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ABSTRACT

The characteristics of the interface between DNA and metallic carbon nanotube (CNT) in supramolecular assemblies are important to
understand for electronic and sensing applications. We study the mechanical stability and electronic properties of these interfaces with amino
and ester linkers using computational experiments. Our study demonstrates that both linkers significantly enhance the mechanical stability of
DNA–CNT systems, with the DNA adopting a stable and lower energy perpendicular orientation relative to the CNT as opposed to a
conventional parallel arrangement. This lower energy configuration is driven by nonbonded interactions between the DNA base and the
CNT surface. Our calculations also reveal that interface resistance is primarily governed by DNA–CNT interactions with negligible
contribution from the linkers. In the case of the amino linker, we predict a 100-fold transmission ratio between parallel and perpendicular
configurations of DNA relative to CNT. This observation can be used to build an electromechanical switch with fast switching times (30 ns).
The ester linker, on the contrary, enables a better electronic coupling between the DNA and CNT even when strained.
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Programmability, scalability, and power efficiency are key factors
that make DNA-based nanotechnology a promising alternative to
advanced solid-state devices and circuits. Over the past few decades,
DNA nanotechnology has made significant strides, primarily owing to
the self-assembly capabilities of DNA. This has enabled the construc-
tion of supramolecular structures, such as origami1–4 and tiles,5,6 which
are useful for nanoscale patterning and assembly and doping in sili-
con.7–10 Additionally, DNA origami has been employed for site-
specific doping to control the electronic properties of these structures.
There is a growing interest in modifying the intrinsic properties of
DNA to develop nanoelectronic devices and circuits where DNA
serves as the conducting channel. However, bridging the gap between
DNA nanotechnology and mainstream electronics requires advance-
ments on two major fronts: (i) engineering the intrinsic electronic
properties of DNA and (ii) establishing strong, low-resistance electrical
contacts to DNA.

Efforts to improve electrical conductance have involved using
multiple DNA nanostructures to create superlattice or heterostructure
devices.11,12 Research has also shown that altering DNA conforma-
tion13 or stretching14 the DNA can significantly enhance electrical con-
ductance. Furthermore, intercalating DNA with organic molecules

such as anthraquinone15 or heavy metal atoms16 reduces the bandgap
and increases conductance.

Connecting DNA to metallic contacts where voltages are applied
remains a challenging issue.17,18 These interfaces should be mechanically
stable and electrically conductive. Strong covalently bonded linkers are
needed for mechanical strength, but they tend to be resistive.19–22

Bonding between conventional metals and DNA is the norm, but
these contacts are not mechanically stable, and they suffer from noise
in measured conductance. It is known that the conductive path
through the DNA is primarily through the bases, and the question
remains if there is an effective way to tap into the pi orbitals at the
bases using a metallic contact. One promising solution is to connect
DNA to metallic carbon nanotubes (CNTs),23,24 which offer mechani-
cally strong contacts via covalent bonding. Additionally, the pi elec-
trons on the CNT may be leveraged to increase the conductivity. The
established chemistry between DNA and CNTs25 lends support to this
proposition, thereby creating opportunities for the development of
scalable molecular circuits.

Additional studies affirm the potential of DNA–CNT interfaces
for nanoelectronic applications. Covalently bonded DNA–CNT junc-
tions have been demonstrated to exhibit stable and reversible
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conductivity, which addresses some limitations of conventional metal–
DNA contacts.26 Simulation results indicate that the binding configu-
ration and conformational dynamics at the DNA–CNT interface are
critical for effective electronic coupling.27,28 In aqueous environments,
linker-induced assembly produces reliable CNT junctions with
enhanced mechanical stability,29 while chemical modifications at the
interface, such as protonation, can be employed to fine-tune the elec-
tronic properties.30

Motivated by the experimental feasibility of engineering DNA–
CNT contacts, this work focuses on studying the interface between
CNTs and DNA using computational simulations. We use molecular
dynamics simulations over extended timescales and density functional
theory-based electronic structure calculations to investigate the inter-
actions between DNA and two types of linker molecules: amino-based
and ester-based. The amino linker has been previously used experi-
mentally,23,24,31 but the physical behavior of the interface remains
largely unexplored. Our simulations suggest that the amino linker
could enable significant electromechanical switching. The ester linker,
though less common, may offer advantages, as we observe that the
transmission of structures using this linker is less sensitive to strain.
Furthermore, we show that both linkers provide a robust way to couple
the pi electrons of the CNT to those in the DNA bases.

We consider a DNA sequence, 50-GGGCCCGGGCCC-30, which
is covalently attached to a metallic carbon nanotube (CNT) via either
an amino or ester linker (Fig. S1). The DNA is modeled using the bsc1
force field,32 while the CNT is modeled using the General Amber
Force Field (GAFF) with partial charges determined from previous
studies.33–37 We perform calculations with eleven (11) and twenty-two
(22) metallic CNT unit cells. We propose that these key observations
are broadly applicable across all canonical DNA motifs. Moreover, the
perpendicular orientation of DNAwith respect to CNT has been tested
for an extended time window (1.1ls) for both amino- and ester linkers
(see Fig. S8).

The 10-atom amino chain linker considered consists of an amine
group (-NH2), followed by a pair of carbonyl groups (�C¼O), a hex-
amethylene spacer (�(CH2)6�), and a carboxyl group (�COOH) at
the terminus (see Fig. S1). The carboxyl group was incorporated to
facilitate attachment to the CNT. This linker was selected because it
makes stable bonds to the 20 position of DNA sugars, which is essential
for DNA–CNT conjugation. We calculated the partial charges in the
linker by first optimizing its structure using density functional theory
(DFT) with the B3LYP functional and a 6–31G� basis set in Gaussian
16.38 Following optimization, we obtained the partial charges using the
Hartree-Fock method with a 6–31G� basis set. The charge distribution
was further refined using the Merz–Kollman (MK) population analy-
sis, followed by RESP fitting.39 The resulting RESP-derived charges
were incorporated into the force field parameters, ensuring compatibil-
ity with the GAFF framework. A similar procedure was followed for
the ester-based linker.

In the next step, we attach the amino linker to the DNA by
removing one hydrogen atom from the 20-deoxyribose sugar of the
DNA and one hydrogen atom from the amino group (-NH2) of the
linker, thereby enabling the formation of a bond between the DNA
and linker. This leads to an (-NH) group at the linker’s terminal [see
Figs. S1(c) and S1(d)]. Similarly, on the CNT side, we remove one
hydrogen atom from a terminal carbon of the CNT and one hydrogen
atom from the carboxyl group (-COOH) of the linker to form a direct

carbon–carboxyl (C–COO) bond. To maintain charge neutrality in the
resulting DNA–linker–CNT (DLC) complex, we redistribute the par-
tial charges by assigning the removed charges to the nearest hydrogen
atoms at the new bond sites. For the ester linker, a similar approach
was used. We removed a hydrogen atom from the 3’ hydroxyl group
of the sugar in DNA and bonded it with the carbonyl carbon atom of
the ester [see Fig. S1(e)]. The DLC structure is solvated using an octa-
hedral water box (15 Å cutoff) containing TIP3P water molecules and
22 sodium counterions (Naþ) to neutralize the system. After energy
minimization, we heat (NVT) and equilibrate (NPT) for 1ns each
with a target temperature of 300K using the Langevin thermostat and
the SHAKE algorithm. Finally, we performed a production run for
100 ns. This run started from the equilibrated structure and velocities
and was carried out under the NPT ensemble. The MD procedure
developed for this study is discussed in detail in the supplementary
material, and the calculated partial charge on each atom for both the
amino and ester linkers is presented in Tables S1 and S2 of the supple-
mentary material.

From the 100000 MD frames, we performed structural clustering
and identified the dominant configurations, parallel and perpendicular,
based on population. The centroid structures of these clusters were
used as representative geometries for DFT and transport calculations.
We carry out DFT calculations using the B3LYP exchange–correlation
functional and the 6–31G(d,p) basis set with the polarizable contin-
uum model. The Fock (F) and Overlap (S) matrices from the DFT cal-
culations are used to obtain a Hamiltonian (H) in an orthogonal basis,

H ¼ S�
1
2FS�

1
2
: (1)

The retarded Green’s function Grð Þ is calculated from Refs. 15 and 40

E � H þ RCNT þ RTC þ RBð Þ½ �Gr ¼ I: (2)

The transmission Teff is calculated using
40

Teff ¼ TCNT;TC þ
XNb

i¼1

XNb

j¼1
TCNT;iW

�1
ij Tj;TC; (3)

where W�1
ij is the inverse of the matrix Wij ¼ 1� Riið Þ½

� dij � Tij 1� dij
� �

�, Rii is the reflection at probe i; and Tij is the trans-
mission from probe i to j. TCNT;TC is the direct transmission between
the CNT end and top contact in Figs. 2(a) and 2(b), and the second
term represents the decoherence contribution to the transmission via
decoherence probes. Nb is the total number of decoherence probes.

The density of states (DOS) at atom m is calculated by summing
over the diagonal components (Gr

m;i) of the retarded Green’s function
corresponding to orbital i on atomm using

DOS m; Eð Þ ¼ �
1

p

X

i
Im Gr

m;i Eð Þ
� �

: (4)

We consider a carbon nanotube connected to DNA via either an
amino (long) or ester (short) linkers. The longer linker was chosen
because of well-established reaction pathways that have been utilized
experimentally. While it seems plausible that the flexibility of a long
linker will make it possible to have multiple configurations at room
temperature, we find that the interactions between the DNA and car-
bon nanotube help to stabilize the configuration. The shorter linker
was chosen with the thought that the energy barrier from the carbon
nanotube to the linker is shorter, thus increasing the tunneling proba-
bility between them. To establish the physics of electron transport at
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this interface, it is important to perform molecular dynamics (MD)
simulations and cluster the resulting configurations, providing insight
into the relative probabilities of various atomic configurations. We
choose the metallic (6,6) carbon nanotube whose lateral dimensions
are comparable to those of the DNA.

We model the systems from an initial state where the carbon nano-
tube is parallel to DNA, as shown in Fig. 1, where the purple and red
lines represent the orientation of the CNT and DNA, respectively. The
sequence in Figs. 1(a) and 1(b) illustrates the evolution of the configura-
tion with amino and ester linkers from the initial (0ns) to the final time
(100ns). The time evolution in the case of both linkers shows a few
common features in how the structures reorganize with time. At 0ns,
the DNA and CNT are aligned along a line with the angle between
them being �180 �, and this is referred to as the parallel configuration
[Fig. 1(a)] With time, the DNA, while remaining nearly rigid, bends at
the linker. Finally, after �30ns, the DNA orients at an angle close to
90 � with respect to the CNT, assuming a perpendicular configuration
[Fig. 1(a)]. This conformation is stable and persists for the remainder of
the simulation period. To support this observation, we calculated the
potential energy and found that the perpendicular configuration is ener-
getically more favorable, with energy of 2920.15 kcal/mol compared to
2977.36kcal/mol for the parallel case. A similar trend is observed in the

case with an ester linker [Fig. 1(b)]. These observations are robust and
observed in simulations involving both 11 and 22 unit cells of the CNT.
Furthermore, we observed that for the shorter CNT, the structure per-
sists for 1ls and is realized for a variety of initial configurations.

To evaluate the stability of the resulting configurations, we ana-
lyze the root mean square deviation (RMSD) between the coordinates
of 100 000 frames, equally spaced over the 100 ns simulation time,
using two-dimensional RMSD plots. These 2D plots compare each
frame against every other frame, where the y axis shows the reference
frame, and the x axis shows the frame being compared. The color cor-
responds to the RMSD value, as shown in the scale bar. The diagonal
line represents the self-comparison of frames, and darker blue points
indicate structural similarity, which reflects stability. For the DNA–
CNT supramolecular structure, the RMSD is approximately 6 Å with-
out a linker, as shown in Fig. 1(c). In comparison, the structures with
linkers have a considerably smaller RMSD of 3.5 Å (amino) and 2.5 Å
(ester), thus elucidating the importance of the linker in stabilizing the
DNA–CNT system [see Figs. 1(d) and 1(e)]. From the MD simulation
trajectory, we observe that for the amino linker, the transition of the
DNA from a parallel to a perpendicular orientation relative to the
CNT occurs at around 30ns, at which point the RMSD decreases
below 6 Å [Fig. 1(d)]. Similarly, with an ester linker, RMSD values are

FIG. 1. (Molecular dynamics results for DNA–linker–CNT system): Time evolution of the system-under-study from 0 to 100 ns with (a) amino linker and (b) ester linker. 2D
RMSD heatmaps for (c) DNA–CNT (no linker), DNA–CNT with (d) amino and (e) ester linkers over the 100 ns simulation time. The purple dotted lines in (a) and (b) represent
the orientation of the CNT while the red dotted lines are representative of the orientation of the DNA. The crimson-colored molecule in both (a) and (b) is the linker.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 127, 023505 (2025); doi: 10.1063/5.0272693 127, 023505-3

Published under an exclusive license by AIP Publishing



below 4 Å after�35ns, when the system assumes a perpendicular con-
figuration. From the RMSD 2D map in Figs. 1(d) and 1(e), we con-
clude that the ester linker is more stable compared to the amino linker,
with the DNA adopting a perpendicular orientation that is maintained
throughout the simulation. This observation is also confirmed in the
atom-wise RMSF (root mean square fluctuations) shown in Figs. S2
and S5. We tested the robustness of this transition by running addi-
tional simulations with varied initial configurations and random seeds.
In all cases, the DNA adopted a perpendicular orientation, with transi-
tion times ranging from 2 to 30ns (see Fig. S6).

In the next step, we study the physics of electronic transport from
CNT to DNA across the linker. We clustered the 100,000 conformations
obtained from MD simulations and extracted the central motif of all
clusters for charge transport calculations. We calculate the off diagonal
Green’s function of the supramolecular structure and then relate this to
the electron transmission across the entire structure. For this, the
Hamiltonian and overlap matrices of the CNT are obtained from the
density functional theory calculations. This procedure provides an accu-
rate way to model the interface between the CNT and DNA in a non-
perturbative manner. We attach probes to the atoms to account for
decoherence effects. Finally, using Green’s function approach, the elec-
tron transmission probability is summed over all modes, and the trans-
mission is calculated using Eq. (3).

We find that the electron transmission at the HOMO energies of
the DNA increases by almost 500 times when DNA changes orienta-
tion from parallel to perpendicular relative to the CNT (Fig. 2). In the
perpendicular orientation, the pi-orbital overlap between the CNT and
DNA atoms is significantly larger because they self-assemble to an
inter-graphitic distance of 3.4 Å. This causes a strong overlap between
the wavefunctions of DNA and CNT in the perpendicular configura-
tion, whereas there is no wavefunction overlap in the parallel configu-
ration. Close-up views of the DNA–CNT interface are shown in Fig.
S7. To demonstrate this, we show the HOMO to HOMO-4 orbitals in
Fig. 3. In the parallel configuration, the orbitals are localized on the
DNA and CNT without them overlapping. In the perpendicular con-
figuration, we observe marked delocalization of the orbitals, where the
orbitals on the DNA and CNT directly overlap, with the linker simply
acting as a bridging component. As a result, while in the perpendicular
configuration, electrons can travel directly from the CNT to DNA; in
the parallel configuration, electrons must travel through the covalently
bonded linker atoms. This is the underlying reason for the low trans-
mission. Applying a force to induce a relative separation between the
DNA and CNT should result in a significant change in conductance
that would be experimentally observable. In the case of the ester linker
also, there is a large increase in transmission through the HOMO ener-
gies of the DNA when the orientation transitions from parallel to

FIG. 2. (Transport profiles for DNA–linker–CNT systems): Configurations for the transport calculations of DNA–CNT systems with amino and ester linkers are shown at two dif-
ferent time points: (a) 0 ns (parallel configuration with injection/extraction sites) and (b) 100 ns (perpendicular configuration with injection/extraction sites). The corresponding
transport profiles as a function of energy are presented in (c) and (d). In panels (c) and (d), the dotted lines indicate the HOMO and LUMO levels of the entire system.
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perpendicular, though it is not as large as the amino case (16 times
increase). As the ester linker length is smaller than the amino linker
length in the parallel configuration, our calculations show that the
tunneling probability is higher. This leads to a smaller change in trans-
mission between the perpendicular and parallel conformations in the
ester linker compared to the amino linker.

We also calculated the density of states (DOS) for both conforma-
tions and showed the larger DOS available for hopping directly from
CNT to DNA. The DOS for the CNT and DNA in parallel configura-
tion are separated by the linker, which has a small DOS, which makes
transport difficult (Fig. S3). In contrast, in the perpendicular configura-
tion, the proximity of the large DOS on both the CNT and DNA helps
in tunneling across the interface, bypassing the linker, which has a low
DOS at these energies (Fig. S4). These observations are put on a firmer
mathematical footing by calculating the transmission probability across
the supramolecular structure by selectively turning off the ability of an
electron to travel through the linker. Specifically, in terms of conduc-
tion pathways, there are two possible choices: first, conduction from
CNT to DNA via the linker, and second, direct transport between CNT
and DNA bypassing the linker. To probe the contribution of each of
these pathways, we set the Hamiltonian between (i) the DNA and CNT
to zero, HCNT�DNA ¼ 0, thus, forcing the electronic transport to hap-
pen only through the linker, and (ii) both the DNA and linker and the
CNT and linker to zero, HDNA�Linker ¼ 0 andHCNT�Linker ¼ 0, thus,
forcing the conduction to occur only by direct hopping between CNT
and DNA. The transmission profiles computed on the original
Hamiltonian are shown in Figs. 4(a) and 4(d) for amino and ester link-
ers, respectively. When we modify the Hamiltonian such that the cou-
pling between DNA and CNT is turned off (HCNT�DNA ¼ 0), the

transmission drops significantly, as evident from Figs. 4(b) and 4(e). In
contrast, turning off the coupling between DNA–linker and CNT–
linker (HDNA�Linker ¼ 0 andHCNT�Linker ¼ 0) does not affect the trans-
mission significantly. Additionally, we analyzed the transmission at the
HOMO of DNA (�4.88 eV) for each case. In the amino linker case,
HCNT�DNA ¼ 0 [Fig. 4(b)], we observe a 150-fold drop in transmission
from the original Hamiltonian [Fig. 4(a)]. In contrast, turning off the
linker coupling results in almost no change in the transmission
[Fig. 4(c)]. Similarly, in the ester linker case, making HCNT�DNA ¼ 0
reduces the transmission by 100 times [Fig. 4(e)]. However, turning off
linker coupling does not change the transmission significantly
[Fig. 4(f)]. These results clearly point to the dominance of DNA–CNT
interaction in the overall charge transport of these supramolecules.
Finally, we stress again that while the linker adds to the mechanical sta-
bility of the system, it plays a minimal role in the electronic transport
through the DNA–CNT complexes.

We have modeled both the stability and electronic transport of a
system comprising DNA connected to a metallic carbon nanotube via
linkers using a combination of molecular dynamics and Green’s func-
tion calculations. We identify stable low-energy configurations in
which electronic transport can be enhanced. Our molecular dynamics
calculations reveal that the low-energy configuration corresponds to a
carbon nanotube and DNA assuming a perpendicular relative orienta-
tion. In this configuration, while the covalently bonded linker provides
mechanical stability, it is further enhanced by direct pi–pi interactions
between the metallic nanotube and DNA. These observations hold
for both the amino (long) and ester (short) linkers. We find that
while the linker is important in stabilizing the supramolecular struc-
ture, its impact on electron transport is nominal compared to the

FIG. 3. (The wavefunctions for DNA–linker–CNT systems): (a) Initial (parallel) and (b) Final (perpendicular) structures for DNA–amino linker–CNT, displaying the combined
wavefunctions for HOMO to HOMO-4 with an iso value of 0.002. Similarly, (c) initial (parallel) and (d) final (perpendicular) structures for DNA–ester linker–CNT.
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direct pi–orbital interactions between the DNA and CNT. A result
of our calculation is the prediction of a high degree of sensitivity of
electron transmission from the CNT to the DNA to the relative ori-
entation of the two components. When the DNA transitions from a
parallel to a perpendicular (more stable) orientation relative to the
CNT, electron transmission probability increases dramatically–by
nearly 500 times at the highest occupied molecular orbital energies
of the DNA (Fig. 2). This large increase in transmission probability
is attributed to the enhanced pi-orbital overlap between the CNT
and DNA, which facilitates direct electron hopping between the
DNA and CNT, bypassing the linker. Conversely, in the parallel con-
figuration, the electron must travel through the linker, resulting in
much lower transmission. Our simulations show it would be possible
to observe electromechanical switching where the transmission is
modulated by �100 times reversibly between the parallel and per-
pendicular orientations. We demonstrate using molecular dynamics
simulations that the switching time from low to high transmission
can be as small as 30 ns (Fig. 1), which is the time required to transi-
tion from the parallel to the perpendicular configuration. Our calcu-
lations further show that the shorter ester linker increases the
tunneling probability compared to the amino linker in the parallel
configuration. Consequently, we find that the amino linker provides
a stronger change in resistance as the system undergoes reorienta-
tion during electromechanical switching.

See the supplementary material for a detailed description of the sim-
ulation methods, partial charge calculations, additional RMSF and DOS
analyses, comparisons across different DNA orientations, close-up views

of the DNA–CNT interface, extended MD simulation results, and the
atomic coordinates used in both charge transport and DFT calculations.
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