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q Nanoparticles (NPs) functionalized with photoactive molecules:

Noble metal 
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q Photochemical functions within the molecules can 
be combined and interact with the metallic part 
properties: enhanced or emerging properties.

q Potential photoinduced electron/ energy transfer
between the NP/molecules.



q Nanoparticles (NPs) functionalized with photoactive molecules:

Noble metal 
NP (Au, Ag)

q NP properties are size and 
shape-dependent (molecular 
to metallic/plasmonic)

Au102(SH)44
(2 nm)

Au25(SH)18
(1 nm)

Au30211 (10 nm)

e

hv
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Gold Nanoclusters (GNC)

Scientific context

q Photochemical functions within the molecules can 
be combined and interact with the metallic part 
properties: enhanced or emerging properties.

q Potential photoinduced electron/ energy transfer
between the NP/molecules.



J. Phys. Chem Lett., 2010, 1, 1497-1503.

Nanoscale, 2012, 4, 4263-4268.

J. Phys. Chem C, 2014, 118, 4444-4453.

¨ Some experimental examples of functionalized GNC:

q Nanoclusters as the smallest functionalized NPs:

6

Scientific context

r 2010 American Chemical Society 1498 DOI: 10.1021/jz100395p |J. Phys. Chem. Lett. 2010, 1, 1497–1503
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Shown in Figure 1A are the optical absorption spectra of
PySH, Au25(C6S)18, and Au25(C6S)17PyS. As seen in the figure,
the optical properties of Au25 clusters and PySH are unaltered
in the hybrid PyS-Au25 cluster system. This suggests that
pyrene and Au25 do not have strong ground-state interactions
that can alter the absorption spectrum of either pyrene or
Au25. Interestingly, the fluorescence of PySH is quenched
dramatically in the PyS-Au25 hybrid, indicating stronger
excited-state interactions (Figure 1B). The fluorescence quan-
tum yield of PySH was determined to be 0.54, and this
decreased to 0.008 in the hybrid system, indicating strong
electronic interactions which can be due to either electron- or
energy-transfer processes. Care has been taken while mea-
suring the fluorescence quantum yield of Au25(C6S)17PyS,
where the absorption by gold clusters is factored into the
calculation and the error bars for measured quantum yields
are about 15%.

Square wave voltammetry of Au25(C6S)18 and Au25-
(C6S)17PySwas carried out to determinewhether the addition
of the dyemolecule alters the redox behavior of Au25 clusters.
As seen in Figure 2, the oxidation potentials of the Au25
clusters are substantially shifted to more positive values; for
example, the first oxidation potential (ox1) of the Au25 cluster
is shifted from-0.71 to-0.48 V (versus Fc/Fcþ)when PyS is
attached. The reduction peak of Au25(C6S)17PyS at<-2.30 V
is attributed to pyrene and is consistent with the reduction
potential (-2.54V)ofpyrene reportedearlier.41 The reduction
peak of Au25 at -2.36 V is not well-resolved for Au25-
(C6S)17PyS due to the overlap with the reduction peak of
pyrene. The changes in oxidation potentials of Au25 can be
understood by the electronic polarization effects induced by
the interaction between Au25 and pyrene. When pyrene is
attached to the Au25 cluster, the charge redistribution occurs,
resulting in a change in the redox potential of Au25. In a
voltammetric study on ligand-exchanged gold clusters,5 Guo
and Murray reported that electron-withdrawing substituent
groups on the ligand induced substantial changes in the
HOMO, making the oxidation process of Au25 more difficult.5

In the present Au25(C6S)17PyS clusters, the charge transfer
between Au25 and pyrene shows similar behavior, making it
difficult to oxidize the Au25 cluster when pyrene is attached.
Thus, the present changes in oxidation potentials reflect
interesting electronic interactions between Au25 and pyrene,

demonstrating the directional electron flow from the Au25
cluster to pyrene. The thermodyanmic feasibility of different
electron-transfer pathways is discussed later in the paper.
While there are substantial changes found in the oxidation
potentials of Au25, the absorption spectra in Figure 1A show
essentially no change in the absorbance above 400 nmwhen
pyrene is attached. This reflects the fact that the optical
transitions in Au25 are rather insensitive to the ligand ex-
change process occurring in the exterior -S-Au-S-Au-S-
semiring. In a correlation study of the Au25 structure and its
optical absorption by density functional theory calculations,8

it was found that the absorption at 670 nm is viewed as the
HOMO-LUMO transition and is due entirely to the Au13 core.
Thus, one would expect very different optical and electro-
chemical responses to the exchanged pyrene and ensuing
charge-transfer process occurring in the exterior semiring.

To probe the mechanism behind the excited-state deacti-
vation pathways when pyrene is attached to Au25 clusters,
ultrafast dynamics investigations were carried out with fluor-
escence upconversion and transient absorption. Comparative
fluorescence measurements were carried out for PySH and
Au25(C6S)17PyS dissolved in dichloromethane (DCM). The
corresponding emission decay traces are shown in Figure 3.
It can be observed here that PySH decays with an ultrafast
decay component (75%) with a lifetime of 420 fs, which is
ascribed to internal conversion from S2f S1 and consequen-
tial thermalization (details of the fluorescence dynamics at

Figure 1. (A) Absorbance and (B) emission spectra of pyrene and pyrene-labeled Au25 clusters.

Figure 2. Square wave voltammograms of 0.5 mM Au25(C6S)18
and 0.2 mM Au25(C6S)17PyS in 0.1 M Bu4NClO4 in CH2Cl2.
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q Modeling photoinduced properties in nanosized systems:

q These objects encompass hundreds of atoms and too many
electrons for most of the quantum methods.

q In order to model the photoinduced process, we need to
explore the excited-states behavior, and their evolution
during time.

q We need a fast and cheap quantum method.

Theoretical chemistry in large systems

Part II  Chapter VI 

 252 

 
Scheme 1 – Graph showing the type of methods that can be used depending on the size of the 

system and the time scale. Adapted from reference 1. 

 

The semi-empirical quantum approaches (SE) are located between the ab initio and FF 

methods in this theoretical landscape (green in Scheme 1). They can be up to three orders of 

magnitude faster than DFT but remain more demanding than FF. Historically, they usually 

contain a smaller number of element-specific parameters than in FF frameworks. Generally, 

these parameters are also more transferable, as they are less dependent on the chemical nature 

of the systems. The major advantage of SE methods is that they can tackle almost all quantum 

effects described by DFT, HF or post-HF methods. The SE methods can be divided into two 

main families. The first is based on an approximation of the HF theory by neglecting and 

parameterizing some two-electron integrals (for instance via the Zero Differential Overlap 

approximation, ZDO2,3) which leads to the neglect of diatomic differential overlap (NDDO4,5) 

methods (MNDO,6 AM1,7,8 PM39). The second family of SE method is often, called “Tight-

Binding (TB)”10,11 methods which represent a DFT counterpart to HF-SE methods, and are 

based on the same integral neglecting/parameterization philosophy.  

The two SE approaches that we will investigate in this chapter are DFT-based TB methods, 

namely the “Density-Functional Tight-Binding” (DFTB) and the “xTB” models. Both 

schemes are based on the use of a minimal valence atomic orbitals (AOs) basis set.11,12 
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q Choice of the method:
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§ The basics of DFTB used today appears in 1998 (Frauenheim et al.), to model
hydrocarbons.

§ The main idea behind this method is to:

Ø Use with a minimal atomic-like basis set (valence electrons only).

Ø replace the Hamiltonian with a parameterized Hamiltonian matrix

q Density Functional Tight Binding (DFTB)

Phys. Rev. B., 1998, 58, 7260-7268.

Theoretical chemistry in large systems

9
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§ The basics of DFTB used today appears in 1998 (Frauenheim et al.), to model
hydrocarbons.

§ The main idea behind this method is to:

Ø Use with a minimal atomic-like basis set (valence electrons only).

Ø replace the Hamiltonian with a parameterized Hamiltonian matrix

q Density Functional Tight Binding (DFTB)

Theoretical chemistry in large systems

§ A parameterization is necessary (pairwise, A-B), based on DFT.
§ Thus we do not need any experimental data for this process.

9

Pr. T. Frauenheim
BCCMS, Bremen

Phys. Rev. B., 1998, 58, 7260-7268.

Calculations are ca. 100 times cheaper than with DFT



q Example: Au-X parameterization

Aun -SCH3

§ “Au-org” parameters suited to describe
organic thiolate molecules adsorbed onto a
gold aggregate/surface.

§ DFT integrals used are obtained with the PBE
functional and slater minimal basis sets.

J. Comput. Chem. A, 2015, 36, 2075-2087. 10

q Density Functional Tight Binding (DFTB)

Theoretical chemistry in large systems
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q DFTB only benchmarked on bare Au/Ag NP of different 
sizes (formation energy, structure).

J. Phys. Chem. A, 2016, 120, 8469-8483.

q Density Functional Tight Binding (DFTB)

Theoretical chemistry in large systems
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q Performances for gold nanoclusters 
(structure, optical properties) ?

q DFTB only benchmarked on bare Au/Ag NP of different 
sizes (formation energy, structure).

J. Phys. Chem. A, 2016, 120, 8469-8483.

J. Phys. Chem. C, 2023, 127, 39, 19675–19686

q Density Functional Tight Binding (DFTB)

Theoretical chemistry in large systems



q Geometry:

Modeling gold nanoclusters with DFTB

q Experimental structure (X-Rays) of the GNC are all 
retrieved along the series.

q Errors on bond distances depend on the bond type:

Au(core) – S(shell)
Au(core) –Au(shell)
Overestimated (ca. 10%) 

R

GNC
S

Au

R = H,C6H13,CH2CH2Ph

a dcb
R=H,PhCOOH R=H,CH3,CH2PhR = H,C6H13,CH2CH2Ph

Fig. 1 Representation of different systems under investigation:
Au25(SR)�18, Au38(SR)24, Au102(SR)44 and Au144(SR)60 nanoclusters with
different protecting groups R. All R moieties are omitted for clarity. Shift
the cluster names into the figure; and specify the size.

density-functional-tight-binding (SCC-DFTB).13–15 The success-
ful use of this method based on a controlled approximation of
Density Functional Theory (DFT), describing the electronic struc-
ture of large systems15,16 makes it suitable for the study of gold
nanoclusters in the scale of XX-YY nm and XX-YY atoms. Particu-
larly, we used the DFTB+ code,17 with the auorg set of parame-
ters8 in the second-order SCC-DFTB for all the DFTB calculations
presented in this work.

The optical properties were simulated through the DFTB
method, within two different approaches: the Casida’s formal-
ism18 or linear response (that we call TD-DFTB) and the real-time
propagation of the single electron density matrix (real-time TD-
DFTB).19 In Casida’s approach, the electronic excitation energy
wI is obtained from solving the following eigenvalue problem:

WFI = w2
I FI . (1)

Here, W is the response matrix and its elements in the implemen-
tation from Niehaus et al. within the DFTB method20 are

Wi js ,klt = dikd jldst w2
i j +2

p
wi jKi js ,klt

p
wi j, (2)

where s and t are spin indices, i,k and j, l are occupied and
unoccupied KS orbitals respectively, whereas K is the so-called
coupling matrix. The huge advantage of the TD-DFTB Casida’s
formalism implementation20 is the monopole approximation, i.e.
the truncation at the first order of the multipole expansion of the
transition density, in which coupling matrix elements Ki js ,klt as-
sume simple expressions, thus reducing the computational cost.
Once the eigenvalue problem from equation 1 is solved within
TD-DFTB, the oscillator strength f

I for the transition I can be cal-
culated as

f
I =

2
3

3

Â
p=1

����Â
i js

hyis |r̂p|y js i
p

wi js F
I

i js

����
2
, (3)

where r̂p stands for the p-th component of the position oper-
ator. In this way, the absorption spectrum can be obtained
from the convolution of the discrete excitation energies wI with
a Lorentzian function weighted by the corresponding oscillator

strength f
I .

In the real-time TD-DFTB approach,19 we obtain the excitation
energies w and oscillator strengths f using a different protocol,
however, obtaining equivalent results (vide infra). First, a kick
perturbation is applied to the ground state single-electron density
matrix r0, i.e. a Dirac-delta electric field pulse Ekick(t) = E0d (t)ê
polarized in direction ê 2 {î, ĵ, k̂}, which excites all dipole-allowed
transitions.21 After the perturbation, the evolution of r can be
calculated by numerical integration of the Liouville-von Neumann
equation of motion, which in a non-orthogonal basis is

ṙ =�i(S�1
Hr �rHS

�1), (4)

where r is the single-electron density matrix, H is the SCC-DFTB
Hamiltonian and S

�1 is the inverse of the overlap matrix. During
the time evolution of the system its time-dependent dipole mo-
ment contains information about the excited frequencies and os-
cillator strengths. To access this information we need to Fourier
transform the dipole moment signal along each cartesian direc-
tion after the excitation and then find the frequency-dependent
polarizability tensor following22

aaa(w) =
µµµ(w)�µµµ0

E0
, (5)

where µµµ0 is the net dipole moment of the system and E0 is the
Dirac-delta (scalar) field strength. Once obtained the polarizabil-
ity aaa(w), the absorption cross-section s(w) is proportional to the
imaginary part of the latter23

s(w) =
4pw

c
Im(ā(w)), (6)

where ā(w) = 1
3 Tr[aaa(w))].

All DFT calculations presented in this work have been obtained
with the PBE functional, associated to a 6-31G(d,p) basis set for
C, N, O, S and H atoms and a LANL2DZ basis set and pseudopo-
tential for Au atoms. These DFT calculations have been conducted
with the Gaussian 16 software.24

3 Results and discussion
3.1 Systems under study.
In the following we detail the structure and properties of
four GNCs of growing size, namely Au25(SR)�18, Au38(SR)24,
Au102(SR)44 and Au144(SR)60 (Figure 1). The R protect-
ing ligands are chosen to match the experimental conditions:
phenylethyl ligands for Au25(SR)�18

2 and Au38(SR)24, 25 pMBA (=
para-mercaptobenzoic acid) for Au102(SR)44

26 and methylphenyl
for Au144(SR)60. 27

Au144(SR)60 is one of the largest molecular-like GNC.27–30

Should we discuss here the frontier between molecule/metal be-
havior and saying that the present work is focused on the former
only ?

3.2 Ground state geometries.
In all cases the experimental structure of the cluster is retrieved.

It will be nice to have a picture of the core-shell system, where
core and shell have different representation style (balls for core

2 | 1–9+PVSOBM�/BNF
�<ZFBS>
�<WPM�>
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Au25(SR)18
- Au144(SR)60Au38(SR)24 Au102(SR)44

J. Phys. Chem. C, 2023, 127, 39, 19675–19686
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Modeling gold nanoclusters with DFTB
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DFT

GNC	

DFTB

S 2: Projected density of states of the Au25(SH)
�
18 GNC, obtained with DFT (PBE/6-31G(d,p))

and DFTB. Dotted black vertical lines represent the last occupied and first unoccupied levels.

Ø Electronic gap correctly reproduced.

Ø Positions of the band accurate, except for high 
energy bands of S.

13J. Phys. Chem. C, 2023, 127, 39, 19675–19686



q Optical properties:

Modeling gold nanoclusters with DFTB

 

(a) 

(b) 

Au
25

(SC2H4Ph)
18

-
 

Au
38

(SC2H4Ph)
24

 
Au

102
(p-MBA)

44
 

Au
144

(SCH
2
Ph)

60
  

Au
25

(SC2H4Ph)
18

-
 

Au
38

(SC2H4Ph)
24

 

Fig. 3 (a) Absorption spectra of: Au25(SEthPh)�18, Au38(SEthPh)24, Au102(p-MBA)44 and Au144(SCH2Ph)60 nanoclusters calculated by real-time
TD-DFTB. (b) Absorption spectra obtained with TD-DFTB for the first two clusters I would shift the b) in SI, what do you think ?.
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Fig. 4 (a)-(l) Show the results of laser calculations for each first transition of the different clusters studied.
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q Satisfying agreement with experiment and reference TD-DFT 
calculations.

Real-Time-TD-DFTB absorption spectrum:

14J. Phys. Chem. C, 2023, 127, 39, 19675–19686



q Optical properties:
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q Satisfying agreement with experiment and reference TD-DFT 
calculations.

q Evolution from molecular to semi-conductor like behavior 
with growing size.

14J. Phys. Chem. C, 2023, 127, 39, 19675–19686

Real-Time-TD-DFTB absorption spectrum:



q Optical properties:

Modeling gold nanoclusters with DFTB
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JACS, 2018, 17, 5691-5695 539 nm

Ø Not an easy task to identify the nature of the transition as a plasmon band …
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DFTB description of organic photochromes

The Journal
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A. Computational details
DLPNO-CCSD(T), DFT, and XTB2 calculations were per-

formed using the ORCA 5.0 program package.44 DFTB2 and
DFTB3 calculations were performed using the DFTB + software.45

The def2-TZVP basis set46 was used for all PBE, B3LYP, and
CAM-B3LYP calculations. In addition, the RI (PBE and r2SCAN-3c)
or RIJCOSX (B3LYP and CAM-B3LYP) approximations were used
to accelerate the SCF procedures.47,48 The atom-pairwise dispersion
correction with the Becke–Johnson damping scheme (D3BJ) was
included except for r2SCAN-3c, which already includes dispersion
corrections.30 The cc-pVTZ basis set and the tightPNO settings
were used for all DLPNO-CCSD(T) calculations.49–51 For the
DLPNO-STEOM-CCSD calculations the def2-TZVP basis set was
used in the AZO and NBD/QC series. Due to the larger size of the
DTE compounds, the def2-TZVP(-f) basis set was preferred in this
series. For all the geometry optimizations presented, a vibrational
frequency calculation was performed to ensure that the obtained
structures were indeed energy minima within each method.

III. RESULTS AND DISCUSSION
A. Azobenzene derivatives

The set of studied AZO structures is presented in Fig. 2. We
have selected the pristine azobenzene (1a), four para-di-substituted
ones (1b–1e),52 as well as the ortho-di-substituted azobenzene with
hydroxyl groups 1f able to form hydrogen bonds with the nitrogen
atoms aiming at stabilizing the trans isomer. 1g is a parent system of

azobenzene for which one benzene is replaced by a OH-substituted
naphthalene and the other one by a purine group. Additionally,
three arylazopyrazoles (1h–1j)53 and a tri-substituted azobenzene
(1k) were included as they might be of interest for the long half-life
of the cis isomer (a few days to about 1000 days).53,54

B. Geometries
The mean errors and standard deviations in energy of each

optimized structure calculated at the DLPNO-CCSD(T) level
[E(CCSD(T)/OG(M)] with respect to the minimum energy structure
[E(CCSD(T)/MinG] are presented in Fig. 3. The errors with respect
to the lowest structures are homogeneous for each method within
the series except for 1g and 1k. In these cases, the errors are about
3–4 times larger than for the rest of the series with DFTB2(-D3)
methods and about 2–3 times larger for DFTB3(-D3) and XTB2.
These two molecules are thus removed from the statistical analysis
and discussed separately. For 1g, this discrepancy can arise from H-
bonds between the H(-O) and the bridging N being non-negligibly
overestimated by TB methods (by 0.3–0.2 Å). In the case of 1k, the
trans isomer is calculated to be close to planar when optimized with
TB methods while steric hindrance (due mostly to the OMe groups)
induces significant bending of the structures at the DFT levels. The
1k cis isomers show the largest deviations of the dihedral angles for
all TB methods (Fig. 4, bottom right). The methods leading to the
lowest energy structure for both isomers are B3LYP and r2SCAN-
3c, followed very closely by PBE. DFTB3 and DFTB3-D3 results are
close to those obtained at the PBE level (less than 8 kJ/mol higher)

FIG. 2. Studied structures for the AZO series.
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TABLE I. Mean absolute errors on energies (eV) and oscillator strength of the first maximum in absorption (FMA) with respect
to the one calculated with STEOM-DLPNO-CCSD for the AZO series.

DFTB2 LC-DFTB2 PBE B3LYP CAM-B3LYP

trans cis trans cis trans cis trans cis trans cis

FMA 0.51 0.17 0.23 0.16 0.62 0.38 0.25 0.12 0.10 0.13
f 0.08 0.04 0.14 0.02 0.11 0.03 0.05 0.02 0.06 0.02

FIG. 9. Simulated UV-visible spectra of the trans (left) and cis (right) isomers of 1a calculated using DFTB2, LC-DFTB2, PBE, B3LYP, CAM-B3LYP, and STEOM-DLPNO-
CCSD (see Sec. II for details, convolution with Gaussian functions with a full-width at half-maximum of 0.2 eV).

FIG. 10. Studied structures for the NBD/QC series.
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FIG. 17. Simulated UV-visible spectra of the trans (left) and cis (right) isomers of 2d calculated using DFTB2, LC-DFTB2, PBE, B3LYP, CAM-B3LYP, and DLPNO-STEOM-
CCSD (see Sec. II for details, convolution with Gaussian functions with a full-width at half-maximum of 0.2 eV).

FIG. 18. DTE compounds under study represented in their open form.

J. Chem. Phys. 158, 074303 (2023); doi: 10.1063/5.0133418 158, 074303-14

Published under an exclusive license by AIP Publishing

 06 Septem
ber 2023 14:45:19

Ø Careful DFTB benchmark on 35 photochromes:
ü geometries
ü Excitations
ü Energy difference between the two isomers

J. Chem. Phys., 2023, 158, 074303.

azobenzene

16



17

Can we explore the photoinduced processes that could act as a 
quenching mechanism for the photoactivity ? 

Modelling a photoinduced electron transfer
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Nanocluster
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J. Phys. Chem Lett., 2010, 1, 1497-1503.

¨ Au25 cluster functionalized with a pyrene fluorophore:

18

q A photo-induced electron transfer from the cluster to the 
pyrene is proposed as a quenching mechanism.

q Systems under study:

r 2010 American Chemical Society 1498 DOI: 10.1021/jz100395p |J. Phys. Chem. Lett. 2010, 1, 1497–1503

pubs.acs.org/JPCL

Shown in Figure 1A are the optical absorption spectra of
PySH, Au25(C6S)18, and Au25(C6S)17PyS. As seen in the figure,
the optical properties of Au25 clusters and PySH are unaltered
in the hybrid PyS-Au25 cluster system. This suggests that
pyrene and Au25 do not have strong ground-state interactions
that can alter the absorption spectrum of either pyrene or
Au25. Interestingly, the fluorescence of PySH is quenched
dramatically in the PyS-Au25 hybrid, indicating stronger
excited-state interactions (Figure 1B). The fluorescence quan-
tum yield of PySH was determined to be 0.54, and this
decreased to 0.008 in the hybrid system, indicating strong
electronic interactions which can be due to either electron- or
energy-transfer processes. Care has been taken while mea-
suring the fluorescence quantum yield of Au25(C6S)17PyS,
where the absorption by gold clusters is factored into the
calculation and the error bars for measured quantum yields
are about 15%.

Square wave voltammetry of Au25(C6S)18 and Au25-
(C6S)17PySwas carried out to determinewhether the addition
of the dyemolecule alters the redox behavior of Au25 clusters.
As seen in Figure 2, the oxidation potentials of the Au25
clusters are substantially shifted to more positive values; for
example, the first oxidation potential (ox1) of the Au25 cluster
is shifted from-0.71 to-0.48 V (versus Fc/Fcþ)when PyS is
attached. The reduction peak of Au25(C6S)17PyS at<-2.30 V
is attributed to pyrene and is consistent with the reduction
potential (-2.54V)ofpyrene reportedearlier.41 The reduction
peak of Au25 at -2.36 V is not well-resolved for Au25-
(C6S)17PyS due to the overlap with the reduction peak of
pyrene. The changes in oxidation potentials of Au25 can be
understood by the electronic polarization effects induced by
the interaction between Au25 and pyrene. When pyrene is
attached to the Au25 cluster, the charge redistribution occurs,
resulting in a change in the redox potential of Au25. In a
voltammetric study on ligand-exchanged gold clusters,5 Guo
and Murray reported that electron-withdrawing substituent
groups on the ligand induced substantial changes in the
HOMO, making the oxidation process of Au25 more difficult.5

In the present Au25(C6S)17PyS clusters, the charge transfer
between Au25 and pyrene shows similar behavior, making it
difficult to oxidize the Au25 cluster when pyrene is attached.
Thus, the present changes in oxidation potentials reflect
interesting electronic interactions between Au25 and pyrene,

demonstrating the directional electron flow from the Au25
cluster to pyrene. The thermodyanmic feasibility of different
electron-transfer pathways is discussed later in the paper.
While there are substantial changes found in the oxidation
potentials of Au25, the absorption spectra in Figure 1A show
essentially no change in the absorbance above 400 nmwhen
pyrene is attached. This reflects the fact that the optical
transitions in Au25 are rather insensitive to the ligand ex-
change process occurring in the exterior -S-Au-S-Au-S-
semiring. In a correlation study of the Au25 structure and its
optical absorption by density functional theory calculations,8

it was found that the absorption at 670 nm is viewed as the
HOMO-LUMO transition and is due entirely to the Au13 core.
Thus, one would expect very different optical and electro-
chemical responses to the exchanged pyrene and ensuing
charge-transfer process occurring in the exterior semiring.

To probe the mechanism behind the excited-state deacti-
vation pathways when pyrene is attached to Au25 clusters,
ultrafast dynamics investigations were carried out with fluor-
escence upconversion and transient absorption. Comparative
fluorescence measurements were carried out for PySH and
Au25(C6S)17PyS dissolved in dichloromethane (DCM). The
corresponding emission decay traces are shown in Figure 3.
It can be observed here that PySH decays with an ultrafast
decay component (75%) with a lifetime of 420 fs, which is
ascribed to internal conversion from S2f S1 and consequen-
tial thermalization (details of the fluorescence dynamics at

Figure 1. (A) Absorbance and (B) emission spectra of pyrene and pyrene-labeled Au25 clusters.

Figure 2. Square wave voltammograms of 0.5 mM Au25(C6S)18
and 0.2 mM Au25(C6S)17PyS in 0.1 M Bu4NClO4 in CH2Cl2.

Ø Are we able to retrieve this outcome with DFTB modeling tool ? 

Modelling a photoinduced electron transfer



Electron transfer in pyrene-labelled Au25

Erhenfest dynamic setup to reproduce exp. 
measurements:
We use a sinusoid laser pulse in tune with the 
Pyrene abs. at 400 nm (aligned with its trans. 
dipole moment).
Atoms (classic particles) and electrons (quantum 
particles) can move.
E0 in the pulse: 0.1 V. Å−1

timestep: 0.0024 fs
700 fs of dynamics

19

400 nm 

Nanoscale, 2021, 13, 6786-6797.

q DFTB Ehrenfest non-adiabatic molecular dynamics:



Electron transfer in pyrene-labelled Au25

20

q We plot the charge difference over time, under excitation 
with the laser:

400 nm 

Nanoscale, 2021, 13, 6786-6797.

q DFTB Ehrenfest non-adiabatic molecular dynamics:



Electron transfer in pyrene-labelled Au25

The GNC starts as an electron 
donor (< 50 fs) before starting 
accepting electrons.

20

400 nm 

q We plot the charge difference over time, under excitation 
with the laser:

Nanoscale, 2021, 13, 6786-6797.

q DFTB Ehrenfest non-adiabatic molecular dynamics:



Electron transfer in pyrene-labelled Au25

The C6H13 ligands actually act as 
the main electron donor after an 
equilibration period of 100 fs.

20

The GNC starts as an electron 
donor (< 50 fs) before starting 
accepting electrons.

q We plot the charge difference over time, under excitation 
with the laser:

400 nm 

Nanoscale, 2021, 13, 6786-6797.

q DFTB Ehrenfest non-adiabatic molecular dynamics:



Electron transfer in pyrene-labelled Au25

q A clear charge-separated state is obtained after 100-200 fs (in agreement with experiments).

èTaking into account all the protecting ligands is necessary to understand the experimental charge 
transfer mechanism.

20

The C6H13 ligands actually act as 
the main electron donor after an 
equilibration period of 100 fs.

The GNC starts as an electron 
donor (< 50 fs) before starting 
accepting electrons.

400 nm 

q We plot the charge difference over time, under excitation 
with the laser:

Nanoscale, 2021, 13, 6786-6797.

q DFTB Ehrenfest non-adiabatic molecular dynamics:



q Solar energy storage with photochromic nanodevices:

This journal is©The Royal Society of Chemistry 2018 Chem. Soc. Rev., 2018, 47, 7339--7368 | 7343

is a reversible chemical conversion between two states, e.g.,
A and B, induced in either one or both directions through the
absorption of electromagnetic radiation. The two states possess
different absorption or emission spectra owing to their
different physical and chemical properties. State ‘‘A’’ represents
the thermodynamically stable form, while state ‘‘B’’ is the
metastable form transformed from state ‘‘A’’ through light
irradiation. This structural change is reversible and the reverse
process can occur through thermal relaxation or light irradia-
tion at an appropriate wavelength. Ideally, for practical applica-
tions, the photochromic cycle could be repeated indefinitely
although side reactions can occur that lead to subsequent
degradation of the process.106

For a unimolecular system, photochromism can occur
through several possible chemical processes and undergo
transformation. Some of these chemical processes are bond
cleavage, oxidation–reduction, and isomerization. Of these
three, isomerization, or more specifically, photoisomerization,
is the most favorable photochromism for STFs. Photo-
isomerization is divided largely into two types: trans-to-cis
isomerization and valence isomerization. In the case of
trans-to-cis isomerization, a noticeable structural change is
observed, whereas in valence isomerization, no significant
steric position difference is seen; rather, the electronic struc-
tures are rearranged.

For azobenzene, the isomerization process is trans–cis type,
which shows a substantial quantum yield and characteristic
differences between the trans and cis states. Therefore,
azobenzene is one of the most excellent candidates for use
as STFs. The photoisomerization of azobenzene is one of

the special processes that dissipate the excessive energy of
the species by controlling the molecular configurations. This
change is often accompanied by other actions including radiation-
less/radiative transitions, vibration relaxation, and energy transfer
quenching.107 Until now, four mechanisms including inver-
sion, rotation, concerted inversion, and inversion-assisted
rotation have been proposed as possible pathways for azoben-
zene photoisomerization.108–116 To understand these theories,
we refer the interested readers to some previously published
reviews.6,81,107,110

Here, we elucidate the principle of closed-system energy
storage of STFs based on azobenzene photoswitches, as can
be seen in Fig. 3. First, the azobenzene molecules exist in the
trans conformation at room temperature, which corresponds to
the ground state, also called the low-energy state. The ground
state azobenzene molecule absorbs photon energy and trans-
forms into an excited state, i.e., the intermediate state. In the
photoexcited state, azobenzene is very unstable and undergoes
a conformational change within a few picoseconds.114,117–119

Most of the photoexcited azobenzenes convert into the cis-
isomer (productive relaxation) while a small number of mole-
cules may revert to the original stable trans-isomer (unproductive
relaxation).118,120,121 In the new state, referred to as the meta-
stable state, also called the high-energy state, energy is stored in
the chemical bonds. To access this stored energy in azobenzene
molecules, an external trigger such as heat or visible light is
usually applied to overcome the energy barrier (DEa). The
stored solar energy is then released in the form of heat and
the molecule reverts to its original form. According to the
work from Boulatov’s research group,6 the maximum energy

Fig. 3 Schematic illustration of solar thermal conversion and storage mechanism of azobenzene. DHstorage is the standard storage enthalpy of trans-to-
cis isomerization, and DEa represents the energy barrier for cis-to-trans reversion. X1, X2, X3, Y1, and Y2 represent different substituents. X1, X2, and X3 are
NMe2, NO2, COOH, OH, SO3H, or Cl. Y1 and Y2 are NHMe, NO2, OMe, OEt, F, or Cl.
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On-going work
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R

GNC
S

Au

R = H,C6H13,CH2CH2Ph

a dcb
R=H,PhCOOH R=H,CH3,CH2PhR = H,C6H13,CH2CH2Ph

Fig. 1 Representation of different systems under investigation:
Au25(SR)�18, Au38(SR)24, Au102(SR)44 and Au144(SR)60 nanoclusters with
different protecting groups R. All R moieties are omitted for clarity. Shift
the cluster names into the figure; and specify the size.

density-functional-tight-binding (SCC-DFTB).13–15 The success-
ful use of this method based on a controlled approximation of
Density Functional Theory (DFT), describing the electronic struc-
ture of large systems15,16 makes it suitable for the study of gold
nanoclusters in the scale of XX-YY nm and XX-YY atoms. Particu-
larly, we used the DFTB+ code,17 with the auorg set of parame-
ters8 in the second-order SCC-DFTB for all the DFTB calculations
presented in this work.

The optical properties were simulated through the DFTB
method, within two different approaches: the Casida’s formal-
ism18 or linear response (that we call TD-DFTB) and the real-time
propagation of the single electron density matrix (real-time TD-
DFTB).19 In Casida’s approach, the electronic excitation energy
wI is obtained from solving the following eigenvalue problem:

WFI = w2
I FI . (1)

Here, W is the response matrix and its elements in the implemen-
tation from Niehaus et al. within the DFTB method20 are

Wi js ,klt = dikd jldst w2
i j +2

p
wi jKi js ,klt

p
wi j, (2)

where s and t are spin indices, i,k and j, l are occupied and
unoccupied KS orbitals respectively, whereas K is the so-called
coupling matrix. The huge advantage of the TD-DFTB Casida’s
formalism implementation20 is the monopole approximation, i.e.
the truncation at the first order of the multipole expansion of the
transition density, in which coupling matrix elements Ki js ,klt as-
sume simple expressions, thus reducing the computational cost.
Once the eigenvalue problem from equation 1 is solved within
TD-DFTB, the oscillator strength f

I for the transition I can be cal-
culated as

f
I =

2
3

3

Â
p=1

����Â
i js

hyis |r̂p|y js i
p

wi js F
I

i js

����
2
, (3)

where r̂p stands for the p-th component of the position oper-
ator. In this way, the absorption spectrum can be obtained
from the convolution of the discrete excitation energies wI with
a Lorentzian function weighted by the corresponding oscillator

strength f
I .

In the real-time TD-DFTB approach,19 we obtain the excitation
energies w and oscillator strengths f using a different protocol,
however, obtaining equivalent results (vide infra). First, a kick
perturbation is applied to the ground state single-electron density
matrix r0, i.e. a Dirac-delta electric field pulse Ekick(t) = E0d (t)ê
polarized in direction ê 2 {î, ĵ, k̂}, which excites all dipole-allowed
transitions.21 After the perturbation, the evolution of r can be
calculated by numerical integration of the Liouville-von Neumann
equation of motion, which in a non-orthogonal basis is

ṙ =�i(S�1
Hr �rHS

�1), (4)

where r is the single-electron density matrix, H is the SCC-DFTB
Hamiltonian and S

�1 is the inverse of the overlap matrix. During
the time evolution of the system its time-dependent dipole mo-
ment contains information about the excited frequencies and os-
cillator strengths. To access this information we need to Fourier
transform the dipole moment signal along each cartesian direc-
tion after the excitation and then find the frequency-dependent
polarizability tensor following22

aaa(w) =
µµµ(w)�µµµ0

E0
, (5)

where µµµ0 is the net dipole moment of the system and E0 is the
Dirac-delta (scalar) field strength. Once obtained the polarizabil-
ity aaa(w), the absorption cross-section s(w) is proportional to the
imaginary part of the latter23

s(w) =
4pw

c
Im(ā(w)), (6)

where ā(w) = 1
3 Tr[aaa(w))].

All DFT calculations presented in this work have been obtained
with the PBE functional, associated to a 6-31G(d,p) basis set for
C, N, O, S and H atoms and a LANL2DZ basis set and pseudopo-
tential for Au atoms. These DFT calculations have been conducted
with the Gaussian 16 software.24

3 Results and discussion
3.1 Systems under study.
In the following we detail the structure and properties of
four GNCs of growing size, namely Au25(SR)�18, Au38(SR)24,
Au102(SR)44 and Au144(SR)60 (Figure 1). The R protect-
ing ligands are chosen to match the experimental conditions:
phenylethyl ligands for Au25(SR)�18

2 and Au38(SR)24, 25 pMBA (=
para-mercaptobenzoic acid) for Au102(SR)44

26 and methylphenyl
for Au144(SR)60. 27

Au144(SR)60 is one of the largest molecular-like GNC.27–30

Should we discuss here the frontier between molecule/metal be-
havior and saying that the present work is focused on the former
only ?

3.2 Ground state geometries.
In all cases the experimental structure of the cluster is retrieved.

It will be nice to have a picture of the core-shell system, where
core and shell have different representation style (balls for core

2 | 1–9+PVSOBM�/BNF
�<ZFBS>
�<WPM�>
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q Solar energy storage with photochromic nanodevices:

On-going work

22
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Au144(SH)60

Ø Larger functionalized NCs.
Ø Different photoactive molecules 

On-going work

fourier 
transformed

Ø Role of the vibronic
couplings ? 
(C-C stretching of 
the ligands).

q Deeper look into the photoinduced electron transfer:



J. Am. Chem. Soc, 2008, 130, 5883-5885.

XR crystallographic structure*:



Electron transfer in pyrene-labelled Au25

q Vertical optical properties: experimental 
spectrum 
(CH2Cl2)

q We compute UV-Vis spectrum with a Real Time domain 
TD-DFTB electron dynamics run:

We use a brief Dirac pulse polarized in all directions, then the 
system evolves freely. The atoms do not move.
Intensity of the pulse: 0.001 V. Å−1

timestep: 0.0024 fs
ca. 200 fs of dynamics

DFTB 
(gas phase)



q Ehrenfest non-adiabatic molecular dynamics for several conformations :

¨ We perform in addition a molecular dynamic run (NVT ensemble, 25 ps, 
0.25 fs timestep) and for a batch of conformation, we run Ehrenfest electron 
dynamics calculations. The average change in density is :





§ We get, in total, for the third order DFTB3 energy:

E1 E2 E3 ERep

q Summary of the DFTB models:

Density Functional Tight-Binding (DFTB)



q Repulsive energy:

¨ Time-consuming part of parameterization : 
UAB depend on the environnement, thus on the 
chemical system of interest.

¨ For a dimer A-B, UAB is computed for 
different A-B distances (1 to 10 a.u):

UAB = UDFT - Uelec

¨ A repulsive polynomial function is 
interpolated with these points.

¨ By adding the repulsive part to the parameters, we can now access relative energies 
and forces.

¨ Contains the effect neglected by the different 
approximations (no core electrons,…).


