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1. Current Experimental Work Overview

I am currently involved in an experiment to acquire a cold rotationally resolved gas phase
spectrum of buckminsterfullerene (Cgo) in the mid-IR. This is an interesting project from a
fundamental spectroscopic point of view because it will represent the heaviest and most
symmetric molecule ever studied in the gas phase. As a consequence of its high symmetry, and
composition of 60 '*C bosons, there will be missing rotational levels which will in turn yield
missing transitions in the vibrational band.""*

A high-resolution gas phase spectrum is also interesting from an astrochemical
/astrophysical perspective. Cgp was originally discovered in experiments seeking to understand
long carbon chain chemistry in the interstellar medium (ISM) and circumstellar shells.® Since its
initial discovery, indirect evidence has been found for the existence of Cg in space,4’5 but direct
evidence for Cg in the interstellar medium will require positive identification in a spectroscopic
search, and a high resolution laboratory spectrum of Cg is essential for such a search.

We have not yet obtained a high resolution spectrum of Cg, but significant progress has
been made in the experiment, allowing for the collection of high-resolution cavity ringdown
(CRD) spectra. I have been responsible for learning how to scan the continuous wave Fabry-
Perot quantum cascade laser (cw-FP-QCL) used in the experiment, and the assignment/analysis
of the first high-resolution spectrum of the vg band of methylene bromide (CH,Br).

1. 1. Experimental Backeround

The general experimental layout is provided in Figure 1 (see attached figures at end of
document). The primary goal of the sample preparation portion of the experiment is to generate
cold gas phase molecules from a solid sample by using a high temperature oven coupled to a
supersonic pinhole expansion. The high temperature oven can attain temperatures >600°C for
several hours, and this makes it possible to generate a sufficient concentration of gas phase

molecules from low vapor pressure solids such as Cg. The hot vapor from the sample is then



forced through a pinhole by a high pressure of inert carrier gas entering through the inlet gas line,
generating a seeded supersonic expansion that provides rotational and vibrational cooling of the
hot gas phase sample.®’

The CRD collection scheme employed in this work was originally developed by

10,11,12
> In our

Romanini et al.** and has been successfully implemented by other research groups.
experimental set-up, a cw-FP-QCL operating ~8.5 um is passed through a set of collimation
optics and then an acousto-optic modulator (AOM). The first order diffraction from the AOM
passes through a pair of mode matching optics to effectively couple light into the TEM(y mode of
the high finesse optical cavity formed by two highly reflective mirrors. A piezoelectric
transducer (PZT) dithers the position of one of the cavity mirrors, effectively sweeping the cavity
modes by at least one free spectral range (FSR). When a cavity mode is swept into resonance
with the laser frequency, a sharp build-up of intracavity power occurs. Once the light intensity
leaking out of the cavity measured by the detector reaches a threshold value, the driver to the
AOM is turned off and light injection into the cavity is suppressed. The decay rate of light
leaking out of the cavity is directly proportional to the absorption losses due to the medium in the
cavity and the mirror losses. By measuring this decay rate it is possible to determine the absolute
absorption coefficient for the cavity and medium at the specified laser frequency. Using this
CRD collection scheme in the McCall laboratory it has been possible to achieve noise equivalent
absorption (NEA) coefficients as small as ~2x10™ cm™. After integrating a sufficient number of
ringdown events, the laser frequency is then stepped. During the process of acquiring CRD
spectra a portion of the QCL output is split off to a reference path through an absorption cell
filled with N>O to provide absolute frequency calibration.

A critical part of the cw-CRDS spectrometer is the cw-FP-QCL. QCLs are composed of

repeated quantum well structures designed by periodic layering of doped semiconductor

materials.”> When a current is applied to the device electrons are injected into the multi-



quantum well (MQW) structure. The electrons may then relax through each successive period
with the potential of emitting a photon by either spontaneous or stimulated emission. By
controlling the thickness and composition of the semiconductor layering it has been possible to
produce QCLs lasing anywhere from 3 to 24 um, with cw laser power output power as high as
tens of milliwatts."* When compared to the low power output (<1 mW), and limited availability
of lead salt diode lasers >5 um, the QCL is a superior choice for our experiment. However, the
device is still in the process of being commercialized, and has only been implemented in two
experimental cw-CRD spectrometers.''!

The cw-FP-QCL employed in our spectrometer is housed in a liquid nitrogen cooled
cryostat. This is necessary to disperse the roughly 10 Watts of heat generated by the laser during
cw operation. The internal mounting of the laser inside the cryostat had to be radically altered to
afford mechanical stability of the laser while maintaining an adequate thermal connection. These
goals were achieved by connecting the laser submount to the outside of the cryostat and using
folded sheets of copper ribbon to maintain a thermal connection to the cryostat cold head.
Frequency tuning of the laser is accomplished by manipulating the temperature and current
sourced to the device. During scanning, a temperature controller is used to maintain the device
at a stable temperature. A power supply is then used to alter the current in a controlled step-wise
fashion during CRD acquisition. In this fashion, it is possible to achieve 1-2 cm™ mode-hop free

coverage at a single temperature.

1. 2. Methylene Bromide Analysis

In order for the Cgy experiment to be successful, we need to generate a sample with a low
rotational and vibrational temperature. To carry out a test of the effectiveness of the supersonic
free jet expansion, methylene bromide (CH,Br;) was chosen as a test molecule because it has a
vibrational band (vs) that falls within the frequency coverage of the cw-FP-QCL. Unfortunately,

the only spectra of the band in the literature have been taken at low resolution and show only the



band contours of the P, Q, and R branches. 15.16

In order to interpret how effective the pinhole
source is at cooling molecules seeded in the expansion, the high resolution spectra of the vg band
must be assigned. Correct assignment will then yield the molecular constants necessary to
generate simulated spectra at a variety of temperatures.

The task of accurately assigning the vs band is complicated by the 1:1 isotopic ratio of
Br to 81Br, which leads to a 1:2:1 ratio of the CH279Br2, CH279Br81Br, and CHzngrz
isotopomers. The experimental spectrum is therefore comprised of the spectra of three
molecules with slightly different rotational constants, vibrational band centers, and intensity
alternation due to differences in point group symmetry.

The top trace in Figure 2 represents a portion of the spectrum that has been acquired from
1196.35 to 1197.00 cm™. The laser was stepped in ~54 MHz increments during the acquisition
of this scan, and frequency calibration was carried out using five N,O reference lines.

I carried out the process of assigning all three bands of the methylene bromide
isotopomers using a spectral fitting program called Pgopher.'” It was possible to fix the ground
state rotational constants to their available literature values obtained through microwave
work.'®" The next step was an iterative process of assignment starting with the Q-branch
subbands and low J P-branch subbands belonging to the CH,*Br®'Br isotopomer. In the end I
was able to make tentative assignments for 42 CH279Br81Br transitions, 33 CHzngrz transitions,
and 17 CH279Br2 transitions. The linear least squares fit for all three sets fell around ~27 MHz;
half of the ~ 54 MHz frequency step size. The upper state distortion constants were ill defined
because of inadequate experimental resolution and mode-hop free spectral coverage, but it was
possible to obtain definite values for the upper state rotational constants in the fit. The lower
inverted trace in Figure 2 represents a composite simulation that I generated for all three

isotopomers at 20K using parameters determined from the tentatively assigned set of transitions.



1I. Future Experimental Work Overview

In my future work, I will focus on the acquisition and analysis of mid-IR high resolution
spectra of a vibrational band of protonated benzene, also known as the benzenium ion (C¢H;").
The benzenium ion represents the prototypical arenium ion intermediate in electrophilic aromatic
substitution (EAS) reactions.* Being a key reaction intermediate, there is an intense interest in
the structure and intramolecular dynamics of this molecular ion, as is evident from the variety of

applied experimental techniques and computational studies that have been carried out: NMR
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work in cold superacid media® **, infrared photodissociation spectroscopy , radiolytic
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methods®®, mass spectroscopy”’**, and theoretical computational work These studies have
established the equilibrium structure for the molecular ion, and have explored the energy barrier
for the intramolecular phenomenon of proton “ring-walk.” The “ring-walk” mechanism occurs
because the energy barrier to proton migration is sufficiently low that the proton can easily
tunnel through the barrier. This tunneling will manifest itself as distinct spectroscopic splittings
under high-resolution gas phase studies of the rovibrational bands of the ion. A detailed analysis
of the rich tunneling splitting in the spectrum will allow accurate determination of the ring-walk
barrier, and will pave the way for future studies probing mono-substituted benzenium ions to
study the influence of ortho/para and meta directors on the tunneling barriers.

The benzenium ion is of astrochemical interest as an intermediate in proposed synthetic

31,32 .
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paths for benzene in dense interstellar clouds and proto-planetary nebula (PPN).
the interstellar and circumstellar medium is a likely building block for polycyclic aromatic
hydrocarbons (PAHs), which are implicated carriers of the diffuse interstellar bands (DIBs) and
the unidentified infrared bands (UIBs). A positive detection of benzene has already been
established in the PPN CRL 618, bolstering the case for formation of complex PAHs in PPN.

A combination differences analysis of the high-resolution rovibrational spectra can provide

knowledge of the ground state energy level structure, and enable a radio astronomical search.



High resolution rovibrational spectra of the benzenium ion will be made possible with the
sensitive cooled resolved ion beam spectroscopy (SCRIBES) instrument currently under
development in the McCall lab. The SCRIBES instrument will combine the sub-Doppler line
narrowing phenomenon of acceleration cooling in fast ion beams with cw-CRDS.

II. 1. Experimental: The SCRIBES Instrument

High-resolution direct absorption laser spectroscopy of molecular ions in plasmas is
fraught with significant difficulties: spectral complexity due to high T, and Ty in the discharge
plasma, broad linewidths due Doppler broadening at high Tians, and weak molecular ion
absorptions compared to stronger absorption signals from neutrals due to their abundance in the
plasma. Pulling the relatively weaker molecular ion absorption signals out of a strong neutral
“background” was resolved in the early 1980°s with the development of the velocity modulation
technique.®® In this technique the polarity of the discharge generating the plasma is rapidly
flipped (~kHz) causing the molecular ion absorption features to blue and red Doppler shift at the
discharge polarity inversion frequency. A lock-in amplifier can then be used to extract the signal
of spectral features that are modulated at the polarity inversion discharge frequency.

Velocity modulation does not resolve the linewidth or spectral complexity issues of
carrying out direct absorption spectroscopy in hot discharge plasmas. In the late 1980’s and
early 1990’s, the direct laser absorption spectroscopy in fast ion beams (DLASFIB) method was
developed in the Saykally group at Berkeley in an attempt to surmount these issues.”%*" The
DLASFIB instrument was able to combat broad linewidths by utilizing the acceleration cooling
effect in fast ion beams probed along the parallel direction. Briefly, acceleration cooling is a
velocity "bunching" phenomenon that occurs by generating molecular ions in a discharge source
that is floated at a high positive (~kV) potential.*** Tons are born in the discharge source with
additional potential energy due to interaction with the float voltage field, and when exiting the

source this potential energy is converted to kinetic energy. This addition of energy leads to a



reduction in the longitudinal velocity spread of the ions. Acceleration cooling can be used to
achieve sub-Doppler linewidths of ~20 MHz. In addition to acceleration cooling, a mass
spectrometer was present at the end of the ion beam system allowing mass identification of
spectral carriers present in the ion beam. Despite these achievements the DLASFIB technique
was abandoned due to difficulties implementing a supersonic expansion discharge source.

The SCRIBES instrument under development in the McCall lab represents a substantial
improvement over the DLASFIB instrument by making use of a broadly tunable difference
frequency generation laser system to carry out cw-CRDS in a fast ion beam. Figure 3 shows the
fundamental layout of the SCRIBES instrument. The first chamber will house a floated cw
supersonic expansion discharge source responsible for generating a fast cold molecular ion
beam. In the source a discharge will be generated in a flowing benzene/H,/rare gas mixture to
create sufficient H;" to protonate benzene. A skimmer positioned directly after the source will
separate the source chamber from the chamber housing the ion optics and the first quadrupole.
The source chamber will be pumped by a two stage roots blower backed with a rotary vane pump
(~7500 cfm). This will facilitate the removal of the enormous amount of gas introduced by the
cw source, and will maintain a low background pressure for the supersonic expansion.

After the ion beam passes through the skimmer, it is collimated by a pair of electrostatic
lenses before entering the first quadrupole. The quadrupole will turn the ion beam by 90° into
the drift region of the instrument while the remaining neutrals pass straight through. The
acceleration cooling should provide sub-Doppler linewidths ~20 MHz, as attainable with the
DLASFIB instrument. The ion beam in the drift region lies along the axis of a high finesse
cavity and is overlapped with coupled light from a tunable mid-IR difference frequency
generation (DFG) system. The DFG system is capable of frequency coverage from ~2000 cm™
to 5000 cm™, and the light is generated by coupling the output from a fixed frequency cw

Nd:YAG laser with a tunable cw Ti:Sapph laser into a periodically poled lithium niobate crystal



(PPLN). Because light in the cavity will propagate both parallel, and anti-parallel all transitions
will be Doppler split into a doublet by their velocity in the drift region. This frequency
separation will provide a measure of the mass of the spectral carrier.

The weak band strength of C-H stretching modes in the benzenium ion presents a
challenge to the sensitivity of conventional cw-CRDS. To increase the sensitivity of the
SCRIBES instrument, it will be necessary to implement high-repetition rate cw-CRDS. In high-
repetition rate ringdown, the frequency of the laser is locked to the high-finesse cavity. By
actively locking the laser to the cavity the dead-time experienced during the piezo sweep in a
traditional cw-CRDS experiment is removed. The rate of ringdown occurrences is then
controlled by rapidly switching on and off the AOM driver. Using this technique a CRD
spectrometer with an acquisition rate of 10 kHz has been built, and a long-term minimum
detectable absorption of 9.0x10™"" cm™ Hz"? has been obtained. *

The second quadrupole will turn the ion beam into a time of flight mass spectrometer
(TOF-MS). The TOF-MS will provide information about the mass of the spectral carriers in the
beam, and can be compared with Doppler splittings in the ringdown spectra. The TOF-MS can
also aid attempts to optimize flow mixture composition and source conditions to maximize
production of a desired target molecular ion.

II. 2. Influence of Intramolecular Dynamics on Benzenium Ion Spectra

The benzenium ion represents a fluxional carbocation system where the occurrence of
tunneling will manifest itself as distinct spectroscopic splittings when studied under high-
resolution. The addition of a seventh hydrogen to the benzene ring leads to a C,, equilibrium
structure (1) shown in figure 4. A bridged intermediate of C; symmetry (2) provides the path for
the proton to be transferred from one carbon to another on the ring as illustrated by structure (3).
The energy barrier for this process has been estimated to be 10+1 kcal/mol, and is low enough

that rapid tunneling leads to a proton "ring-walk" motion.



Because of this fluxional behavior, there exist 2520 equivalent potential minima, and due
to tunneling the energy levels for the rigid C,, equilibrium structure are split. To gain a greater
understanding of the problem, I propose the acquisition of high resolution spectra of the
symmetric and asymmetric —CH, streches at 2807 and 2801 cm™ respectively using the
SCRIBES instrument.

I have carried out a group theory analysis of the benzenium ion to gain a greater insight
into the degree of splitting of the ground rotational levels. This entailed generating the S
character table using a freely available discrete algrebra computation package called GAP.*!
With the S;~ character table it was possible to build a correlation table relating symmetry
representations from the rigid benzenium ion structure to symmetry representations for the non-

rigid benzenium ion structure.*>**

Determination of the symmetry labels spanning the nuclear
spin representation allowed for an analysis of the number of Pauli allowed states given the
rotational level state symmetries, and this revealed that each asymmetric top rotational level is
split into six levels.

Though group theory can give an absolute value for the number of splittings, it cannot
provide an order of magnitude estimate for the splitting separation. To provide a gross estimate
of the tunneling splittings I have used the tunneling rate equation for a symmetric double well
potential, and varied the potential barrier from 11 kcal/mol to 5.5 kcal/mol. This analysis has
revealed that tunneling in the ground state will lie within an order of magnitude between 1x10~
cm™ to 1x10™ cm™, and that the frequency separation of the splittings will be largely dominated
by the degree of tunneling in the excited vibrational state. Carrying out a similar analysis for the
vibrational excited state is not as straightforward because neither the symmetric or asymmetric

stretching mode couple directly into barrier crossing. Coriolis coupling could permit a fraction

of the overall energy placed into the mode to be involved in the barrier crossing motion, and I



have chosen to treat this as a reduction in the barrier height for tunneling. A couple hundred
wavenumber reduction in the barrier height yields splittings on the order of ~10 MHz.

Using the group theory analysis, and the double well tunneling frequency model, some
general comments can be made about the possible appearance of a high resolution spectrum
obtained using the SCRIBES instrument. Depending on how the effective potential barrier
scales the resulting spectrum could be anywhere from that of a normal near oblate asymmetric to
a spectrum with resolvable tunnel splitting separations that are larger than the linewidth for the
transitions. Even if the frequency separation due to splitting is close to that of the linewidth for
the transitions the peak shapes will still reflect the spin statistical weights for the split levels in
the ground state. This will permit a lineshape analysis and the extraction of knowledge regarding
the height of the effective potential barrier.

Conclusion

Overall, significant progress has been made in the last year in the Cqy experiment.
Currently I am working to achieve optical isolation of the QCL to decrease laser mode hops.
Once optical isolation has been achieved it will then be possible to reliably scan over the region
where the Cg vibrational band is located.

The benzenium ion project cannot currently be started until the SCRIBES instrument is
built and characterized. Currently the source chamber, first quadrupole, and drift region are in
place, and an uncooled cathode discharge source and the DFG system are operational. Once the
initial characterization of the instrument is completed I intend to test the supersonic discharge
source to gauge the beam current of C¢H; " that I can generate.

The Cgo and proposed CsH;" projects represent intriguing research problems that
highlight the influence molecular symmetry has on the structure of a vibrational band. Both of
these projects will also provide the necessary information to enable spectroscopic searches in

space.
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