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Abstract. The proposed research aims to investigate the structure and lowest excitation properties of GG-
CC and GC-CG (G, guanine; C, cytosine) peptide nucleic acid (PNA) dimers, incorporating different amino
acids such as serine, aspartic acid, and histidine using the density functional theory (DFT) and time-dependent
density functional theory (TDDFT) methods. The structures under consideration have been optimized at the
Becke’s three-parameter hybrid density functional (B3) with correlation function of Lee, Yang and Parr
(LYP)/6-31G* level of theory. The study involves calculating the backbone torsions and backbone-base
linker torsions, correlating them with experimental data. The computed excitation energy for the GG-CC
PNA system is compared with the natural GG-CC DNA system. The lowest excitation properties, such as
excitation energy, wavelength, and oscillator strength, reveal their dependency on both the stacking
arrangement and the molecular environment, irrespective of whether the PNA is modified or unmodified.
Additionally, a highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) analyses were conducted. This study is intended to serve as a foundational tool for understanding the
molecular behaviour of PNAs under light absorption, potentially leading to further exploitation in photo-
related applications.

Keywords. Guanine; cytosine; peptide nucleic acid; excitation; density functional theory; time-dependent

density functional theory.

1. Introduction

DNA nucleobases are highly photostable due to their
ultrafast internal conversion process, which helps in
releasing the absorbed excess energy, and thus pre-
venting photodamage in nucleobases from sunlight.’
Pecourt et al.? in their study have demonstrated that
the substantial energy of about 34,000 cm™ gets
released by the intramolecular vibrations during the
excited state deactivation, as a result of which the
thermal equilibrium state of the nucleobases is main-
tained. The excitation characteristics of DNA mole-
cules explored so far”™ depict a vigorous contribution
of purine and pyrimidine nucleobases to the main
absorption peak around ~ 260 nm, which corresponds
to nn* or wn* band transitions. Quite a lot of studies
on the excitation relaxation pathways to delve into the
intrinsic photophysical and photochemical properties
of nucleic acids have been made.”™® Varsano et al. °
made an in-depth analysis of the optical absorption
spectra of various DNA constructs such as
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nucleobases, base pairs, and stacked assemblies using
time-dependent density functional theory (TDDFT).
Wherein they observed that the change in light
absorption strongly depends on the interaction of
polarized light with bases, base pairs, n-stacks, or even
H-bonds of DNA structures. Sun ef al.'® showed the
role of base stacking in the shift of the light absorption
by studying the lowest excited states of DNA dimers
and tetramers using TDDFT.

In addition to the natural DNA molecules, a basic
understanding of the photophysical and chemical
properties of chemically modified DNA constructs has
also evolved to identify a new range of biomolecules,
which could be fit into optical and biomedicinal
applications. In this row of research, various nucleic
acid analogues such as phosphorothioates, phospho-
ramidates, methylphosphonates, morpholino phos-
phorodiamidate, unlocked nucleic acids (UNA),
locked nucleic acids (LNAs), threose nucleic acid
(TNA), peptide nucleic acids (PNAs)'' and so on are
synthesized to attain enhanced properties over natural
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nucleic acid systems. For instance, Gazit er al.'? have
encountered the fluorescence emission peaks at about
420 to 490 nm in guanine (G) cytosine (C) GC di-PNA
(with N-(2-aminoethyl)-glycine) while studying the
binding properties of PNA with DNA intercalators.
Subsequently, the optoelectronic properties of PNA
assemblies as light-emitting diodes were further
explored by the group'® using the field-effect transis-
tor (FET) device. Furthermore, studies on adopting
substituents like fluorenylmethyloxycarbonyl (Fmoc)
groups and phenylpyrrolocytosine at the backbone of
G-enriched-PNA have been explored by various
groups for fluorescent properties.'*™'® Although PNA
has found its extraordinary biocompatibility for vari-
ous applications, there is still room for the develop-
ment of these chemically modifiable structures.
Nielsen and coworkers'”'®, who designed the origi-
nal PNA, introduced chiral functionalization on PNA
backbone to enhance the hybridization and soluble
properties with DNA/RNA complexes. In the study,
they have shown the discrimination of such chiral
functionalization impact on thermal and soluble prop-
erties of both PNA/DNA and PNA/RNA complexes
relative to their natural counterparts. Subsequently,
there are studies which report that using different amino
acids instead of the glycine moiety at the PNA back-
bone has improved efficacy for in-vivo biological
applications.'®! For instance, Ly et al.*> demonstrated
the effective in-take of arginine modified guanidinium
PNAs by mammalian cells. Studies revealed that using
serine instead of glycine at the PNA backbone showed
greater solubility.> In this line of approach, Shi er al."®
have shown that the inclusion of amino acid residues in
the middle of the PNA chain or at N/C termini affords
the structural and functional versatility towards the
solubility and flexibility of PNA structures. The main
reason for the selection of chiral-based PNAs by vari-
ous groups>*?® is due to their position and stereo-
chemical properties that play a crucial role in provoking
conformational rearrangement to recognize the specific
orientational binding to the target DNA sequences.
Alanine and serine incorporated y-PNAs have been
explored by Danith Ly and coworkers®>*® wherein their
study revealed enhanced hybridization properties of
such PNA systems with high sequence selectivity.
Even though quite a lot of studies on the modified
and unmodified PNA systems describing their
improved properties are available’’ ", a study
detailing the molecular level intricacies of the struc-
ture and photophysical activity of backbone-modified
PNA constructs is almost absent in the literature.
Moreover, an exploration on the excited state
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properties of the PNA constructs with various amino
acid incorporation is of paramount importance to infer
their performance towards photophysical and bio-re-
lated applications. Further, studying insights of the
structural and low-lying electronic transition proper-
ties of PNAs with G-C would be helpful as it plays a
vital role in invading the target nucleotide sequences
to form well-ordered PNA: DNA triplexes.’' Studying
the lowest excited state of GG-CC and GC-CG PNA
with amino acid incorporation helps identify how
molecular modifications influence peak positions and
intensity in absorption/emission spectra. This under-
standing enables experimentalists to distinguish
between fluorescence quenching and spectral shifts,
leading to advancements in biosensors, imaging, and
material science. Considering the biological impor-
tance of the backbone-modified G-containing PNA
nanostructural motifs, the present study aims to
explore the structural and low-lying electronic transi-
tions of GG-CC and GC-CG PNA dimers with and
without modification by applying quantum chemical
techniques. Since the polar amino acids are known to
be used for their chiral and physiochemical properties
in PNA'?%°, the present study utilized each one from
the three kinds (neutral, basic, and acidic) of polar
amino acids, such as serine (SerO), aspartic acid
(Asp)), and histidine (His") for the PNA backbone
modification. The calculated properties, such as exci-
tation energy (eV), wavelength (L), and oscillator
strength (f) will be discussed along with the standard
PNA systems. Moreover, such a study on exploring the
photophysical properties of the backbone modified
PNA dimers at the molecular level is believed to
provide deeper insight into the basic structural units of
their PNA nanostructures, thereby broadening the
perspectives of their contribution in the field of photo-
related applications.

2. Systematic illustration and computational
details

Of all the studies undertaken so far, the most possible
approach which is followed for the modification of
PNA is by (i) extending PNA backbone with either of
the ethyl to propyl linkage, glycine to the P-alanine
linkage, or acetyl to propionyl linkage,> (ii) adding
functional groups at N terminal site of the PNA back-
bone'* and (iii) incorporating amino acids at different
sites of the PNA backbone?® as shown in Figure 1.

To construct GG-CC and GC-CG dimers with
native PNA and modified PNA, a set of GC base pairs
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Figure 1. Schematic illustration of (a) standard PNA and
(b) X-PNA (X = o, f or y) with the possible sites for
modification.

has been stacked at a certain distance and then the
backbone of the peptide chain is linked in the specific
N sites of the guanine and cytosine. The backbone
modifications in GG-CC and GC-CG PNA dimers are
made by utilizing different polar amino acids such as
serine’ (Ser), aspartic acid™ (Asp) and histidine™* (His),
which are positioned at the 7y site as depicted in
X-PNA (Figure 1). A total of eight dimers have been
constructed along with native PNA and labelled as
(GG-CC)g, (GG-CCO)s, (GG-CC),4, (GG-CO)y, (GC-
CG)g, (GC-CG)s, (GC-CQG)p, and (GC-CG)yg
throughout the manuscript. Density functional theory
(DFT) and time-dependent density functional theory
(TDDFT) are popular and efficient methods to study
the quantum chemical properties of the ground and
excited state structures of various biomolecules. The
ground state structures of all eight constructed systems
in the gas phase are executed at the B3LYP/6-31G*
level of theory using DFT, as shown in Figure 2.

The optimized structures are further subjected to the
solution phase (water) based on the integral equation
formalism polarizable continuum model
(IEFPCM)?*3—3° implicit solvation model with the same
level of theory. The backbone torsions such as «’, f8’,
y’, 0, ¢ and w , and the backbone-base linker torsions,
namely y', %% and ’ are calculated for all the modi-
fied PNA structures as shown in Figure 3 and are
compared with the unmodified PNA results.*

As stated earlier, the immediate response low-lying
excited calculations were made for the considered
structures in both gas and solution phases using the
TDDFT. For a better understanding, the molecular
behavioural nature of low-lying excitation, properties
include excitation energy (eV), wavelength (L), and
oscillator strength (f) have been calculated. The
GAUSSIAN 09W program package”’ has been used to
carry out all the calculations mentioned above. In
addition, we conducted a Frontier molecular orbital
analysis (FMOA) to gain insights through the visuals
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of orbital distributions upon backbone modification
using the GAUSSVIEW 5.0 Program package.”®

3. Results and discussion

The structural and low-lying electronic transition state
properties of (GG-CC)g, (GC-CG)g, (GG-CC)s, (GG-
CO)a, (GG-CC)y, (GC-CG)s, (GC-CG)y, and (GC-
CG)y have been studied using the B3LYP/6-31G*
level of theory. The structural tendencies of all con-
sidered systems are analysed through the backbone
(a’, B’, y’, 6, € and w) and backbone-base linker (XI, XZ
and »’) torsions. The low-lying electronic transition
state properties of these systems are examined through
the calculation of excitation energy (eV), wavelength
(M), and oscillator strength (f) for both gas phase and
solution phase. The discussion part involves a com-
parison between standard PNA and backbone modified
PNA systems to better understand the PNA activities
upon modification.

3.1 Structural analysis of PNA dimeric strands

The backbone (o, 3, 7°, J, & and w) and backbone-
base linker (%', ¥ and %) torsion angles for all con-
sidered dimeric strands are measured and reported in
Table 1 alongside the experimental results of PNA
duplexes. The measured backbone and base-linker
torsions for the standard PNA system (GG-CC)g and
(GC-CQG)g are almost consistent with the available
NMR data™, with notable deviations in ” and w by
~111.8° to 112.5° and 149.5° to 155.2°, respectively.

The torsions o’, 7’ and ;{1 for (GG-CC)g and (GC-
CG)g show opposite sign with slight variations about
~0.4°, 13.7° and 5.7° and ~7.2°, 14.8° and 4° when
compared to the experimental results. Such deviations
observed for the obtained PNA dimeric strands from
that of the respective experimental values might be
due to the structural constraints considering short PNA
dimeric strands rather than PNA duplexes. Calculated
torsions a’, f°, 7’, 0, & y', ¥* and y° for all the mod-
ified GG-CC systems are almost comparable with the
standard PNA systems, with slight increment in ® by
about ~17.6° for (GG-CC), and ~12.2° for (GG-
CC)y. The measured torsions for the hetero stacked
systems (GC-CG)g, (GC-CG)s, (GC-CG),4, and (GC-
CG)y indicate that the torsions of (GC-CG)g and (GC-
CG)s are almost similar. However, a slight discrep-
ancies in the torsions y’, J, ¢, XI, XZ and X3 around
~10.8°, 24.6°, 17.4°, 8.7°, 14.7°, 8.9° for (GC-CG)x
and ~11.1°, 36.3°, 13.6°, 6.2°, 29.1°, 22.4° for (GC-
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Figure 2. Optimized structures of PNA dimeric strands obtained at B3LYP/6-31G* level of theory.

Table 1. The backbone torsions o, ﬁ’, y’, d, ¢, w and backbone base-linker torsions Xl, Xz and X3
(°) of all GG-CC and GC-CG PNA dimeric strands obtained at B3LYP/6-31G* level of theory.

PNA
dimeric , i
strands e FE PO SO e 0@ O 2O O
(GG—CC)g 934 -177.8 88.7 —-101.1 -134.3 255 7.7 1614 -105.3
(-93)*  (=66)* (75" (=88)* (-155* (175 (2*  (169)* (-82)
(GG—CC)g 103.2 -177.6 89.5 -98.9 -125 21.7 7.1 1557 -103.5
(GG-CQO)4 95.7 -176.0 85.6 -113.0 -126.8 43.1 7.4 153.2 -101.1
(GG-CO)y 959 177.9 93.0 —-88.9 -129.2 133 -9.0 159.7 -1054
(GC-CG)g 100.2 -178.5 89.8 -98.3 1254 228 —-6.0 153.0 -100.2
(-93)* (-66)* (-75)* (-88)* (-155)* (175)* (2)* (169)* (-82)*
(GC-CQG)g 99.8 —-1799 89.3 -97.3 -127.5 19.8 -6.6 158.5 -101.7
(GC-CQG)4 109.8 166.3 100.6 -73.7 -108.0 0.8 -14.7 1383 -109.1
(GC-CQ)y 100.3 158.6 100.9 -62.0 -111.8 -10.2 -12.2 1239 -122.6

¥The compared NMR data of backbone and base-linker torsions of PNA-PNA helix are taken
from the study of He er al.*
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Figure 3. Scheme for torsion and linker angle definitions:
oit1) = C-N-C-C, p =N-C-C-N, y —CCNC 0= CNC—
C, &) = N-C-C-N, w(l)—CCNC x' = C-N-C-C, »*
N-C-C-Nl1(py) or N9 (pu), X = C-C- Nl(py) or N9 (pu)-
C2(py) or C4 (pu).
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CG)y with aspartic acid and histidine are noted. The
backbone torsion f3* of (GC-CG)4 and (GC-CG)y have
opposite signs, with a decrement value of about
~12.2° and 19.9°, respectively, compared to (GC-
CG)g. Also, it is noticed that the decrement of w for
(GC-CG)y is in the range of ~ 12.6° with the opposite
sign, whereas for (GC-CQG), it is decreased by about
~22°. These fluctuations in torsions might be influ-
enced by the charge of the R groups. The deviations in
the torsions of the considered GG-CC and GC-CG
PNA systems reveal their structural propensities
toward the backbone modification that might be
helpful for new designs of highly ordered PNA
strands.

3.2 Lowest electronic transition state properties

Studies show that understanding the mechanism of the
lowest excitation is pivotal, as it facilitates the
exploration of emission properties.*” In this study,

Table 2. Singlet electronic transition properties of PNA dimeric strands at B3LYP/6-31G* level of theory in gas phase.

PNA dimeric Transition of H-L

Vertical excitation energy

Wavelength  Oscillator strength

strands Transition level (eV) (nm) )
(GG-CO)g S H-1to L 3.34 372 0.0011
(GG-CO)g S, Hto L+1 343 361 0.0012
(GG-CO)g S HtoL 345 359 0
(GG-CCpna)?* G->C; - 4.83 - 0.01
G->C

(GG-CO)g S, H-1to L 3.35 370 0.0007
(GG-CO)g S, HtoL +1 342 362 0.0014
(GG-CO)g Ss3 HtoL 345 360 0
(GG-CO)4 S, Hto L+1 343 362 0.0011
(GG-CO)4 S, H-1to L 343 362 0.0012
(GG-CO)4 Ss3 HtoL 347 357 0.0000
(GG-CO)yy S, H-1to L 3.39 366 0.0008
(GG-CO)y S, HtoL 342 363 0
(GG-CO)yy Ss3 H to L+1 3.46 359 0.0011
(GC-CG)g S, H-1to L 347 357 0.0006
(GC-CG)g S, HtoL 3.55 350 0
(GC-CG)g Ss3 Hto L+1 3.61 344 0.0010
(GC-CG)s S, HtoL 3.46 358 0.0006
(GC-CG)g S, H-1to L+1 3.59 345 0.0010
(GC-CG)g Ss3 H-1to L 3.61 343 0
(GC-CG)4 S, H-1to L 3.50 355 0.0006
(GC-CG)45 S, HtoL 3.52 352 0
(GC-CG)A Ss3 Hto L+1 3.63 341 0.0010
(GC-CG)y S, HtoL 3.46 359 0
(GC-CG)y S, H-1to L 3.53 351 0.0008
(GC-CG)y Ss3 Hto L+1 3.67 338 0.0010

“The mentioned excitation energy (average value) and oscillator strength have been calculated by Sun ez al.'® for DNA

dimers using ®B97X-D/6-314-G (d, p) level of theory.
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Table 3. Singlet electronic transition state properties of PNA dimeric strands at B3LYP/6-31G* level of theory in solution

phase.

PNA dimeric Transition of H to Vertical excitation energy ~ Wavelength  Oscillator strength
strands Transition L level V) (nm) ®
(GG-CC)g S HtoL 4.10 302 0.0027
(GG-CC)g S, H-1 to L+1 4.17 298 0.0031
(GG-CO)g S; H to L+1 4.29 289 0
(GG-CC)s S HtoL 4.11 302 0.0019
(GG-CCO)s S, H-1 to L+1 4.17 297 0.0033
(GG-CO)g S; Hto L+1 4.31 288 0
(GG-CC)a Sy HtoL 4.11 301 0.0027
(GG-CC) S, H-1 to L+1 4.17 297 0.0032
(GG-CC) S; H to L+1 4.31 287 0
(GG-CC)y Sy HtoL 4.10 302 0.0021
(GG-CC)y S, H-1 to L+1 4.15 299 0.0029
(GG-CC)y S; H to L+1 4.30 288 0
(GC-CG)g Sy H to L+1 4.09 303 0.0016
(GC-CG)g S, H-1to L 4.16 298 0.0027
(GC-CG)g S; HtoL 4.23 293 0.0003
(GC-CG)s Sy H to L+1 4.08 304 0.0016
(GC-CG)s S, H-1to L 4.17 298 0.0026
(GC-CG)s S; HtoL 4.22 294 0.0003
(GC-CG)a Sy HtoL 4.11 302 0.0016
(GC-CG)p S, H-1 to L+1 4.16 298 0.0025
(GC-CG)p S; H to L+1 4.26 291 0.0005
(GC-CG)y Sy H-1toL 4.13 300 0.0021
(GC-CG)y S, H to L+1 4.16 298 0.0025
(GC-CG)y S; HtoL 4.23 293 0

low-lying electronic transitions such as HOMO-1 to
LUMO, HOMO to LUMO+1 and HOMO to LUMO
were computed for (GG-CC)g, (GC-CG)g, (GG-CCO)s,
(GG-CCO),, (GG-CO)y, (GC-CG)s, (GC-CG),y, and
(GC-CG)y. These computations employed the
B3LYP/6-31G* level of theory in both gas phase and
solution phases, with results presented in Tables 2 and
3, respectively. The electronic transition states iden-
tified for all the considered systems fall within the UV
spectrum. Specifically, the S; transition for (GG-CC)g,
and (GC-CG)g occurs near 372 nm (3.34 eV) and 357
nm (3.47 eV), respectively. Moreover, the wave-
lengths (A) for the S, and Sj; transitions of the (GG-
CC)g system are found near 361 nm (3.43 eV) and 359
nm (3.45 eV). For (GC-CG)g, the A for S, and S;
transitions fall around 350 nm (3.55 eV) and 344 nm
(3.61 eV). Upon examining the oscillator strength for
Si, S, and S; transitions, it is observed that the S,
transition of (GG-CC)g exhibits the maximum
absorption with an oscillator strength of ~ 0.0012 f.
In contrast, the S5 transition for (GC-CG)g shows a
maximum absorption of about 0.0010 f. The excitation
energy at the maximum absorption for the S, transition

in (GG-CC)g is underestimated by roughly ~1.4 eV
compared to natural GG-CCpynp Systems. Similar
trends are observed in systems containing Ser and Asp,
where the S, transition for (GG-CC)g occurs at 362 nm
with an excitation energy of 3.42 eV, and for (GG-
CC)a 362 nm (3.43 eV) The excitation energy for
systems such as (GC-CG) with Ser, Asp, and His
increases by ~0.07 eV to 0.21 eV compared to that of
GG-CC systems. Concurrently, the A of such systems
also decreases by about ~ 15 nm to 25 nm relative to
GG-CC systems.

When examining the S, S,, and S5 transitions in the
solution phase, it is noted that the A values range from
~287 nm (4.09 eV) to 304 nm (4.30 eV), which is blue
shifted by about ~70 nm to 74 nm from that of the gas
phase systems. Maximum absorption in the solution
phase is observed for (GG-CC)g and (GC-CG)g with
excitation energies of 4.17 eV (0.0033 f) and 4.16 eV
(0.0027 f). The oscillator strength of the considered
systems in the solution phase is quite higher of about
~0.0010 f and 0.0019 f than the gas phase systems.
The quantum changes of excited state properties in both
phases underscore the significance of studying the role
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Figure 4. Visual plots of HOMO, LUMO, HOMO-1 and LUMO+1 for GG-CC PNA dimers in gas phase obtained at

B3LYP/6-31G* level of theory.

of base stacking towards the photo-related applications.
Further, there are studies that are available, which
affirm the critical role of base stacking in energy dis-
sipation and the lifetime of excited state.'®*' Thus the
modifications of the bases in this study demonstrate that

the calculated electronic transition state properties vary
in accordance with base stacking configurations. Con-
sequently, we conclude that both the base stacking
configuration and the molecular environment signifi-
cantly impacts excited state properties.
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Figure 5. Visual plots of HOMO, LUMO, HOMO-1 and LUMO+1 for GC-CG PNA dimers in gas phase obtained at

B3LYP/6-31G* level of theory.
3.3 Orbital distributions in PNA dimeric strands

Typically, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) are examined to determine the donor and
acceptor sites in molecular systems.** In addition, the

HOMO-1 and LUMO+1 have also been used to
understand their contribution in higher excited-state
transitions, as it is crucial for charge transfer excita-
tions. While HOMO and LUMO define the primary
excitation, these additional orbitals extends the
understanding of optical and electronic behaviour,
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Figure 6. Visual plots of HOMO, LUMO, HOMO-1 and LUMO-+1 for GG-CC PNA dimers in solution phase obtained at

B3LYP/6-31G* level of theory.

making them essential in computational studies. We
have presented in Figures 4, 5, 6 and 7, the orbital
plots ranging from HOMO-1 to LUMO (H-1 to L),
HOMO to LUMO+1 (H to L+1), and HOMO to
LUMO (H to L) for the electronic transitions S;, S»,
and S;3 observed in both gas and solution phases. To
enhance the understanding of the orbital localization,

the nucleobases in the stacking arrangements are
labelled as G, G,, Cy, and C,, as indicated in Figure 4.
The charge densities of the HOMO and HOMO-1 in
all studied systems (GG-CC)g, (GG-CC)s, (GG-CC)4,
(GG-CO)y, (GC-CG)g, (GC-CG)s, (GC-CG)p, and
(GC-CG)y are primarily located at the purine sites of
G, and G,. Conversely, the LUMO and LUMO+-1 are
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Figure 7. Visual plots of HOMO, LUMO, HOMO-1 and LUMO+-1 for GC-CG PNA dimers in solution phase obtained at

B3LYP/6-31G* level of theory.

predominantly situated at the pyrimidine sites of C,
and C,. The HOMO is localized at G;, and the
LUMO+1 is localized at C; in the (GG-CC)g, (GG-
CC)s, and (GG-CC)y systems, which contributes to
the maximum absorption with values of 0.0012 f,
0.0014, and 0.0010 for these systems. A similar tran-
sition in GG-CC systems containing Asp occurred

between HOMO-1 and LUMO, which are located at
G; and C,, respectively. However, the transition state
differed for the (GC-CG)g, (GC-CG)4 and (GC-CG)y
with that of the (GC-CG)g, where the transitions from
HOMO-1 to LUMO+1 for the (GC-CG)g and from
HOMO to LUMO+1 for the remaining systems also
localized at their respective sites of G; and C;.



J. Chem. Sci. (2025) 137:76

In the Gly containing GG-CC PNA, it is observed
that the HOMO and HOMO-1 are confined at the
purine site whereas for the LUMO and LUMO+1, the
orbitals are slightly extended towards the peptide
chain in the gas phase. The Ser, Asp and His con-
taining GG-CC PNA system also follow the same
trend in the orbital localization. This revealed the
peptide backbone involvement in the electronic tran-
sition of both LUMO and LUMO+1 in the gas phase.
The HOMO-1 of Gly, Ser, Asp and His containing
GC-CG system, found to have a pearl like an electron
orbital distribution over the oxygen in the amide bond
(linker of peptide chain) signifies the role of peptide
backbone in the charger transfer mechanisms. In the
solution phase, the HOMO-1 is present at G; and the
LUMO+1 at C; for the (GG-CC)g, (GG-CC),, and
(GG-CC)y systems with the slight extension of the
LUMO and LUMO+1 at the peptide backbone. For
the (GG-CC)g system, HOMO and HOMO-1 is
localized at G;, whereas the LUMO and LUMO+1 is
present over both pyrimidines (C; and C,) with the
slight extension of the orbitals towards the peptide
backbone. The same analysis for GC-CG PNA systems
in solution phase reveals that the HOMO and HOMO-
1 of Gly and Ser containing systems are located at G,
and G, respectively and the LUMO and LUMO+1 are
at C; and C; is slightly extended towards the peptide
backbone. In the case of (GC-CG),, the HOMO-1 and
LUMO orbital distributions are present at G; and C,
respectively. In the (GC-CG)y system, the HOMOs
are present at G, site, and the LUMO+1 is at C,, with
slight extension of orbitals towards the peptide
backbone.

4. Conclusion

In this study, we investigated the ground state structure
and properties of low-lying excited states of various
PNA dimers, including (GG-CC)g, (GG-CC)s, (GG-
CC)a, (GG-CCO)y, (GC-CG)g, (GC-CQG)s, (GC-CQG)4,
and (GC-CG)y, both in gas and solution phases using
the B3LYP/6-31G* level of theory. The analysis
focussed on the backbone (o, f5, 7, d, ¢, and w) and the
backbone base-linker (%', %, and %*) torsions. It was
noted that the deviations were significantly greater in
the GC-CG PNA systems as compared to the GG-CC
PNA systems. Additionally, the lowest excitation
analysis indicated that the maximum absorption in the
gas phase occurs at 362 nm with an oscillator strength
of 0.0014 f for (GG-CC)g and 345 nm with 0.0010 f
for (GC-CQG)s. In contrast, in the solution phase, the
maximum absorption for (GG-CC)s and (GC-CG)g
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was at ~297 nm with 0.0033 f and 298 nm with
0.0027 f, respectively. These findings suggest that the
wavelength experiences a blue shift when the systems
are in a solution environment. Moreover, the oscillator
strengths for the GG-CC systems are slightly higher,
~0.0001 f to 0.0002 f in the gas phase and ~0.0006 f
to 0.0016 f in the solution phase, compared to those of
the GC-CG systems. The HOMO-LUMO orbital dis-
tribution plots provided insights into the exact loca-
tions of electron/hole transitions across all the systems
studied. In addition, the HOMO-1 and LUMO+-1 were
also executed. From the extension on the orbital dis-
tributions of the LUMO, LUMO+1 and HOMO-1
indicates that the peptide backbone may involve
electronic transitions through electronic interaction
between the backbone and nucleobases. This results
suggest that the modification in the GG-CC and GC-
CG PNA backbone have good impact on the electronic
transitions further emphasize the role towards the
biosensing and optoelectronic applications. Overall,
our results conclude that the base stacking configura-
tion significantly influences the structure and excita-
tion properties of the PNA dimeric strands.
Furthermore, understanding the impact of the molec-
ular environment on these properties opens new ave-
nues for applications in photo-related technologies.
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