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ABSTRACT: As important as molecular electrets are for electronic materials and devices,
conformational fluctuations strongly impact their macrodipoles and intrinsic properties.
Herein, we employ molecular dynamics (MD) simulations with the polarizable charge
equilibrium (PQEq) method to investigate the persistence length (LP) of molecular electrets
composed of anthranilamide (Aa) residues. The PQEq-MD dissipates the accepted static
notions about Aa macromolecules, and LP represents the shortest Aa rigid segments. The
classical model with a single LP value does not describe these oligomers. Introducing multiple
LP values for the same macromolecule follows the observed trends and discerns the enhanced
rigidity in their middle sections from the reduced stiffness at their terminal regions.
Furthermore, LP distinctly depends on solvent polarity. The Aa oligomers maintain extended
conformations in nonpolar solvents with LP exceeding 4 nm, while in polar media, increased
conformational fluctuations reduce LP to about 2 nm. These characteristics set key guidelines
about the utility of Aa conjugates for charge-transfer systems within organic electronics and
energy engineering.

■ INTRODUCTION
In addition to their crucial importance for the mechanical
integrity of a wide variety of materials and biomaterials,
polymers and oligomers can mediate long-range transfer and
transport of excitons and charges, such as electrons, holes and
protons.1−4 Hopping along the aromatic bases of double-
stranded polynucleotides allows long-range hole transfer with
pronounced high efficiency.5−7 Protein and polypeptide helices
mediate electron and hole tunneling at distances limited to a few
nanometers.8−12 Furthermore, these protein helical conformers
possess enormous macrodipoles that can rectify the direction-
ality of charge transfer (CT) and aid transmembrane ion
transport.12−18 Bioinspired molecular electrets composed of
anthranilamide (Aa) residues, on the other side, have not only
substantial macrodipoles, but also aromatic moieties along their
backbones that can provide hopping sites for long-range electron
and hole transfer.19−24

Electric dipoles are ubiquitous, and they strongly affect CT
and the performance of electronic devices. With ordered electric
dipole moments, electrets are electrostatic analogues of
magnets, making them important components for device design
and engineering. Polypeptide helices and Aa oligomers
represent electrets where the dipoles are oriented in linear
head-to-tail sequences. Layers of molecules with their dipoles
aligned in a parallel manner represent another electret
architecture. Dipoles of organic molecules, layered at the
interfaces of electrical junctions, control the device perform-
ance.25 Similarly, in field-effect transistors (FETs), electrets
modulate threshold voltage, enabling the design of low-power
devices with long-term stability.26 Coating inorganic quantum
dots with organic dipolar layers presents a strategy for improving

the efficiency of photovoltaic cells.27,28 In piezoelectric devices,
dipoles enhance charge separation under mechanical stress,
improving energy conversion efficiency.29−31

The conformational dynamics of polymers profoundly affect
the efficiency of charge and energy transfer that they mediate.
Dihedral rotations and bending of the backbone impact the
extent of π-conjugation, the electronic coupling, and the
orientation of transition dipole moments. Such conformation-
ally driven transitions between adiabatic (strong coupling) and
diabatic (weak coupling) regimes strongly affects charge
mobility for transport via incoherent hopping.7,32,33 The
structural dynamics has also profound effects on long-range
coherent charge transduction, i.e., occurring via superexchange
tunneling mechanism.34 Conformational fluctuations can
induce shifting between constructive and destructive interfer-
ence among parallel electronic-coupling pathways that lead to
variations between efficient long-range CT and a complete
shutdown of charge transduction.35

Electrostatic interactions play an enormous role in charge
transfer, CT, and charge transport (CTr). In the equation for
estimating CT thermodynamic driving forces, the Coulomb and
Born-solvation terms account for electrostatic interaction,
respectively, between the CT species, and between the CT
species and the solvating media.36,37 The theoretical treatment
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of polarons, which aid charge transduction through solids, has
evolved since the 1930s to reach its current level of
sophistication.33 The electrostatic effects on CT and CTr are
especially pronounced in low-dielectric constant media, such as
organic materials. Coulombic charge trapping at electron-
donor−acceptor interfaces is a serious source of losses for
organic photovoltaics.38 Extended charge delocalization pro-
vides a means for escaping such Coulomb traps,29,30,39

warranting improved control over the effects of conformational
dynamics on the extent of π-conjugation.
The molecular dynamics also affect bulk properties of

materials, such as their dielectric constants, ε. Transition from
liquid to solid phases lowers ε because of the loss in the
orientational polarization, i.e., the loss of the ability of dipoles to
orient along the external field.40 Improving the flexibility of
dipolar groups in solid materials allows for enhancing ε.41 While
high ε is beneficial for energy storage, i.e., high-capacity
capacitors, and for preventing Coulomb trapping, the beneficial
effects of molecular electrets on CT emerge with lowering
medium polarity.15,42,43 Furthermore, while electrets can
mediate long-range CT and CTr, they must be insulators.
Populating electrets with free changes counters their permanent
dipoles, which removes the localized electric fields that make
such systems electrets. In this respect, CT electrets resemble
biological materials, such as DNA and proteins with sequences
of electronically coupled redox centers, that can mediate long-
range charge transduction.6,44−46

The importance of conformational dynamics for electronic
properties of macromolecules and materials cannot be
overstated. Persistence length (LP) characterizes the conforma-
tional flexibility of polymers, which can be modeled as chains of
rigid links hinged with flexible joints or as worm-like
structures.47,48 In this respect, LP represents the longest stretch
of the polymer chain that does not exhibit flexibility.48−50

According to broadly accepted notions, the Aa conjugates
assume extended conformation supported by hydrogen bonds
between the amides (Figure 1).51 The structural information
about these macromolecules, however, originates from work on
short oligomers, i.e., dimers and trimers.21,22,51 Employing
molecular dynamics (MD) including polarization and charge
rearrangement, implemented using the polarizable charge
equilibrium (PQEq) method, allows expanding such studies to
Aa structures with lengths exceeding 10 residues.52−55 Our
previous work shows that the macrodipoles of oligomers
increase linearly with the oligomer length, strongly affected by
solvent polarity and hydrogen-bonding interactions, and
exceeding 100 D for conjugates composed of 20 and 40
residues.52 Considering that organic molecules with dipoles
smaller than 5 D can strongly affect the performance of

devices,25,27 the large dipoles of the Aa molecular electrets make
them promising candidates for energy and electronic applica-
tions. These studies also reveal for the first time enormous
fluctuations of the electret dipoles that emerge from solvent
dynamics.52 The dipole of an Aa 40-mer in dichloromethane and
acetonitrile, for example, exhibits picosecond variations ranging
between about 50 and 600 D.52 It opens new paradigms of
thinking about solvation effects on picosecond processes, such
as fast CT.56

While the medium dynamics around the solvation cavity
drives these dipole fluctuations, they do not occur independ-
ently from the variations of the Aa molecular electrets. It
warrants improved understanding of the flexibility of the Aa
oligomers that persistence length quantifies in a straightforward
manner.
Herein, we employ PQEq-MD simulations to study

conformational dynamics of Aa macromolecules and character-
ize their flexibility. Analysis of the MD results reveals that the LP
of Aa polymers can reach 10 residues, especially for nonpolar
media. At the terminal regions, however, LP decreases
substantially. An increase in solvent polarity enhances the
conformational fluctuations resulting in reduced LP values.

■ RESULTS
MD Simulations. As a typical Aa macromolecule, we focus

on conjugates composed of Box residues containing iso-butyl
ether groups in the side chain (Figure 1a), at which the ether
substituents lead to reversible electrochemical oxidation at large
positive potentials making them feasible to use for transducing
high-energy holes.57 In comparison, an Aa residue with an N-
amide at this position (denoted as Aaa) caps both ends of the
oligomers due to its covalent connectivity with favorable
electronic coupling for hole injection by photoexcited electron
acceptors (Figure S1).42,58

For Aa oligomers with the Aaa-Boxn−2-Aaa structure (Figure
S1), we examine three conjugates with different lengths (n = 10,
20, and 40) and investigate their dynamic behavior (Figure 1b).
Our method allows explicit implementation of solvents with
varying polarities: toluene (Tol; weak), dichloromethane
(DCM; moderate), and acetonitrile (MeCN; strong). These
solvents do not form hydrogen bonds with the backbone amides
of the Aa oligomers, which is critical for maintaining structural
rigidity.
In this study, we employ PQEq polarization and charge

rearrangement, along with universal nonbonding (UNB) and
universal hydrogen bonding (UHB) force fields, to accurately
describe nonbonding interactions,55,59,60 while using a modified
universal force field (UFF) for the bonded interactions.60

Successfully reproducing the dipoles of small aliphatic amides,

Figure 1. Structure of Aa oligomers comprising Box residues. (a) Chemical structure of Box trimer showing the repeating unit spanning 4.2 Å. (b)
Conformations from MD for Aaa-Boxn−2-Aaa oligomers (n = 10, 20, and 40) in Tol, illustrating the flexibility of the macromolecules.
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which were previously obtained experimentally from impedance
spectroscopy and theoretically from quantum mechanics (QM)
calculations,40 provides validation of this methodology.52 Our
previous study reveals that the dynamic behavior of the
macrodipoles manifests a clear dependency on both solvent
polarity and polymer length and demonstrates an almost linear
relationship between the average length of the oligomers,
defined as the end-to-end distance, and the number of
residues.52 These oligomers, however, exhibit significant
conformational fluctuations in the presence even of non-
hydrogen-bonding solvents, as the MD simulations show
(Figures 1b and 3d−l). This observation suggests that our
understanding of dynamic behavior warrants further elucidation.

Modeling Polymer Chains.Understanding the behavior of
polymers throughmodels is crucial for grasping their mechanical
and thermodynamic properties. Assuming no interactions
between the monomers, the “ideal” models of polymer chains
describe such macromolecules well with the smallest number of
parameters. Among them, the f reely jointed chain (FJC) model is
the simplest one. It represents polymers as linear chains of rigid
segments connected with flexible bonds. The bond and torsion
angles between the segments can assume any value with equal
probability. Developed by Werner Kuhn in the FJC treatment,
the Kuhn length (βK) is the length of the rigid segments, also
referred to as Kuhn segments.61

The FJC model provides a basic understanding of polymer
flexibility but ignores the bond-angle and torsional constraints in
macromolecules. In contrast, the f reely rotating chain (FRC)
model accounts for the structural features of chemical bonding
and allows equiprobable torsional degrees of freedom while
keeping the bond angles fixed. It incorporates a level of structural
realism by accounting for the fixed spatial orientation between
neighboring monomers. Taking this concept further, the
hindered rotation (HR) model considers the potential energies
along the rotational trajectories and employs the Boltzmann
factor for estimating the probability for each torsion angle.
Unlike the other models, the worm-like chain (WLC) model
assumes continuous flexibility. That is, the flexibility along the

polymer chain is not only between the rigid segments. In the
WLC model, the persistence length, LP, represents the longest
stretch of a polymer chain behaving like a rigid rod. Therefore,
LP offers quantification of the bending stiffness of polymer
chains.
The two critical lengths emerging from these conceptual

models of polymers are LP and βK. Specifically, LP is distance
over which the direction of the polymer chain remains
correlated, serving as a measure of the polymer stiffness.62

Conversely, βK represents the effective segment length while
accounting for the local stiffness in an equivalent FJC treatment
that approximates the behavior of a real polymer chain.63 That is,
βK is a key characteristic emerging from an idealized model of a
real polymer chain, which simplifies analysis while retaining the
critical representation of the macromolecular mechanical
properties.48 The relationship between LP and βK is fundamental
to understanding polymer dynamics and structure. The LP
characterizes the local stiffness of the chain, while the βK scales
the chain into an ideal model, facilitating the theoretical analysis
of polymer properties. These lengths are pivotal in providing a
bridge between microscopic interactions and macroscopic
properties, such as the overall dimensions of polymer chains
and their response to external forces.
These two lengths are correlated: a larger βK results in a larger

LP, making the polymer stiffer. Conversely, a smaller βKwarrants
enhanced flexibility of the polymer.
Estimating Persistence Length. The modeling involves

partitioning the macromolecule into n arbitrary rigid segments,
each with the same length LB that is smaller than LP (Figure 2). If
the monomer units are rigid, they present a good choice for such
arbitrary segments. The angle between any two rigid segments i
and j is θi,j (Figure 2). The mean of the squared end-to-end
distance (h, Figure 2) provides estimates for the βK that, for
WLC, is usually about twice larger than LP:

48,49,62,64,65

h nL L nL2K B P B
2

(1)

The structures from the MD simulations provide straightfor-
ward estimates for h, of the Aa oligomers. Averaging the squares
of h for all frames from a simulation run yields ⟨h2⟩ needed for
calculating βK and LP (eq 1). The span of the repeating residue
unit in the extended conformations of the oligomers defines the
magnitude LB of the link vectors, i.e., LB = 4.2 Å (Figure 1a). The
values of βK and LP, obtained for the Aa conjugates using eq 1,
manifest dependence on the length of the oligomers and the
solvent (Figure 3c, Table S7). The LP of macromolecules
depends not only on their intrinsic properties but also on the
surrounding environment, as the model from Odijk, Skolnick,
and Fixman describes for charged polymers, for example.66,67

Nevertheless, the oligomer length should not affect LP. This
discrepancy warrants resorting to an improved analysis for
obtaining LP.
The statistics of h characterizes the dimensions of a

macromolecule:
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The expanded terms result in self-correlation when i = j and
the interbond correlations when i ≠ j:

Figure 2. Depiction of a segment of a macromolecule (between the ith

and the kth residue) as a flexible system with a contour length of = Lj i
k

j.

The angle θi,j depicts the direction that a vector
÷÷
Lj makes with a

reference vector
÷÷÷
Li . The vector, connecting the head of

÷÷÷
Li and the tail of÷÷

Lj, represents the end-to-end distance when i = 1, i.e., the first residue of
the polymer, and k = n, i.e., the last residue of a polymer composed of n
units. The length of each vector,

÷÷
Lj, is the same, designated with LB. The

differences between the lengths of the shown arrows originate from the
projection of the three-dimensional arrangement of these vectors in the
plane of their two-dimensional representation of the figure.
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Figure 3.Visualization of the variability of the end-to-end distance, h, of Aa oligomers with 10 to 40 residues across different solvent environments. (a)
A single residue of Aa indicating the numbering of the carbon atoms and attachments of the N- and C-terminal amides. The dihedral angles, ϕ and φ,
quantify the rotation around the bonds between the amides and the aromatic ring responsible for the conformational variations along the backbones of
the electret oligomers. (b) Chemical structure illustrating the end-to-end span, h, across the oligomer. (c) The Kuhn length, βK, of oligomers with
number of residues, n = 10, 20 and 40, in different solvent environments, i.e., Tol, DCM, andMeCN. (d-l) Variation of h and its averages through the 1
ns MD simulations for the three trials of the oligomers with (d,g,j) 10, (e,h,k) 20 and (f,i,l) 40 residues (d-f) in MeCN, (g-i) in DCM and (j-l) in Tol.
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One key aspect of this analysis involves measuring the
alignment between different rigid segments (not necessarily next
to each other) of the polymer backbone, which is quantified
using the cosine of the angle between them, cosθi,j (Figure 2).
This angle θi,jmeasures howwell two segments, i and j, align with
each other. Thus, cosθi,j = 1 represents perfect alignment and
cosθi,j = 0 indicates no correlation between the orientations of
the two segments. As the distance between the arbitrary rigid
segments,|j-i|, increases along the polymer chain, the alignment
typically decreases, a phenomenon known as a decay of cosθi,j,
representing a loss of orientational correlation. The rate of this
decay is a critical indicator of the polymer flexibility. In a stiff
polymer, segments remain aligned over relatively long distances
and cosθi,j decays slowly as the separation between segments
increases. In a flexible polymer, on the other hand, the alignment
decays at a short distance, indicating enhanced flexibility of the
backbone. An exponential function with LP as the inverse of the
decay constant can describe this loss of correlation:48,63,68

= | |l
moo
noo

|
}oo
~oo

j i L
L

cos expi j
B

P
,

(3a)

Hence, the persistence length can be expressed in terms of the
averaged correlation between the ith and jth vectors:

= | |L j i L ln ( cos )P B i j
1

, (3b)

The significance of this decay and its relationship to the LP and
βK extends beyond structural considerations. In molecular
electrets like Aa oligomers, conformational flexibility has a direct
impact on their electronic properties, such as their macrodipoles,
the electronic-coupling pathways they provide for charge
transfer, and the exciton mobility they mediate. Bending of
the backbone that breaks the electronic coupling, for example,
hinders charge transfer and charge transport. Variations of
polymer macrodipoles originating from their flexibility can
induce additional effects on the charge-transduction dynamics.
These multifaceted effects originating from backbone structural
fluctuations make LP a critical parameter for predicting the
performance of such materials in electronic and energy
applications.
TheMD simulations reveal that dihedral rotations around the

bonds between the amides and the aromatic rings are principally
responsible for the conformational variations along the back-
bones of the electret oligomers (Figure 3a). The aromatic rings
of the Aa residues, on the other hand, are relatively rigid with the
positions of their atoms showing negligibly small fluctuations
relative to one another. This feature makes them a perfect choice
for defining the orientation of the link vectors

÷÷÷
Li to

÷÷
Lj for the

model (Figure 2). For each residue, points from carbon 2,
bearing its N-terminal amide, to the carbon at position 1
connected to the carbonyl carbon of its C-terminal amide
(Figure 3a). The relative correlation to the orientation of any
pair of

÷÷÷
Li to

÷÷
Lj, corresponding to the i

th and jth residues, along the
Aa oligomer chain produces θi,j. By definition, ⟨cosθi,j⟩ is the
average of the cosine values of θi,j and obtained from themultiple
frames along the trajectories produced by the MD simulations.
This average of the correlation angles formulates the behavior of
θi,j. Exponential fits of these correlations vs the residue position j
in relevance to residue i (eq 3a) produce LP.
What Do the Results for Aa Conjugates Mean?

Sampling the cosθi,j decays in various directions reveals that
the “traditional” exponential model of LP (eq 3a) does not
accurately represent the conformational behavior of the Aa
macromolecules. The residual from the monoexponentially fits
exhibit patterns with amplitudes that amount to about 10% of
the ⟨cosθi,j⟩ values (Figure 4). Durbin−Watson (DW) statistics
allow testing of how well a selected fitting model describes the
analyzed results. Specifically, DW quantifies autocorrelation
patterns in the residuals that the data fits do not depict.69−72

Low DW values, such as DW ≲ 1.2, indicate positive

Figure 4.Correlation decays, i.e., ⟨cosθi,j⟩ vs |j−i| (the circular markers), derived from the 1 nsMD simulations of the Aa oligomers (Figure 3d-l), along
with monoexponentially data fits (eq 3a) (solid lines). The data-fit residuals are displayed on the top of each graph. Decays of ⟨cosθi,j⟩ for: (a) Tol, the
data fit yields LP = 5.3 residues; (b) DCM, the data fit yields LP = 3.2 residues; and (c) MeCN, the data fit yields LP = 3.2 residues.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.4c04103
J. Phys. Chem. B 2025, 129, 1750−1759

1754

https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04103?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04103?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04103?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04103?fig=fig4&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c04103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


autocorrelation, i.e., the fits yield systematic patterns question-
ing the validity of the regression model. The analysis of the
monoexponentially data fits for the Aa oligomers produces DW
varying between 0.2 and 0.5 across the different solvents, which
is consistent with the observed patterns in the residuals (Figure
4) and warrants improving the model for describing the distance
dependence of the loss of the ⟨cosθi,j⟩ correlations.
Increasing the number of exponential terms of fit functions

offers a means to account for the correlation patterns in the
observed residuals, which sets the motivation for modifying eq
3a:
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Three exponential terms provide good fits for the different
correlation decays. They yield DW of about 1.8 for all three
solvents indicating minimal autocorrelation between residuals,
(Table S9) allowing confident evaluation of the data sets using
eq 2c. Considering that the maximum value that ⟨cosθi,j⟩ can
assume is one indicating a complete correlation, the sum of the
amplitudes in eq 4 is always unity.
For each solvent, three sets of LP values emerge from the

single-curve-fit (SCF) multiexponential analysis of the decrease
in ⟨cosθi,j⟩ along different i-to-j spans. For the different Aa
oligomers in Tol, for example, such multiexponential analysis
produces LP values of about: (1) LP1 = 4.9 nm, corresponding to
approximately 12 Aa residues, (2) LP2 = 2.1 nm, corresponding
to 5 residues, and (3) LP3 = 0.5 nm, corresponding to a single Aa
residue.
The corresponding amplitudes for the LP1, LP2 and LP3 terms

are A1 = 0.3, A2 = 0.43 and A3 = 0.26. For DCM and MeCN, the
triexponential SCF analyses produce similar patterns with three
LP values. An increase in solvent polarity reduces the amplitude
of the term with the longest LP (Table S9).
To elucidate what these three different LP represent, we resort

to a global-fit (GF) analysis of correlation decays, where θi,j
spans over different segments of the oligomers (Figure S2, Table
S8). Holding each of the LP, i.e., LP1, LP2 and LP3 (eq 4), the same
for all correlation decays, the GF allows the amplitudes A1, A2
and A3 to vary freely among the different sets of ⟨cosθi,j⟩ vs |j− i|.

For Tol, the three LP values that the GF produces are 3.8 nm,
corresponding to 9 residues; 1.7 nm, corresponding to 4 residues
and 0.5 nm corresponding to one residue. For the θi,j segments
that span over the middle sections of the oligomers and exclude
the terminal regions, this GF analysis (for Tol) yields the largest
amplitude of 0.76 for LP = 3.8 nm, i.e., 9 residues. Shifting the θi,j
spans toward the termini, increases the amplitude for LP = 1.7
nm, i.e., 4 residues, to 0.74, while decreasing the contributions
from the LP = 9 residue to amplitude of 0.06 (Table S8). The GF
yields a third component of LP of 0.5 nm, corresponding to a
single residue, with amplitudes of around 0.2 persisting in all
different segments for Tol (Table S8).
These results allow ascribing the largest LP value for each

solvent to the intrinsic LP of an Aa polymer, LP(0), without the
effects of conformational fluctuations at its termini. The term
with the intermediate LP dominates each triexponential data fit
of the segment at the terminal regions of the oligomers (Table
S8). Therefore, these intermediate LP values represent the LP(T)
emerging at the termini of the Aa conjugates.
For all solvents, the shortest LP that the triexponential GF

analysis yields amount to about one residue. These small LP
values represent the emergence of kinks along the Aa oligomers
where both backbone amides of the same residue twist
considerably out of the plane of its aromatic ring. This
consideration allows designating the shortest length as LP(K)
with an amplitude that contributes about 5% to 20% to the
correlation decays at the different regions of the oligomers
(Table S8).
These ascriptions of the results from the GF analysis offer the

basis for designating the different LP that the SCF fits yield. For
each triexponential SCF fit, the largest LP value most likely
designates LP(0), the intermediate LP value − LP(T); and the
smallest LP value − LP(K) (Figure 5). For each solvent, shifting
from the middle of the oligomers to their terminal regions,
decreases the LP by a factor of 2, i.e., LP(T) ≈ 0.5LP(0) (Table S9).
This trend is consistent with conformational destabilization at
termini of macromolecules, especially when hydrogen bonding
and steric interactions restrict the structural fluctuations along
the polymer chain.73−75

Conversely, increasing solvent polarity reduces the three LP
components representing the stiffness of the Aa oligomers
(Figure 5b). In addition, the trends from the fits of the ⟨cosθi,j⟩

Figure 5. ⟨cosθi,j⟩ correlation decays and the LPof Aa oligomers for solvents with different polarity. (a) Representative correlation decays for Tol, DCM
andMeCN, along with the triexponential fits (eq 4) and the corresponding residuals from these SCF analysis. The θi,j values are extracted from theMD
simulation for the electret surrounded by explicitly introduced Tol, DCM and MeCN solvents, and the corresponding cos θi,j are averaged of all the
segmented frames from the 1 ns MD simulations. (b) The LP of the Aa electrets obtained from the triexponential SCF fits and assigned to LP(0), LP(T)
and LP(K), based on the patterns from the GF analysis (see Supporting Information), for the Aa oligomers with n = 10, 20, and 40 residues. The

amplitude averages of the LP from the triexponential fits, =
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provides a single value for the LP considering the contributions from all

the components.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.4c04103
J. Phys. Chem. B 2025, 129, 1750−1759

1755

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c04103/suppl_file/jp4c04103_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c04103/suppl_file/jp4c04103_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c04103/suppl_file/jp4c04103_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c04103/suppl_file/jp4c04103_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c04103/suppl_file/jp4c04103_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c04103/suppl_file/jp4c04103_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c04103/suppl_file/jp4c04103_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c04103/suppl_file/jp4c04103_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c04103/suppl_file/jp4c04103_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c04103/suppl_file/jp4c04103_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04103?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04103?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04103?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c04103/suppl_file/jp4c04103_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04103?fig=fig5&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c04103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


decays spanning from the first to the last residue of the electrets
show that an increase in solvent polarity increases the amplitude
for the LP(T) terms, while decreasing that for LP(0) (Figure 5b,
Table S9). Previous studies on Aa conjugates show that
increased solvent polarity destabilizes the π-conjugation
between the aromatic rings and the amides, and reduces their
hydrogen-bonding capabilities.52 These polarity-induced
changes weaken the constraints for dihedral fluctuations,
which is consistent with the observed decrease in all LP values
upon transitioning from Tol to DCM and MeCN. That is,
nonpolar solvents favor planarity, which enhances the stiffness
characteristics of the Aa backbone, such as h, βK and LP(0). It is
important to emphasize that loweringmedium polarity increases
not only LP of the Aa electrets, but also the effects of their dipoles
on CT,42,43 making these conjugates immensely attractive for
applications in low-dielectric-constant environments.

■ DISCUSSION
As commonly defined (eq 3a), LP often fails to capture the local
intrinsic flexibility, especially in terminal regions. Due to the
reduced number of nearest-neighbor interactions, the flexibility
at the termini increases and LPmarkedly decreases. This trend is
particularly evident and extensively studied in biopolymers, such
as polypeptide helices.
Electrostatic interactions and hydrogen bonding play a key

role for stabilizing the terminal regions of polypeptide α-
helices.76,77 For stabilizing the secondary conformation, early
work focuses on the Coulombic interactions between the helix
macrodipoles and the terminal charges.78 The high dielectric
constant of the usually used solvating media, however,
diminishes the dipole effects.79,80 Therefore, the interactions
between charged and dipolar groups localized at the termini
emerge to have a dominating contributions to the helix
stability.76,80

As important as the electrostatics are, they function in synergy
with other interactions. Chemical modifications for eliminating
disruptive charges can also introduce sites for hydrogen bonding
that stabilizes the helix folds at the termini.81 Considering
hydrogen bonding, along with hydrophobic interactions, has led
to the emergence of sophisticated strategies for capping the
terminal regions of polypeptides to stabilize their helical
secondary conformation.82

The development of strategies for stabilizing biopolymer
conformations have grown for many decades. In contrast, we are
just beginning to unravel the structural features of Aa molecular
electrets. The structural differences between the helical
conformers and the extended Aa conjugates precludes direct
translation of the current strategy for stabilizing the termini of
the Aa oligomers. For example, electrostatic interactions that
induce stretching forces along the principal axes, while causes
disruptive unfolding of helices, can have the potential to stabilize
the Aa extended conformation at the termini. Therefore, placing
negative charges at theN-terminus and positive charges at theC-
terminus of Aa oligomers can prove beneficial. The Coulombic
interactions between such terminal charges and the Aa
macrodipole (which points from the N- to the C-terminus)
should induce forces favoring the extended conformation,
especially in low-polarity media. In addition, such charges will
enhance the dipole field. Exploration of this idea, along with
strategies for hydrogen-bonding capping of the terminal amides
of Aa electrets, is indeed beyond the scope of this study.
In organic electronics, the design of systems for mediating

long-range CT hinges on the intrinsic properties of polymers

and oligomers. Among these properties, LP � a measure of
molecular stiffness and the range over which the segments of
polymers remain directionally correlated � emerges as a critical
factor. Conformational flexibility and dynamics strongly affect
electronic coupling and CT kinetics.83

A number of biological macromolecules assume helical
conformations with extended shapes manifesting remarkable
stiffness. Such rod-shaped structures reveal key paradigms for
the design of molecular wires.84−86 For example, double-
stranded DNA (dsDNA) is renowned for its large LP, typically
between 40 to 60 nm, corresponding to approximately 120 to
180 base pairs.87−89 The electrostatic repulsion between the
negatively charged backbone phosphates stabilizes the extended
conformation of DNA. Lowering the ionic strength of the
solvating media decreases the electrostatic screening of the
phosphate charges and, therefore, can drive dsDNA to assume
LP exceeding 100 nm, i.e., > 290 base pairs.90 Conversely,
protein-nucleic acids (PNAs) comprise noncharged backbones
making them more flexible than their DNA analogues.91 Hence,
the LP of double-stranded PNA (dsPNA) is about 35 nm, i.e.,
shorter than LP of dsDNA.

92

Considering this structural rigidity of polynucleotides, it is not
a surprise that dsDNA and dsPNA can serve as molecular wires,
effectively mediating hole transfer (HT) over tens of nanome-
ters.6,93 In addition to their relative rigidity, these macro-
molecules mediate hole hopping (with holes delocalized over
several base pairs). Along dsDNA, HT rates show minimum
distance dependence beyond the first 3 to 4 base pairs following
the initial charge separation.6

Compared with dsDNA and dsPNA, protein and polypeptide
helices exhibit significantly shorter LP, generally ranging from
about 2 to 20 nm.94 When subjected to alkaline environment,
poly-L-lysine (PLL) forms righthanded α-helices with LP of 15 to
21 nm. Unlike α-helices, polyprolines do not have hydrogen-
bonding network to support their secondary structure. Never-
theless, polyproline type II (PPII) helix is an extended
conformer with LP of about 3 to 4 nm.95 While a report of
PPII LP exceeding 10 nm further confirms the rigidity of these
helical polypeptides, the impressive results of LP = 7 nm and LP =
13 nm are from studies on oligomers containing, respectfully,
only two and one proline residues.96 Polypeptides of achiral
non-native amino acids assuming 310-helical conformations with
LP that ranges from about 3 nm (for polar media) to 37 nm (for
nonpolar media).97 This behavior is comparable to the observed
effect of medium polarity on the LP of Aa oligomers (Figure 5b).
Unlike polynucleotides, polypeptides of α-amino acids

mediate CT only via tunneling along their backbones. Injecting
holes into the peptide bonds (which are aliphatic carboxyl
amides) leads to oxidative degradation.98 precluding hopping as
a potential CT mechanism. These features limit the utility of
polypeptide helices as effective mediators of effective CT to
about 2 nm.8,9,11 Therefore, the inherent LP ≳ 3 nm for these
macromolecular structures ensures that the conformational
flexibility is not necessarily the limiting factor for their
propensity to efficiently mediate CT. One important feature of
helical polypeptides is their enormous macrodipole that can
reach 5 D per residue,12 making them attractive molecular
electrets that can directionally rectify CT rates.15,16,99,100

This study shows that Aa conjugates manifest LP comparable
to those of polypeptide helices. These Aa oligomers exhibit ⟨LP⟩,
between 1.4 and 2.5 nm, while their LP(0) (i.e., without the effects
of the termini and the kinks) amount to about 2 and 5 nm
(Figure 5b). Similar to helical polypeptides, Aa oligomers are
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electrets and possess large macrodipoles that can rectify
CT.21,22,42,43,52

Conversely, the aromatic moieties of the Aa oligomers
provide sites for charge hopping along their backbones needed
for long-range CT, similar to that of polynucleotides. This
feature of the Aa electrets illustrates a principal advantage over
their biological polypeptide counterparts. The cross section of
Aa polymer chain is about 1 nm wide and 0.2 nm high. This
structural feature makes the Aa conjugates quite thinner than
dsDNA, which has circular cross section with a diameter of
about 2 nm, and even than polypeptide α-helices that have a
diameter of about 1 nm.

■ CONCLUSIONS
Based on the LP analysis, anthranilamide oligomers with lengths
that do not exceed five residues assume relatively rigid extended
conformations. Nonpolar solvating media enhance this
conformational rigidity placing these bioinspired macromole-
cules on par with a number of biological structures. The
relatively large persistence length, the large macrodipoles, the
thin cross sections and the ability to mediate long-range CT
make anthranilamide molecular electrets uniquely promising for
organic electronics and energy-conversion systems.
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This paper was published November 20, 2024, with an error in
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