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Abstract. We present a joint experimental and theoretical gas phase study of photoabsorption and
photofragmentation of silver cluster-biomolecule complexes. We demonstrate on the example of [Trp.Ags]™*
that binding of the metal cluster to a biomolecule leads to a significant enhancement of the photoabsorp-
tion in comparison with [Trp.H]™ and [Trp.Ag]™. This enhancement arises due to the coupling between the
excitations in the metallic subunit with charge transfer excitations between silver cluster and tryptophan.
Our experimental studies show that silver clusters up to eleven atoms can be bound to tryptophan and
we present first results on the photofragmentation of the Trp.Ag]; complex cation, in which properties of

cluster subunit remain preserved.

PACS. 31.15.Qg Molecular dynamics and other numerical methods — 31.15.Ar Ab initio calculations

1 Introduction

The development of metal nanoparticle-biomolecule hy-
brid systems and their application in the generation of
ordered structures in solution or at surfaces is a promis-
ing route for development of new specific biosensors and
nanoscale architectures with desired structural, electronic
and optical properties [1]. The applications of nanopar-
ticles as biosensors are based on a remarkable enhance-
ment of photoabsorption and emission processes which
occurs near a metal surface or a metal nanoparticle [2].
These effects are generally interpreted as resulting from
a local amplification of the electromagnetic field of the
biomolecule due to coupling with the metal surface plas-
mon. The application of this phenomenon enables fluo-
rescence labeling, imaging and Raman scattering of single
molecules [3-5].

The understanding of nanoparticle-biomolecule hybrid
systems at the molecular level is challenging. Indeed, it
involves an investigation of the coupling between excita-
tions of metallic particles and biomolecules. In this con-
text, the gas-phase approach is valuable since it allows the
experimental and theoretical studies of well-defined sys-
tems without external interactions (solvent or substrate).
However, the optical properties of gas-phase nanoparticle-
biomolecule hybrids still remain scarcely investigated.

2 e-mail: vbk@chemie.hu-berlin.de

Here we present a joint gas-phase experimental and
theoretical study of the optical properties of silver
cluster-tryptophan complexes. We demonstrate an order
of magnitude enhancement of the optical absorption in
[Trp.Ags]t compared to [Trp.H]", [Trp.Ag]". Further-
more, we show that silver tryptophan complexes with up
to eleven silver atoms can be produced experimentally and
we present first results on their photofragmentation.

2 Experimental and computational

Experiments were performed using a commercial
quadrupole ion trap (QIT) from Thermofinnigan (LCQ
Duo with MS™ option) coupled with an off-axis electro-
spray source. The ion trap has been modified in order
to couple it with a VIS/UV tunable OPO laser. This
coupling allows photodissociation spectroscopy studies on
trapped biomolecular ions [6,7].

Mixing an amino-acid or a peptide solution with a
metal salt is a very common way to form metal cation-
ized ions. We recently managed to produce silver cluster-
tryptophan complex ions [8]. The electrolyte solution was
prepared by mixing (1:1) a solution of silver nitrate salt
(500 M in pure water) and a solution of tryptophan
(100 pM in HoO/CH30H 1:1 (v/v)). 3% of acetic acid
was added to the final solution. As already published,
tryptophan-silver complexes with different stoichiometries



[Trp.Ag]”

The European Physical Journal D

1.00

0.804

0.60

0.404

0.20

276
[Trp.H]"
1.00 1.00
-

=
5, 080 0.80
=
)
3 0607 0.60
w2
g
S 0404 0.40
=
=
2 0204 020
o

0.00 0.00 ;

00 1000 2000 3000 400.0 500.0 600.0 00 1000 200.0

T
300.0

T T 0.0
400.0 500.0 600.0 0.0

100.0

200.0 300.0 400.0 500.0 600.0

A [nm]

Fig. 1. (Color online) Comparison between the experimental photofragmentation spectra (red line) and calculated absorption
spectra (blue line and black sticks) absorption spectra for: (a) [Trp.H]™, (b) [Trp.Ag]™ and (c) [Trp.Ags]™.

of the general form n; m (where n is the number of tryp-
tophans and m the number of silver atoms) were observed
in the mass spectra [8].

Parallel to the experimental studies, the structural
properties and stationary absorption spectra of [Trp.H]*,
[Trp.Ag]*t and [Trp.Ags]™ were determined using den-
sity functional theory (DFT) with the hybrid func-
tional B3LYP [9,10]. For Trp, the 6-311G** atomic or-
bital (AO) basis set augmented by diffuse functions for
appropriate description of excited states was employed.
All ground state optimizations were performed employ-
ing a 19-electron relativistic effective core potential (19el-
RECP) from the Stuttgart group for silver [11]. The ab-
sorption spectra were calculated using our 1lel-RECP
with the corresponding AO basis set which has been devel-
oped for an accurate description of excited states of silver
clusters [12-14]. The extensive search for the structures
of [Trp.Ags]t was performed by the simulated annealing
procedure coupled with molecular dynamics simulations
in the framework of the semiempirical AM1 method. The
structures found were subsequently reoptimized using the
DFT method. Similar study of complexes formed by tryp-
tophan and larger silver clusters is in progress.

3 Results and discussion

Comparison of the photoabsorption cross-section, ob-
served by means of photofragmentation measurements of
[Trp.H]*, [Trp.Ag]t and [Trp.Ags]™ together with the-
oretical absorption spectra obtained by time-dependent
density functional theory (TDDFT) is shown in Figure 1.
All three complexes exhibit a strong absorption in the
region around 200 nm which can be attributed to the well-
known m—7* transitions within the indole subunit of tryp-
tophan. In addition to that, both [Trp.H] T, [Trp.Ag]™ ex-
hibit weak charge transfer excitations at 290 and 330 nm,
respectively [7]. As shown by the theoretical analysis,
these correspond to the charge transfer from the indole
subunit to the NHF and Ag® subunits. A dramatically
different situation arises in the case of [Trp.Ags]™ com-
plex. Here, a very strong absorption occurs around 320 nm
which can be attributed mainly to the excitations within

the AgZ subunit but also contains a charge transfer contri-
bution. Furthermore, the absorption in the range between
230 and 290 nm is also significantly enhanced due to the
coupling between the excitations involving the indole and
Ag}f subunits. Analysis of the optical properties of the
[Trp.Ags]™ is presented elsewhere [15]. We wish to point
out that even in these small systems similar effects oc-
cur as in large nanoparticle-biomolecule complexes. This
demonstrates that joint gas-phase theoretical studies on
such model systems can provide a significant insight into
the optical properties which are important for potential
applications. Therefore, in the following we show that the
complexes between larger silver clusters and tryptophan
can be also produced experimentally. This is particularly
important, since it allows to investigate the size and struc-
ture dependence of the optical properties of these hybrid
systems.

In the experiment the complexes of the silver clusters
and tryptophan with up to 11 silver atoms have been
observed and isolated. Here we concentrate only on the
largest observed species [Trp-2H+Agi1]"T. The isolation
spectrum for [Trp-2H+Ag11]™ together with the compar-
ison between experimental and calculated isotopic distri-
bution is presented in Figure 2. The isotopic distribution
shows that the [Trp-2H+Ag;1]" is a dominant product,
but the ratios between the odd and even peaks and the
right part of the distribution indicate that other com-
plexes with similar masses might also be present to a
smaller extent. The collision induced dissociation (CID)
spectrum for the [Trp-2H+Ag11]" is shown in Figure 3a.
The main fragmentation channel leads to the dissociation
of the complex and to the formation of Agj, indicating
that the cluster is bound to tryptophan as an intact unit.
This has been confirmed theoretically. Our preliminary
theoretical results indicate that the structure of Agj, sub-
unit in [Trp-2H+Agq1]™ is closely related to the one of the
free cluster which corresponds to trigonal prism with all
five faces capped by silver atoms reported previously [16].

The photodissociation experiments were performed at
220, 260, 290, 310 and 330 nm. The corresponding pho-
todissociation spectra are presented in Figures 3b-3d.
Generally, a strong photodissociation is observed lead-
ing to the tryptophan loss and leaving the pure Agj;
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Fig. 2. Isolation spectrum of the 1;11 complex. The insert
compares the experimental and calculated isotopic distribution
for the [Trp-2H+Ag11]*.
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Fig. 3. Dissociation spectra of the (1;11) complex. (a) CID
spectrum. The complex is isolated with a width of 10 Da,
and activated at 20% of collision energy during 30 ms. (b),
(c) and (d) Photodissociation spectra measured at 220, 290,
and 330 nm during 500 ms of laser irradiation (10 laser shots).

cluster. It is particularly interesting to note that excita-
tion at 290 nm, produces smaller cluster fragments (Ag;,r ,
Agd, Agl and AgZ). These fragments arise during 500 ms
of irradiation as a consequence of a particularly strong ab-
sorption of small bare silver clusters at 290 nm. In con-
trast, at 330 nm no photodissociation is observed.

In Figure 4 we present the total fragmentation yield
of [Trp-2H+Ag11]™ as a function of the wavelength. The
total fragmentation yield is defined as o = In(parent +
Y frag/parent)/¢ where ¢ represents the laser fluence,
parent is the intensity of the [Trp-2H+Ag;1]" complex
peak and X frag is the summed intensity of the observed
bare silver cluster peaks. A broad absorption is observed in
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Fig. 4. Total fragmentation yield of the [Trp-2H+Agi1]t as a
function of the laser wavelength.

the interval from 220 to 290 nm. In contrast, above 310 nm
no fragmentation has been observed. Our preliminary the-
oretical study indicates that the strong interaction among
excitations within Agf1 and tryptophan subunits occurs,
leading to intense transitions spread over the large en-
ergy interval. Moreover, the intense transitions originat-
ing from isolated Ag;, located around 260 and 290 nm can
be also identified in [Trp-2H+Ag1;]*. This is a common
feature found also for other silver-tryptophan complexes,
although intensities are influenced by size and the struc-
ture of the cluster.

4 Conclusion

We have demonstrated experimentally and theoretically
that the enhancement of photoabsorption by binding of
a small metal clusters to tryptophan can be achieved.
For example, the absorption in [Trp.Ags]™ is enhanced
by an order of magnitude with respect to [Trp.Ag]™ and
[Trp.H]*. Comparison of experimental and theoretical re-
sults allowed us to reveal the electronic mechanism respon-
sible for the strong photoabsorption of this hybrid sys-
tem. This provides a general basis for understanding the
optical properties of large hybrid systems beyond the lo-
cal field amplification macroscopic description. By chang-
ing the size of silver clusters, we expect that further in-
crease in photoabsorption and tuning of wavelengths can
be achieved. We have also demonstrated experimentally
that the formation of complexes between larger silver clus-
ter and tryptophan can be achieved. Our first results show
the wavelength dependence of the photofragmentation in
[Trp-2H+Ag;1]" complex. This will enable in the future
to investigate the size dependence of optical properties of
silver-cluster-tryptophan complexes.

This work was supported by the Deutsche Forschungsgemein-
schaft SFB 450, the CNRS and the Humboldt foundation.



278

References

1
2
3

4

5.

6.

. E. Katz, I. Willner, Angew. Chem. Int. Ed. 43, 6042 (2004)
. M. Moskovits, Rev. Mod. Phys. 57, 783 (1985)

. S. Nie, S.R. Emory, Science 275, 1102 (1997)

. H. Yokoda, K. Saito, T. Yanagida, Phys. Rev. Lett. 80,
4606 (1998)

C.L. Haynes, A.D. McFarland, R.P. Van Duyne, Anal.
Chem. 77, 338A (2005)

F.O. Talbot, T. Tabarin, R. Antoine, M. Broyer, P.
Dugourd, J. Chem. Phys. 122, 074310 (2005)

R. Antoine, T. Tabarin, M. Broyer, P. Dugourd, R. Mitri¢,
V. Bonacié-Koutecky, Chem. Phys. Chem. 7, 524 (2006)
T. Tabarin, R. Antoine, M. Broyer, P. Dugourd, Eur. Phys.
J. D 37, 237 (2006)

10.
11.

12.

13.

14.

The European Physical Journal D

A.D. Becke, J. Chem. Phys. 98, 5648 (1993)

C. Lee, W. Yang, R.G. Parr, Phys. Rev. B 37, 785 (1988)
D. Andrae, U. Haeussermann, M. Dolg, H. Stoll, H. Preuss,
Theor. Chim. Acta 77, 123 (1990)

V. Bonaci¢-Koutecky, J. Pittner, M. Boiron, P. Fantucci,
J. Chem. Phys. 110, 3876 (1999)

V. Bonacié¢-Koutecky, V. Veyret, R. Mitri¢, J. Chem. Phys.
115, 10450 (2001)

C. Sieber, J. Buttet, W. Harbich, C. Félix, R. Mitrié, V.
Bonacié-Koutecky, Phys. Rev. A 70, 041201 (2004)

. I. Compagnon, T. Tabarin, R. Antoine, M. Broyer, P.

Dugourd, R. Mitrié, J. Petersen, V. Bonagci¢-Koutecky, J.
Chem. Phys. 125, 164326 (2006)

P. Weis, T. Bierweiler, S. Gilb, M.M. Kappes, Chem. Phys.
Lett. 355, 355 (2002)



