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ABSTRACT: Mechanisms of efficient fluorescence from biocompatible, ligand-
protected silver nanoclusters (AgNC) are explored with an atomistic model of an
icosahedral shaped AgNC passivated with 12 cytosine molecules representing
single-stranded DNA. Spin-resolved density-functional theory with varying
constraints to the total charge was used as a simulation probe to explore the
electronic structure and photoluminescence of AgNCs. Visible photoemission in
AgNCs is modeled through a synergy of radiative and nonradiative photoinduced
dynamics computed by a combination of density matrix and density functional
methods with explicit treatment of spin polarization. The ab initio computed
charge-to-total energy correlation, E.(AN), of the modeled AgNC shows an
approximate 2.2 eV discontinuity at a charge of AN = S, which correlates with the
DEFT calculated band gap and with concept of superatom with closed shell valence
electron count [PNAS 2008, 105, 9157]. UV photoexcitation of this cationic
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model followed by cascade thermalizations toward the band edges is modeled using Redfield theory, and the corresponding time-
integrated emission is calculated. Peak emission near 610 nm is found, consistent with experimentally reported PL in AgNCs.
This work gives further insight into the recombination kinetics of AgNC and can be used to aid in tailoring their optical

properties to maximize fluorescence efficiency and tunability.

1. INTRODUCTION

Photoluminescent silver nanoclusters (AgNCs) are ideally
suited for biological applications, being the “Goldilocks” of
fluorophores with just the right size, level of toxicity, and
photostability." Biological applications requiring fluorophores,
such as biolabels and biosensors, typically use either organic
dyes or metal-chalcogenide quantum dots. In these applica-
tions, quantum dots offer superior photostability when
compared to organic dyes, yet consist primarily of toxic
materials such as lead and cadmium.””® Aside from the
toxicities, quantum dots are typically large and cumbersome for
transport through biological membranes.””® AgNCs on the
other hand, with core diameters of 1 nm or less, can be readily
transported throughout the body, while the relatively benign
nature of silver addresses potential concerns about nano-
toxicity.””'” Furthermore, AgNCs have demonstrated highly
efficient photoemission with quantum yields as high as 90% in
some cases. "

These highly efficient AgNCs are typically synthesized using
DNA to limit large nanoparticle growth and maintain
stability.'®~** The biocompatibility of DNA and AgNCs gives
researchers the ability to employ their photoluminescent
properties in various biobased applications. For instance, Yu
et al. were able to take in vitro cell images of fluorescent silver
nanocluster markers”* while Yeh and co-workers created AQNC
sensors by leveraging the sensitivity of the AgNC’s optical
properties to the nanocluster environment/surface.”> The
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sensitivity of AgNC optical properties to the surrounding
environment is well established.”**™*” Note that simplified
mono-orbital description of excited states precludes us to
clearly treat the orbital relaxation effects in each multiplicity
case but provides a uniform interpretative comparison across all
charge scenarios. In one example, Diez et al. showed that
systematic decreases in the solvating water to methanol ratio of
polymer stabilized AgNCs resulted in a bathochromic shift in
the photoluminescence (PL).*® In accord with surface
sensitivity, Richards and co-workers used combinatorial
chemistry to demonstrate that, by simply changing the DNA
sequence used to stabilize the nanoparticles, PL spanning the
entire visible spectrum can be achieved.”' This work was then
expanded upon by the Gwinn group, who used random DNA
oligomers to synthesize more than 600 different AgNC
complexes.”” A Gaussian was used to fit the measured emission
spectra of each sample and a corresponding histogram was
developed for the peak emission. Of the emission peaks
measured, most DNA/AgNC complexes exhibited peak PL
emission at either 540 or 630 nm. Deemed as magic colors, the
Gwinn group proposed that this was due to the AgNCs
predominantly adopting a structure corresponding to a magic
number.”
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Furthermore, mass spectroscopy findings by several groups
indicate that fluorescent AgNCs are highly charged, having a
charge of 4+ or greater depending on size."*>***’ Alongside
this, the high charge has been hg})othesized to be due to Ag*
atoms surrounding a neutral Ag %) core,"®*® much like that of
superatom complexes.*’

We start with detailing a new general methodology allowing
spin-resolved PL to be modeled. In the present AgNCs case
this approach is required to account for the open-shell nature of
the valent d and s orbitals of silver. We then examine the
electronic structure of AgNCs with different charges and
ground-state (GS) spin configurations to identify promising
scenarios with a high potential for fluorescence (ie., the
presence of a band gap). The PL of one of these models
(singlet 5+) is then calculated explicitly to exemplify emerging
photophysics and to provide mechanistic insights.

Atomistic modeling of AgNCs, or more broadly noble metal
nanoclusters, is generally developed in four main directions: (i)
electronic structure as a function of morphology, (ii) optical
absorption, (iii) excited state dynamics, and (iv) photoemission
properties.

(i) General electronic structure calculations seek to establish
correlations between the size, shape, and morphology of the
nanocluster and its electronic structure features, such as the
value of the HOMO—-LUMO gap. The main challenge for this
research direction originates from the large amount of iso-
energetic isomers for a given number of atoms.>" For instance,
an atomistic modeling argument was recently used to debate
whether the Ag—DNA structures are metallic or a metalorganic
complex.’” Alongside this, there are several atomistic
investigations on the specific surface passivation of silver
nanostructures.*

(ii) Simulations of the linear optical absorption of metallic
nanoclusters are typically performed using a TDDFT method-
ology.*~*” This methodology typically computes excited states
of specific multiplicity from a reference ground state. While the
TDDEFT approach properly addresses the many-body nature of
excited electronic states, such modeling is numerically costly
and it is challenging to interpret the origin of spectral peaks*®**
and to establish their connection to the plasmonic spectral
features typical of larger metallic nanostructures.”” As a first
step here we stay with simplified mono-orbital description of
excited states allowing for direct intuitive interpretation and
reduced computational cost.

(iii) Atomistic calculations of excited state dynamics offer
detailed information on dynamical processes in metal clusters
following photoexcitation. Excited state dynamics in general™
can be modeled by a method of survival probability,""*
multiple spawning,”*~* surface hopping,®*”*® or density
matrix."” For AgNCs dynamics, interesting results were recently
reported in the ultrafast time domain by FDTD and RT-
TDDFT* and for the intermediate-to-long time domain."’
Modeling of extended times on the order of 1 ps exhibits
processes such as phonon-induced dissipation, relaxation, and
charge transfer’” between a metal cluster and a semiconductor
substrate.””>* One of the practical challenges in modeling the
relaxation dynamics of metallic nanoparticle systems comes
from the open shell nature of the d and s valent orbitals in
transition metals. However, one can circumvent this issue by
assuming independent relaxation in each of the two different
spin components, alpha and beta.”>**

(iv) The fourth research direction is atomistic modeling of
photoemission, which is still in its infancy due to technical

challenges. Specifically, photoemission cannot be simulated as a
standalone electronic process. It is a synergy of radiative and
nonradiative electronic transitions that drastically depends on
the excited states’ lifetimes. Moderate progress has been
recently achieved in modeling the PL of semiconductor
nanostructures, such as titania and silicon.”> ™" Specifically,
Vogel et al. showed that insight from room temperature
molecular dynamics (MD) simulations coupled with the
application of the Redfield master equation to the Fourier
transform of nonadiabatic couplings can be used to calculate
time dependent and steady state PL in nanostructures.*®
Similarly, Meng and co-workers modeled the photoemission of
thiolate-g)rotected gold nanoclusters using similar method-
ologies.”

The remainder of this paper is organized as follows: An
overview of the methodology is given in section 2, with
subsection 2.1 focusing on the general aspects of spin resolved
electronic structure, subsection 2.2 focusing on electron
dynamics and photoemission, and subsection 2.3 providing
practical computational details. Section 3 provides results on
electronic structure and dynamics calculations for a specific
AgNC model. Section 4 includes a discussion and provides an
appealing interpretation of the results in comparison with
intuitive expectations, classical electrostatics, and superatom
concept. Finally, conclusions and outlook are summarized in
section S.

2. METHODOLOGY

2.1. Theoretical Approaches to Spin-Resolved Elec-
tronic Structure. Note that spin resolved calculations are
important in this application of DFT due to the open shell
nature of the d and s valent orbitals in the silver atoms forming
a nanocluster. A simplified introduction of a spin-enabled DFT
is given here for consistent notation and a coherent
presentation. These notations for basic quantities are needed
for the rigorous definition of the nontrivial approaches
introduced in what follows and in the Supporting Information
(SI). All electronic structure calculations were performed in a
self-consistent manner using DFT>’ with spin resolved
components and constraints®’ providing set of Kohn—Sham
(KS) orbitals qo}if(?) and energies of the KS orbitals ¢;, with ¢
= a or f standing for different spin projections. The self-
consistent DFT procedure is cast in terms of spin resolved
electron densities, p,(7) = Z,—I;]”ll(p}iflz and py(7) = N @S,
where N, and Nj stand for the number electrons with alpha
and beta spin projections, respectively. The DFT calculated
electronic structure and total energy E*' are conveniently
parametrized by the total charge

N=N,+ N (1a)

. L 61,62
and spin polarization””

ANy =N, - N (1b)

The value of the spin polarization parameter can be used to
identify spin multiplicity as follows: 28 + 1, where S = AN}, /2.
Thus, a progression of AN;; = 0, 1, 2, 3, ... corresponds to
singlet, doublet, triplet, quartet, ... multiplicities, respectively.
For each pair of parameters N and AN, we analyze the spin
resolved band gap

AeFP(N, AN = (N, AN;) = & (N, AN;)
(22)
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Figure 1. (a) Total energy as a function of charge for the modeled nanocluster (inset) with the corresponding (b) first and (c) second derivative.

The purple dashed lines in (b) are linear fits of the form

—A + BN and

= A, + BN such that A < A,. The jump discontinuity here

represents a deviation from classic electrostatics as quantum mechanlcal effects become important. (d) Charge-constrained DFT was used for each
calculation where an electron is removed the silver nanocluster. Green circle, blue cross, and black dot stand for PBE, HSE06, and B3LYP data,

respectively.

as well as the change in total energy

AE“(N,, Ny) = E°(N, + 1, N;) — E(N,, N) (2b)
where, in all calculations, the passivating ligands’ electrons are
included in N.

The calculated KS orbitals can be used to construct a Slater
determinant and find the transition dipole expectation values,
(DW,) e / qa,,,rqo - d7, in the independent orbital
apprommatlon (I0A),” where ¢ is the charge of an electron
and 7 is the position operator. Here we note that the singly
excited state is often described as a superposition of occupied
and unoccupied molecular orbital pairs, e.g., as in solutions of
the Bethe-Salpeter equation; pIw rH,],rAr = EgA,, with the many-
electron Hamiltonian Hy;» = (& — ¢; )51, Sy + I/V” j in the basis
of single electron orbitals I7) and I w1th Coulomb interactions,
Wiji- The eigenstates are I£) = £ ,Alj li)lj) with normalization
Z IAlfl2 = 1. A description of the dynamlcs requires a
recalculatlon of these excited states I£(t)) and A¢ (t) for nuclear
configurations at each time along the tra]ectory. As an
approximation, the superposition of states is represented by
only the leading term as Aigj(t) R 0,i(5y0jj(ey + - Where the
excited state, &, is approximated as a pair of orbitals, occupied
i'(£) and unoccupied j (5), with both depending on &, which is
referred to as the IOA.%

The transition dipole expectation values can then be used to
find the oscillator strength of an electronic transition from KS
orbital i to KS orbital j, with given spin o, such that

47rmev,] -

-

=D, P—22
f:},l’ y,0 3h62 (321)
where m, is the mass of an electron. Using the oscillator
strengths and assuming a lack of spin—orbit coupling, the

absorption spectra can then be determined from eqs 3a, 3b, and
4.

a(w) = ZfM(S(e Ae,-jya)

(3b)
a(w) = a,(®) + aﬂ(a)) (4)

2.2. Theoretical Approaches to Electron Dynamics
and Photoemission. The existing literature on the ab initio
computation of emission spectra for open shell configurations is

limited, so the practical steps needed for the computation of
spin-resolved emission are introduced for the first time in this
work. Our approach is built on earlier developments for
computing the emission of the closed shell structures, which
have been previously noted.”>**~57*

To calculate time-dependent spin-resolved PL, we expand
upon a previously reported methodology for the calculation of
time-dependent spin-unresolved PL.*® This approach rests on
the time propagation of the excited states, facilitated by energy
dissipation into phonons. The methodology includes five stages
of computation: thermostat modeling, molecular dynamics,
nonadiabatic couplings, Redfield dissipative dynamics, and
computation of photoemission. Briefly, one runs a room
temperature adiabatic MD simulation on the silver nanocluster

2
in which 2?1 A;I’ (dRII 0) = %NiO“kBT is used as an initial
condition for modeling a thermostat, where M; and I_él are the
mass and position of ion I, respectively, and N*" is the total
number of ions. Ion position changes as a function of time by
Newton’s equation of motion

£ -
—R, =E/M
Fro A (s)

which consequently alters the KS orbitals, giving &,(t) =

(I_{)I(t)) Nonadiabatic couplings (NACs) are determined
“on-the-fly”,> which are then used to determine the
components of the Redﬁeld tensor, R, The Redfield tensor
and Fock matrix, jo = 0j€i(t), are used in the Redfield master
equation*” (eq 6) to determine the orbital occupation as a
function of time;

1]; Z( lk(’pkjﬁ_

ik, ngt 6) + Z Rz}ml (fplm o

Im
(6)

With an understanding of the spin-resolved orbital occupation
Pao(t) as a function of time, one can calculate the time
dependent and steady state PL using eqs 7, 8a, and 8b,
respectively

E (@, 1) = Y f,8(ho = Bey)(p, (6) = p,, (D)
i

jje

™)
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E (w) = / dt E (w, t
o) = [ d B 0,0 -
The summation of PL for both alpha and beta spins results in
the total PL

E(w) = E,(w) + Ej(w) (8b)

More details on the calculation of the PL are available in the SI.

2.3. Comuptational Details. The AgNC modeled in this
study is shown in the inset of Figure la. Small metal clusters
exhibit a broad variety of isomers with multiple geometries
yielding similar energies. Iterative scanning of the size and
shape of the cluster is beyond the scope of this paper; instead,
we focus purely on optimizing the electronic configuration in a
selected high-symmetry cluster, Ag;;, which is a typical
geometry for transition metal clusters.’®*°~® It consists of 13
silver atoms in the icosahedral geometry with one central Ag
atom and 12 surface shell silver atoms. Each surface silver atom
is passivated by a cytosine base to represent DNA. This
constitutes the simplest spherical cluster model. The chosen
geometry is similar but not equal to the geometry determined
experimentally by Petty.”®

All electronic structure simulations were performed in the
Vienna ab initio simulation package (VASP) suite with
projector augmented wave (PAW) potentials.””~”> The GS
geometry of the modeled AgNC was optimized using DFT with
the Perdew—Burke—Ernzerhof (PBE) functional.”! For a
reasonable range of cationic charges, the geometry did not
experience qualitative changes upon optimization. Electronic
wave functions were expanded in a plane wave basis set with a
kinetic energy cutoff of 500 eV. The atoms in the unit cell are
fully relaxed until the force on each atom is less than 0.01 eV/A.

Spin-resolved DFT calculations were performed with one
generalized gradient approximation (GGA) functional PBE and
two hybrid functionals, namely Heyd-Scuseria-Ernzerhof
(HSE06),”> and Becke, 3-parameter, Lee—Yang—Parr
(B3LYP)"*"* exchange-correlation kernels. Periodic boundary
conditions (PBC) are implemented with 8 A of vacuum added
in each direction to avoid spurious interactions. The spurious
electrostatic interactions between replicas of charged species
discussed by Neugebauer and Scheffler’® are avoided with the
use of a background charge concept, as suggested by Makov
and P;:gyne77 and used for modeling of charged metal clusters in
PBC.

3. RESULTS

To begin our analysis, we examine the energy-charge space of
the modeled AgNC. In Figure 1a the total energy as a function
of cationic charge obtained by removing N electrons in respect
to neutral model, E,.,(N), takes the general form of a quadratic
function, consistent with the finding of Meng et al. for platinum
nanoclusters.”” A general method for evaluating the stability of
a model relates to the calculated total energy. Higher energy
systems are expected to be more unstable. Here we see little
difference between the calculated total energies of different
multiplicities well below the error margin for a given DFT
methodology. Although it is possible that the sextet multiplicity
would lead to a more stable complex due to the S nearly
degenerate singly occupied d orbitals we did not examine this
specific multiplicity.

Figure 1b,c shows the first (%(N)) and second (‘“ﬁ‘#‘ﬁm)

derivative of E,.,(N) with respect to charge, which are expected

to show a linear and constant dependence on N, respectively.
Although we calculate the total energy for the singlet, doublet,
triplet, and quartet GS configuration, we only use the singlet
and doublet GS configurations to determine %(N) and

2
d%‘(zm. The first derivative %(N) exhibits a linear trend with a

clear discontinuity present at a charge of 5+. These trends are
fit with two lines per eq 9 below as illustrated in Figure 1b

Ay
dE(N) _anod
dN A,, N>35 )

N<S

where B is the slope of the line and A, is a constant.
Interestingly, on either side of the jump discontinuity, we see
that the slope of the line does not change (B ~ 0.439) and the
only difference is found between the two values of the constant
(AA = A, — A, = 2.2 eV). The derivative of eq 9, d?}ffz\r), is
dependent only on the slope, B, which is applicable to the
entire range excluding N = 4.
FE(N
N) _ 5 Ng4

dN? (10)
Equation 10 is illustrated in Figure 1c with a purple dashed line,
where a reasonable fit to the data (aside from a deviation at a
charge of 4+) is observed. The discrepancy at 4+ is indicative of
the jump discontinuity, Figure 1b.

We next turn our attention to the nature of the electronic
structure of the AgNC. In Figure 2a—d we show the spin
resolved band gap of the AgNC modeled as a function of the
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Figure 2. Spin resolved band gap as a function of charge for the (a)
singlet, (b) doublet, (c) triplet, and (d) quartet ground-state
configuration. Note that the band gap for beta electrons is multiplied
by —1 for clarity. (e) To compare classical results with first-principles
calculations, we replot Figure 1b with the linear background removed

(:—5 = A, + BN ) The jump discontinuity here is very similar in
magnitude to the first-principles calculation of the band gap. Note that,
for each first-principles calculation, PBE, HSE06, and B3LYP
functionals were used, where the same key used to differentiate the

functionals in Figure 1 is used here: circle, cross, and dot stand for
PBE, HSE06, and B3LYP data, respectively.
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total number of electrons, per eq 2a. Note that due to the spin
resolved nature of these calculations, we determine a band gap
for both alpha, Ae8?(N, ANN), and beta, As%aP(N, ANN),
electrons. To visually display both, the band gap value of the
beta electrons is multiplied by —1 in Figure 2a—d. Examination
of the band gap is one the most efficient means to determine
whether a material is an insulator (>3 eV), semiconductor (~1
to 3 eV), or conductor (<1 eV). In this case, we are most
interested in a semiconducting band gap (~1 to 3 eV), as this
has the highest potential for fluorescence. In Figure 2a—d we
see that that the band gap is semiconducting (~2 eV) in nature
at a charge of S+ or greater regardless of GS configuration.
Once the band gap is opened, the gap value remains
independent of charge and exchange correlation functional.
We take a quick aside to mention that several experimental
reports have emphasized the influence of charge on the overall
PL. Interestingly, our calculations indicate that, although a high
charge is necessary for PL, it has a negligible impact on the
HOMO-LUMO gap once it is opened, indicating that factors
such as morphology and passivation play a more pivotal role in
determining the observed PL.

dE o (N)

Reminiscent of the discontinuity in , shown in Figure

1b at a charge of 5+, we see that the band gap for both alpha
and beta electrons is open only when the charge is 5+ or
greater, regardless of GS configuration. To further exemplify

the resemblance between the discontinuity in %(N) and the

calculated band gap, in Figure 2e we replot ) ith o
subtracted background of BN + A,. This results in two lines

with no slope per eq 11 below.

dE(N) 0,0 N<S
dN AA, N>S (11)

With the slope of the line removed one can see that not only
does the discontinuity occur at the same charge but also has a
comparable amplitude to the DFT calculated band gap.

In Figure 3c,d, we show the DOS for the charged and
uncharged AgNC, respectively. The overall structure of the
DOS for both models is very similar, but the extra electrons in
the neutrally charged cluster are located in what would be the
conduction band of the charged model, creating a “pseudogap”
and limiting any potential for optical emission. Here
“pseudogap” refers to a subgap of 0.5 eV or greater in the
valence band of the DOS.

The neutral cluster has a zero HO-LU gap, as can be seen in
Figure 3d. However, there are two noticeable pseudogaps, one
between HO,, — 3 and HO,, — 2 and the other between HO; —
2 and HOp — 1. The DOS of the neutral model looks similar to
a DOS of an n-doped semiconductor; however, the model with
a + S charge exhibits an open gap, as shown in Figure 3c. The
response of the electronic structure to the change in charge is
schematically summarized in Figure 3a. We show the spin
resolved band gap for alpha and beta electrons with N equal to
5+, 7+, 9+, and 11+ with open gaps in the singlet GS
configuration, AN}, = 0. As just mentioned, the magnitude of
these gaps appears to be independent of the total charge, yet as
electrons are removed and the charge increases and the Fermi
energy drops.

In Figure 3b, we calculate the absorption spectra according to
eqs 3a, 3b, and 4 for the AgNC in the singlet 5+ and doublet
neutral configuration. The neutrally charged AgNC exhibits

-1

_ 05 Neutral
g (%04 —— Cation 5+ (b)

-3

eV

8 6 4 2 0 8 6 4 2 0
eV eV

Figure 3. (a) Spin resolved band gaps for the singlet ground state
configuration for charges of S+, 7+, 9+, and 11+. (b) The absorption
spectra for a silver nanocluster in the S+ charge state and neutral state
are compared with the spin resolved density of states for the (c)
charged and (d) neutral state, for reference. Note that in (c) and (d)
the DOS for beta electronic states are multiplied by —1 and the shaded
and unshaded regions represent occupied and unoccupied KS-orbitals,
respectively. The vertical dashed lines in (b) are the four most
probable optical transitions. In (d) labels 1 and 2 represent the
pseudogaps while label 3 represents the formal gap, which is nearly
zero in this case. Opening the gap by going from the neutral to S+
charge can be interpreted as the removal of S electrons from the §
degenerate orbitals at the bottom of the conduction band in the
neutral AgNC. Note that there were no constraints on spin
multiplicity, providing singlet and doublet for (c) and (d) as energy

minima.

broad absorption from 0 to 4 eV, again, similar to the intraband
transitions in an n-doped semiconductor.” However, due to
the open gap nature of the charged AgNC, there are no
transitions in the IR range. We also show the four most
probable transitions in the absorption spectra of the charged
AgNC, denoted by vertical dashed lines. Expanding upon this,
Table 1 includes the ten most probable elementary excitations
across the band gap. The elementary excitations are labeled by
the pair of orbitals (HO — i and LU + j) involved in the
transition, their corresponding oscillator strength, fyo_;iusp
and the thermalization rates, which will be introduced later.
Interestingly, most of the bright transitions occur from the top
of the valence band to a relatively large number of orbitals away
from the bottom of the conduction band. Typical orbitals
involved in absorption and emission are shown in Figure S3
where orbitals reside in the core prior to excitation and then are
promoted to orbitals primarily located on the ligand and
moderately hybridized with the core region of the cluster.
Recombination via Kasha’s rule would then occur in the AgNC
where both the HOMO and LUMO reside on the core.
Using TDDFT methodologies (as opposed to the DFT/IOA
methodologies employed here), Bae et al. calculated the
absorption spectra of bare AgNCs possessing the same
icosahedral shape and charge as the AgNCs modeled here.
The TDDFT calculations resulted in absorption spectra that
are blue-shifted compared to the DET/IOA values.” Although
it has been shown that absorption spectra calculated using
TDDFT are linearly shifted in energy in comparison to DFT
spectra,”>*"** we suspect that the difference in passivation is
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Table 1. Representative” Inter-band Excitations under the Independent Orbital Approximation Represented by Pairs of

Occupied (Hole) and Unoccupied (Electron) Orbitals”

initial orbital, i

final orbital, j

HO — 2 (319) LU+ 5 (327) 3.593789 24744
HO — 1 (320) LU + 25 (347) 3.125815 3.8477
HO — 1 (320) LU + 23 (34S) 1.634268 3.7894
HO (321) LU + 26 (348) 1.550391 2.6759
HO -2 (319) LU + 10 (332) 1.55031017 2.6759
HO (321) LU + 2 (324) 1.38873756 222

HO — 2 (319) LU + 8 (330) 1.28777306 2.6204
HO —1(320) LU + 35 (357) 1.27029564 4.3379
HO -2 (319) LU (322) 1.2570283 2.0617
HO — 2 (319) LU + 1 (323) 121181109 2.1431
HO (321) LU (322) 0.260736 2.0137

oscillator strength, f; energy of transition (eV) thermalization lifetimes (z/7,) (ps) thermalizations rates (k./k,) (ps™)

0.3111/3.3146 3.2138/0.3017
0.9161/5.3967 1.0915/0.1853
0.9916/5.3967 1.0084/0.1853
0.9091/— 1.1000/—
0.4639/3.3146 2.1558/0.3017
0.1841/— 5.4315/—
0.3463/3.3146 2.8875/0.3017
0.9322/5.3967 1.0727/0.1853
—/3.3146 —/0.3017
0.0540/3.3146 18.5215/0.3017

“This was all calculated at the PBE level of theory. *Shown excitations are chosen out of about 18 000 elementary excitations based on larger values
of the oscillator strength and the transition energies vicinity to the bandgap. Note that oscillator strength values computed by eq 3a are not
normalized here. The last two columns represent thermalization rates and lifetimes for electrons and holes for each given excitation, computed by
fitting the data of eqs S2—SS5 to a single exponential decay function. Interestingly, most of the bright transitions occur from the top of the valence
band to relatively large number of orbitals away from the bottom of the conduction band.

Table 2
no. of Ag gap (eV) PBE/B3LYP/
source atoms charge HSE06
theory (this work) 13 +5  2.0137/2.0050/2.0047°
erimental 10 +6 b

Petty, ref 28)

“Because the +5 model was in the singlet conﬁ%uration the band gap
for alpha and beta electrons were the same. “Petty et al. did not
specifically list an emission spectra.

more likely the root cause of the observed discrepancy.
Furthermore, Bae et al. also calculated a corresponding band
gap for an icosahedral AgNC with charges of —5, —1, and +5 to
be 0.32, 0.05, and 2.93 eV, respectively, where the authors
correlated the larger band gaps in the —5 and +5 charge states
as “magic number” superatom clusters, as discussed in greater
detail in section 4.

Modeling electronic dynamics and computing photoemission
is numerically costly. Consequently, after identification of the
most promising configurations, we then focus our attention on
one representative example, the S5+ singlet state. As a
prerequisite to calculating PL, a molecular dynamics (MD)
simulation was conducted on the AgNC in the 5+ singlet GS
configuration. Here the total energy of the system was found to
randomly fluctuate near approximately E,(t) = —1052 + 0.5
eV, as shown in Figure 4a. When measuring the distance
between the center silver atom (Ag.) and the other 12 surface
silver atoms of our model, we found that the Ag —Ag distance
harmonically oscillates by ~0.1 A with a mean distance of 2.8 A.
These higher amplitude oscillations arise from all normal
modes, not only the Ag—N stretch. The distance of the three
nitrogen atoms in cytosine from the core silver atom (Ag.—N)
fluctuates near 5, 6, and 7 A, on average. One could imagine
that the jittery oscillations of nitrogen atoms are expected due
to the relatively low molecular weight of N compared to Ag and
the restricted degrees of freedom due to the ring structure of
cytosine. Furthermore, the greatest oscillations are found for
the primary nitrogen, whereas the amplitude of oscillation of
the secondary nitrogen atoms are damped, again likely due to
reduced degrees of freedom.

As detailed in the Methodology section, the fluctuation of the
energy of the KS orbitals along the MD trajectory, .(t), can be
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Figure 4. Room temperature molecular dynamics simulations were
conducted for the silver nanocluster with a 5+ singlet ground state
configuration. The (a) total energy as well as the distance of (b) outer
silver atoms and the (c) nitrogen atoms in cytosine to the center silver
atom were determined. The colors in (b) and (c) are coded to match
the inset of (b). From the molecular simulations, spin-resolved time
dependent Kohn—Sham orbitals were determined for (d) alpha and
(e) beta electrons with the PBE functional.

determined as displayed in Figure 4d,e. The details related to
nonadiabatic couplings, their autocorrelation functions, and the
relevant values of the Redfield Tensor elements are shown in
Figure S4 of the SL The time dependent KS orbitals with
nonadiabatic coupling (NAC) in conjunction with the Redfield
master equation can be used to find orbital occupation as a
function of time for any initial excitation specified by the active
pairs of orbitals, HO — i and LU + j.”'

For most excitations, there are two typical trends: (i) the
relaxation of one carrier, electron or hole, is independent of
where the second carrier is excited to and (ii) the relaxation
occurs in a cascade fashion
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LWU+j—->LU+(G—-1) - .
- LU

->LU+2->LU+1

HO-i->HO-(i—1) > ..
— HO

Based on these trends we deduce that the final stages of the
cascade, which are the most important for photoemission,
occur through the same sequence of orbitals with the same
rates, for a broad range of excitations. A representative example
of this thermalization process for an initial excitation of LU +
25 and HO — 25 is illustrated in Figure Sa,b, respectively, which

—- HO -2 —->HO -1

Occupation Occupatiog
10

10°
10"
102
0.0 0.5 1.0 15 2.0 25
[ere-gronul

Figure S. Orbital occupation for alpha (a) electrons and (b) holes as a
function of time calculated for the silver nanocluster in the S+ singlet
ground state configuration, thermalizing from LUMO+2S to the
LUMO and from HOMO+2S to the HOMO, respectively. (c)
Calculated electron and hole thermalization lifetimes as a function of
the energy difference between the corresponding band edge and initial
excitation level. The solid and open circles represent alpha and beta
electrons, respectively, while the black and purple symbols are electron
lifetimes and the green and blue symbols represent hole lifetimes. The
alpha and beta electrons of both the hole and electron lifetimes are fit
with an exponential function (red dashed curve).

depict an electron relaxing to the LUMO within 300 fs and a
hole thermalizing to HO — 2 in ~250 fs and then subsequently
relaxing to the HOMO by ~500 fs. The resulting HOMO—
LUMO excitation then waits to radiatively recombine via
Kasha’s rule.*®

Computed results for the time dependent occupation of
orbitals can be used to find observables: (i) the time dependent
charge distribution (Figure SS in the SI) and (ii) the
expectation values of the energy of a KS carrier, (E°)(t) and
(E™(t) according to eqs S2—S5 of the SL The change in
average energy of an electron, (E°)(t), and hole, (E")(t), as they
thermalize to the band edge are illustrated in another example
of excited state dynamics shown in Figure S6(a) and (d) of the
SL This explicit example is computed for the initial conditions
corresponding to an excitation from HO — 10 to LU + 10.

Next, we explore the response of the excited state dynamics
to changes in the initial conditions or initial excitation. The
initial excitation of a charge carrier can be labeled in two
fashions: first, by orbital index and second, by an offset of
orbital energy from the band edge; le; — &yl for electrons and
lero — €l for holes. Here, the dependence on initial excitation
is best visualized as a relaxation time, 7 = k™', versus initial
excitation energy. The relaxation time of both alpha and beta

23881

electrons, 7, = (k,)™' in Table 1 and Figure Sc, are in
accordance with the band gap law such that the lifetime
increases with increasing excitation energy.83 Contrary to this,
however, the hole relaxation times, 7, = (k,)”", have the
opposite trend, where it is possible that this is due to the dense
spacing of the KS orbital energy in the valence band.
Methods outlined in eq 8a were used to calculate the spin
resolved PL, where Figure S6(c) and (f) shows the results. A
strong peak centered at approximately 2 eV dwarfs smaller
peaks in the low energy infrared region of the spectrum
associated with nonradiative recombination pathways. The
summation of spin resolved PL by eq 8b was used to create the
overall PL spectrum in Figure 6, where the strong peak is

_1.0
S
30.8
> R
= 0.6 3
c

804
f=

T o2

0.0

400 550, " 700
Wavelength (nm)

Figure 6. Normalized calculated PL (solid red line) and absorption
(solid black line) spectra for the S+ singlet model with experimental
PL (dashed red line) and absorption spectra (dashed black line) from
Petty (ref 22).

centered at approximately 610 nm. Also in Figure 6 we plot the
absorption spectra according to eq 4 as well as experimentally
observed PL and absorption data from ref 19 for oligonucleo-
tide capped AgNCs with a 540 nm excitation.

4. DISCUSSION AND INTERPRETATION

The current state of the data reveals two main points that need
to be discussed in greater detail; (a) the presence and

Lo and (b) the validity

dN
of an open-gap configuration for charges of S5+ and its
implications for a high-charge state as a requirement for PL in
AgNCs. We begin this discussion with the former, the presence
of the discontinuity.

interpretation of the discontinuity in

4.1. Jump Discontinuity in %(N). We rationalize the

presence of the discontinuity in - using an electrostatic

approach for a metal sphere. First, the energy required to
remove N electrons from a neutral metal sphere E; ., (N) can be
modeled according to Coulomb’s Law as given by eq 12 below

1 (Ne)(—Ne)
& IR,
(12)
Here Ry is the radius of the conducting metal sphere and & is
the dielectric constant of the surrounding material in atomic

units. The energy dependence scales as the second power of the

number of electrons, N, and the first derivative of this
ion __ 282 e

w = eIRDIN' Fitting the DFT

derived data in Figure 1b, we find a very similar trend with
dE,, _
N T
either side of the jump discontinuity at 5+. We expect this

constant to be directly related to the quantum nature of the

Eion(N) = AEtot = Etot(N) - Etot(o) =
R

ionization term leads to

A, + BN, where A, is a constant for the data on
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DOS, which is neglected in the classical approach taken here.
Gaps in the DOS will increase the energy required to remove
the electron. It is probable that this is the root cause for both of
the observed deviations between eq 12 and the actual fit of the
data in eq 9. The most prominent difference between eqs 9 and
12 lies in the presence of the constant A;,, which we again
assume reflects the difference between the classical model and
the quantum nature of the system. With the sudden jump at a
charge of S+, we assume that this must have a strong
correlation to the presence of the bandgap, due in part to the
resemblance of AA to the DFT calculated band gap. We further
assume that the band gap can be approximated from the energy
of ionization, E, i.e., removal of one electron using eq 13
below

ion.

dE, , ~ E¥’(N, R,, ¢) = _2(Ne)(=e) = BN

IR, (13)
From this we see that the band gap of the nanocluster is a
function of the charge and size of the nanocluster as well as the
dielectric constant of the surrounding medium.

However, from the DFT generated results we see that the
band gap is weakly coupled to the charge aside from the clear
dependence at a charge of S+ in Figure 2a—d. Now, we did not
explicitly study how variations in the surrounding media would
affect the PL, but this has been examined in the literature, with
several groups showing that the stabilizing ligand and the
dispersing solvent play a critical role in the observed PL.*"*>™*’
For instance, Richards et al. and Copp et al. were able to tune
the AgNC’s PL by changing the DNA sequences passivating the
AgNC surface,””*' while Diez et al. demonstrated strong
coupling between the solvent and AgNC PL.*°

Both systems can be explained using the simple model
detailed in eq 13. The calculated data from Figure 1b have a
slope of B ~ 0.439. Using this in eq 13, we get E*(+5,2.756 A,
€) = 0.439*5 = 2.195 eV. By solving eq 13 for the only variable
left (i.e., the dielectric constant), we obtain a value of 12.1. To
the best of our knowledge, the dielectric constant of cytosine is
not given explicitly, but with the volume and polarizability one
can use the Clausius—Mossotti relation®® to determine a
dielectric constant, which ends up being approximately 3.83 in
this case. More details on this calculation can be found in the
SL

Because these nanoparticles are dispersed in water, which has
a substantially larger dielectric constant of 80.1, we would
expect this to play a role in the overall dielectric constant of the
medium surrounding the nanoparticle. Here we employ a
simple rule of mixtures, €, = @€yt + Pyaterf ey Where ¢ is the
volume fraction. One can solve for ¢, and ., knowing that
1 = ey + Praer Which leads to ¢, = 0.89 and ¢, = 0.11.
We find this solution to be reasonable due to the fact that
cytosine is in direct contact with the silver sphere. As a result,
its dielectric constant would have the largest impact on the total
dielectric constant, while in contrast very few water molecules
can approach the nanocluster and affect it.

Another way to examine the jump discontinuity at 5+ is
through the lens of superatom chemistry. As mentioned in the
Introduction, the first of the four main directions in the
computational modeling of noble metal clusters entails a
determination of the morphology of that cluster and whether
that cluster is purely metallic or an organo-metallic complex.
Although explicit examination of the specific shape and
morphology of the cluster is outside the scope of this work,

we will briefly discuss the implications here. Small clusters of
metallic atoms, or “superatoms”, can take on significantly
different properties from the bulk. The early work by Knight
showed that in a cool gas of sodium atoms, the atoms would
condense into clusters containing a specific number of atoms; 8,
20, 40, etc.,85’86 where the specific number of atoms in a cluster
was attributed to electronic shell closure.

Similar to the noble gases with their filled shells, superatoms
can also exhibit exceptional stability with a valence electron
count of n* =2, 8, 18, 34, 58, 92, 138, ... again due to shell
closure.” Directly relevant to the work here, Hikkinen and co-
workers derived a simple arithmetic expression to predict
whether a superatom with organic ligands has shell closure; n*
= Nvy — M — z, where n* is the valence electron count
corresponding to the list above, N is the number of metallic
atoms, v, is the number of valence electrons in the metallic
atom, and M is the number of electron withdrawing ligands,
assuming each ligand withdraws one electron and z is the
overall charge.

In the AgNC studied here, a shell closure would correspond
to a charge, z, of 5— and 5+ with a shell closure, n*, of 18 and 8,
respectively, due to the 13 metal atoms and the Ss' valence
electron in each atom [e.g,, 8 = (13)(1) — 0—S and 18 = (13)
(1) — 0 + S]. This indicates that the ligand or DNA does not
withdraw electrons from the AgNC core and perhaps a more
complex ligand structure is adopted. Alternatively, if one
explicitly counts the 10 electrons in the d orbitals of silver based
on the Aufbau principle, Ag(o) = [Kr]4d'?5s", a shell closure is
still observed at a charge of 5+ with a magic shell closure of 138
electrons [e.g, 138 = (13)(11) — 0 — S].

Ligand stabilization of gold nanoclusters was found to occur
through a metal—ligand adduct; M(+)-Ligand with a pure
neutral gold core.” This type of complex could also be
occurring in DNA complexed AgNCs, where there is an inner
neutral core of silver atoms surrounded by positively charged
Ag'-DNA adducts. In fact, the same l’gfpe of complex has
already been hypothesized by Petty et al.*® and Copp et al.”’ in
their work on DNA-AgNC complexes.

4.2. Model Validity. This brings us to the final part of our
discussion: can we trust the DFT generated results and if so,
what are the implications? In Figure 2 we showed the DFT
generated band gap of the AgNC. The band gap was not
present in AgNC with a charge lower than 5+, but once a high
charge state was achieved the gap opened to approximately 2
eV with a weak coupling to the total charge. With these
calculations, we are aware of and concerned about the
possibility of self-interaction errors. Self-interaction errors are
rooted in the exchange correlation functionals used in any DFT
calculation and have been an area of growing academic interest.
The error arises due to the functionals inability to remove an
electron’s interaction with itself. This causes erroneous
calculations of different values such as the total energy. Because
of this, we used three different functionals to perform each
calculation; one GGA functional (PBE) and two hybrid
functionals (HSE06 and B3LYP). The GGA functional is
particularly susceptible to this error, yet hybrid functions such
as HSEO06 can limit the effects of self-interaction errors and
have been moderately successful in predicting the band gap of
nanoscale semiconductors.*”*® From our calculations, we found
that all three functionals show excellent agreement in predicting
the magnitude of the band gap for each charge.

TDDEFT approaches are particularly good for limiting self-
interaction errors. Herein we find the band gap of the S— and
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5+ AgNC with electronic shell closures of 8 and 18 to be 0.02
and 2.01 eV, respectively, while TDDFT calculations of a bare
icosahedral AgNC in the 5— and 5+ state approximate the band
gap as 0.32 and 2.93 eV, respectfully.*® Although the explicit
magnitude of the gap for these models differs from what is
calculated here, we expect the primary difference in ligand
passivation (cytosine vs bare) to have a larger impact than the
choice of computational method.

5. CONCLUSIONS

Silver nanoclusters are ideal fluorophores for biological systems
with their high photostability, relatively nontoxic nature, and
small footprint." Yet, despite several inspiring proof-of-concept
sensors>>®* and biolabels,** a compelling model of the PL
has been lacking. Herein, spin-resolved constrained DFT
calculations of an icosahedron shaped AgNC passivated with
cytosine is presented.

Due to the sensitivity of the optical properties of the
nanoparticles to their surrounding environment, the electronic
structure of the AgNC was calculated for various charges, where
it was found that a relatively high charge of 5+ or greater is
necessary for the nanocluster to become optically active for
electrons of either spin, although charge otherwise played little
role in the overall PL. Although such a high charge raises
concerns about a self-interaction errors, the consistency of
calculations performed with hybrid functionals (HSE06 and
B3LYP) and a standard GGA functional (PBE), as well as the
similarities with TDDFT calculations®® and several exper-
imental works,'”***® and superatom closed valence shell
concept,” lends further confidence to the reported results.”®

Furthermore, we report a new method to estimate the band
gap of semiconducting nanoparticles through careful examina-
tion of the total energy as a function of charge using a classical
electrostatics method. The first derivative with respect to
charge of the total energy was found to be linear in nature, yet a
discontinuity was present at a charge of S+, where the
amplitude of the jump coincided with the calculated band gap
of approximately 2 eV. Using a classic Coulombic model, we
rationalized the observed behavior. We proposed that the band
gap is inversely dependent to the dielectric constant of the
surrounding material, which intuitively speaks to the nature of
the sensitivity of photoemission to surface passivation.

The methodologies presented for the calculation of spin
resolved PL are general and can be applied to a broad variety of
other nanoscale systems. Such application is exemplified by a
model silver nanocluster for proof of concept, thus overcoming
a lack of atomistic simulations for the PL properties in such
systems. The calculated PL and absorption spectra show
similarities to experimental data, giving credence to the validity
of the methodologies described here. In this report, the size,
morphology, and surface passivation effects are not explicitly
explored. In nanoscale systems, these variables are expected to
impact a variety of photophysical phenomena and are targets of
future study.
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