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ABSTRACT: Ag'(aromatic) ion—molecule complexes of benzene, toluene, or
furan are generated in the gas phase by laser vaporization in a supersonic expansion.
These ions are mass selected in a time-of-flight spectrometer and studied with
ultraviolet laser photodissociation and photofragment imaging. UV laser excitation
results in dissociative charge transfer (DCT) for these ions, producing neutral silver
atom and the respective aromatic cation as the photofragments. Velocity-map
imaging and slice imaging techniques are employed to investigate the kinetic energy
release in these photodissociation processes. In each case, DCT produces
significant kinetic energy, and evidence is also found for excitation of the internal
rovibrational degrees of freedom for the molecular cations. Analysis of the kinetic

i

energy release together with the known ionization energies of silver and the
molecular ligands provides new information on the cation—z bond energies.

I. INTRODUCTION

Photoinduced charge transfer plays a pivotal role in photo-
chemistry and energy transfer processes throughout chemistry
and biology, lying at the heart of photosynthesis and solar
energy generation.l_6 These processes are well-documented in
the spectroscopy and photochemistry of many inorganic or
organometallic complexes.” " Photoinduced charge transfer
has also been observed for gas-phase molecular ions in mass
spectrometry. Bowers and co-workers employed mass-analyzed
ion kinetic energy spectroscopy to study dissociative charge
transfer (DCT) processes in the visible spectra of atmospheric
ion—molecule complexes."' ~"* Our lab has shown that similar
DCT processes are prominent in the photodissociation of gas-
phase metal ion—organic complexes of benzene or ace-
tone."*™"” Similar observations on other metal ion—organic
species have been made by the groups of Kleiber and co-
workers'®"” and that of Yeh and co-workers.”"~** Charge
transfer is possible in these systems because of the relatively
low ionization energies of aromatic molecules (8—10 eV),
which are close to the ionization energies of metal atoms (6—9
eV). More recently, we have applied the technique of
photofragment imaging to explore the kinetic energy release
and energetics in such photodissociation processes.”> These
methods provide direct access to the energetics of cation—7
interactions. In the present work, we apply these methods to
investigate the Ag*(benzene), Ag*(toluene), and Ag"(furan)
complexes.

Metal ion—aromatic complexes are ubiquitous in organo-
metallic chemistry, providing classic examples of cation—x
interactions.”*>” These complexes have also been well-studied
in mass spectrometry, and their interactions have been
investigated extensively with theory.’’~** Because the ioniza-
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tion energies of most metal atoms are lower than those of
ligands such as benzene, the charge in such metal—ligand ions
resides on the metal in the ground electronic state. This has
been demonstrated in several laboratories with collision-
induced-dissociation (CID) experiments, which produce the
metal cation as the only dissociation product.”>*>***" With
proper analysis, the thresholds for CID processes provide the
bond energies for these complexes. For Ag*(benzene), for
example, the bond energy determined from CID by Chen and
Armentrout was 37.4 kcal/mol.*?

Excited electronic states for metal cation—molecular
complexes correlate asymptotically to the excited atomic states
of the metal cation and/or the excited states of the molecule.
Electronic spectroscopy in the region of low-lying metal—
cation electronic states has been studied for several cation—
molecular complexes, allowing the structures of these
complexes to be determined.”* >’ Additionally, cation—
molecular complexes can possess “charge transfer” (CT)
excited states whose asymptote correlates to the neutral
metal and the aromatic cation. These states lie higher in
energy than the ground state because of the difference in
ionization potentials between the metal atom and ligands like
benzene.'*™** Because many transition metals have ionization
energies in the 7—8 eV range, and the ionization energy of
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benzene is 9.24 eV, the charge transfer asymptote lies in the
1-2 eV range for metal ion—benzene complexes. Charge
transfer transitions are therefore a general characteristic of the
low-lying excited states of these systems. However, complexes
of metal ions with no low-lying atomic-based excited states
such as Ag" (the first excited 4d°3s' state lies at 4.86 eV)** and
no low-lying molecular-based states (e.g., benzene, first excited
m—7* state at 262.6 nm (4.72 eV);>* toluene, first excited state
at 266.8 nm (4.65 eV);>* furan, first excited state at 205.3 nm
(6.04 €V)°) have only the charge transfer state at low energy.
Excitation at low energy is therefore likely to excite the CT
transition. This can be recognized in a photodissociation
experiment by the production of the molecular cation as the
photofragmentation product instead of the atomic metal
cation."*~

Photoinduced charge transfer dissociation has been observed
previously for a variety of transition metal—aromatics using
fixed-frequency dissociation in the near-UV wavelength region
and detecting the aromatic cation as the photoproduct.*™*" In
some cases, the excitation spectra of the organic cation
products were measured, and the threshold energies for DCT
were documented.'>'®!'%*1723 Using this threshold energy,
and the known ionization potentials for the metal ion and the
aromatic molecules, an upper limit could be established for the
cation—7 bond energy via the expression

D,"(M*=L) < hy, — AIP

where D,” is the cation—z bond energy, hv, is the photon
energy at the threshold, and AIP is the ionization potential
difference between the metal atom and the organic molecule.
We used this threshold spectroscopy method previously to
derive a bond energy for the Ag*(benzene) complex," and Yeh
and co-workers used this method to derive a value for
Ag*(furan).””*® In recent work, our group has applied
photofragment velocity-map imaging to this process, which
determines the kinetic energy release in the aromatic cation
following the DCT process.” A similar energetic cycle using
the kinetic energy release provides the cation—z bond energy
without the necessity of scanning the excitation spectrum:

D,"(M*~L) < hyor — (KER + AIP)

where hvcr is the photon energy used for photodissociation,
KER is the measured kinetic energy release, and the difference
between these two quantities should be equivalent to hy,
except for the effects of the Franck—Condon factors of the
vertical transition in obscuring the adiabatic threshold. Our
initial work investigated the Ag*(benzene) ion with selected
excitation energies in the UV.>> Here, we apply this
methodology to further investigate Ag*(benzene) and for the
first imaging measurements on Ag*(toluene) and Ag*(furan).
These silver cation complexes are particularly convenient for
these studies because of their relatively simple electronic
structure resulting from the closed-shell d'° configuration of
Ag".

Il. METHODS

Il.a. Experimental Section. Silver cation—z complexes
were produced by laser vaporization at 355 nm (Continuum
SureLite SL-10 Nd:YAG laser) using the so-called “cutaway”
source conﬁguration56 and cooled in a supersonic expansion of
argon. Benzene, toluene, or furan was entrained into the argon
expansion gas using its ambient vapor above liquid samples at
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room temperature. The desired ions were extracted orthogonal
to the molecular beam axis and mass selected using pulsed
deflection plates for photodissociation in a reflectron time-of-
flight spectrometer.””*® The configuration of the instrument
can be adjusted to allow time-of-flight mass analysis of the
photofragments in the reflected ion beam or to detect kinetic
energy release via velocity-map imaging (VMI) of the
transmitted ion beam. The selected-ion velocity—ma})_ imaging
(SI-VMI) instrument has been described previously.” A figure
of it is reproduced as Figure S1 (reproduced from ref 25;
copyright 2015 American Chemical Society). For VMI
experiments, the reflectron grids are grounded to transmit
selected ions into the collinear imaging flight tube, where they
are decelerated before photoexcitation. The photodissociation
laser used for imaging is either a Nd:YAG (Spectra Physics
GCR-170) or a Nd:YAG-pumped dye laser (Spectra Physics
PDL-2). Photofragment ions are reaccelerated using a series of
electrostatic lenses designed for velocity-map imaégingsg*63 and
detected using the DC-slice imaging technique.”* To achieve
slicing, the dual MCP/P-47 phosphor detector (Beam Imaging
Solutions BOS-75) is activated in a narrow time window with a
fast rise-time high voltage pulser (DEI PVX-4140), allowing
fragment ions in the central ~90 ns of the arrival-time
distribution to be detected. The slicing method throws away
90% or more of the signal, but it allows the kinetic energy
distribution of the image to be analyzed without extensive
processing. Images are collected using a CCD camera
(Edmund Optics), averaging over several hundred thousand
laser shots. Images are processed with the NuAcq and BasisFit
software of Suits.”> A photomultiplier tube also observes the
phosphor screen to detect ion time-of-flight information and
monitor intensities.

This SI-VMI instrument has similarities to other experi-
ments described recently for photofragment imaging of mass-
selected ions,"~"” but it also has special features. The ions are
not produced by photoionization, but instead grow directly in
the laser vaporization process as they undergo cooling in a
supersonic expansion. Argon is employed as the expansion gas
instead of helium to promote more efficient internal cooling of
the ions. Other ions made under these same conditions have
been demonstrated to have rotational temperature in the 10—
50 K range. Ions are extracted perpendicular to the molecular
beam flow direction, but then fly in a collinear path through
the time-of-flight spectrometer for mass selection before
entering the imaging flight tube section. The flight path from
the molecular beam to the imaging detector is about 3 m, with
1.5 m from the photodissociation point to the detector. The
ion beam energy is adjustable to optimize spatial filling of the
detector with the ion image. The instrument is calibrated with
the photodissociation of Ar," measured under the same ion
beam settings. Ar,* has been studied extensively, and its bond
energy is well-known.”®”” Analysis of its photodissociation
images show that our instrument has no VMI lens-induced
image expansion under the present ion beam conditions.”” The
ions that are imaged are not state selected as they are in some
imaging experiments employing resonant photoionization.
Instead, the detected ions represent a distribution of species
in all internal states populated in the photodissociation
process, and therefore the image provides an overview of the
dynamics.

Il.b. Computational Section. Computations of the
structures and bonding energetics of these complexes were
conducted using density functional theory (DFT) with the

https://dx.doi.org/10.1021/acs.jpca.0c08498
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B3LYP and MO6-L functionals using both the def2-TZVP and
def2-QZVP basis sets. These computations employed the
Gaussian 16 program package.80

lll. RESULTS AND DISCUSSION

Laser vaporization of a silver rod in the “cutaway”
configuration of the cluster source™® produces primarily atomic
silver ions and not silver atom clusters. In combination with
molecular vapor added to the expansion gas, a variety of ion—
molecule clusters of the form Ag*(L), are produced, where “L”
indicates the molecular species. The plasma conditions for
laser vaporization in this configuration are gentle and lead to
the addition of intact molecules to the metal ion without any
significant fragmentation.”® We presented mass spectra of
Ag*(benzene), complexes in our previous work.”> Figures 1

1 Ag*(toluene)Ar,,
Ag*Ar,

Ag*

Ag’(toluene)

100 200 300 400
mass (amu)

Figure 1. Mass spectrum (top) and 355 nm photodissociation mass
spectrum (bottom) for the Ag*(toluene) ion.

and 2 here show similar mass spectra for Ag*(toluene), and
Ag*(furan), clusters. The mass spectrum for furan has ions
corresponding to clusters containing multiple furan molecules,
whereas the toluene mass spectrum has more argon complexes.
This is because of the much higher vapor pressure of furan
compared to that of toluene at room temperature.

The photodissociation mass spectra for Ag*(toluene) and
Ag*(furan) at 355 nm are shown in the lower traces of Figures
1 and 2. The fragmentation spectra are collected in a difference
mode of operation, in which the selected parent ion intensity
before photoexcitation is subtracted from that of the
diminished parent and fragment ion intensities produced
with excitation, using multiple-shot averaging for each. The
parent ion depletion then appears as a negative peak, and the
fragment ion appears as a positive peak. In both cases, the only
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Figure 2. Mass spectrum (top) and 355 nm photodissociation mass
spectrum (bottom) for the Ag*(furan) ion.

fragment produced is the intact molecular cation and not the
silver ion. This is evident because the parent ion depletion
peaks have the isotopes of silver (107 and 109; 51.8 and 48.2%
abundance) and the fragment ion peaks have only a single
main isotope. Similar data was reported previously for
Ag*(benzene), which produces the benzene cation as the
only photofragment.'*~'** This indicates that Ag*(benzene),
Ag*(toluene), and Ag*(furan) all undergo dissociative charge
transfer at the 355 nm wavelength. This is consistent with
previous work for Ag*(benzene), *~'*** Ag*(toluene)," and
Ag*(furan).””** Similar DCT fragmentation is observed for
these ions at the other UV wavelengths studied here (280 and
266 nm).

As discussed previously,'*™'%**7>* DCT is understandable
for these ions because Ag" and the organics benzene, toluene
and furan have no low energy excited states. The only
electronic state at low energy is that corresponding to the
charge-transfer excited state, with the Ag + L* asymptote.
Figure 3 shows an example of the electronic states involved for
the Ag*(furan) complex, which is representative of the other
complexes studied here. The ground state correlates to the Ag*
+ furan asymptote because the ionization potential of silver
(7.576 eV) is lower than that of furan (8.886 €V).®' Similar
ener%etics apply for the complexes with benzene (IP = 9.244
eV)® and toluene (IP = 8.828 eV).*’ The excited states
corresponding to excitation localized on the silver ion or the
furan molecule lie at high energy, but the charge transfer
excited state lies at an asymptotic energy corresponding to the
ionization potential difference between silver and furan (AIP =
1.310 eV). The ground state is strongly bound by the
electrostatic interaction between the silver cation and the
polarizable molecule, whereas the excited state has the charge
delocalized on the organic ion, which is polarizing the neutral

https://dx.doi.org/10.1021/acs.jpca.0c08498
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Figure 3. Schematic potential energy curves for the Ag*(furan)
complex demonstrating how dissociative charge transfer occurs and
the source of the excess kinetic energy in the photofragments.

silver atom. The charge transfer excited state is therefore more
weakly bonded than the ground state, and it is expected to
have a longer Ag'—L bond. The vertical excitation from the
ground state therefore accesses the repulsive wall of the CT
excited state, with the possible release of kinetic energy. The
observation of the molecular cations as the only photofrag-
ments for these systems confirms that they all dissociate in the
CT excited state. The imaging experiment here is designed to
measure the excess kinetic energy released in the DCT process,
if any.

To investigate the structures and energetics of these clusters,
we have performed computational studies at the DFT/B3LYP
and DFT/MO6-L levels, each using the both the def2-TZVP
and def2-QZVP basis sets. The full results of these
computations are provided in the Supporting Information.
Figure 4 shows the structures determined for these clusters,
and Table 1 presents the Ag*(L) binding energies for each of
these comflexes. Ag*(benzene) has the structure reported
previously,”*® with the metal ion attached above the midpoint
of a C—C bond near the edge of the benzene ring. The metal—
benzene bond energies computed here (36—38 kcal/mol) are
similar to that from our previous work (37.3 kcal/mol)*® and
somewhat lower than the values obtained in older studies (40—
44 kecal/mol).**?* Ag*(toluene) binds in a similar way, but
with the silver cation positioned asymmetrically above a C—C
bond, lying closer to one carbon atom. The exact position of
the silver varies with the different levels of theory. There are
two kinds of binding sites: either opposite or adjacent to the
methyl group. The most stable (isomer 1) is that with the
metal binding remote from the methyl. The relative energies of
these isomers vary slightly with the level of theory, but they are
reflected in the difference in the Ag'(toluene) binding
energies. Therefore, isomer 1 is predicted to be 0.9 kcal/mol
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Figure 4. Structures resulting from computations for Ag*(benzene),
Ag*(toluene), and Ag'(furan) complexes. The toluene and furan
complexes exhibit two isomers each. The relative energies of isomers
are given at the M06-L/def2-QZVP level.

more stable than isomer 2 at the B3LYP/def2-TZVP level. The
dissociation energies of these two isomers are almost the same
(39—41 kcal/mol), and both are systematically higher by 2—3
kcal/mol than the values computed for Ag*(benzene).
Ag*(furan) also has two isomers, with the structure having
the metal ion over the adjacent C—C bond (isomer 1) lying at
lower energy than one with it attached to the oxygen atom and
slightly out of the plane of the aromatic system (isomer 2).
Isomer 1 is predicted to be 12.3 kcal/mol more stable than
isomer 2 at the B3LYP/def2-TZVP level. Consequently, it has
a higher computed dissociation energy (36—38 kcal/mol) than
isomer 2 (23—26 kcal/mol).

lll.a. Ag*(benzene) Imaging. Figure S shows the images
obtained for the benzene cation photofragment from
Ag*(benzene) for excitation at 355, 280, and 266 nm. This
ion was studied in our previous work with photodissociation at
355 and 266 nm;*° new images presented here at these
wavelengths are completely consistent with those measured
previously. The left frames of Figure S5 show the raw images
(no processing) of the benzene cation resulting from the
photodissociation process, and the right frames show the total
kinetic energy release profiles resulting from the analysis of
these images. As shown in the images and the kinetic energy
spectra, a wide range of KER values is produced in these DCT
processes. As we discussed in our previous study,” this
indicates that the benzene cation produced as a photofragment
has significant internal energy in rotational and/or vibrational
degrees of freedom resulting from the dissociation. This is

https://dx.doi.org/10.1021/acs.jpca.0c08498
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Table 1. Bond Dissociation Energies (in kcal/mol; ZPE Corrected) Resulting from Our Computations for Ag*(benzene),
Ag*(furan), and Ag*(toluene), Compared to the Upper Limits Derived Here for These Bond Energies and to the Results of

Previous Theory

B3LYP MO6L
def2-TZVP def2-QZVP def2-TZVP def2-QZVP comparison

Ag*(benzene) 37.83 38.30 36.58 37.53 <289 + 3.2
<30.0°
<32.8 + 1.5°
374 + 1.77
354 +2.3°
5+ 5
44.2%
40.0"

Ag*(toluene) <359 + 3.2%
<58+

isomer 1 40.86 41.38 39.38 40.29

isomer 2 40.03 40.55 38.92 39.84

Ag*(furan) <263 + 3.2¢
<28.1°

isomer 1 37.21 37.51 35.70 36.55

isomer 2 24.95 25.64 22.66 23.94

“Present experiments. “Tunable laser threshold spectroscopy (ref 15). “Previous imaging experiments (ref 25). 4Collision-induced dissociation (ref
32). “Reanalysis of data in ref 32 (ref 25).fUV lamp photodissociation (ref 34). MP2 theory (ref 38). hCCSD(T) theory (ref 38). "Tunable laser

threshold spectroscopy (ref 22).
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Figure S. Photofragment images and kinetic energy spectra for
Ag'*(benzene) at 355 (top), 280 (middle), and 266 nm (bottom). The
yellow arrows in each frame indicate the laser polarization. The
colored boxes indicate the maximum KER values and their
uncertainties.

9170

possible because the structure of the Ag*(benzene) ion (Figure
4) has the silver in a low symmetry position above a C—C
bond on the edge of the benzene ring, so that dissociation can
lead to significant torque. Rotational excitation and/or
vibrational excitation is therefore possible in the dissociation
process. Internal vibrational excitation can also result from the
vertical transition from the ground electronic state to the
charge transfer excited state, determined by the Franck—
Condon factors for the transition. The distribution of internal
energies must be matched by a corresponding distribution of
kinetic energies. As shown in Figure S, the kinetic energy
ranges from a maximum value of about 1 eV all the way down
to zero, but the majority of the signal lies between 0.2 and 1.0
eV. This suggests that most of the fragment benzene ions
produced have some significant kinetic energy, and very few
have the excess energy of the dissociation deposited completely
into the internal degrees of freedom. Images at different
excitation wavelengths indicate somewhat similar behaviors.
However, the 355 nm image has hardly any signal at its center,
indicating very little near-zero KER and a greater tendency for
translational excitation. The image at 266 nm has a much
greater signal at its center, indicating a much greater amount of
near-zero KER and more internal excitation.

The vertical yellow arrows in Figure S show the laser
polarization used for the experiments. In the image at 355 nm,
the signal is concentrated in north—south lobes along the
direction of the laser polarization plane, with a partial node in
the east—west direction. A fit of the angular distribution of the
image results in a J parameter of 0.38. A similar angular
distribution (f = 0.37) is observed for photodissociation of this
ion at the 280 nm wavelength, and a more isotropic
distribution (8 = 0.17) is observed for photodissociation at
266 nm. These values are presented in Table 2. These /3 values
are of course affected by the broad distribution of kinetic
energies. The anisotropy is nearly the same for excitation at
355 and 280 nm, but at 266 nm the image is almost isotropic.
This may be caused by different Franck—Condon factors for

https://dx.doi.org/10.1021/acs.jpca.0c08498
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Table 2. Ionization Energies, Measured Kinetic Energy
Release, Anisotropy Parameters, and Derived Upper Limits
to the Bond Energies for the Ag*(aromatic) Complexes
Studied Here

AIP Axe max KER D," limit
complex (eV) (nm) (eV) (kcal/mol) Y’}
Ag*(benzene) 1.668 355 0.57 289 + 32 0.38
Ag*(benzene) 1.668 280 0.96 41.6 £ 32 0.37
Ag*(benzene) 1.668 266 0.85 494 + 32 0.17
Ag*(toluene) 1.252 355 0.68 359 + 3.2 0.42
Ag*(toluene) 1.252 266 0.86 588 +£32 0.07
Ag*(furan) 1.31 355 1.04 263 + 32 1.17
Ag'(furan) 1.31 266 0.86 574 £32 0.91

excitation at this higher energy, producing more vibrational
excitation prior to separation of the fragments. It could also
reflect some electronic mixing between the charge transfer
state and the HOMO—-LUMO excitation on the benzene,
which in the isolated molecule occurs near 260 nm.>® If the
electronic transition moment for excitation of the benzene is
different from that for the charge transfer, this would cause a
more isotropic distribution. Predissociation involving such
another state could cause rotation of the excited complex
before its separation, washing out the initial polarization from
the excitation.

Although there is significant internal excitation of the
benzene in each of these spectra, the maximum kinetic energy
values at the periphery of the images still provide useful
information about the metal—ligand bond energy. Because we
cannot guarantee that the maximum value detected is the full
excess energy going into kinetic energy, this highest detected
KER value represents a lower limit on the total excess energy.
The shaded regions of the KER plots in Figure 5 show the
maximum values derived from these data, and the widths of the
boxes indicate the error bars, derived from the instrument
resolution. The instrument resolution is derived from the
width of the atomic jon image of Ar* from the photo-
dissociation of Ar," measured in this instrument with the same
ion beam energy. In that case, the photofragments are atomic
and there is no possibility of internal excitation. Figure S2
provides a detailed explanation of how the maximum kinetic
energy value is derived. We determine a baseline noise level for
areas outside the image, and then we determine the threshold
signal level rising above this on the high energy side of the
KER curve. We set the upper limit of the instrument KER
resolution width here, and we assign the threshold to be at the
center of this width. For example, the maximum kinetic energy
detected at the 280 nm CT wavelength is 0.96 + 0.14 eV.
Using the photon energy and the ionization potential
difference between Ag (7.576 eV) and benzene (9.244
eV),82 AIP = 1.668 eV, we derive an upper limit on the
Ag*(benzene) bond energy of 41.6 + 3.2 kcal/mol. The main
contribution to the error bars in this determination is the
uncertainty in the measured KER value resulting from the
instrument resolution, as the photon energy and ionization
energies are known with much higher accuracy.

The maximum KER at the 280 nm dissociation wavelength
can be compared to the values determined previously at the
355 and 266 nm wavelengths, which are presented in Table 2.
As shown, the maximum amounts of kinetic energy detected
are 0.57 and 0.85 eV at the 355 and 266 nm wavelengths.
These values are slightly different from those which we
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reported previously for this system.”® We have reproduced the
images seen before, but we have improved our calibration and
the method for determining the edge of the image, resulting in
the slightly modified numbers. Our error bars have also been
widened compared to the previous numbers. The higher KER
at 280 nm compared to that at 355 nm reflects in part the
higher excitation energy. The lower value at 266 nm makes
sense in light of the significant change in image symmetry,
probably reflecting some electronic state mixing and a greater
fraction of internal excitation on the benzene cation.

All of these KER values result in different upper limits on the
Ag*(benzene) bond energy, but the tightest value is obtained
at the lowest excitation energy at 355 nm. The 0.57 eV
maximum KER value here cycles to an upper limit on the bond
energy of 28.9 + 3.2 kcal/mol. This number is lower than our
previously reported value from imaging (32.8 + 1.5 kcal/mol),
resulting from the new calibration and more realistic error bars,
as noted above. However, the value here is in good agreement
with our previous result of 30.0 kcal/mol, derived by scanning
a tunable laser and locating the threshold for the appearance of
the charge transfer benzene cation fragment."” As discussed
previously, all of these numbers are somewhat lower than the
previous experimental result of Armentrout and co-workers
using collision-induced dissociation (37.4 + 1.7 kcal/mol)**
and a revised value obtained more recently by reanalysis of the
original data (35.4 + 2.3 kcal/mol).”® They are also lower than
the results of our computational studies, as well as the results
of previous computational work, as shown in Table 1. Previous
computational studies found dissociation energies in the 34—
44 kcal/mol range."’z’38

lIL.b. Ag*(toluene) Imaging. Figure 6 shows the photo-
fragment images obtained for the toluene cation from the
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Figure 6. Photofragment images and kinetic energy spectra for
Ag*(toluene) at 35S (top) and 266 nm (bottom). The yellow arrows
in each frame indicate the laser polarization. The colored boxes
indicate the maximum KER values and their uncertainties.

photodissociation of Ag*(toluene) with excitation at 355 and
266 nm. The analyses of these images and their angular
distribution fits are given in Figures S8—S11. In Figure 6, the
image at 355 nm looks quite similar to that seen for
Ag*(benzene) at this same excitation energy, with polarized
north—south lobes and only a small amount of signal near the
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center of the image corresponding to low KER values. The j
parameter resulting from the fit of this image is 0.42, which is
slightly more anisotropic than the corresponding silver—
benzene image. The broad distribution of KER values can be
attributed to factors similar to those for the Ag*(benzene)
complex, as theory shows that the structure of the complex has
similar bonding with the metal asymmetrically positioned
above C—C bonds on the edge of the ring in both of its
isomers.

The image and angular distribution fit obtained for
photodissociation at 266 nm are dramatically different from
those at 355 nm, with a central bright spot trailing away
gradually to higher energy and virtually no anisotropy (ff =
0.07). This indicates that only a small fraction of the possible
excess energy goes into KER and that much of the energy goes
into the internal degrees of freedom of the toluene cation. As
in the case of the Ag'(benzene) complex, there are several
possible reasons for the change in dynamics at the higher
excitation energy. The most intriguing is the possibility of
electronic state mixing. Neutral toluene has its first excited
electronic state at lower energy than that of benzene, and this
HOMO-LUMO excitation occurs at 266.8 nm.”* This
suggests that the charge transfer excitation and some excitation
of the neutral toluene ligand might both occur at the 266 nm
excitation wavelength. The dissociation which produces
toluene cation, the measured fragment ion, must occur
eventually on the charge transfer electronic state. But
excitation into a state with mixed character, followed by
predissociation, rotation of the parent, and/or significant loss
of kinetic energy into the internal degrees of freedom before
dissociation on the DCT potential would be consistent with
the more isotropic KER distribution. Tunable laser excitation
spectra in this region and in the region toward higher energy
would be interesting to probe the extent of DCT and the
possible changeover to the production of non-DCT Ag*
fragment ions.

As we noted above for the Ag'(benzene) complex, the
maximum value of the KER can be used to set limits on the
complex dissociation energy even if the dynamics cause
efficient internal excitation of the departing organic cation.
In the Ag*(toluene) system, the maximum KER values for
excitation at 355 and 266 nm are 0.68 and 0.86 eV,
respectively. Again, the 355 nm data provides the tightest
upper limit on the dissociation energy. Using the photon
energy and the ionization potential difference between Ag
(7.576 eV) and toluene (8.828 eV),* AIP = 1252 eV, we
derive an upper limit on the Ag*(toluene) bond energy of 35.9
+ 3.2 kcal/mol. This compares to our computed values for the
bond energy of 39—41 kcal/mol, which vary depending on the
isomeric structure, as well as the functional and basis set, as
shown in Table 1. As seen for the Ag*(benzene) complex, the
upper limit derived here is well below the bond energy
predicted by theory for either isomer. In this case, the one
previous experimental value is a much higher upper limit (<58
kcal/mol)** and there are no previous computational values to
compare to.

According to our computations and experiments, the bond
energy for Ag*(toluene) is greater than that for Ag*(benzene).
This is expected on the basis of Erevious work on transition-
metal cation—arene complexes.”’ In a systematic study of
many cation—arene complexes using the kinetic method,
Schwarz and co-workers noted that electron-donating groups
such as —CHj increased the cation—z bond energies.”” This
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was attributed to increased 7 electron density in the ring
system, which facilitates the cation—z interaction. However,
the metals in that study were bound to the arenes in the sixfold
symmetric site, whereas the silver ion here binds above the ring
edge. It is not clear, therefore, that the same trend should be
observed. In more recent work, Wheeler and co-workers have
pointed out that local dipoles rather than shifts in aromatic
electron density are re%;_)onsible for the cation—z binding in
substituted benzenes.*"*> It seems clear that the Ag*(toluene)
binding is stronger than that of Ag*(benzene), but the detailed
explanation of this may require further computational work like
that of Wheeler’s to decompose the nature of the electrostatic
interactions.

lll.c. Ag*(furan) Imaging. Figure 7 shows the images
obtained for the furan cation photofragment from the
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Figure 7. Photofragment images and kinetic energy spectra for
Ag*(furan) at 355 (top) and 266 nm (bottom). The yellow arrows in
each frame indicate the laser polarization. The colored boxes indicate
the maximum KER values and their uncertainties.

photodissociation of Ag*(furan) with excitation at 355 and
266 nm. The analysis of these images is presented in Figures
S$12—S15. In Figure 7, the image at 355 nm is more anisotropic
(B = 1.17) than those for silver—benzene and silver—toluene,
with more well-defined north—south lobes of intensity and less
signal in the low KER area near the center of the image. The
distribution of KER values is still somewhat broad, indicating
some excitation of the internal degrees of freedom of the furan
cation. The image at 266 nm is quite similar to that obtained at
355 nm, with a similar KER distribution and anisotropy (f =
0.91). In the case of furan, the first excited state of the ligand is
at much higher energy than it is for either benzene or toluene,
so the excitation here is likely hitting a state with pure charge
transfer character.

Following the same procedure outlined above, we can use
the outside edges of the images in Figure 7 to obtain maximum
KER values for these dissociation processes, and from those
values determine upper limits on the dissociation energies.
Using the photon energy and the ionization potential
difference between Ag (7.576 eV) and furan (8.886 eV),*’
AIP = 1.310 eV, we derive upper limits on the Ag*(furan)
bond energy of 26.3 + 3.2 and 57.4 + 3.2 kcal/mol at the 355
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and 266 nm wavelengths, respectively. These compare to the
computed dissociation energies for isomers 1 and 2 of 35—38
and 22—26 kcal/mol, respectively.

The upper limits determined here have implications for the
isomer(s) of Ag*(furan) present in our experiment. The upper
limit determined from the 266 nm data is so high as to be
consistent with either of the computed values, and it therefore
provides no specific insight. However, the limit of 26.3 kcal/
mol determined at 355 nm seems to be completely
inconsistent with the fragmentation of isomer 1, whose
computed dissociation energy is much higher (35—38 kcal/
mol). It suggests that our experiment is detecting isomer 2
instead of isomer 1, even though this isomer is much less
stable. Interestingly, Yeh and co-workers reported a similar low
bond energy (28.1 kcal/mol) in their study of Ag*(furan),
obtained by using a tunable laser and scanning the threshold
for the appearance of the furan cation.”” The threshold
measurement of Yeh could be understood if there was any
population of isomer 2 in their experiment; it could not rule
out the presence of another more stable isomer, which would
have a threshold overlapping the lower one but beginning at a
higher energy. This is true to some extent in our experiment
also. A sharp signal for isomer 1 from the dissociation of
Ag*(furan) would have a high energy limit near 0.6 eV, which
could be hidden beneath the width of the KER distribution.
However, if the width of the KER spectrum for isomer 1 were
broad like the others seen here, there would be a signal at
lower KER values, i.e., in the center of the image, where there
is no signal. Therefore, we cannot rule out the presence of
isomer 1, but it seems that either it is not present or it is
present, but it has a much sharper KER spectrum than the
other ions here. We can conclude that there is a substantial
population of isomer 2, which is necessary to explain the
position of the high energy edge of the KER spectrum. This
result is consistent with that of Yeh and co-workers.”” The
presence of this less stable isomer is somewhat surprising, but
not unreasonable. There are several examples of other ions
detected recently with infrared spectroscopy where a less stable
structure formed in a discharge plasma was kinetically trapped
in a local minimum on the global potential surface and
survived to be detected.® Infrared spectroscopy of the present
Ag*(furan) ions would be useful to determine if both isomers
are indeed present and, if so, what the relative concentrations
are.

These imaging studies reveal interesting new details on the
dynamics of photodissociation and charge transfer in these
silver—arene complexes. In each case, dissociative charge
transfer was already implicated on the basis of the
fragmentation masses from these ions, which each produced
the organic cation upon excitation in the near-UV region.
However, the imaging experiments show that each of these
systems dissociates via an impulsive breakup on the excited
state potential, producing significant kinetic energy release.
Because of the sensitivity to all fragment ions regardless of
their internal states, an overview of the dissociation behavior is
provided. Each of these ions dissociates via recoil from an
asymmetric structure, resulting in significant excitation of
internal rovibrational states, which blurs the image and causes
a broad kinetic energy spectrum. The width of this spectrum is
narrower for Ag'(furan) than it is for Ag*(benzene) or
Ag*(toluene), presumably because the precursor ion has a
more symmetric structure (mostly isomer 2 in Figure 4).
These fragment ion images generally exhibit a broader KER
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spectrum with less anisotropy as the excitation energy
increases. This can be attributed to factors such as a more
energetic “kick” off the excited state surface or a greater change
in geometry between the ground and excited states, causing
Franck—Condon population of excited vibrations. Another
issue likely involved for the benzene and toluene complexes is
the possibility of electronic state mixing from ligand-based
excited states at nearly the same energies.

A significant issue with these complexes is that the upper
limits on the Ag"—ligand bond energies suggested from the
kinetic energy release are generally lower than expected on the
basis of theory, and in some cases also lower than the values
from previous experiments. Table 1 presents a comparison of
the values from theory to those of experiments and previous
theory. The Ag'(benzene) result can be compared to the
collision-induced-dissociation (CID) threshold result of
Armentrout and co-workers,”> which was reanalyzed after
our initial result came out.>®> The 35.4 + 2.3 kcal/mol value
was higher than our initial imaging upper limit value (32.8 +
1.5 kcal/mol), and the agreement is worse in the revised value
presented here (28.9 + 3.2 kcal/mol). There are no CID data
to our knowledge for Ag*(toluene), but our derived
dissociation energy limit is lower by 4—5 kcal/mol than the
values from theory. In the case of Ag*(furan), our dissociation
energy limit (26.3 + 3.2 kcal/mol) is slightly higher than the
value predicted by theory for isomer 2 and agrees within our
error bars with the value reported by Yeh and co-workers (28.1
kcal/mol).”” Thus, we agree reasonably well with theory and
previous experiments on Ag*(furan), but we are systematically
lower than other results for the benzene and toluene
complexes.

Because of concerns over the Ag*(benzene) and
Ag*(toluene) dissociation energies, we have carefully consid-
ered the possible sources of error in our imaging experiment. If
the kinetic energy in the experiment is higher than it should be,
this would lead to lower values for the upper limits on the
dissociation energies. This could occur if the ions in our
experiment were not cooled completely and had unquenched
internal energy prior to their photoexcitation. We tested this by
using different expansion gases in the cluster source. Helium as
an expansion gas gave more kinetic energy, but argon or CO,
gave comparable results, suggesting that we have cooled the
ions as much as is feasible in our experiment. We estimate that
our temperatures are 30—50 K, whereas the theory results and
the bond energies from Armentrout’s work are for 0 K ions.
The average internal energy at our estimated temperature can
account for about 0.5 kcal/mol, which would shift our values
toward higher upper limits on the bond energies. A small
amount of multiphoton excitation of the ions with our laser
might also shift the image toward higher KER values, but we
have done careful power dependence studies to avoid this. A
different set of possible issues could affect the CID
experiments, especially the large kinetic shifts in thresholds
for such large ions, but Armentrout has analyzed these issues
and addressed them as much as possible.”" Finally, our
computations and those of others are using DFT methods
because of the transition metals, and these methods are
recognized to be problematic for thermochemistry. Errors in
the range of S kcal/mol are not uncommon, and there is no
systematic way to improve or extrapolate to more accurate
results.”’~"" None of our computations include spin—orbit or
relativistic effects which might affect the energetics for silver
complexes. Likewise, higher levels of theory such as CCSD(T)
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also have issues with transition metal systems. Therefore, it is
not possible at this time to identify the exact source of our
thermochemistry discrepancies. Accurate measurements and
computations of bonding energetics in such large molecules
containing transition metals remain challenging areas for future
work.

IV. CONCLUSIONS

Ag*(L) complexes with benzene, toluene, or furan were found
in photodissociation mass spectra to produce organic cation
photofragments, indicating that dissociative charge transfer
dominates the photodynamics in these systems. Photofragment
imaging measurements of the respective organic cation
fragments provide evidence for significant release of kinetic
energy in each of these systems. The excess energy of
photodissociation is partitioned between the kinetic energy of
translation and the internal vibrational and rotational degrees
of freedom of the molecular cation fragments. The fraction of
the energy going into internal excitation increases with the
excitation energy. This is attributed to a more energetic kick off
the excited state potential, to Franck—Condon effects, or to
electronic mixing of the charge transfer state with ligand-based
excited states. The maximum KER values for the lowest
excitation energies are used in an energetic cycle to determine
upper limits on the Ag'—L dissociation limits. The derived
values for Ag*(benzene) and Ag*(toluene) are less than those
predicted by theory. In the case of the Ag*(furan) complex, the
KER spectrum and the derived dissociation energy suggest that
there is significant population for an isomer that is less stable
than the global minimum structure by about 12 kcal/mol.
Overall, these new data provide new information for charge
transfer dynamics on the excited state potential energy surface
and new data for the bonding thermochemistry of cation—n
complexes.
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