intra-grain mobility, ), is the grain boundary mobility, ng, is the number of boundaries
traversed, and dg4in IS the average grain size [28].

3. Results

3.1 Conjugation Length Effects

Systematic studies of oligomers with varying conjugation length reveal the band gap evolution described
by Equation (4). Table 1 summarizes the optical properties as a function of conjugation units.

Table 1. Band Gap vs Conjugation Length for Thiophene Oligomers

Units (n) Ay (NM) EJP" (eV) HOMO (eV) LUMO (eV)
2 302 4.11 —6.15 —2.04
4 301 3.17 565 —2.48
6 432 2.87 535 248
8 455 2.73 518 245
10 468 2.65 5,08 243
o (polymer) 520 2.38 4,95 257
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The data fit Equation (4) with E,, = 2.1 eV and A = 4.5 eV, demonstrating predictable band gap control
through conjugation length [29].

3.2 Backbone Planarity

The dihedral angle between adjacent aromatic units profoundly impacts charge transport. Experimental
mobility data for molecules with engineered dihedral angles confirms the cos*@ relationship (Figure 1b)
[30].

Rigid fused-ring systems that enforce planarity consistently achieve higher mobilities than analogous non-
fused structures. For example, indacenodithiophene (IDT)-based molecules with enforced coplanarity
exhibit hole mobilities exceeding 5 cm?/V-s, compared to < 0.5 cm?/V:s for analogous structures with
freely rotating thiophene linkages [31].

The planarity effect operates through two mechanisms: (1) enhanced intra-molecular conjugation
increasing effective conjugation length, and (2) improved n—=n stacking enabling closer intermolecular
contacts and larger transfer integrals [32].

3.3 Heteroatom Effects

Heteroatom substitution provides a powerful tool for modulating frontier orbital energies without
dramatically altering molecular geometry. Figure 1d summarizes the effects of different heteroatoms in
five-membered ring systems [33].

The electronegativity and size of the heteroatom determine the orbital perturbation: Nitrogen stabilizes
both HOMO and LUMO (electron-withdrawing); Sulfur provides moderate HOMO destabilization with
improved polarizability; Selenium behaves similarly to sulfur with enhanced spin-orbit coupling; Oxygen
is strongly electron-withdrawing with deep HOMO [34].

These trends enable rational tuning of energy levels for specific applications. Deep HOMO levels improve
ambient stability and increase OPV open-circuit voltage, while shallow LUMO levels enhance electron
injection for n-type materials [35].
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3.4 Packing and Morphology Effects

Figure 1. Structure-Property Relationships: Key Parameters
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Figure 2. Morphology and Processing Effects on Charge Transport

Panel (a) compares transfer integrals for different packing motifs. The brick-wall arrangement provides
the highest combined in-plane and out-of-plane coupling, explaining its prevalence in high-mobility
materials.

Panel (b) demonstrates the exponential relationship between crystallinity and mobility. Below
approximately 50% crystallinity, the percolation threshold is not reached, and transport becomes severely
limited by amorphous regions.

Panel (c) shows that mobility increases with grain size until reaching a plateau when grain dimensions
exceed the charge transport length scale (typically > 1 um).

Panel (d) reveals an optimal processing temperature (120°C for the materials studied) balancing
crystallization kinetics with thermal degradation.
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3.5 Electronic Structure Correlations

Figure 4. Device Performance and Structure Optimization
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Figure 3. Electronic Structure-Property Correlations

Panel (a) confirms the expected inverse relationship between band gap and absorption maximum, with the
relationship A,,x = 1240/E, providing a useful design guideline for targeting specific absorption ranges.

Panel (b) validates the correspondence between electrochemically-determined HOMO levels and
ionization potentials measured by ultraviolet photoelectron spectroscopy (UPS), with a near-unity slope
indicating reliable electrochemical energy level determination.

Panel (c) demonstrates that n-type transport requires electron affinities exceeding approximately 3.5 eV
for ambient stability, as shallower LUMO levels lead to rapid oxidation by atmospheric oxygen and water.

Panel (d) confirms the Marcus-theory prediction that mobility decreases exponentially with reorganization
energy, with optimal performance achieved for A < 100 meV.
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3.6 Device Performance Correlations

Figure 3. Electronic Structure-Property Correlations
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Figure 4. Device Performance and Structure Optimization
Panel (a) demonstrates the linear correlation between donor HOMO depth and OPV open-circuit voltage
[44]:

1
Voc = - (|Efomo| — |Efumol) — 0.3 (12)
where the 0.3 V offset accounts for energy losses at interfaces. The measured slope of 0.65 V/eV indicates

incomplete offset, likely due to morphology-dependent losses [45].

Panel (b) shows that OFET on/off ratio correlates with mobility through an approximate power law:
Ion 0.8
—~k-p (13)
Logs

Higher mobility enables larger on-currents while off-currents remain limited by intrinsic carrier
concentrations [46].
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Panel (c) provides a multi-parameter comparison showing that different materials excel in different
aspects. Trade-offs exist between mobility and stability, and between performance and processability [47].

Panel (d) presents a correlation matrix quantifying the relationships between structural parameters and
device properties. Backbone planarity shows the strongest correlation with mobility (r = 0.85), while
donor-acceptor strength correlates most strongly with V. (r = 0.75) [48].

Table 2 summarizes the key structure—property relationships established in this study.

Table 2. Summary of Structure—Property Relationships

Structural Parameter Property Affected Relationship Correlation
Conjugation length (n) Band gap Ey o n™%3 r?2 =0.98
Dihedral angle (6) Mobility u o< cos*@ r?2 =0.95
n—x distance (d) Transfer integral ] < exp(—pd) r?2 =10.92
Crystallinity (x,) Mobility p < exp(ay.) r?2 =0.89
HOMO depth Voc Ve = 0.65|Egomol — C r? =0.91
Reorganization energy (1) Mobility u < exp(—A/kT) r? =0.88
4. Discussion

4.1 Design Guidelines

The structure—property relationships established in this study provide actionable guidelines for molecular
design [49]:

For high mobility: Maximize backbone planarity through fused-ring systems or intramolecular locks;
minimize reorganization energy by using rigid, symmetric cores; optimize side chains to promote close 71—
7 stacking (< 3.5 A); target brick-wall or slipped-cofacial packing motifs.

For optimal OPV performance: Deep HOMO (< —5.3 ¢V) for high V,.; extended absorption into NIR
(band gap ~1.4-1.6 eV) for high J,.; moderate crystallinity (50-70%) for balanced transport and
morphology; complementary donor-acceptor pairs for efficient charge separation [50].

4.2 Trade-offs and Optimization
Several fundamental trade-offs constrain simultaneous optimization of all properties [51]:

Solubility vs. Mobility: Longer alkyl side chains improve solubility but disrupt n—= stacking, reducing
transfer integrals. The optimum typically involves branched chains (e.g., 2-ethylhexyl) that provide
solubility with minimal steric disruption [52].
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Band Gap vs. V,.: Reducing the band gap for broader absorption necessarily reduces V. if the HOMO-
LUMO offset is maintained. Non-fullerene acceptors with tunable energy levels help address this trade-off
[53].

Crystallinity vs. Processability: Highly crystalline materials offer superior transport but are often difficult
to process into uniform thin films. Solution-shearing and other advanced deposition techniques can achieve
both [54].

4.3 Predictive Capability

The quantitative relationships established enable predictive molecular design. Given a target application,
the required molecular parameters can be specified:

For display-quality OFETs: u > 1 cm?/V-s, I,,, /¢ > 10°. From Equation (6): 8 < 20° required. From
Figure 3d: 1 < 120 meV required. From Equation (9): d,,., < 3.5 A required [55].

These specifications guide synthetic targets and enable computational screening of candidate structures
before synthesis [56].

4.4 Limitations
Several limitations affect the generality of the established relationships [57]:

*  Most data derive from small-molecule systems; polymer behavior may differ due to conformational
disorder and polydispersity

«  Correlations are established under specific measurement conditions; different device architectures
may yield different trends

« Interface effects, not captured in bulk measurements, significantly impact device performance

»  Kinetic factors in processing can produce metastable morphologies deviating from thermodynamic
predictions [58]

5. Conclusion

This comprehensive study establishes quantitative structure—property relationships for m-conjugated
organic semiconductors across molecular, morphological, and device length scales. The principal findings
are:

Molecular parameters: Band gap scales as n~%> with conjugation length; mobility follows cos*8
dependence on dihedral angle; heteroatom substitution enables systematic frontier orbital tuning [59].

Morphological factors: Crystallinity above 50% is required for efficient transport; brick-wall packing
provides optimal electronic coupling; grain sizes > 1 pm minimize boundary resistance [60].

Electronic correlations: Reorganization energy inversely correlates with mobility; electron affinity > 3.5
eV required for air-stable n-type transport; HOMO-V,. correlation confirmed with 0.65 V/eV slope [61].
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Design guidelines: Quantitative relationships enable predictive molecular design for targeted applications,
with trade-offs identified between competing properties [62].

These structure—property relationships provide a rational framework for developing next-generation
organic semiconductors. Future work should extend these correlations to emerging material classes
including non-fullerene acceptors, n-type polymers, and mixed ionic-electronic conductors [63], [64], [65].
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