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ABSTRACT
Gas-phase charge-transfer electronic spectroscopy was utilized to probe Ag*(benzene)

and Ag*(toluene) complexes. These ions were generated via laser vaporization in a pulsed
supersonic expansion then mass-selected and photodissociated using a tunable UV-Vis OPO
laser. Electronic excitation spectra were measured via a metal-to-ligand charge-transfer process
in which the organic cation was exclusively generated. Measuring the wavelength dependence of
photodissociation resulted in broad, featureless absorptions that were identified as the charge-
transfer state and a silver excited electronic state. The threshold for the dissociation energy of
both complexes was determined from an excitation to the repulsive wall of the charge-transfer
excited states. Computational work was completed in tandem using TD-DFT and predicted both
excited state absorptions with relative success. These results in combination with previous work

illuminated new energetics for the cation-n interactions in these complexes.
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CHAPTER 1
INTRODUCTION

Motivation

Understanding the energetics of cation-r complexes is a complicated process that can be
approached in a variety of methods. Cation-r complexes and interactions are important in many
different biological processes including molecular distinction, protein folding, antigen-antibody
recognition, and mediation of enzyme-substrate binding.}™*2 Organometallic chemistry is ripe
with metal-aromatic ions that contain cation-r interactions and thus have been previously studied
in great detail.*® More recently, carbon-based nanostructures have been identified as “single
site” catalysts that interact and bind under similar circumstances as the smaller organometallic
cation- m complexes.*>” Due to their importance in almost every field of chemistry and far-
reaching applications, benzene containing metal complexes have been studied extensively using
many different experimental techniques as well as computational studies.?'®%? Learning more
about the energetics of cation-n interactions will have far reaching applications for many
different fields of study in chemistry. Bond energies, dissociation thresholds limit, and excited

electronic states can all be identified by probing the cation- = interaction complexes.

Cation-r Complexes
Cation-r interactions are composed of an electron rich & system, typically an organic
compound, interacting with a positively charged metallic ion. Cation-x interactions have an

electrostatic component that is typically covalent with transition metals and non-covalent with



non-transition metals. This molecular interaction is ubiquitous in organometallic chemistry and
biological processes.!™*2 Since it is so common, understanding the structures and energetics of
these interactions is a growing field of research with many practical applications. Mass
spectroscopy has been used to investigate complexes with cation-m interaction to better
understand their vibrational and electronic excitations. Probing a cation-rm complex with a UV-
Vis photodissociation laser results in identification of electronically excited states. Infrared
photodissociation (IR-PD) in combination with computational studies can be utilized to study
vibrational excitations and better understand the molecular structure of these complexes. 12617-62
Collisional-induced dissociation has been previously utilized by Armentrout and Chen to
determine dissociation thresholds which in turn can be used to calculate bond energies.3"% It is
probable that unquenched metastable excited states produced in the ion formation can result
imprecise determination of these dissociation thresholds.

UV-Vis photodissociation spectroscopy has been previously employed to probe the
electronic excited states of metal cation complexes with small molecules such as N2 and Oz but
there are very few studies looking at the electronically excited states of cation-n containing
organometallic complexes. There have been some previous excited state electronic studies of
these complexes including the Duncan group reporting the electronic spectra of Mg*(C2H2) and
Ca*(C2H2).54% Yeh et al. has reported electronic spectra for Ag*(pyridine) and Ag*(furan)
complexes and Kleiber et al. studied multiple M*(C2H4) complexes.®®™ In conjunction with
electronic spectroscopy, the Duncan group developed a photofragment imaging experiment that
utilizes mass-selection to determine the bond energies of ions containing cation-r interactions.”
With the use of gas-phase supersonically cooled ions it is possible to obtain electronic spectra of

cold cation-t metal complexes with more a more accurate threshold for dissociation. Since there



are few previous studies focusing specifically on cation-m organometallic compounds this leaves
a rich pool of novel molecules to study through electronic photodissociation. Studying these
molecules will help researchers better understand the energetics of all metallic cation-n

complexes.

Charge-Transfer

Photoinduced charge-transfer has become a rapidly expanding area of study due to the
role it plays in energy transfer processes in biological and chemical processes. These processes
include organic semiconductors used for solar energy capture as well as the fundamental basis of
life on Earth, photosynthesis. They have been documented and studied using photochemistry,
spectroscopy, and computational work. Charge-transfer complexes contain one charged molecule
that either donates or receive an electron after being electronically excited. This refers to the
transfer of an electron from one ligand to another, hence the name charge-transfer. Photoinduced
charge-transfer has been previously observed for gas-phase ions and has been studied by several
different experimental methods. The Bowers group studied dissociative charge transfer processes
in the visible spectra of charge-transfer complexes that reside in the atmosphere.”>® The
Duncan, Yeh, and Kleiber groups have all studied ionic organometallic processes of dissociate
charge transfer processes using photodissociation of gas phase ions.%¢"76"® The Duncan group
has employed velocity map imaging (VMI) in conjunction with photoinduced dissociation mass
spectroscopy to determine Kinetic energy release and energetics for photo-induced charge
transfer complexes.’>8

The basis of charge-transfer organometallic ions comes from the ionization energy of the

metal ion and that of the organic ligand. Charge-transfer is seen frequently in these molecules



because their ionization energies are close enough that an electron can easily be transferred by a
photochemical excitation. In general, metal ions have ionization potentials of 6-9 eV while
aromatic organic molecules have ionization potentials of 8-10 eV. Photoinduced charge-transfer
is readily seen in the visible and near UV wavelength regions in complexes when the ionization
energy difference is 1.5-2 eV. While photoinduced charge-transfer is seen as a photochemical
process, it can be utilized as a tool to dig deeper into these complexes to determine structure,
bond energy, and where the charge lies in the complex. In electronically excited systems, broad
absorptions are documented due to an excitation to the repulsive wall of the charge-transfer
excited states. These absorptions can be used to determine the threshold of dissociation energy
for charge-transfer complexes. Combining this information with previously known atomic and
molecular states, it is possible to deduce new information on the energetic cycles of these unique

systems.

Previous Research

Previous work on both Ag*(benzene) and Ag*(toluene) has given some key insights into
the energetics of these charge-transfer complexes. Armentrout and coworkers employed
collisional induced dissociation (CID) to determine bond energies for the Ag*(benzene) complex
but not Ag*(toluene). They determined a dissociation limit of 35.4 + kcal/mol.%® The Duncan
group were able to determine a more accurate dissociation limit threshold for Ag*(benzene) and
Ag*(toluene) charge transfer complexes by using a velocity map imaging (VMI) experiment
which determines the kinetic energy release for a more accurate threshold. They concluded the
threshold of dissociation for Ag*(benzene) and Ag*(toluene) were < 28.9 + 3.2 and < 35.9 + 3.2

respectively.®’ They also were the first to scan the electronic spectrum of both complexes but



lacked sufficient cooling and tunability in the dye laser which resulted in significantly broader
absorptions and thus a less accurate threshold determined by the charge-transfer absorption.’
None of these experiments resulted in accurate spectroscopic findings thus further research was
needed to better understand the energetics of these cation- « charge-transfer complexes as well as
unearth any new transitions over an increased range of tunable light.

An interesting component of the cation-n interaction is determining whether the
bond is covalent or noncovalent. Looking at previously documented dissociation energies of
transition metal-benzene complexes it can be seen that all transition metal-benzene are most
likely covalent due to their high dissociation energies. Table 1 below shows a selection of
documented transition metals with the weakest bond of Mn+(benzene) in the range of the energy
required to dissociate a covalent bond. The Duncan group reported Ag*(benzene) being 28.9 +/-
3.2 kcal/mol using VMI as stated above, which is lower than any of the CID reported values of

transition metal-benzene complexes but still much stronger than a noncovalent bond.

Table 1: Documented dissociation energies of transition metal ion benzene complexes.

M*(benzene) dissociation energies

Metal lon Dissociation energy

(kcal/mol)

Mn* 31.8%
Crt 40.6"
Fe' 49.6"
Cu* 52.1%
V* 55.8%
Ni* 58.1%
Co* 61.14
Ti* 61.8%
Au* 69.9%



CHAPTER 2

EXPERIMENTAL METHODS

Gas-Phase Mass Spectroscopy

Photodissociation time-of-flight gas-phase mass spectroscopy was employed to study the
electronic excitations of both Ag*(benzene) and Ag*(toluene) complexes. The mass spectrometer
is a modified Wiley-McLaren time-of-flight mass spectrometer (TOF-MS) that can be seen in
Figure 1. The cationic complexes were generated using laser vaporization at 355 nm (Spectra
Physics INDI Nd:YAG laser) of a silver rod. The rod was situated in the source chamber
equipped with a diffusion pump (Agilent VHS-10) to prevent atmosphere from contaminating
the experiment. A cutaway source configuration and rotator rod assembly housed the silver rod
in order to reliably generate ions over an extended period of time. The ions were cooled with a
supersonic expansion of pulsed argon gas using the offset configuration of the cluster source
(Figure 2). Benzene and toluene in liquid form were added to the argon backing line and in
combination with the laser vaporization, Ag*(benzene) and Ag*(toluene) ions were generated,
collisionally cooled, and extracted into a molecular beam for analysis in the mass spectrometer.

Once the ions were extracted into a molecular beam, they were sent to the mass
spectrometer chamber for mass selection, photodissociation, and analysis. The mass
spectrometer chamber was pumped using a diffusion pump (Agilent VHS-6) to maintain a
pressure of approximately 10 torr. The ions were reflected towards the detector using a series of

biased plates. Mass selection occurred via pulsed plates right before the ions are decelerated for



photofragmentation in the reflectron. Mass-selection is necessary to be certain the desired ions

are the only ones making it through to the photofragmentation section for analysis.

Mass-Selected Photodissociation in a
Reflectron Time-of-Flight Mass Spectrometer

Reflectron

RE::%\ Photodissociation
' f Laser

Assembly

Rod Rotator
Assembly

EMT /‘
Detector

Pulsed
J Nozzle

Figure 1: Diagram of the molecular beam machine and modified Wiley-McLaren time-of-flight

mass spectrometer used for detecting ionic complexes.
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Figure 2: Setup of offset source for ion generation via laser vaporization of a silver rod and

supersonically cooled with an argon expansion.

Photodissociation Fragmentation

Photodissociation of the mass-selected ions was achieved using a solid-state tunable UV-
visible optical parametric oscillator (UV-vis OPQO). The UV-vis OPO (Continuum Horizon I1)
was pumped using a laser (Continuum Surelite-EX laser). The UV-vis OPO has a tunable range
of 192-2750 nm which covered the visible spectrum down to the deep UV. This is a relatively
new system that utilizes a combination of OPA crystals in tandem with frequency doubling and
mixing to give such a broad range of tunable light without having to use a dye laser. This system
can generate linewidths down to approximately 5 cm™. Wavelengths were calibrated with an
Avantes Starline spectrometer.

After mass-selection, Ag*(benzene) or Ag*(toluene) ions from the mass chamber were
decelerated and photodissociation via the UV-vis OPO. The reflectron is a series of gradually
decreasing plates that allow for a parabolic flight path in which the ions could be reliably
photodissociated. The reflectron then accelerated the photofragmented ions to an electron

multiplier tube (EMT) detector. The “parent” (original ion) and fragment ion intensities were



collected using the electron multiplier tube (EMT) detector and an oscilloscope. Comparing the
ratio of parent to fragment over a specified wavelength range resulted in generation of the
electronic spectra. For both the Ag*(benzene) and Ag*(toluene) complexes, the electronic spectra
were generated by measuring the loss of benzene and toluene ions. Cationic silver was never
seen or measured during the photodissociation of both complexes. The electronic spectra were
recorded over the frequency range of 25,000 cm™ to 45,000 cm™ at 0.1 nm, 0.5 nm, and 1 nm
linewidths to search for electronic transitions of the cation-m complexes. This was repeated
several times to ensure reproducibility and the best 3 scans were averaged for a better noise-to-
signal ratio in the final figures. The lower energy side of the charge-transfer excited state was
repeatedly scanned and averaged to determine an accurate threshold of dissociation for both

complexes.



CHAPTER 3

ELECTRONIC SPECTROSCOPY

Ag*(benzene)

Ag(benzene) ions were produced in the manner discussed in the previous chapter.
Figure 3 shows the mass spectrum of the Ag*(benzene)n clustering seen when generating these

clusters. The first large peak is the Ag™ ion with benzene clustering (n=1-3) following.

Ag*(benzene)

U U U U UL
50 100 150 200 250 300 350 400
m/z

Figure 3: Mass spectrum of Ag*(benzene)n-1-3 clusters.

The Ag*(benzene) molecules were then mass-selected and fragmented using the UV-vis OPO
system described in the proceeding chapter. Silver exists in a near 1:1 isotope mixture of ’Ag

and 1®Ag so it was expected to see a doublet peak for the initial compound and it was possible to
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mass-select each isotope as needed. The Ag*(benzene) complex was mass-selected and
photodissociated in the reflectron with tunable light from 200-450 nm. Only the benzene ion was

observed in the photodissociation mass spectrum as seen in Figure 4 below.

Ag*(benzene)
photodissociation

L

— v T T T T T
50 100 150 200 250 300

m/z

Figure 4: Photofragmentation mass spectrum of Ag*(benzene) at 355nm.

This was already an unusual result as photodissociation was assumed to generate a combination
of both benzene™ and Ag* fragment ions. Since only the benzene* ion was produced, the
electronic spectrum was recorded based on the ratio of the intensities of the parent ion
(Ag*(benzene)) to the fragment ion (benzene®). An increase in the fragment ion would be the
result of increased photodissociation at that specific wavelength which implies an electronic
transition occurs at that energy. Scanning using tunable light from 200-420 nm while measuring
the benzene™ fragment loss from Ag*(benzene) was documented several times and averaged to

generate Figure 5.
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Figure 5: Electronic photodissociation spectrum of the Ag*(benzene) complex measured by loss
of benzene®. The tunable light was scanned over a range of 200-420 nm and at a step size of

0.1nm. The wavelength (nm) was converted to wavenumbers (cm™).

Two broad absorptions were identified centered at 31,224 cm™ and 39,612 cm™. It was expected
to see a broad absorption for the charge-transfer excited state. The lower energy peak (31,224

cmt) was assigned to this charge-transfer excited state. The second higher energy peak (39,612
cmt) was unexpected and was initially theorized to be an excited benzene ligand. Further work
including computational studies was needed to correctly assign an electronically excited state to

this peak.
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Ag*(toluene)
Ag’(toluene) ions were produced in the manner discussed in the previous chapter. Figure
6 shows the mass spectrum of the Ag*toluene), clustering seen when generating these clusters.

The first large peak is the Ag* ion with toluene clustering (n=1-3) following.

Ag* Ag*(toluene),

_ L :

FERT B TS E & ot et ed T v s x v

50 100 150 200 250 300 350 400
m/z

Figure 6: Mass spectrum of Ag*(toluene)n=1-3 clusters.

The Ag*(toluene) molecules were then mass-selected and fragmented using the UV-vis OPO
system as described in the proceeding chapter. The Ag*(toluene) complex was mass-selected and
photodissociated in the reflectron with tunable light from 200-400 nm. Only the toluene ion was

observed in the photodissociation mass spectrum as seen in Figure 7 below.
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Ag*(toluene)

R »

0 50 100 150 200
m/z

Figure 7: Photofragmentation mass spectrum of Ag*(toluene) at 355 nm.

In agreement with the Ag*(benzene) work, only the toluene® ion was observed during
photodissociation. The electronic spectrum was generated by recording the intensity of the
fragment peak (toluene*) compared to the parent peak (Ag*(toluene)). Scanning usable tunable

light from 200-400 nm several times was documented as averaged to obtain Figure 8.
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Figure 8: Electronic photodissociation spectrum of the Ag*(toluene) complex measured by loss
of toluene®. The tunable light was scanned over a range of 200-400 nm and at a step size of

0.1nm. The wavelength (nm) was converted to wavenumbers (cm™).

Similar to Ag*(benzene), two broad absorptions were identified centered at 29,885 cm™ and
38,417 cm™™. A broad absorption for the charge-transfer excited state was expected. The lower
energy absorption (29,885 cm™) was assigned to this charge-transfer excited state. The second
higher energy absorption (38,418 cm™) was yet again unexpected as it was theorized that the

higher energy absorption in Ag*(benzene) was a charged benzene ligand. Since both cation-n



complexes had this peak at relatively the same frequency, the explanation changed from a
charged benzene ligand to the common component in both complexes, Ag*. It was still possible
that these higher energy absorptions could be charged ligands since only the hydrocarbon
fragment ions were detected. Either way, some strange chemistry occurred during
photodissociation that needed to be further studied using computational calculations and a close
examination of known excited electronic and molecular states. Figure 9 below compares the

electronic photodissociation spectra of Ag*(benzene) and Ag*(toluene).

0.177 1 Ag*(toluene) REPD

0.118
0.059

0.000

oot Ag™*(benzene) REPD

0.38 -

019 |-

0.00 |-

e e
25000 30000

L e
35000 40000 45000

Frequency (cm™)

Figure 9: Electronic photodissociation spectra of the Ag*(toluene) and Ag*(benzene) complexes.

Both complexes have a higher and lower energy absorptions in the same region.
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Threshold Determination

Once the charge-transfer excited state absorptions were documented and assigned for the
Ag(benzene) and Ag*(toluene) complexes, the lower energy absorption could be further
examined to determine the threshold of the dissociation energy of the complexes. The lower
energy absorption peaks for both complexes were scanned extensively with a step-size of 0.1nm
and averaged to obtain a definitive energy. The Ag*(benzene) complex had a broad background
excitation so it was not possible to determine the threshold by only looking at where there was
complete loss of fragment ion. The background excitation had to be corrected for based on the
intensity of the fragment ion compared to the parent ion in conjunction with a power correction
since the UV-vis OPO system output power changed depending on the wavelength. Figure 10
shows the lower energy absorption for the Ag*(benzene) that was used to determine the

dissociation limit of 26,368 cm™ or 75.4 kcal/mol.
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25000 25500 26000 26500 27000 27500

Frequency (cm™)
Figure 10: Dissociation threshold of Ag*(benzene) determined by charge-transfer electronic
photodissociation spectroscopy.

The same process just described was used to determine the threshold of dissociation for
the Ag*(toluene) complex. Figure 11 shows the lower energy absorption for the Ag*(toluene)
that was used to determine the dissociation limit of 25,813 cm™ or 73.8 kcal/mol. Unlike the
benzene complex, the toluene complex had a much better signal to noise ratio due to very stable

parent signal which allowed for a more precise determination.
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Figure 11: Dissociation threshold of Ag*(toluene) determined by charge-transfer electronic

photodissociation spectroscopy.

Previous Ag*(benzene) CID results from the Armentrout group determined a dissociation
limit of 37.4 + 1.7 kcal/mol and the Duncan group used VMI to obtain a 28.9 + 3.2 kcal/mol. The
VM result was expected to be lower than the CID result due to the subtraction of the kinetic
energy release (KER). The dissociation limit in this experiment was determined to be 75.4
kcal/mol. This higher energy is the result of Frank-Condon factors and excitation to the repulsive
wall of the charge-transfer excited states. Ag*(toluene) followed a similar trend with previous
VMI results of 35.9 + 3.2 kcal/mol and a charge-transfer photodissociation threshold of 73.8
kcal/mol. Figure 12 compares the limit of dissociation for both charge-transfer cation-n

complexes.
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Figure 12: Limit of dissociation for Ag*(toluene) and Ag*(benzene) complexes.
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CHAPTER 4

COMPUTATIONAL WORK

Methodology

Density functional theory (DFT) has been used historically to predict vibrational and
electronic transitions for an expansive range of molecules. Implementing a time-dependent
parameter for a classic DFT computations allowed for predictions of excited state electronic
transitions. Computations of the structures and bond energies of Ag*(benzene) and Ag*(toluene)
were completed using DFT with B3LYP and M06-L functionals and def2-TZVP and def2-QZVP
basis sets. The excited state theory was completed using TD-DFT with CCSD and def2-TZVP
basis set with an added time-dependent parameter. These computations employed the Gaussian

16 program package.5?

Ag*(benzene)

Computations of the structures and bond energies of Ag*(benzene) were completed using
computational methods described in the previous section. Ag*(benzene) was determined to have
only one stable structure with the silver ion centered over a carbon-carbon bond on the benzene

ring as seen in Figure 13 below.
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Figure 13: Structure of Ag*(benzene) generated by TD-DFT computations.

Bond energies are noted in Table 1 along with previously documented values from literature.
The TD-DFT results were used to compare the experimental electronic structure with predicted
excited states in order to better understand the electronic structure. Figure 14 below compares
the experimental electronic spectrum of Ag*(benzene) with the predicted excited states for TD-

DFT.
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Figure 14: Ag*(benzene) experimental electronic spectrum (top) compared to TD-DFT

computational electronic spectrum (bottom).

Four peaks were predicted in the 25,000-45,000 cm™ range using TD-DFT; one peak at 28,255
cm™ and three peaks close in proximity at 42,207 cm, 42,752 cm™, and 43,182 cm™.
The lower energy absorption at 28,255 cm™ was a straightforward assignment. It was

assigned as the charge-transfer transition. It was expected to be an intense, broad absorption and

23



the predicted transition was in the range of the experimental absorption. The higher energy
absorption was a little more difficult to assign until looking at the excited state theory. Originally
it was proposed that this was a transition from a neutral benzene ligand since no Ag* fragment
was observed during photodissociation. Looking further into the TD-DFT predicted electronic
transition gave insight into what these peaks were. The higher energy peaks lined up relatively
close to the experimental 39,612 cm™ peak and predicted an Ag* excited state. Looking at the
literature values from NIST of the silver excited states in combination with the computations, it
was determined the 39,612 cm™ absorption correlated to the Ag* 4d°(°Ds/2)5s excited state which
has a documented frequency of 39,168.0177 cm™. This is quite odd because only the benzene ion
was recorded in photodissociation so there is some unique chemistry occurring from electronic

curve crossing.

Ag*(toluene)

Computations of the structures and bond energies of Ag*(toluene) were completed using
the same computational methods for Ag*(benzene) as described in the previous section.
Ag*(toluene) was determined to have two stable isomers with the silver ion centered over the 4,5

and 5,6 carbon-carbon bonds on the ring as seen in Figure 15 below.
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Figure 15: Structure of Ag*(toluene) isomers generated by TD-DFT computations.

Bond energies for both isomers are noted in Table 2 along with a comparison to literature
values. The TD-DFT results were used to compare the experimental electronic structure with
predicted excited states in order to better understand the electronic structure. Figure 16 below
compares the experimental electronic spectrum of Ag*(toluene) with the predicted transitions for

TD-DFT.
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Figure 16: Ag*(toluene) experimental electronic spectrum (top) compared to TD-DFT

computational electronic spectrum (bottom).

Three peaks were predicted in the 20,000-42,500 cm range using TD-DFT; one absorption at
27,854 cm® and three absorptions close in proximity at 40,335 cm™, 40,844 cm™, and 42,075
cm™.

The lower energy absorption at 27,854 cm™ was a straightforward assignment. It was
assigned as the charge-transfer transition. It was expected to be an intense, broad absorption and

the predicted absorption was in the range of the experimental absorption. The higher energy
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absorptions were a little easier to assign due to them being in close proximity to the documented
experimental absorption and also knowing Ag*(benzene) had similar absorptions that were
already assigned. Since it was known the absorption for Ag*(benzene) was not a neutral benzene
transition, a similar approach was used for assignment. Looking further into the TD-DFT
predicted electronic transition gave insight into what these peaks were. The higher energy peaks
lined up relatively close to the experimental 38,417 cm™ absorption close to the experimental
39,612 cm™ Ag*(benzene) absorption. Since the common component in both of these complexes
is Ag™, this further proved that both higher energy experimental peaks for both complexes must
be from the 39,168.0177 cm™ Ag* 4d°(?Ds2)5s excited state. Looking further to the future it is
possible to use this version of TD-DFT to predict charge-transfer excited states as well as metal
ion excited electronic transitions. Further research is needed to more accurately determine the
chemical dynamics of obtaining an Ag* electronic excited state from measuring a benzene ion

fragment.

Table 2: Computational results for dissociation limits compared to experimental results and

previous experiments from literature.

B3LYP Moe6L Comparison
def2- def2- def2- def2- VMI CID UV lamp @ Experiment
TZVP QzVvP TZVP QzVvP
Ag+(benzene) 37.83 38.30 36.58 | 37.53 <289+t 37.4 55+5 75.4
3.2 +17
Ag+(toluene) 40.86 41.38 39.38  40.29 <359+ n/a 58 +5 73.8
Isomer 1 3.2
Ag+(toluene) | 40.03 40.55 38.92 | 39.84

Isomer 2
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