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ABSTRACT: Electron/hole transfer mechanisms in DNA and polynucleotide structures continue
to garner considerable interest as emerging charge-transport systems and molecular electronics. To
shed mechanistic insight into these electronic properties, we carried out large-scale density
functional theory (DFT) calculations (up to 650 atoms) to systematically analyze the structural and
electron/hole transport properties of fully periodic single- and double-stranded DNA. We examined
the performance of various exchange−correlation functionals (LDA, BLYP, B3LYP, and B3LYP-D)
and found that single-stranded thymine (T) and cytosine (C) are predominantly hole conductors,
whereas single-stranded adenine (A) and guanine (G) are better electron conductors. For double-
stranded DNA structures, the periodic A-T and G-C electronic band structures undergo a significant
renormalization, which causes hole transport to only occur on the A and G nucleobases. Our
calculations (1) provide new benchmarks for periodic nucleobase structures using dispersion-
corrected hybrid functionals with large basis sets and (2) highlight the importance of dispersion
effects for obtaining accurate geometries and electron/hole mobilities in these extended systems.

■ INTRODUCTION
Deoxyribonucleic acid (DNA) and polynucleotide structures
continue to garner immense attention in various applications
ranging from self-assembled biostructures to building blocks for
next-generation electronics.1−8 In recent years, DNA has
attracted significant attention in nanoelectronics and informa-
tion storage since it can adopt complex geometries and is
inherently stable in a multitude of chemical environments.9−15

Because of its one-dimensional (1D) structure of π-stacked
nucleobases, early experimental efforts were intensely focused
on the possibility of using DNA as a nanoscale conductor for
enhanced electrical conductivity and charge transport.16−20

However, subsequent experiments provided contradictory
results, including suggestions that DNA is a conducting wire,21

superconductor,22 semiconductor,23 or a wide-band gap
insulator.24,25 The discrepancies in these experimental results
were attributed to variations in the DNA structures, such as the
specific base sequence and the specific chemical environment
used in the experiments.

On the theoretical side, numerous computational studies,
including tight-binding models,26,27 quantum chemistry calcu-
lations,28−30 and quantum mechanics/molecular mechanics
(QM/MM) studies31−33 have been carried out on DNA and
polynucleotide structures to predict their charge-transport
properties. However, the vast majority of these computational
studies focused on nucleobase oligomers and did not address
band structure properties in a fully periodic geometry. While

these oligomer calculations can provide a reasonable prediction
of DNA properties, they are typically more appropriate for small
molecular-like sections of DNA and cannot capture the full
electronic transport behavior as a function of electron
momentum. There have been a handful of theoretical studies
on fully periodic DNA structures;34−36 however, these prior
studies either employed semilocal exchange−correlation func-
tionals (known to underestimate band gaps) with minimal basis
sets33 or used Hartree−Fock calculations (which overestimate
band gaps) on idealized geometries extracted from molecular
dynamics simulations.37,38

To shed additional insight into the electronic properties of
DNA and polynucleotide structures, we present large-scale
density functional theory (DFT) calculations to systematically
analyze their structural and electron/hole transport properties.
We also examine the performance of various exchange−
correlation functionals, ranging from local (LDA) to semilocal
(BLYP), hybrid (B3LYP), and dispersion-corrected hybrid
(B3LYP-D) methods on the electronic properties of single- and
double-stranded DNA structures. However, it is important to
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mention that the goal of our current study is not to resolve open
issues on charge-transport mechanisms in DNA. Rather, the
large-scale calculations presented in this work can serve as new
reference benchmarks that are expected to be more accurate
than the semilocal or Hartree−Fock calculations discussed
previously.39 Most notably, the B3LYP-D calculations in this
work represent one of the first studies of periodic DNA and
nucleobase structures using dispersion-corrected hybrid func-
tionals for both full geometry optimizations and electronic band
structures. Using these optimized geometries and band
structures, we present electron/hole mobilities for various
single- and double-strand DNA structures. Finally, our paper
concludes with an analysis of orbitals and charge-transfer
mechanisms to rationalize the electronic properties and
electron/hole transport mechanisms in these complex nucleo-
base structures.

■ THEORY AND METHODOLOGY
All of the DFT calculations in this study were carried out with a
massively parallelized version of the CRYSTAL14 program,40

which can calculate nonlocal Hartree−Fock exchange with all-
electron Gaussian basis sets and periodic boundary conditions.
While our work focuses on ground-state electronic properties of
periodic DNA, previous research by us has shown that the
choice of exchange−correlation functional can also strongly
affect the accuracy of excitation energies in DNA and RNA
nucleobases.41,42 As such, we evaluated a variety of exchange−
correlation functionals to understand their effects on DNA
electron/hole mobilities, including (1) LDA (local density

approximation),43 a semilocal functional derived from the
exchange−correlation energy of a homogeneous electron gas,
(2) BLYP (Becke exchange with Lee Yang Parr correlation),44 a
generalized gradient approximation functional without nonlocal
exchange, (3) B3LYP,45 a popular 3-parameter hybrid functional
that contains a 20% fraction of Hartree−Fock exchange, and (4)
B3LYP-D,46 a dispersion-corrected version of the B3LYP hybrid
functional.

Geometries for all single- and double-stranded DNA
structures were optimized using a 6−31G(d,p) all-electron
basis set with one-dimensional (1D) periodic boundary
conditions along the helical axis. Since each of the phosphate
groups along the backbone has a −1 charge, a single Na+ cation
was added near these groups to ensure charge neutrality of the
entire periodic system. All of the structures examined in this
work exhibit a full helical turn (i.e., 360°) with 10 nucleotides in
a one-dimensional periodic unit cell. At these optimized
geometries, single-point calculations were performed with a
larger 6−311G(d,p) basis set with 100 k-points along the one-
dimensional Brillouin zone to obtain the resulting electronic
band structures. It is worth noting that the calculations on some
of the periodic DNA strands were extremely computationally
intensive due to the large size of these systems. For example, the
largest of these structures (poly(A-T)) consists of 650 atoms
and 9440 basis functions and, as such, constitutes one of the
most extensive quantum mechanical studies of these periodic
biological structures to date.

We briefly outline the deformation potential (DP) formal-
ism47,48 for calculating electron and hole mobilities (μe and μh,

Figure 1.Molecular structures of DNAnucleobasemonomers, stacked pairs, andWatson−Crick base pairs from the S22 dataset used as benchmarks in
this work. The carbon, hydrogen, nitrogen, and oxygen atoms are depicted as gray, white, blue, and red spheres, respectively.
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respectively) for each of our DNA structures. Within this
formalism, the electron or hole mobilities in a one-dimensional
(1D) periodic system are given by

=
| * |

e C
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where e is the charge of an electron, kB is Boltzmann’s constant, ℏ
is the reduced Planck constant, T is the temperature (set to 298
K in this study), and E1 is the DP constant along the one-
dimensional periodic direction. The latter is obtained by
calculating the rate of change of the valence/conduction band
edge with respect to strain. The elastic modulus of the system is
given by C = 1/a0·∂2E/∂ε2, where E is the total energy of the
system and ε is strain. The effective mass of the electrons and
holes (me* and mh*, respectively) was calculated at the
conduction band minimum and valence band maximum,
respectively, using the expression
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The positive sign is taken for the (electron) conduction band
(ϵc), and the negative sign corresponds to the (hole) valence
band (ϵv). A total of 100 uniformly spaced points from Γ to the X
point were used to calculate me,h* .

Finally, the elastic constant C was calculated from a
contraction−dilation displacement of the entire nucleotide
strand using the following expression

=
=

C l
E

l
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o

2

2
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where l is the length of the DNA strand under tension/
compression, E is the total energy per unit cell, and lo is the
equilibrium length. The periodic DNA strand was stretched/
compressed at 0.5, 1.0, and 1.5% intervals with single-point
energies calculated at each step. These seven data points (Δl/lo
= 0, ±0.005, ±0.01, ±0.015) were then used to generate
dilation-energy curves to obtain the elastic constant.

■ RESULTS AND DISCUSSION
Benchmark Calculations on Nucleotide Base Pairs.

Before calculating electron/hole mobilities of the various DNA
strands, we first assessed the accuracy of the LDA, BLYP,
B3LYP, and B3LYP-D functionals for predicting nucleotide
interaction energies when compared to the S22 benchmark
dataset.49 In particular, the S22 set contains several DNA
nucleobase monomers (adenine, cytosine, guanine, and
thymine), stacked pair geometries (adenine−thymine and
guanine−cytosine), and a canonical Watson−Crick base pair
(adenine−thymine and guanine−cytosine) calculated at a
complete-basis-set-extrapolated CCSD(T) level of theory.
Figure 1 depicts the molecular structures of the various base
pair systems considered in this work, and Figure 2 compares the
interaction energies obtained by the various functionals against
the CCSD(T) benchmark values from the S22 dataset
(numerical values and root-mean-square errors (RMSEs) are
reported in Table 1).

As can be seen in Figure 2 and Table 1, the B3LYP-D and
LDA functionals are in good and reasonable agreement,
respectively, with the benchmark values; however, the BLYP
and B3LYP methods yield more repulsive energies (i.e., more

positive values) with errors larger than 2.0 kcal/mol. BLYP, a
GGA functional, significantly reduces the over-binding tendency
of LDA, which is exacerbated in monomer pairs (as opposed to
stacks) since hydrogen bonding is prevalent in pairs but absent
in stacks. The B3LYP and BLYP functionals underestimate
binding energies compared to B3LYP-D since they do not
include attractive dispersion interactions. While hybrid func-
tionals such as B3LYP have long-range (nonlocal) effects
through Hartree−Fock exchange, they remain local in
correlation and, therefore, are unable to describe the R−6

asymptotic distance-dependence of dispersion forces cor-
rectly.50 It is worth noting that while dispersion corrections
give more accurate geometries, they do not address known
limitations of B3LYP for long-range charge transfer/transport,
particularly in molecular systems.51−53 For the same reason,
even though the B3LYP-D interaction energies give the best
agreement with the CCSD(T) benchmarks in this study, the
electronic couplings involved in the rates of charge transfer/
transport in these systems can still incur large errors.
Nevertheless, we have chosen to use B3LYP-D for our studies
since (1) long-range-corrected functionals with 100% asymp-
totic exchange are not appropriate for neutrally charged periodic
structures (since they neglect electron screening effects), and
(2) the B3LYP-D functional has been shown to mimic screening
effects (due to a fortuitous cancellation of errors) to give
reasonable band gaps for periodic structures.54−56

The B3LYP functional gives weaker binding energies than the
CCSD(T) benchmarks, and prior work by Zhang et al.
suggested that this under-binding becomes more pronounced

Figure 2. Interaction energies (in kcal/mol) of stacked and Watson−
Crick pair configurations of GC and AT calculated at different levels of
theory and compared to CCSD(T) benchmark values (denoted as red
stars) from the S22 dataset.

Table 1. Comparison of Interaction Energies Predicted by
LDA, BLYP, B3LYP, and B3LYP-D against CCSD(T)
Reference Values from the S22 Dataset

interaction energy (kcal/mol)

LDA BLYP B3LYP B3LYP-D CCSD(T)

AT stack −6.42 5.39 3.53 −7.71 −8.10
AT pair −22.90 −11.61 −13.09 −17.77 −16.40
GC stack −4.65 −0.23 −1.20 −6.24 −7.90
GC pair −44.00 −27.77 −30.60 −36.41 −35.80
RMSE 5.54 9.06 7.38 1.14
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with increasing molecular size.57 As such, B3LYP will incur
significant errors for the large periodic strands, as we
demonstrate in the next section. Based on these benchmark
calculations, the B3LYP-D functional most closely matches the
CCSD(T) results, particularly for the van-der-Waals-stacked
monomers.

Optimized Geometries of Single- and Double-
Stranded DNA. With the individual nucleotide benchmarks
calculated, we next optimized the geometries of various ssDNA
and dsDNA systems: periodic adenine (poly(A)), thymine
(poly(T)), cytosine (poly(C)), guanine (poly(G)), adenine−
thymine (poly(A-T)), and guanine−cytosine (poly(G-C)).
Figure 3 depicts magnified views of the optimized geometries

for the periodic poly(G-C) strands obtained with the LDA,
BLYP, B3LYP, and B3LYP-D functionals. As seen in this figure,
only LDA and B3LYP-D give structurally stable geometries
(Cartesian coordinates for all of the B3LYP-D-optimized
ssDNA and dsDNA structures can be found in the Supporting
Information). In contrast, both the BLYP and B3LYP func-
tionals produce geometries that are highly distorted in which the
individual Watson−Crick base pairs are not even aligned in the
same plane. A frequency analysis can give further information on
structural stability; however, geometry optimizations of these
large, periodic systems were already computationally expensive
(requiring hundreds of thousands of CPU hours), and frequency
calculations were out of reach for these structures. For this
reason, we only present the structures in Figure 3, which clearly
depict the base pairs to be misaligned with each other to depict
the distortions/instabilities in these structures.

The structural deformations in these periodic strands are fully
consistent with the benchmark calculations described in the
previous section. In particular, our benchmark calculations on
individual nucleotides showed that only LDA and B3LYP-D
predict stable A-T and C-G stacks/Watson−Crick pairs in
comparison to the CCSD(T) benchmarks. In contrast, both
BLYP and B3LYP considerably underestimate these interaction
energies. As a result, the under-binding tendencies in BLYP and
B3LYP become even more pronounced in the periodic systems
(since both stacking andWatson−Crick pairs are now present in
the periodic system), leading to the geometric distortions seen in
Figure 3. While Figure 3 only depicts the poly(G-C) strands for

brevity, we observed similar geometric trends in poly(A-T) in
which only LDA and B3LYP-D gave stable structures. Our
results also corroborate previous molecular dynamics simu-
lations on a DNA dodecamer, which suggested that the double-
helical structure is not stable when dispersion interactions are
not incorporated.58

Electron/Hole Mobilities. With the geometries of all of the
periodic strands optimized, we now analyze electron/hole
mobilities for the various ssDNA and dsDNA systems. For
clarity, we only discuss electron/hole mobilities calculated at the
B3LYP-D level of theory since this functional simultaneously
gives stable geometries and reasonable band gaps54−56 (LDA
also gave stable geometries in our study but is well known for
underestimating band gaps). It is worth noting that the choice of
functionals, such as B3LYP-D, can influence the amount of
negative charge attributed to the nucleobases. However, since
wavefunction-based methods are currently prohibitive for
obtaining more accurate charge analyses in these large periodic
structures, we chose B3LYP-D as the best functional examined
in our study for further analysis of our periodic DNA systems.
Table 2 presents the lattice parameters, band gaps, and electron/

hole masses (required for calculating electron/hole mobilities
from eq 1), and Table 3 summarizes the electronic charge per

nucleobase and the electron/hole mobilities of all ssDNA and
dsDNA structures (electron/hole mobilities for other func-
tionals are given in the Supporting Information).

Figure 4 shows that the highest occupied crystal orbitals
(HOCOs) are localized on the nucleobase (regardless of
nucleobase species) in all of the B3LYP-D-optimized ssDNA
structures. In contrast, the lowest unoccupied crystal orbitals
(LUCOs) are primarily found on the Na+ cations and the
phosphate backbone. Both of these HOCO and LUCO
localization patterns are consistent with previous work,35,36

which used Hartree−Fock calculations and small basis sets.
Moreover, since the spatial distribution of theHOCO influences

Figure 3. Geometries of periodic poly(G-C) obtained with the LDA,
BLYP, B3LYP, and B3LYP-D functionals. Only LDA and B3LYP-D
give stable structures, whereas the other functionals give unstable and
distorted geometries between adjacent Watson−Crick pairs.

Table 2. Lattice Parameters, Band Gaps, and Effective Masses
of Holes/Electrons of Various Single- and Double-Strand
DNA Systems Computed at the B3LYP-D/6−311g(d,p)
Level of Theory

system lattice parameter (Å) band gap (eV) me* (m0) mh* (m0)

poly(A) 32.22 3.92 7.39 10.13
poly(T) 29.70 3.12 32.02 2.00
poly(G) 31.39 3.66 10.12 50.36
poly(C) 30.74 3.22 17.86 3.25
poly(A-T) 31.29 3.23 8.86 17.74
poly(G-C) 32.45 1.39 22.74 2.69

Table 3. Electronic Charge Per Nucleobase and Electron/
Hole Mobilities of Various Single- and Double-Strand DNA
Systems Computed at the B3LYP-D/6−311g(d,p) Level of
Theory

system
electronic charge per

nucleobase (e)
electron mobility

(cm2/V·s)
hole mobility
(cm2/V·s)

poly(A) −0.26 (A) 18.22 9.72
poly(T) −0.20 (T) 4.08 22.33
poly(G) −0.24 (G) 15.77 0.54
poly(C) −0.18 (C) 4.09 39.81
poly(A-T) −0.23 (A), −0.24 (T) 40.23 5.14
poly(G-C) −0.21 (G), −0.17 (C) 9.59 19.38
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the hole mobility, our calculations predict that hole transport in
ssDNA occurs intramolecularly across the nucleobase stacks,
whereas electron transport (which is determined by the LUCO)
occurs across the Na+ cations and phosphate backbone.

It is worth noting that the ssDNA structures with purine
nucleobases (i.e., A and G) have a significantly lower hole
mobility than the corresponding structures with pyrimidine
nucleobases (i.e., T and C). This is due to the HOCOs in
poly(A) and poly(G) being formed from the highest occupied
molecular orbitals (HOMOs) of A and G (cf. Figure 5), which

have an antibonding interaction in the helical ssDNA stacked
geometry.34 Conversely, the ssDNA structures with purine
nucleobases have a significantly higher electron mobility than
the corresponding structures with pyrimidine nucleobases. This
trend arises from the LUCOs in poly(A) and poly(G) having a
larger overlap than the corresponding LUCOs in poly(T) and
poly(C), as can be seen in Figure 4. Furthermore, both A and G
contain more sp2 hybridized segments with highly electro-
negative atomic species (i.e., nitrogen and oxygen) than C and
T. For example, A contains three sp2 C�N units, and G has two
C�N and one C�O unit; in contrast, C includes one C�O,
one C�N, and one C�C unit, and T contains one C�C and
two C�O units. This results in a partial negative charge on the

nitrogen and oxygen atoms and a partial positive charge on the
neighboring carbon atoms. In turn, this polarity of the sp2

hybridized atoms can facilitate noncovalent interactions
between nucleobases, leading to a larger electron mobility due
to its increased electron affinity. As such, these chemical insights
corroborate our results showing that purine nucleobases possess
higher electron mobility than pyrimidine nucleobases.

It is also interesting to note that the electronic charge per
nucleobase (cf. Table 3) is also correlated with the electron/hole
mobility in the ssDNA structures. While our DFT calculations
indicate that the nucleobases in all four of the ssDNA structures
are negatively charged, nucleobases with the most negative
charge (A and G) exhibit the highest electron mobilities,
whereas nucleobases with the least negative charge (T and C)
have the highest hole mobilities. Taken together, the HOCO/
LUCO interactions and electronic charges in these ssDNA
structures result in poly(T) and poly(C) being hole conductors,
whereas poly(A) and poly(G) structures are better electron
conductors.

Turning our attention to the dsDNA structures, Figure 6
shows that the HOCOs on these systems are localized on the A
and G nucleobases in the poly(A-T) and poly(G-C) structures,
respectively. As such, our calculations predict that hole transport
in dsDNA occurs only across the purine (and not the
pyrimidine) nucleobases in both these structures. In contrast,
the LUCOs are localized on the Na+ cations and the phosphate
groups (proximal to the pyrimidine bases, C and T), indicating
that electron transport occurs along the backbone in both
structures. To visualize the HOCOs and LUCOs more easily,
the Supporting Information provides three-dimensional (3D)
animations of these orbitals for the poly(A-T) structure.

To understand the electronic interactions in these dsDNA
structures more closely, Table 4 provides HOCO/LUCO
energies of poly(A), poly(T), poly(A-T), poly(G), poly(C), and
poly(G-C) calculated at the B3LYP-D/6−311g(d,p) level of
theory, and Figure 7 plots their corresponding electronic band
structures. It is worth noting that the electronic properties of
poly(A-T) and poly(G-C) are more complex than their
constituents and are not merely superpositions of the individual
ssDNA poly(A) + poly(T) or poly(G) + poly(C) band
structures. In particular, the right-most column of Figure 7

Figure 4. HOCOs and LUCOs of ssDNA obtained with the B3LYP-D functional.

Figure 5. HOMOs of A, T, G, and C calculated at the B3LYP-D/6−
311g(d,p) level of theory.
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shows that the A and G purine-type bands are pushed
significantly upward in energy within the double-stranded
poly(A-T) and poly(G-C) structures. As mentioned previously,
the nucleobases in all four of the ssDNA structures are negatively
charged, and the Coulombic repulsion between these
nucleobases within the compact dsDNA structure results in an
upward shift (i.e., a destabilization) of the A and G bands. As
such, the renormalization of the dsDNA band structures causes
the highest-filled orbitals to be only localized on the A and G
nucleobases, which corroborates the HOCO-localization trends
depicted in Figure 6.

Finally, it is worth mentioning that our calculations predict
poly(A-T) to be an electron conductor, whereas poly(G-C) is a
better hole conductor. The electronic charge per nucleobase in
the dsDNA structures also corroborates these trends in
electron/hole mobilities. Table 3 shows that poly(A), poly(T),
poly(G), and poly(C) have charges of −0.26e, −0.20e, −0.24e,
and −0.18e per nucleobase, respectively. These electronic
charges are correlated with trends where nucleobases with the
most negative charge have the highest electron mobilities,

whereas nucleobases with the least negative charge have higher
hole mobilities. Moving to the dsDNA structures, Table 3 shows
that the total charge per A-T and G-CWatson−Crick pair in the
poly(A-T) and poly(G-C) structures is −0.47e and −0.38e,
respectively, which reflects the trends in electron/hole
mobilities discussed previously. It is interesting to point out
that we also observed similar electron/hole mobility trends with
LDA since this functional also predicts accurate dsDNA
geometries (even though LDA predicts severely underestimated
band gaps compared to B3LYP-D). In contrast, the BLYP and
B3LYP results give spurious results for electron/hole mobilities
(cf. Tables S1 and S2) since these functionals produced
deformed dsDNA geometries (cf. Figure 3). As such, these
results emphasize the importance of including dispersion effects
when calculating electronic properties on self-consistent
optimized geometries (using the same functional) for these
systems.

■ CONCLUSIONS
In conclusion, we have carried out large-scale DFT calculations
to systematically analyze the structural and electron/hole
transport properties of fully periodic single- and double-
stranded DNA. To understand how these periodic nucleobase
structures are affected by their optimized geometry and
underlying electronic structure, we examined the performance
of various exchange−correlation functionals, ranging from local
(LDA), semilocal (BLYP), hybrid (B3LYP), and dispersion-
corrected hybrid (B3LYP-D) methods. Most notably, the latter
calculations are among the first studies of periodic DNA and
nucleobase structures using dispersion-corrected hybrid func-
tionals for both full geometry optimizations and electronic band
structures.

Figure 6. HOCOs and LUCOs of poly(A-T) and poly(G-C) calculated
at the B3LYP-D/6−311g(d,p) level of theory.

Table 4. HOCO and LUCO Energies of Various Single- and
Double-Strand DNA Systems Computed at the B3LYP-D/6−
311g(d,p) Level of Theory

system HOCO (eV) LUCO (eV)

poly(A) 18.22 9.72
poly(T) 4.08 22.33
poly(G) 15.77 0.54
poly(C) 4.09 39.81
poly(A-T) 40.23 5.14
poly(G-C) 9.59 19.38

Figure 7. Band structures of poly(A), poly(T), poly(A-T), poly(G),
poly(C), and poly(G-C) calculated at the B3LYP-D/6−311g(d,p) level
of theory. The A- and G-type bands are pushed upward in the double-
stranded poly(A-T) and poly(G-C) cases, respectively.
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With these optimized geometries and band structures, we
used the deformation potential formalism to calculate electron/
hole mobilities for all of the various ssDNA and dsDNA
structures. Our analysis showed that poly(T) and poly(C) are
hole conductors, whereas poly(A) and poly(G) structures are
better electron conductors. For the dsDNA structures, we found
that the poly(A-T) and poly(G-C) band structures are more
than just the ″sum of their parts.″ Specifically, Coulombic
repulsion between the nucleobases results in a significant
renormalization of the band structure, which causes the highest-
filled orbitals (and, hence, hole transport) to be only localized on
the A and G nucleobases. These findings are consistent with
previous experimental results showing that the HOMO localizes
on the purine bases.59−61 Further analyses of the B3LYP-D
orbitals and electronic charges in the dsDNA structures show
that poly(A-T) is an electron conductor, whereas poly(G-C) is a
better hole conductor. Our calculations also highlight the
importance of including dispersion effects when calculating
electronic properties for these systems since functionals without
dispersion will produce deformed dsDNA geometries with
spurious electron/hole mobilities.

Finally, while our work focused on optimized structures and
electron/hole mobilities of single- and double-stranded DNA,
we anticipate that our calculations could also be applied to other
DNA-based materials and applications. In particular, the self-
consistent geometries, band structures, and electron/hole
mobilities from our B3LYP-D calculations could serve as new
reference benchmarks to parameterize other coarse-grained
DNA models or QM/MM studies,62 which require accurate
electronic properties as input parameters to enable larger-scale
simulations. Additional computational work along these lines,
which incorporate thermal fluctuations, would be an insightful
avenue for future research since they would more accurately
capture DNA dynamics under experimental conditions.63
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