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Polycyclic aromatic hydrocarbons (PAHs) are stable and un-
reactive species naturally occurring in oil, coal, and fossil fuels.

They play a major role in pollution, combustion,1 and interstellar
chemistry.2 Their two-dimensional extension, graphene,3 has
promising electronic and mechanical properties,4,5 as appreciated
by theNobel prize in physics awarded in 2010. Hybrids composed
of PAH (or graphene) and metal atoms (or metal clusters) are
considered as potential targets for novel materials with tailored
catalytic, electronic, optical, and magnetic properties.6 These can
be tuned by variation of several parameters, such as metal type and
cluster size, PAH size, charge state, and substitution of functional
groups. In particular, transition metals can form strong coordina-
tive bonds to PAHs due to donation of d electrons from the metal
into the vacant π* orbital of the PAH and back-donation of π
electrons from the PAH into partially filled metal orbitals.7 The
variation in interaction strength and geometry leads to different
band gaps depending on the metal. Control and tuning of band
gaps inmolecular materials is one of the fundamental questions for
designing molecular electronic devices. In contrast to metal�
benzene complexes,7,8 little information is available about the
geometric and electronic properties of metal�PAH complexes.9�12

During a recent measurement campaign, we recorded infrared
photodissociation (IRPD) spectra of [Ag�(PAH)n]

+ complexes
with n = 1 and 2 and PAH = azulene (Azu), naphthalene (Nap),
anthracene, phenanthrene, and pyrene in the fingerprint range
(550�1650 cm�1). Here, we report initial results on the structure
and vibrational spectroscopy of size-selected [Ag�Azu]+ 3Ne and
[Ag�Nap]+ 3Ne complexes (Figure 1).

In the present study, we apply a modern, generally applicable
approach to obtain vibrational spectra of coldmetal cation�PAH
complexes in the linear absorption regime. Isolated complexes

are efficiently formed by electrospray ionization (ESI), as shown in
Figure F1 in the Supporting Information (SI).13,14 A messenger
atom, Ne in this case, is subsequently attached to collisionally
cooled mass-selected [Ag�PAH]+ ions in a 19 K ring electrode
trap via three body collisions (Figure F1 in SI).15,16 All ions are then
transferred from the trap into the extraction region of a time-of-
flight (TOF) mass spectrometer, where they interact with tunable
IR radiation of the Free Electron Laser for Infrared eXperiments
(FELIX).17,18 IRPD spectra of cold [Ag�PAH]+ 3Ne complexes
are obtained by analyzing the resonant vibrational photodissocia-
tion process as a function of the laser frequency (messenger
technique):16,19�21

½Ag� PAH�þ 3Ne þ hν f ½Ag� PAH�þ þ Ne ð1Þ
As Ag+ is a closed-shell transition-metal ion with [Kr]4d105s0

configuration, predominantly electrostatic character of the
cation�π interaction may be expected for [Ag�PAH]+. How-
ever, due to similar ionization energies of Ag (IE = 7.58 eV) and
the considered PAH molecules (IE = 7.42�8.14 eV),22 orbital
interactions involving electron transfer of the type π f Ag+

(σ donation) and Ag+ f π* (π back-donation) influence both
the energetic and structural parameters of the complex.7,23,24 As
such orbital interactions provide a severe challenge for the
quantum chemical description of these hybrid complexes, their
experimental characterization is of importance.

Calculations at the BHLYP/aug-cc-pVTZ (vide infra) yield a
single minimum on the [Ag�Nap]+ potential (Figure 1), in
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ABSTRACT: Hybrids of metal atoms and polycyclic aromatic hydrocarbons (PAHs) are
promising building blocks for new materials with tailored opto-electronic properties. We
report the first experimental mid-infrared (550�1650 cm�1) spectra of [Ag�PAH]+

complexes measured in the linear absorption regime via messenger tagging of size-selected
cryogenically cooled complexes. Infrared photodissociation (IRPD) spectra of [Ag�PAH]+ 3Ne
complexes (PAH = naphthalene and azulene) are assigned on the basis of a comparison to
simulated vibrational spectra from density functional calculations. The analysis of the IRPD
spectra, which resolve IR bands as weak as a few km/mol, allows us to identify the Ag+ binding
site and to gain valuable insight into the effects of Ag+ complexation on the geometry and
charge distribution of the PAH.
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which Ag+ is located above the ring nearly symmetrically between
C1 and C2, with a binding energy of D0 = 161 kJ/mol (1.67 eV)
and distances of 2.436 and 2.398 Å to C1 and C2, respectively.
Detailed geometrical parameters are provided in Figure F2 in the SI.
Furthermore, Ne and PAH bind to opposite sites of Ag+, in line
with the preferred coordination number of 2 for Ag+.24,25 As
the Ag+�Ne interaction (<10 kJ/mol)26 is roughly 20 times
weaker than the [Ag�PAH]+ interaction (∼200 kJ/mol), the
impact of Ne on the properties of [Ag�PAH]+ can be neglected,
with vibrational frequency shifts of <2 cm�1, as demonstrated in
Figure F3 in the SI.

The IRPD spectrum of [Ag�Nap]+ 3Ne, measured in the
590�1650 cm�1 range, is compared to various simulated linear
absorption spectra in Figure 2. In the following, we assume that
the measured photodissociation cross section σ is proportional
to the calculated IR intensity.16 The experimental spectrum
(Figure 2c) exhibits 21 sharp features labeled A�U, considerably
more than predicted for neutral naphthalene (Figure 2a), con-
firming the symmetry lowering upon complexation with Ag+.
The satisfactory agreement between the simulated IR spectrum
of the minimum-energy structure (Figure 2b) and the measured
IRPD spectrum (Figure 2c), particularly with regard to the peak
positions, allows for an assignment of all transitions observed
(Table T1 in SI). Themaximum deviation between experimental
and calculated frequencies is 23 cm�1, with an average difference
of 11 cm�1. The high sensitivity of the present approach is
evidenced by the detection of transitions as weak as 3 km/mol
with a relatively high spectral resolution (<10 cm�1). This is in
contrast to previous IR multiple photon dissociation (IRMPD)
spectra of Fe+�Nap,10 which display only the two most intense
transitions occurring in this spectral range at 822 and 1352 cm�1

with widths of ∼50 cm�1 due to the low sensitivity of the
multiple photon absorption process and the high temperature of
the ions (300 K).

The most intense feature E (814 cm�1) in the experimental
spectrum is assigned to a CH out-of-plane bending mode, which
is calculated at 827 cm�1 (ν30, b1u), that is , 31 cm

�1 shifted to
the blue of the corresponding transition in bare Nap (796 cm�1).
The second most intense transition (Q) observed at 1374 cm�1

is attributed to a CC stretching mode (ν5 = 1367 cm�1, ag). The
corresponding transition in isolated Nap (1375 cm�1) is for-
bidden but gains considerable intensity upon complexation with
Ag+ (68 km/mol). Furthermore, the potential energy surface for
Ag+ above the aromatic plane is relatively flat,23,27,28 with low

barriers (<20 kJ/mol) for interconversion between equivalent
minima. The IR spectra calculated for the minimum and the
lowest-energy transition states (TS1 and TS2) connecting the
four equivalent minima on the same side of Nap exhibit a
pronounced sensitivity to the Ag+ binding site (Figures 2 and
F4 in SI). While the simulated spectra assume ions at 0 K, the
experimental spectra probe ions at a low but finite internal
temperature. Consequently, the difference in the calculated
and observed intensities for transition Q may reflect some
delocalization of Ag+ in the ground vibrational state through
zero-point motion and/or internal excitation of low-frequency
intermolecular bending modes of the ions at finite T. Thus, the
detailed experimental linear IR spectrum [Ag�Nap]+ provides a
very sensitive probe for the position and degree of delocalization
of Ag+ above the Nap plane, which can be analyzed in more detail
in the future by multidimensional rovibrational calculations on
sophisticated potential energy surfaces.

The two most intense transitions E (out-of-plane CH bend)
and Q (CC stretch) in the experimental [Ag�Nap]+ 3Ne
spectrum display frequency shifts of +34 and �6 cm�1 upon
Ag+ complexation. These modes exhibit larger shifts in the
IRMPD spectrum of [Fe�Nap]+ (+42 and �28 cm�1) due to
the much stronger interaction in this complex (265 kJ/mol).10

These frequency shifts result from a distortion of the Nap
geometry upon complexation. In more detail, the similar IE
values of Ag (7.58 eV) and Nap (8.14 eV) give rise to partial
electron transfer from Nap to Ag+ in the [Ag�Nap]+ complex;
0.1 e is predicted at the BHLYP level of theory (Figure F5 in SI).
The dominant charge-transfer process is σ donation from the

Figure 1. Optimized structures of [Ag�Nap]+, [Ag�Azu]+(I), and
[Ag�Azu]+(II) obtained at the BHLYP/aug-cc-pVTZ level.

Figure 2. Simulated IR spectra of Nap (a), the global minimum-energy
structure of [Ag�Nap]+ (b), and the lowest-energy transition state (TS1,
Figure F4 in SI) (d) calculated at the BHLYP/aug-cc-pVTZ level (10 cm�1

convolution) compared to the IRPDspectrumof [Ag�Nap]+ 3Ne(c). The
vibrational assignments of the bands A�U are listed in Table T1 in the
SI, along with frequencies and IR intensities of the calculated spectra.
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delocalized π orbital of Nap (HOMO) to the empty 5s orbital of
Ag+. The reduction of population in the bonding π orbital leads
to an expansion of the aromatic ring upon Ag+ complexation
(Figure F2 in SI). Most significantly, the C1C2 and C9C10
bonds in the vicinity of Ag+ are stretched by 31 and 25 mÅ. On the
other hand, as a consequence of the asymmetric location of Ag+

above the two rings, some CC bonds of the second ring contract
somewhat. The circumference of the ring with Ag+ (8.432 Å) is
larger than the other one (8.375 Å), confirming that π f Ag+

electron transfer from the first ring dominates. These geometrical
changes translate directly into the corresponding frequency shifts
induced by Ag+ complexation (Figure 2, Table T1 in SI).
Significantly, the frequencies of all CC stretch and ring modes
of Nap are reduced by Ag+ complexation.

In summary, comparison of the Nap and [Ag�Nap]+ spectra
in Figure 2 unravels two principal effects. First, symmetry
reduction from D2h to C1 substantially increases the complexity
of the spectrum as many more modes become IR-active. Second,
the presence of the positive charge has a profound impact on the
IR intensities even for allowed transitions.14,29,30 Comparison of
the IR spectra of Nap, [Ag�Nap]+, and Nap+ illustrates the
effects of systematically increasing the charge on the Nap moiety
on vibrational frequencies and IR intensities (Figure F6 in SI). In
particular, the IR spectrum of [Ag�Nap]+ exhibits profound
sensitivity to details of the potential energy surface.

The IRPD spectrumof [Ag�Azu]+ 3Newasmeasured from590
to 1650 cm�1 (Figure 3), and the 22 IR bands observed (A�W)
are assigned in Table T2 in SI. Similar to [Ag�Nap]+ 3Ne, the

strongest absorptions found at 800 (E) and 1397 cm�1 (R) are
assigned to the out-of-plane CH bend and CC stretch modes,
respectively. The calculations predict two different minima on the
[Ag�Azu]+ potential (Figure 1), and their calculated IR spectra
are compared to the measured IRPD spectrum in Figure 3. In the
global minimum, [Ag�Azu]+(I), Ag+ binds to C1 of the five-
membered ring (rAgC = 2.248 Å) with D0 = 198 kJ/mol (see
Figure F7 in SI for all geometrical parameters). The isomer
[Ag�Azu]+(II), in which Ag+ binds to C5 of the six-membered
ring (rAgC = 2.301 Å), lies 44 kJ/mol higher in energy. Both Ag+

binding sites are also the most favorable protonation sites of
Azu.29 The calculated IR band positions for [Ag�Azu]+(I) show
good agreement with the experimental ones and allow for an
assignment of all vibrational bands, with a maximum deviation
between experimental and calculated frequencies of 30 cm�1

(average 12 cm�1). The spectrum calculated for the higher energy
[Ag�Azu]+(II) isomer differs largely from the experimental one
(Figure 3), excluding it from an assignment. The IE of Azu
(7.42 eV) is slightly smaller than that of Ag (7.58 eV). Hence,
charge transfer in [Ag�Azu]+(I) is predicted to be more sub-
stantial than that in [Ag�Nap]+, with only +0.8 versus +0.9 e
residing on Ag (Figure F5 in SI). The larger charge transfer in
[Ag�Azu]+(I) results also in a larger ring expansion and a stronger
Ag�PAH bond. The different bonding character in both
[Ag�PAH]+ species is also evident from the prediction that Ag+

binds to a single C atom in [Ag�Azu]+(I) with rAgC = 2.25 Å but
to two C atoms in [Ag�Nap]+ with somewhat longer bonds
(2.398 and 2.40 Å). As for [Ag�Nap]+, Ag+ complexation of Azu
has a strong impact on its structure and IR spectrum (Figure 3). For
example, the nearly equal peripheral CC bond lengths of the five-
membered ring (1.391 ( 0.001 Å) show strongly alternating
behavior in [Ag�Azu]+(I) (1.37�1.45 Å), demonstrating that
the aromaticity is largely removed upon Ag+ complexation. These
structural changes are again reflected in the vibrational frequencies.
For example, the bond elongation of C1C2 (+45 mÅ) results in a
red shift in the corresponding CC stretch frequency, Δν8(calc) =
�28 cm�1 and Δν8(exp) = �48 cm�1 (band S). Similar to
[Ag�Nap]+, the out-of-plane CH bend (ν43, b2, band E), in which
all H atoms vibrate against all C atoms, shows high IR activity and a
large blue shift upon complexation (+36 cm�1).

In conclusion, the analysis of the IRPD spectra of
[Ag�PAH]+ 3Ne complexes provides detailed insight into their
structural, vibrational, and electronic properties in the ground
electronic state. Complexation of the PAH to Ag+ is accompa-
nied by substantial charge transfer, leading to structural changes
in the PAH, which are directly reflected in the positions and
intensities of the IR bands of the complexes compared to those of
the bare PAH. The extreme sensitivity of the appearance of the
IR spectrum on the details of the charge transfer provides a
significant challenge for the proper description by quantum
chemical approaches (vide infra). Future target species include
larger PAH molecules, other metal ions, and larger metalx�PAHy

hybrid systems. The experimental approach is also suitable to obtain
electronic spectra of these systems to investigate in detail electronic
and optical properties of this interesting class of hybrid systems at the
molecular level.6,9,31

’EXPERIMENTAL SECTION AND COMPUTATIONAL
METHODS

IRPD experiments are carried out using an ion trap tandem
mass spectrometer,16,32 temporarily installed at the FELIX

Figure 3. Simulated IR spectra of Azu (a) (multiplied by 2), the
global minimum-energy structure [Ag�Azu]+(I) (b), and the isomer
[Ag�Azu]+(II) (d), calculated at the BHLPY/augcc-pVTZ level (10 cm�1

convolution) compared to the IRPD spectrum of [Ag�Azu]+ 3Ne (c).
The vibrational assignments of the bands A-W are listed in Table T2 in
the SI, along with frequencies and IR intensities of the calculated spectra.
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facility18 at the FOM Institute Rijnhuizen (The Netherlands).
[Ag�PAH]+ complexes are continuously generated in a Z-spray
ESI source from a 3.6/1 mM PAH/AgNO3 solution in a 10/1
CH3OH/H2O mixture (Figure F1 in SI). The ion beam is
collimated in a He-filled radio frequency (rf) ion guide, and
[107Ag�PAH]+ ions are mass selected in a quadrupole mass filter,
deflected by 90�, and focused into a rf ring electrode ion trap. To
allow for continuous ion loading, ion thermalization, and ion�Ne
complex formation, the trap is continuously filled with He buffer
gas containing 1% Ne at an ion trap temperature of 19 K. Ne-
tagged complexes are stabilized through three-body collisions.15,16

After filling the trap for 98 ms, all ions are extracted from the trap
and focused both temporally and spatially into the center of the
extraction region of an orthogonal linear TOFmass spectrometer.
Here, the ion packet is irradiatedwith the IR laser pulse prior to the
application of high-voltage extraction pulses and the subsequent
measurement of the TOF mass spectrum. IR spectra are recorded
by monitoring all ion intensities simultaneously as the laser
wavelength is scanned (50�70 measurements per wavelength
step). FELIX is operated at 10 Hz with a bandwidth of∼0.2% rms
of the central wavelength (2 cm�1 at 10 μm) and average pulse
energies of 10 mJ. The photodissociation cross section σ is
determined from the relative abundances of parent and photo-
fragment ions, I0 and I(ν), and the frequency-dependent laser
power P(ν) using σ ∼ �ln[I(ν)/I0]/P(ν).

Initial quantum chemical calculations have been carried out at
the MP2 and DFT levels using a large variety of functionals with
the cc-pVDZ (DFT) and cc-pVTZ (MP2) basis sets and the
Stuttgart effective core potential for Ag.33 The resulting IR spectra
and structures for [Ag�Nap]+ and [Ag�Azu]+ are compiled in
Figures F8�F10 in the SI. These test calculations reveal that,
although the preferred binding sites of Ag+ to the PAHmolecules
are similar at all theoretical levels, the Ag atom is located slightly
outside of the aromatic rings at the DFT level (independent of
the functional and basis set, Figure 1), whereas it tends to be
inside of the rings at the MP2 level (Figure F10 in SI).28

Surprisingly, the calculated IR spectra in Figures F8�F10 in
the SI exhibit a rather high sensitivity to the theoretical level
employed, in particular, when also considering the intensities.
Moreover, the calculated binding energies strongly depend on
the theoretical level (Table T3 in SI). This unusual high
sensitivity of the geometry, binding energy, and IR spectral
properties is attributed to the subtle effects of the charge transfer
occurring in these hybrid complexes composed of constituents
with similar ionization energies. Thus, good agreement with
experiment is only expected for theoretical approaches, which
properly describe the charge transfer. Comparison of the calcu-
lated and measured IR spectra in Figures F8�F10 in the SI
suggests that MP2 is not performing well. Out of the tested DFT
functionals, BHLYP produces the best agreement, and this
observation is rationalized by its ability to properly predict the
difference of the ionization energies of Ag and the PAH (Table 3
in SI). Test calculations for [Ag�benzene]+ at the BHLYP level
using basis sets ranging from cc-pVDZ to aug-cc-pVTZ yield
binding energies in the range of 145�150 kJ/mol, which agree to
within experimental error with the measured dissociation energy
of D0 = 162 ( 19 kJ/mol derived from radiative association
kinetics experiments.34 Similar to the binding energies, the
calculated IR spectra do not significantly depend on the basis
set (Figure F11 in SI). To this end, all further calculations are
conducted at the BHLYP/aug-cc-pVTZ level (aug-cc-pVTZ-PP
for Ag). Binding energies are corrected for scaled zero-point

vibrational energies. Harmonic vibrational frequencies are scaled
by a factor of 0.95, and IR stick spectra are convoluted with a
Gaussian profile with 10 cm�1 fwhm. All experimental and theore-
tical data are reported for the monoisotopic [Ag�PAH]+ species.

’ASSOCIATED CONTENT

bS Supporting Information. Geometries, charge distribu-
tions, calculated IR spectra at various theoretical levels, and peak
positions with assignments for PAH, PAH+, [Ag�PAH]+, and
[Ag�PAH]+ 3Ne. This material is available free of charge via the
Internet at http://pubs.acs.org.
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