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A DFT study on the adsorption of nucleobases with Au20
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Abstract
The interactions of nucleobase with Au20 cluster were studied utilizing density functional theory (DFT). We find that the
nucleobases were attached with Au20 through Au–N or Au–O bonds. The orders of calculated adsorption energy are cytosine
> adenine > guanine > thymine. The maximum adsorption energy is − 0.787 eV which belongs to the adsorption of cytosine on
Au20 cluster. Our calculations show that the HOMO-LUMO gaps of Au20 are significantly decreased by the nucleobase
adsorption, suggesting the potential detection for nucleobases. The interactions between Au20 and nucleobases are revealed
through the QTAIM analysis. The NBO analysis was investigated for the electron transfer of donor-acceptor of all types of
complexes. The IR and UV-vis spectra were simulated for the further identification in the experiment.

Keywords Au20 cluster . Nucleobase . Adsorption . DFT . QTAIM

Introduction

The nucleobases play the most important role in the formation
of biological systems and sever as the cornerstone of DNA
and RNA. Therefore, how to use the interaction with the sur-
face of the nucleobases to sequence DNA molecules is con-
sidered in the development of biological technologies [1].
DNA sequence detection is of great value in the diagnosis of
genetic diseases, military counter-terrorism, and environmen-
tal monitoring. In recent years, electrochemical DNA biosen-
sor has become a very active research field for DNA sequence
detection due to its characteristics of sensitivity, capacity, low
cost, and low energy consumption [2]. Many of these studies
have been based on the interaction between DNA/RNA and
carbon nanotubes instead of noble metal [3–5].

In the last decade, the scale of the human application of gold
has becomemore elaborate. At the scale of clusters, gold clusters
exhibit many special physical and chemical properties [6–8]. Of
the dozens of clusters, Au20 is a unique molecular cluster with a
Td symmetry pyramid structure [9]. The magic configuration

which makes all atoms is on the surface of the cluster; that is to
say, there are three types of adsorption sites. Hence, the ligand-
protected Au20 has attracted interest in coordination chemistry
[10, 11]. The Au20 possesses excellent stability and chemical
inertness due to its large HOMO/LUMO gap which is greater
thanC60 [12]. It has important applicationswith hypotonicity and
high quantum yield in vivo, for instance, applying in cancer
detection, drug delivery, cell labeling, biosensor, and cell trans-
fection [13–17]. It is found that Au20 is easily covalently bound
to S atom; this demonstrates that Au20 can specifically bind to
other adaptive amino acids by binding to cysteine as a mediator.
Therefore, Au20 is a very promising candidate as a fluorescent
probe and biosensor.

In this study, we have studied the interaction of
nucleobases, adenine (A), cytosine (C), guanine (G), and thy-
mine (T) on the Au20 cluster by using density functional the-
ory (DFT). The adsorption energies, HOMO-LUMO gaps,
and the electron transfers were calculated. Quantum theory
of atoms in molecules (QTAIM) and natural bond orbital
(NBO) were used to reveal the interaction characteristics.
This research may provide new insights into gold nanoclusters
as biosensors.

Computational details

All of our quantum chemical calculations were performed
with the Gaussian 09 [18] in the framework of the generalized
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gradient approximation (GGA) with PBEPBE functional [19,
20]. The valence electrons of nucleobases and Au20 are de-
scribed with the 6-311++G (d, p) and LANL2DZ basis sets,
respectively. We defined adsorption energy (Ead) of com-
plexes in the usual way as follows:

Ead ¼ Ecomplex A;B;C;Dð Þ−Eisolate Au20ð Þ−Enucleobase A;C;G;Tð Þ ð1Þ

where the Ecomplex, Eisolate, and Enucleobase are the energies of
the Au20/nucleobase complexes, the isolated cluster, and
nucleobases, respectively. Furthermore, the energy gap Eg is

Fig. 1 Geometrical parameters of
Au20 and its calculated density of
state (DOS) plot; distances are in
Å

Fig. 2 The energetically
favorable configurations of Au20/
nucleobase complexes
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defined as follows:

Eg ¼ ELUMO−EHOMO ð2Þ

In this equation, EHOMO is the energy of the highest occupied
molecular orbital (HOMO) and ELUMO is the energy of the
lowest unoccupied molecular orbital (LUMO). The change of
energy gap (ΔEg) is an important parameter whenwe estimate
the properties of the sensor: ΔEg is defined by:

ΔEg ¼
Ecomplex−Eisolate

�
�

�
�

Eisolate
� 100% ð3Þ

QTAIM is one of the most powerful tools in modern theo-
retical chemistry [21]. The QTAIM provides a compact ap-
proach to cross advanced quantum chemistry and experimen-
tal approach [21–23], and unravels the interactions of mole-
cules with the help of parameters, e.g., electron density ρ (r),
Laplacian of electron density ∇2ρ (r), kinetic energy density
(G), and the potential energy density (V). QTAIM parameters
were obtained by using Multiwfn package [24]. In this study,
natural bond orbital (NBO) analysis implemented in Gaussian
09 was also performed to reveal the interactions.

Results and discussion

Adsorption of nucleobases on Au20 cluster

The Au20 cluster is found to possess a pyramid structure
which is a fragment of the face-centered cubic lattice of bulk
gold. Three types of atoms corresponding to different coordi-
nation numbers are identified as A, B, and C shown in Fig. 1.
The bond lengths of equilibrium geometries for the tetrahedral
Au20 cluster in our calculations are 2.86, 2.71, 2.76, 3.00, and
3.09 Å, respectively. The equilibrium bond lengths are very
close to the results of Himadri De et al. [25].

The optimized structures of Au20 with adenine (com-
plex A) are shown in Fig. 2. The atom N31 is found to be

Table 1 HOMO energies (EHOMO), LUMO energies (ELUMO), HOMO-
LUMO energy gap (Eg), adsorption energy (Ead) with basis set
superposition errors, adsorption energy in aqueous solution E(S)ad, and
the gap change (ΔEg)

complex EHOMO ELUMO Eg Ead E (S)ad ΔEg (%)

Au20 −5.842 −3.953 1.889 –

A −5.361 −3.717 1.644 −0.690 −0.472 12.97

B −5.212 −3.564 1.648 −0.787 −0.530 12.81

C −5.045 −3.370 1.675 −0.688 −0.390 11.33

D −5.658 −3.902 1.756 −0.328 −0.254 7.00

(A, B, C, and D are Au20/adenine, Au20/cytosine, Au20/guanine, and
Au20/thymine, respectively)

Fig. 3 The total density of states (DOS) and partial DOS of nucleobase in different complexes, Au20/adenine (A), Au20/cytosine (B), Au20/guanine (C),
and Au20/thymine (D)
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more preferable than the N29 to be adsorbed on the top
site of Au20 corresponding to the Au–N bond length of
2.24 Å. Similarly, the atom N in cytosine tends to bond
with Au atom in Au20/cytosine (complex B) and Au20-
guanine (complex C); the distances of Au–N bonds are
2.25 Å in complex B and 2.24 Å in complex C, respec-
tively. On the other hand, the O atom in thymine is bond-
ed to Au atom in the complex D (Au20 with thymine)
which corresponds to Au–O bond of 2.41 Å. The adsorp-
tion energies of the studied complexes were evaluated
with basis set superposition error (BSSE) consideration.

As shown in Table 1, the orders of calculated adsorption
energy are Au20/cytosine (B) (− 0.787 eV) > Au20/adenine
(A) (− 0.690 eV) > Au20/guanine (C) (− 0.688 eV) >
Au20/thymine (D) (− 0.328 eV). The maximum adsorption
energy is − 0.787 eV which belongs to the adsorption of
cytosine. When considering the solvent effect, the adsorp-
tion energy decreased significantly in aqueous phase, but
the adsorption strength order remains the same as that in
the gas phase. From Table 1, one can find that the
HOMO-LUMO gaps of Au20 were decreased upon the
adsorption of nucleobases. The order of HOMO-LUMO

Table 2 Topological parameters
(in atomic units) for the optimized
complexes

complex interaction ρ ∇2ρ G(r) V(r) -V(r)/
G(r)

H(r)

A Au….N 0.078 0.280 0.086 − 0.103 1.198 − 0.017
B Au….N 0.077 0.272 0.084 − 0.101 1.202 − 0.017
C Au….N 0.077 0.285 0.087 − 0.103 1.184 − 0.016
D Au….O 0.048 0.191 0.052 − 0.057 0.912 − 0.005

Fig. 4 The molecular graph of
Au20/nucleobase complexes (A,
B, C, and D are Au20/adenine,
Au20/cytosine, Au20/guanine, and
Au20/thymine, respectively). Blue
spheres are bond critical points
(purple, red and green spheres are
nuclear attractor critical points,
ring critical points, and cage
critical points, respectively
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gap is D (1.756 eV) > C (1.676 eV) > B (1.648 eV) > A
(1.644 eV). By comparing with free Au20 cluster, the de-
creases in energy gaps (ΔEg) were more than 10% for
complexes, A, B, and C, suggesting the significant influ-
ence of nucleobases adsorption on electronic structure of
Au20. The total density of states (DOS) of the studied
complexes and the partial DOS of adsorbed nucleobase
are depicted in Fig. 3. It is found that the DOS plots are
significantly affected by the adsorption of nucleobase be-
cause the adsorbed nucleobases have a certain contribu-
tion to the total DOS near the HOMO/LUMO energy lev-
el. These results indicate that the electric conductivity of
Au20 cluster is sensitive for the nucleobase.

Interaction characteristics

QTAIM theory provides a simple and efficient way to divide
any system into fragments for ascertaining and visualizing the
interaction of complexes. The molecular graphs of all studied
complexes are illustrated in Fig. 4, and the topological param-
eters were listed in Table 2. All complexes have a positive ∇2ρ
value, suggesting the closed-shell characteristics. However,
we also note that H(r) values are negative, which indicates
that their interactions show partial covalent [26]. According
to Bader’s theory, the property of natural interactions of the
states showed as follows: when |V| < G, the property of bond
is electrostatic; when |V| > G, the property of bond is covalent;
and when G < |V| < 2G, the property of bond is partially co-
valent [27]. The -V/G values are 1.198, 1.202, and 1.184 for
complexes A, B, and C, respectively, confirming the partial
covalent character of these Au–N bonds in these complexes.
On the other hand, the Au–O bond in complexes D shows

electrostatic characteristic with a -V/G value (0.912) lower
than 1. Moreover, electron density ρ also reflects the strength
of the interaction, Au–O bond in complex D corresponds to a
lower ρ value (0.048) relative to those of Au–N bonds in other
complexes (either 0.077 or 0.078) as shown in Table 2.
Therefore, the interaction between Au and O in complex D
is weaker than Au–N bond in other complexes, which is in
agreement with the results of adsorption energy.

NBO analysis is a high accuracy method for quantitative
estimation of donor-acceptor interactions between complexes.
As shown in Table 3, the Mayer bond order values of Au–N
bonds in complexes A, B, and C are in the range of 0.669–
0.876, suggesting a single-bond character. The Au–O bond in
complexes D is weaker than the Au–N bonds revealed by the
lower bond order (0.436). The natural population analysis
(NPA) charges of the bonding atoms are shown in Table 3.
As expected, due to the huge electronegativity of the N (O)
atom in nucleobases, the charge transfers have occurred from
Au20 to nucleobases. We also note that the charge transfers
fromAu atom to N atom in complexes A, B, and C are slightly
larger than that from Au atom to O atom in complex D, again
confirming the stronger interaction between Au and N relative
to Au–O interaction. The second-order perturbation energy
(E2) of donor-acceptor interactions is provided in Table 4.
The electrons were transferred from the lone pair of the bond-
ing Au atom LP (Au) to the double center anti-bonding orbital
of C–N in the A, B, and C complexes with E2 values in the
range of 2.49–2.99 Kcal/mol. The E2 value relevant to Au–O
interaction in complex D (Au20/thymine) is 1.41 Kcal/mol,
which is significantly lower than other complexes; this indi-
cates the weak interaction between Au20 and thymine.

IR spectra

The infrared spectra were simulated through frequency calcu-
lations. Figure 5 shows the IR spectra of the studied com-
plexes at a full range of frequencies, and normal modes of
the prominent IR active peaks in Fig. 5 are shown in Fig.S1.
It can be seen that all absorption peaks are concentrated in two
frequency bands, which are around 1630 cm−1 and 3350 cm−1,
respectively. These two features were also identified in
Zwitterion L-cysteine (Z-cys) adsorbed Au20 cluster [28]. In
the previous report, the frequency of NH2 scissors mode has
been confirmed as 1607 cm−1, and the C=O stretching mode
and N–H stretching mode are located at 1628 cm−1 and
3026 cm−1, respectively. For complex A, the adsorption peak
at 1629 cm−1 is mainly from the NH2 scissors mode, and
adsorption peak at 3365 cm−1 from the N–H stretching. It is
obvious that the N–H stretching frequency in complex A is
about 300 cm−1 higher than that in Z-cys/Au20 species. The
complex B shows the predominant absorption peak at
3354 cm−1 corresponding to the N–H stretching instead of
around 1630 cm−1. The C=O stretching vibration at

Table 4 Most important acceptor-donor second-order perturbation
energies (E2) for the interaction of Au20 with nucleobases

Complex Donor Acceptor E2 (Kcal/mol)

A LP (Au) BD*(C–N) 2.94

B LP (Au) BD*(C–N) 2.49

C LP (Au) BD*(C–N) 2.99

D LP (Au) BD*(C–O) 1.41

(LP lone pair, BD double center bond)

Table 3 NPA atomic charges (au) for complexes andMayer bond order

Complex Charge Au Charge N Charge O Mayer

A 0.121 − 0.606 – 0.876

B 0.142 − 0.659 – 0.669 –

C 0.133 − 0.542 – 0.842 –

D 0.072 – − 0.653 0.436
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1630 cm−1 in complex B is very close to that in Z-cys/Au20
complex (1628 cm−1). The maximum IR peak of compounds
C and D is also near 1630 cm−1. For complex C, the NH2

scissors mode is dominant, and for complex D, it is C=O
stretching vibration. For the second absorption peak around
3350 cm−1, it is from the symmetric stretching vibration of N–
H in the NH2 group in complex C, and from the N–H
stretching in complex D. Through analyzing the fingerprint
region of the spectrum, we found that the vibrations relevant
to the metal atoms in Au20 cluster only appear in the low
frequency regions lower than 200 cm−1 in the infrared
spectrum.

UV-vis spectra

UV-vis spectra of the studied complexes have been obtained with
time-dependent density-functional theory (TDDFT) calculations
at PBE level of theory with 60 states considered. The simulated
UV-vis spectra of free Au20 and complexes were shown in Fig.
S2 and Fig.6, respectively. As shown in Fig. S2, two appearance
peaks at 478 nm and 607 nm (see Table 5) emerged in UV-vis
spectra of free Au20 cluster.We canmake a preliminary judgment
of transition orbitals through the isosurface change of different
orbitals. One can see from Fig. S3 that both peaks in UV-vis
spectra of Au20 are regarded as the transition from Au(d)→Au

Fig. 5 Simulated IR spectra for (A) complex A, (B) complex B, (C) complex C, (D) complex D

Table 5 Excitation, wavelengths
λ (nm), oscillator strengths f,
maximum transitions, and
excitation coefficients (%) for free
Au20 cluster and complexes

Complex Excitation λ f Maximum transition Excitation coefficients

Au20 S0→ S57 478 0.017 H→ L + 9 23.6

S0→ S14 607 0.026 H-3→ L + 1 41.3

A S0→ S53 484 0.043 H-9→ L + 1 32.9

S0→ S12 613 0.017 H-4→ L 34.3

B S0→ S59 484 0.013 H-9→ L + 1 36.9

S0→ S10 633 0.015 H-3→ L 29.6

C S0→ S56 483 0.042 H-9→ L + 1 46.7

S0→ S9 631 0.014 H-3→ L + 1 35.4

D S0→ S55 485 0.030 H-9→ L 25.7

S0→ S9 626 0.014 H-3→ L + 1 27.4
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(s). As shown in Fig. 6, there are also two dominating peaks in the
UV-vis spectra of the studied complexes. We also note that the
peaks of complexes show a certain amount of redshift compared
to free Au20 cluster due to the adsorption of nucleobases. As
shown in Table 5, the predominant peak at 484 nm in complex
A (see Fig. 6) is identified as the transition from the H-9 to L + 1
orbitals, and the second peak at 613 nm is fromH-4 to L. The first
peak transition is from Au (p)→Au (d), and the second peak
transition is from Au (p)→Au (s). For complex B, the dominant
transition is from H-9 to L + 1 for the peak at 484 nm, the dom-
inant transition for the second peak at 633 nm is from orbital H-3
to L, and the transition types of these peaks are Au (s)→Au (p)
and Au (d)→Au (p), respectively. Complex C show dominating
peaks at 483 nmand 631nm, respectively, and the transition types
are both Au (d)→Au (p). The peak at 485 nm for complex D is
from orbital H-9 to L, corresponding to Au (d)→Au (p) transi-
tion, and the other obvious peak at 626 nm is from orbital H-3 to
L + 1. On the whole, the main peaks in the UV-vis spectra of
studied complexes are mainly attributed from the metal-to-metal
charge transfers.

Conclusions

In our research, the adsorption of nucleobases on Au20
cluster was investigated by density functional theory.

We find that the gold atoms are more tend to interact with
the nitrogen atom in the base group than with the oxygen
atom. The orders of adsorption strength are Au20/cytosine
(B) (− 0.787 eV) > Au20/adenine (A) (− 0.690 eV) > Au20/
guanine (C) (− 0.688 eV) > Au20/thymine (D) (−
0.328 eV). Upon the adsorption of nucleobases, the ener-
gy gaps of Au20 were significantly decreased relative to
the isolated one. The results of QTAIM indicated the Au20
bonds to adenine, cytosine, guanine with partial covalent
interaction; the interaction between Au20 and thymine was
main electrostatic nature. NBO analysis indicated that the
electrons were transferred from the lone pair of the Au
atom to the anti-bonding orbital of the C–N or C–-O.
The considerable charge transfers from Au20 to
nucleobases account for the strong interaction. In summa-
ry, the moderate adsorption energies, considerable charge
transfer, and significant energy gap changes indicate that
the Au20 cluster is feasible as a promising sensor for
nucleobases. Moreover, we simulated the IR and UV-vis
spectrum to provide a theoretical reference for further
experiment.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00894-020-04618-8.
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Fig. 6 Simulated UV-vis spectra for (A) complex A, (B) complex B, (C) complex C, (D) complex D
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