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Abstract

We investigate fluorescence resonant energy transfer and concurrent electron dy-
namics in a pair of DNA-stabilized silver clusters. For this purpose we introduce
a methodology for the simulation of collective opto-electronic properties of coupled
molecular aggregates starting from first-principles quantum chemistry, which can be
further applied to a broad range of coupled molecular systems to study their electro-
optical response. Our simulations reveal the existence of a low-energy coupled excitonic
states, which enable ultrafast energy transport between subunits, and give an insight
into the origin of the fluorescence signal in coupled DN A-stabilized silver clusters, that
have been recently experimentally detected. Hence we demonstrate the possibility to
construct an ultra-small energy transmission lines and optical converters based on these

hybrid molecular systems.
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Ligand-stabilized silver clusters represent promising building blocks for novel ultra-small
optical and electronic devices.!™® The sphere of their proven applications is impressively
broad ranging from biosensing®!! to photovoltaics.'*!3 Especially one of the hottest topics
of modern cluster science is represented by DN A-stabilized few-atom sliver clusters.'* Exper-
imentally, significant progress has been achieved in synthesis of these highly fluorescent and
photo-stable complexes, 16 demonstrating the possibility to create DNA-embedded silver
clusters with absorption and emission spectra tunable in the whole visible range and even
beyond it.1"1? Very recent experimental advances allowed to shed light on the structures of
these hybrid systems as well.2%2!

For theory these systems represent considerable challenge due to their size. Indeed,
the simulations show, that in order to reliably reproduce the experimental results, accu-
rate quantum-chemical calculations are required,?*?3 which include not only a silver clus-
ter core, but also adjacent nucleobases, because the latter can dramatically change the
optical properties of the cluster.?* In addition, proper taking into account of the solvent
environment is mandatory as well.?® Currently, significant progress has been made in under-
standing of the structure and charge distributions in individual DNA-stabilized silver clus-

26,27 a5 well as coupled quantum-

ters employing force-field molecular dynamics simulations,
mechanical /molecular-mechanical (QM/MM) methods,?*?® and density functional theory
(DFT).23:24.29-31 In contrast, the collective properties of DNA-stabilized silver cluster assem-
blies, although experimentally proven, !¢ still remain undeservedly beyond the scope of the
up-to-date theoretical research. However, such aggregates could provide unique possibility
to construct nanosized optoelectronic devices based on spatially organized arrays of noble-
metal clusters serving, for instance, as ultra-small energy and charge transmission lines. 3?34
Therefore, an efficient theoretical method for a realistic description of exciton and charge
propagation in such systems under the action of an external driving electric field is highly

desired.

In this Letter, we introduce a methodology for modeling of the collective optical response



and laser-driven electron dynamics in coupled cluster-organic aggregates aiming to pave the
avenue for the design of novel quantum materials. Here, we apply our methodology to
simulate resonant energy transfer process in an aggregate of DNA-stabilized silver clusters.
This effect has already been experimentally demonstrated,'® but to date, a corresponding
theoretical model has not been yet established.

Briefly, the proposed approach combines the first-principles description of the electronic
structure of individual constituents with fully quantum-mechanical propagation of the Liouville-
von Neumann equation under the action of an external laser field. This allows to describe
exciton dynamics in a coupled aggregate. Further, methods of classical electrodynamics are
employed to simulate the response of the aggregate including fluorescence and local electric
field distribution (see Supporting Information for details).

The simplicity and power of the described approach can be demonstrated on the exam-
ple of a hybrid silver-DNA system consisting of two DNA-stabilized Agj clusters, namely
AgiCTy and Agd Cy (C and T stand for cytosine and thymine, respectively) shown in Fig.

1 (a) and (b). The geometrical structures of the silver-DNA subunits have been determined
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Figure 1: (a)-(b) Ground-state nuclear geometries of (a) Agj CTy, and (b) Agj Cy clusters;
(c) schematic representation of a DNA hairpin structure with the two clusters embedded in
it; (d) absorption spectra of the individual clusters and the dimer structure.

previously by Ramazanov et al. employing accurate DFT-QM/MM molecular dynamics

simulations.?? The DNA-stabilized Agj clusters, although not the dominant experimentally



detected structures of such type so far, are confirmed by other experiments®® and represent
smallest stable DNA-encapsulated silver clusters, which facilitates the simulations. Therefore
we have used these structures as starting points in our calculations.

These fluorescent DN A-stabilized silver clusters were experimentally observed under the
same conditions at different binding sites of the same DNA-hairpin structure.?? Therefore,
we can assume, that by adjusting of the experimental conditions and the DNA sequence, the
two clusters may be brought together in a single hairpin as schematically shown in Fig. 1
(c). The Agj CT, subunit is located on top of the hairpin followed by the Agd C4 subunit,
which is in agreement with the results of the simulations.?? We would like to emphasize,
that experimental realization of such coupled cluster dimer can be very challenging and may
lead to serious distortion of the clusters’ geometry. However, the developed methodology
will be still applicable to such system and the collective behavior described below should
be detectable if the clusters are close enough. To date, only a few cluster aggregates have
been experimentally demonstrated, 03¢ where each cluster was individually encapsulated in
a DNA strand, which led to the inter-cluster distance of several nm and a weak coupling
between them. Since the investigation of a cluster aggregate formation lies beyond the scope
of the current study and represents a challenging problem on its own, we construct the dimer
assuming that the silver cores are bound to neighboring nucleobases. Since the nucleobases
are connected via the sugar backbone, the relative position and orientation of the silver
cores is nearly fixed. The distance between the centers of the silver cores is estimated to be
approximately 5 A, the mutual orientation of the transition dipole moments is provided in
Supporting Information.

The field-free dimer Hamiltonian allows to extract the absorption spectrum of this ag-
gregate. The spectrum is presented in Fig. 1 (d) together with the absorption spectra of
the individual subunits, simulated employing the linear response time-dependent density-
functional theory (TDDFT).37 The difference between the absorption spectra of two indi-

vidual Ag-DNA clusters is due to their excited state electronic structure. In the Agd Cy silver



atoms are bound to the endocyclic nitrogen, which enables significant charge transfer from
the silver core to the cytosine, while in the Ag3 CT} silver atoms interact mainly with oxygen
and comparable charge transfer is not observed. The comparison of the dimer spectrum to
the results of the direct TDDFT calculations is very convincing (see Supporting Information,
Fig. S1) and confirms the validity of our approximate methodology. It is evident, that the
dimer spectrum can be roughly represented by the sum of the absorption spectra of individ-
ual subunits, suggesting that the optical properties of the two DNA-embedded silver clusters
do not change dramatically, even when they are connected to neighboring nucleobases. This
spectral feature is confirmed by analyzing the dimer wave-functions corresponding to the
low-lying excited states (cf. Table S1). In all dimer excited states below 4 eV excitons are
mainly (more than 90%) localized on one of the subunits.

In order to simulate the emission spectrum of the silver-DNA dimer, the electron dynam-
ics induced in the aggregate by a linearly polarized laser pulse was calculated. The temporal
profile of the pulse was assumed to have a Gaussian shape with a full width at half maximum
equal to 60 fs and a peak electric field strength of 5-10° V/m (corresponding to the peak
power of 3.3-10'2 W/cm?). The central frequency was varied to cover the range of 2.9-4.0
eV, to which the two lowest absorption bands of the aggregate belong. For each excitation
frequency, the corresponding emission spectrum was obtained.

The results are combined in the 2D map presented in Fig. 2 (a). The main fluorescence
signal is located on the diagonal, demonstrating that the aggregate emits photons with the
same energy as it absorbs. This is natural, since there is no nuclear relaxation included
in the model and therefore no Stokes shift between the absorbed and emitted wavelengths
is introduced. This assumption is valid since the time scale of the dimer response studied
here (sub-picosecond regime) is much shorter than the rearrangement of heavy silver atoms
(typically several picoseconds®®). The four pronounced peaks along the diagonal in the dimer
spectrum correspond to the excitation energies of the lowest excited electronic states of the

coupled system (see Table S1). However, one off-diagonal peak is clearly seen in the aggregate
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Figure 2: Fluorescence spectra as function of the excitation energy. (a) Signal from the
coupled dimer structure, (b)-(c) contributions to the dimer signal arising from the AgjCy
(b) and Agj CT, (c) clusters. Dashed horizontal and vertical lines correspond to 3.47 eV
(black) and 3.69 eV (red) energies. The insets in (a)-(c) present the structure, from which
the corresponding signal arises.

spectrum at the excitation energy of 3.69 eV, which indicates energy transfer between two
cluster subunits.

Indeed, first we note that in the excited state of the dimer corresponding to 3.69 eV the
exciton is mainly localized on the Agj CTy subunit (cf. Table S1). Second, employing the
reduced density matrix approach, the optical response of the dimer can be separated into
contributions arising due to the individual subunits. In Fig. 2 (b) and (c) the inputs to the
total fluorescence signal from each particular cluster are presented. It is seen that at the
excitation energy of 3.69 eV the two peaks in the dimer emission spectrum can be attributed
to the signal coming from two different clusters, namely, the peak at 3.47 eV from AgjiC,
cluster and the one at 3.69 eV from Ag3 CT,, respectively. Therefore, the off-diagonal peak
in the fluorescence excitation spectrum represents resonant energy transfer from the Agg CT,
subunit to the Ag3 Cy, which as a result emits radiation with different wavelengths to the
incident one. This peak is analogous to the Forster resonant energy transfer (FRET) feature,
which is experimentally observed in a dimer of larger DN A-stabilized silver clusters!® or in
an Ag-DNA coupled to an organic dye.?"

The underlying mechanism can be understood upon the investigation of the electron

population dynamics induced in the dimer by the laser pulse of 3.69 eV photon energy



(shown in Fig. S3). In order to reveal the corresponding dynamical processes occurring
in the single clusters, the reduced density matrix approach was employed to partition it

into population dynamics in each subunit individually, as presented in Fig. 3 (a), (b). The

1.0
(a — So— Sif)
~0.8

T

~ 0.6 — Sy
.04
a 0.2

op. Ag
|
Y

0.0

(b) — SoT S2(e)
+0.8
o

"20.6 —
< —— 57
g 0.4
&

0.2

0.0

(c) /— Ag3*Cqy — Ag3*CT; f) — Ag3*Cqy — Ag3*CT,

<AE.> (eV)
Noow
o o

=
=}

o
o

0 50 100 150 200 50 100 150 200
Time (fs) Time (fs)

Figure 3: (left column) Electron population dynamics excited by a 3.69 eV laser pulse in
(a) AgiCTy and (b) AgiC, clusters. As the shaded blue area the driving laser pulse is
schematically presented. (c) Expectation values of the single cluster electron energies. (right
column) The same as in the left column, but in case of excitation with a 3.47 eV pulse.

simulations demonstrate that at 3.69 eV photon energy the laser pulse first causes population
transfer to the S; state of Agi CT, and only when this state is significantly populated,
electron population transfer to the S, state of Ags Cy occurs. During the laser pulse action
the electron populations of AgiCT, perform several cycles of Rabi-like oscillations, each
cycle leading to an increase of the amount of excited state population in AgiC,. After
140 fs, when the driving pulse ceases, the ground electronic states of both clusters are
nearly equally depopulated. Unlike for isolated clusters, the electron population continues
to oscillate in counter-phase even when no external perturbation is present. This effect
reflects the coupled nature of the excited state, induced in the Ag-DNA dimer by the laser

field at the given frequency. The clear fingerprints of coherent energy transfer according to



the Forster mechanism can be seen in the single-cluster electron energy dynamics presented
in Fig. 3 (c), which demonstrates coherent out-of-phase oscillations of the electron energy
between the clusters after the laser pulse ceases.

Substantially different electron population dynamics is induced in the dimer by the 3.47
eV laser pulse (see Fig. S4). In the single-cluster picture (Fig. 3 (d) and (e)) the external
laser pulse promotes the electron population of AgjC, simultaneously to the S; and S,
states with subsequent population transfer to the S; state of the Agy CT, cluster. However,
no coupled excited state is produced by the laser pulse with 3.47 eV photon energy and no
energy transfer between the clusters is observed (see Fig. 3 (f)).
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Figure 4: Time-dependent partial charges, localized on the (red lines) silver and (black lines)
DNA parts of the (a), (b) AgiCT, and (c), (d) Ags C, clusters. The charge dynamics was
induced by (a), (c) 3.69 eV, and (b), (d) 3.47 eV pulses.

Finally, we investigate the dynamics of charge transfer between silver core and DNA nu-
cleobases occurring within two subunits upon photo-excitation. The time-dependent partial
charges localized on the silver core and DNA-part of each single subunit were simulated as
expectation values of the charge operators qr,. In the AgiC, cluster, noticeable charge
transfer from Ag to DNA is observed at both excitation pulse energies (see Fig. 4 (c), (d)),
while no significant charge transfer between silver and DNA parts of Agi CTy occurs (cf.
Fig. 4 (a), (b)). These charge dynamics reflect the character of the excited states of the two

clusters, with exciton mainly localized on the silver core in Agg CTy and more delocalized in
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AgiCy.

In the ground state the partial charge of the silver core is 0.37 in AgyCy and 0.33 in
Ag$CT, complexes. Interestingly, for an Ag* ion bridging two cytosine molecules the partial
charge was previously determined as 0.38272,%7 which is very close to the partial charge
of the Agj cluster in AgjCy in our simulations and seems to be characteristic for silver-
bridged C-Ag;-C aggregates. Upon photo-excitation, the partial charge on the silver core
in AgjC, noticeably increases, reaching at some instants of time values close to 1.0. This
effect is observed for any frequency of the driving laser pulse resonant to an excited state
of the dimer. Figs. 4 (¢) and (d) demonstrate that this type of charge transfer dynamics is
observed at 3.47, as well as 3.69 eV laser pulses, although the electron population dynamics
are significantly different. At the same time, the charge transfer within the Ag3 CT, cluster
is much less pronounced for both investigated laser pulses. This effect demonstrates the
impact of the adjacent nucleobases on the charge transfer dynamics in DNA-stabilized silver
clusters and once again underlines the importance of proper inclusion of organic templates or
ligand molecules in the simulations of optical and electronic properties of such noble-metal
clusters.

In conclusion, we have developed a methodology to investigate the coupled optical re-
sponse in aggregates of ligand-stabilized silver cluster assemblies. The approach is general
and is not only limited to DNA-stabilized silver clusters, but is also applicable to clusters,
biomolecules or hybrid systems with sizes comparable or larger than the distance between
the interacting subunits, which is essential for the investigation of energy and charge trans-
port properties of molecular or ligand-protected metal cluster aggregates, as well as of clus-
ter arrays deposited on an organic template for both fundamental and application-oriented
purposes. The proposed methodology represents a practical tool for the design of novel
nanooptical devices based on ultra-small metal clusters and for the simulation of their func-
tionality. Since the driving electric field is directly included in the computational scheme,

the method can be straightforwardly coupled with a genetic algorithm for the simulation of
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optimal control experiments.

Using the developed theoretical method an energy transfer dynamics in a pair of Agd
clusters embedded in DNA was simulated, confirming that the nucleobase environment can
dramatically affect not only the absorption and emission, but also the charge transfer dynam-
ics in the cluster. It was demonstrated that in such hybrid systems coupled excited states can
be created that allow ultrafast energy transport within the aggregate even after the driving
electric field has ceased. The origin of the absorption and fluorescence signal was revealed
confirming the energy transfer between silver cluster subunits. In general, the simulations
demonstrate novel functionalities of the Ag-DNA aggregates including energy transport and

optical conversion properties, and will hopefully inspire extensive experimental research in

this field.

Computational methods

The optical properties of the individual Ag-DNA subunits were determined using linear-
response TDDFT with Coulomb-attenuated gradient-corrected CAM-B3LYP functional*°
and quadruple-zeta valence plus polarization (def2-QZVPP) basis sets for all atoms*!' as

1.%2 The results of these calculations

implemented in the program code Gaussian09 Rev. D.0
were also further used as prerequisites for simulation of the absorption spectrum of the
aggregate, as well as the exciton and charge dynamics, and the emission spectra. Detailed

description of the methodology is provided in Supporting Information.
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