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ABSTRACT

Helium nanodroplet isolation is used to trap hydrocarbon radicals produced by the
pyrolysis of appropriate precursors. The infrared spectra, predominantly in the CH
stretching region, of a variety of hydrocarbon radicals is discussed. High-level theoretical
computations using the VPT2+K method are used to compare the spectra of each radical
and make assignments when feasible. Cyclobutylmethyl nitrite is used as a pyrolytic
precursor to the cyclobutyl radical, the spectrum of which is presented herein. Upon
higher temperature pyrolysis, decomposition products of the cyclobutyl radical are
observed, specifically, products that occur as a result of a ring-opening mechanism.
These results are compared to the existing potential energy surface (PES) for C4H7
species. The infrared spectra of fulvenallene and the fulvenallenyl radical are also
discussed. Spectra in the acetylenic CH stretching region for the fulvenallenyl radical
provide valuable information about the extent of the unpaired electron’s delocalization

throughout the conjugated propargyl and cyclopentadienyl subunits. These results are



aided by spin density calculations based on Mulliken populations. Anharmonic
theoretical computations are used to make spectral assignments and provide insight into
the identity of other species formed during the initial pyrolysis process. Finally, a
previously published physical chemistry experiment is transformed into an undergraduate
SCALE-UP activity. As an extension of fundamental physical chemistry research, this
activity serves as an example of how undergraduate curriculum can benefit from merging
research with classroom content. Two versions of the activity will be presented along
with an analysis of student definitions for entropy before and after completing the

activity.
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CHAPTER 1

INTRODUCTION

1.1 History of Matrix Isolation and Helium Nanodroplet Isolation

In the mid-1950’s, the term matrix isolation was coined by George Pimentel to
describe experiments where an unreactive host gas is mixed and condensed with a target
molecule onto a cold surface.! The target molecule is therefore isolated from other co-
deposited molecules in a matrix of the host gas. During this time, pioneering experiments
were performed by Pimentel? 2 and George Porter® in a variety of matrix materials such
as COy, CClg, Xe, ether, and isopentane held at or slightly below liquid nitrogen
temperatures. Lowering operating temperatures to ~ 20 K, the infrared spectra of
methylene deposited into both Ar and N2 matrices were collected upon pyrolysis of
diazomethane.> ® These experiments are the first examples of modern-day matrix
isolation experiments. Since this time, a variety of radicals and transient species have
been trapped by an assortment of host gasses and probed by various spectroscopic
techniques.™ "' The most common matrix materials are noble gasses because they do not
typically interact with the target molecules trapped inside.'® However, there is generally a
frequency shift associated with spectra collected under these conditions as opposed to

gas-phase spectra.” & Warming of the matrix as well as secondary photolysis via a UV



laser can provide additional information about secondary reactions or decomposition
mechanisms that can occur within the matrix environment,4-16

Solid para-hydrogen (p-H>) is often used as an alternative matrix material to noble
gas matrices. At room temperature, Hz exists in a 3:1 ratio of ortho to para states; the
ortho state (paired nuclear spin of 1=1 and odd rotational quantum numbers, J) is
converted to the para form (I=0 with even J quantum numbers) at low temperatures with
the aid of a catalyst.'” 8 Upon formation of the matrix, impurities of only 100 ppm ortho
can be achieved depending upon the temperature of the gas during conversion.!” Similar
to rare gas matrices, spectra collected in p-H2 matrices experience red-shifting of
frequencies when compared to gas-phase values but tend to be on the order of 5-15 cm™
and give sharper spectral lines.'® ° An early experiment from Oka and coworkers
discovered the narrow 180 MHz linewidth of the tetrahexacontapole-induced (64-pole)
p-Hz J=6 « 0 transition.? This prompted others to begin trapping molecules inside of
p-H2 matrices to study them spectroscopically. One of the first examples of this was
performed by Momose and Shida; methane was trapped in a matrix held at 5 K and the
vibrational spectrum was recorded.?! Rotational fine structure was also observed, but
because of matrix crystal-field effects, the transitions were split.

Halogen containing species can be used as precursors for radical formation when
a beam of 266 nm light from a Nd:YAG is used for photodissociation once molecules are
doped into the p-H2 matrix.? Homolytic bond dissociation of the precursor forms a
halogen radical which moves through the matrix and away from the newly formed
hydrocarbon radical due to the matrix’s softness and high thermal conductivity.?® Similar

experiments have been performed by depositing Oz and CHzl> simultaneously before
2



irradiating with UV light to form the peroxy species ICH200.?* In a p-H, matrix, the p-
H> molecules are delocalized within the matrix and have a large zero-point motion; thus,
it is considered a “quantum solid”. Reactions of the host matrix with the radical dopant as
well as quantum phenomena such as ortho-Hz quantum diffusion and nuclear spin
conversion have also been studied.? %

Many of the problems encountered when working with rare-gas or p-H2 matrices
can be overcome by using the helium nanodroplet isolation (HENDI) technique. Early
work by Stephens and King studied the properties of helium nanodroplets by electron
impact ionization.? In the early 1990°s, this technique was used during a cross-beam
experiment to trap Ne atoms in droplets; this was the first time that a dopant was solvated
within the droplet environment.?’ The first instance where a molecule was picked up by a
droplet beam and studied spectroscopically was in 1992 when Scoles and coworkers
formed droplets of a few thousand He atoms to pick up SFs molecules. Using a line-
tunable CO: laser overlapped with the droplet beam, they found two IR absorptions near
946 cm*.28 At that time, it was thought the molecules resided on the surface of the
droplet and were not solvated; a follow-up experiment found that it was more likely that
molecules were located inside of the He clusters.?® This latter experiment found two
additional bands around 933 and 955 cm™ which were attributed to the SFe dimer.
Rotationally resolved spectra came a few years later; these results showed that molecules
within droplets have a significantly reduced rotational constant when compared with gas-
phase values and that the SFs embedded within the droplet had a rotational temperature of
0.37 + 0.05 K.2% 3! These results showed that HENDI is able to effectively and efficiently

cool the degrees of freedom of the dopant like other matrix isolation techniques.
3



Another interesting property of helium nanodroplets are their superfluid character.
This was first discovered by Toennies, Vilesov and coworkers when they doped glycoxyl
(C2H20) into droplets containing approximately 5500 He atoms to study the S; < So
electronic transition.> OCS was doped into helium droplets containing about 10* atoms
of 3He, *He, or a mixture of both in a “microscopic Andronikashivili experiment”.33
Spectra collected in pure *He droplets did not show rotational resolution while spectra
collected in pure “He droplets had narrow rotational lines. This was evidence that free
rotations are a consequence of a superfluid environment. When adding “He atoms to a
3He droplet, the “He atoms would cluster around the OCS dopants. Approximately 60 “He

atoms were needed to give a rotationally resolved spectrum providing evidence that this

is the number of “He atoms required to achieve superfluidity.

1.2 Infrared Spectroscopy of Hydrocarbon Radicals

As highlighted in the previous section, it is often easy to dope closed shell
molecules into droplets and study them spectroscopically. However, radicals and other
transient species are not as easy to study experimentally. In general, radical spectra are
often more complex than closed-shell systems because the unpaired electron(s) undergoes
a variety of interactions including orbital and spin angular momentum coupling with
itself and other unpaired electrons if present.3* High-resolution spectra of various radicals
have been recorded by Nesbitt and co-workers with rotational temperatures of

< 25 K.3>* Although this temperature is relatively cold, the spectra are still quite



complicated because of the many rotational states that are occupied. Similar results were
found by Curl and coworkers during their many experiments probing radicals with their
high-resolution infrared spectroscopy technique.**® The complexity found in spectra like
these not only provides a challenge for spectroscopists to make assignments but for
computational chemists as well; current methods are not always able to reproduce a
radical’s spectrum.

With the use of HENDI, molecules are doped and subsequently cooled to their
ground electronic and vibrational states and are in low rotational quantum states that are
dependent upon the rotational constant of the molecule and the droplet temperature.*®
This greatly simplifies complicated spectra when compared to other matrix techniques
and can be illustrated by comparing the spectra of the allyl radical trapped in a neon
matrix held at 10 K* vs. a helium droplet at ~0.4 K5. In particular, the v fundamental
shows a large band with a small shoulder in the neon matrix, but this band is resolved
into 1 large band with a shoulder and 1 smaller band, all with varying degrees of
rotational resolution, in the helium droplet spectrum.

With any gas-phase technique, the density of the molecule of interest is vital for
achieving significant signal to noise ratios. This is one advantage of matrix techniques
when compared to traditional gas-phase or HENDI. When carrying out a matrix isolation
experiment, the deposition period can be extended until a sufficient concentration of
dopant is achieved. This is not possible with the HENDI technique as molecular dopants
are housed in a “pick-up chamber” and are picked up by droplets as the beam enters this
region of the instrument. Densities of radicals are even lower when using a pyrolysis

method as the probability for each droplet picking up one radical of interest is reduced by
5



the presence of other pyrolytic products.® Pressures must be carefully monitored in the
pick-up chamber to avoid doping more than one molecule into the same droplet, as this
would cause unwanted dimer/complex peaks or evidence of radical recombination within
a particular spectrum.

Infrared spectroscopy of these radicals has implications in many areas, but in
particular, the chemistry of these radicals in combustion environments is interesting and
an area for further exploration.®® There are hundreds of fuel-type molecules with
thousands of possible reactions in a combustion environment; this does not include trying
to characterize a radical’s secondary reaction with other radicals or molecular oxygen.
Because of their short lifetimes, high reactivity, and instability, direct observation by
traditional methods are difficult.!® This is why techniques such as HENDI are employed
to record a radical’s infrared spectrum to be used for future identification and analysis.
Chapters 3 and 4 of this dissertation focus on initial identification and band assignments
of a handful of hydrocarbon radicals via infrared spectroscopy and HENDI. The hope is
that this data is used as a benchmark for future studies involving hydrocarbon radicals
produced in similar manner and/or once reacted with molecular oxygen to form peroxy
radicals. These experiments also provide computational chemists benchmarks for

calibrating and developing new methods.



1.3 Applications to Undergraduate Education

The remainder of this dissertation focuses on applying experimental physical
chemistry data to undergraduate education. Specifically, the model dipeptide
N-acetylglycine methylamide (NAGMA)®>* was used to teach students in the CHEM 3110
course at the University of Georgia about thermodynamic concepts in a SCALE-UP
setting. Based on the research article, an activity was created so that students were
exposed to current physical chemistry research, which related to topics they were
learning in class. Through this activity, students in the course gained an appreciation for
real-world applications to the concepts they were learning in class while also expanding
their previous definitions of entropy, an extremely abstract physical chemistry concept.

Details of this project are given in Chapter 5.
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CHAPTER 2

EXPERIMENTAL METHODS

2.1 Formation of Helium Nanodroplets

Figure 2.1 shows a schematic of the helium nanodroplet isolation (HENDI)
instrument used for the work presented herein. Droplets are formed in the “Source
Chamber” by an expansion of ultrapure (99.9995% or 99.9999%) “He gas through a
cryogenically cooled nozzle with a 5 um aperture. With a nozzle temperature of 17 K and
a backing pressure of 35 bar, each helium droplet contains approximately 4200 atoms, on
average, based on scaling laws. 2 Under these conditions, droplets are formed via
condensation of the gaseous expansion and undergo rapid evaporative cooling to reach an
equilibrium temperature of 0.4 K.2

Adjustments to the nozzle temperature or backing pressure changes the average
size of the droplets; this can be useful for optimizing the doping of various precursors or
radicals.* A plot highlighting the log-normal size distribution of helium droplets at
various nozzle temperatures is shown in Figure 2.2. The mean number of droplets,
Pn(N), can be determined from the number of helium atoms per droplet (N), as well as
the mean and standard deviation (n and o) of the distribution. These expressions are

shown as Equations 2.1-2.3, respectively.
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Figure 2.1: Schematic of the helium nanodroplet isolation (HENDI) instrument. Droplets are formed from a continuous expansion of
helium gas through a cryogenically cooled nozzle with a 5 pm aperture. Newly formed droplets are skimmed into a beam and enter the
pickup chamber where precursor or radical molecules are doped into the droplets. The Stark cell is used to find experimental dipole
moments but is not used for the experiments described here. Finally, droplets and dopants are detected via the quadrupole mass
spectrometer. Infrared light enters the instrument in a counterpropagating arrangement in relation to the droplet beam.
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Figure 2.2: Log-normal distribution curves showing number of helium atoms per droplet
at varying temperatures between 15 and 20 K. The scaling parameter, I', was calculated
based on a nozzle diameter of 5 um, and a backing pressure of 35 bar along with the
corresponding temperature of each curve.
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Py(N) = (Nm/ﬁ)_1 exp [— %2] (Eq. 2.1)

u=In(N) - In [(%)2 + 1] (EQ. 2.2)
o =1In [(%)2 + 1]E (Eq. 2.3)

The variable S is the standard deviation of the size distribution. For the distribution
curves shown in Figure 2.2, S was set to 0.65 N . The average droplet size can be
determined from the scaling law

In(N) = 2.44 + 2.55In(I") (Eq. 2.4)
where I is a dimensionless scaling parameter that relies on the nozzle diameter,
temperature and pressure.! For Figure 2.2, the nozzle diameter was fixed to 5 um, the
temperature was varied between 15 and 20 K, and the backing pressure was held constant
at 35 bar.

Droplets can also be formed by the expansion of liquid helium jets from a cooled
nozzle usually held between 5 and 10 K.>7 This method produces droplets containing an
average of 108 helium atoms per droplet but is extremely sensitive to the nozzle aperture
diameter.® The liquid expansion fragments after exiting the nozzle to produce droplets
which also undergo the evaporative cooling process mentioned above. Larger droplets
(on the order of 1-3 pm in diameter) containing between 10'° and 102 atoms are also
formed from an expansion of pressurized helium when the nozzle temperature is below
4.2 KB The liquid jet stays intact for longer periods of time after exiting the nozzle before

breaking up into large, mostly uniform droplets.®
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“*He nanodroplets are considered “superfluid” at temperatures below 2.2 K.
Despite the ultra-cold environment, molecules that are doped inside of the droplet rotate
freely and consequently give rotationally resolved spectra in many cases.®* 1% Although
expansion of *He results in an overall colder droplet environment (0.15 K), the onset of
superfluidity does not occur until T = 3 x 10~ K.® Spectra of molecules within *He
droplets can still be recorded but will not possess sharp rotational or rovibrational lines,
which is a hallmark of the superfluid environment of *He droplets. Even within “He
droplets, the doped molecules still experience slight coupling to the helium bath which
contributes to the molecule’s effective moment of inertia and results in a decrease of the
B rotational constant as compared with gas phase values.* Based on an Andronikashvili-
like experiment by Grebenev, Toennies, and Vilesov, a droplet must contain at least 60
“He atoms to have the characteristics of superfluidity.'® Interestingly, if a droplet contains
a mixture of both 3He and *He atoms, the *He atoms form a superfluid core which is

surrounded by the *He atoms. 1011

2.2 Doping Process

Once droplets are formed in the “Source Chamber”, they are skimmed into a
beam and enter the “Pickup Chamber”. From here, molecules of interest are doped into
the droplet by one of two ways: from the “pickup cell” or directly from an effusive
pyrolysis source (vide infra). The pickup cell consists of a differentially pumped stainless
steel tube that contains the molecule of interest at pressures around 10 torr. The droplet

beam enters and exits the cell through two holes drilled on either side of the tube.
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If a pyrolysis source is used, the density of the dopants is approximately an order
of magnitude lower than when the pickup cell is employed. Two types of pyrolysis
sources are primarily used: a quartz/tantalum source and a silicon carbide (SiC) source.
An example of a quartz/tantalum pyrolysis source is shown in Figure 2.3 and the
electrical circuit diagram is shown as the top image in Figure 2.4. Water cooled copper
electrodes are used to transfer current to the tantalum wire wrapped around the quartz
tube. A 0-130 V metered variable output AC converter (variac) is used to supply the
voltage for the pyrolysis source. A step-down transformer is connected to the source in
series and is used to decrease the initial voltage by a factor of 10 which corresponds to an
increase in the initial current by a factor of 10; a power meter reads the initial, non-
transformed current during experiments. Gas phase precursor molecules enter the source
from a sample vial metered by a needle valve and travel through 1/8” Teflon tubing
which is inserted into the end of a 6” section of quartz tube. Molecules thermally
decompose after coming into contact with the hot walls of the quartz tube producing
radicals and other small molecules as by-products. A variety of molecules can be made in
this manner. For example, the cyclobutyl radical is formed from the pyrolysis of
cyclobutylmethyl nitrite through this source (Chapter 3). With an operating voltage of
approximately 1.5 V and final currents between 20 and 30 A, this corresponds to powers
ranging from 30-45 W. The resistance of the tantalum under operating conditions is
negligible.

The second pyrolysis source involves using a resistively heated SiC tube coupled
to a quartz tube which extends the length of the source (Figure 2.5). The circuit diagram

for this source is shown as the bottom image of Figure 2.4. This design is far more robust
18



Figure 2.3: Image of the quartz/tantalum pyrolysis source used in the experiments
outlined in Chapter 3. The droplet beam passes between the two copper posts as close to
the end of the quartz tube as possible and perpendicular to the image.
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Figure 2.4: Circuit diagram for quartz/tantalum source (top) and silicon carbide source
(bottom).
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Figure 2.5: Depiction of the silicon carbide (SiC) source used in these experiments. A
SiC tube (light grey) is coupled to a quartz tube and resistively heated by graphite
electrodes (dark grey). The droplet beam passes perpendicular to the end of the SiC tube
between the two copper posts to pick up radicals being studied.
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and can reach temperatures exceeding 1500 K making it ideal for decomposition of more
stable molecules. Chlorine atoms were formed utilizing this source with Clzas the
precursor.*> 3 Similar to the quartz tantalum source, water cooled copper electrodes and
additional graphite electrodes provide current to a 1 mm inner diameter SiC tube coupled
to the quartz tube. Voltage is provided to the source by a 0-140 V variac. A current
limiting resistor (R-Load = 5.5 Q) is connected in series with the variac; the resistance of
the SiC tube is small in comparison with the load resistor which allows the source to
operate at a nearly constant current. Molecules in the sample vial are introduced into the
source through a needle valve; those that come into contact with the walls of the heated
SiC tube are broken apart to form radicals and other small molecules. The SiC source was
used for the production of fulvenallenyl radical from the fulvenallene molecule as
outlined in Chapter 4. During this particular experiment, a voltage of approximately 30 V
was supplied by the variac to achieve the required current of 4.5 A to form fulvenallenyl
from fulvenallene. Under these conditions, the source was operating with a total power of
approximately 140 W.

Regardless of which method is employed, the pickup process obeys Poisson
statistics (defined in Equation 2.5) since the doping of one molecule into the droplet does

not affect the doping of subsequent molecules.® * 14

(aL)ne—aL

n!

P(n) = (Eq. 2.5)

The path length of the pickup cell (L) and a, given as the product of the number density

of the gas within the chamber (p) and the geometric cross section of the droplet (o),

determine the probability (P) of picking up n molecules. The probability of each droplet
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picking up one or more molecules as it passes through the pickup chamber is shown in

Figure 2.6 as a function of pressure.

2.3 Infrared Laser System and Action Spectroscopy

Infrared light is produced by a continuous-wave optical parametric oscillator
(cw-OPOQ) system (Lockheed-Martin Aculight ARGOS 2400-SF-15). A continuous-wave
Yb-doped fiber laser (Koheras AdjustiK) is used to pump the OPO with 15 mW of
1064 nm light. This laser is both temperature and piezo tunable for up to a combined total
of approximately 6 cm™. The light is then amplified to a maximum of 15 W by a fiber
amplifier (IPG Photonics). This light then enters the bow-tie cavity of the OPO cavity
and subsequently through a magnesium oxide doped periodicially poled lithium niobate
(MgO:PPLN) crystal, which converts pump photons to signal and idler photons through
optical parametric generation. The crystal is configured with a “fan out” design, which
allows it to be translated within the cavity to give course 1 cm™ tuning. Since the cavity is
resonant with the signal frequency, changing the pump frequency consequently tunes the
idler frequency. In the experiments described here, both the “B” and “C” modules are
used which gives a tuning range of 2600-4000 cm for the idler beams. Although it is not
used in the current set-up, module “A” can extend this range up to 4300 cm™. The signal
and pump beams are dumped and only the idler is used to collect the infrared spectra.

Portions of the idler beam are used for diagnostic purposes and enter a Bristol 621
wavemeter, a Fabry-Perot scanning etalon, and a power meter. Approximately 10-20 mW

of the original beam enter each diagnostic after being reflected off CaF, windows. During
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Figure 2.6: Probability curves for droplets picking up n molecules under various pickup
cell pressures based on Poisson statistics (Equation 2.1). In the simulations, the droplets
have a mean diameter of 7.05 nm and travel a path length of approximately 40 mm in the
pickup region.
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an experiment, the frequency and power are monitored and recorded by a custom
LabVIEW program. The etalon is coupled to an oscilloscope to ensure that the etalon
cavity only has one mode above the oscillation threshold at a time. From this point, the
beam is chopped at 80 Hz before a small portion of the beam enters the power meter. The
remaining portion of the beam enters the instrument either collinearly or through the
Stark cell in a multipass arrangement. In the collinear arrangement, the
counterpropagating infrared light is directed at the droplet beam to interact with the
molecules solvated within the droplets. This arrangement was used to collect the infrared
spectra shown in Chapters 3 and 4.

Although the Stark cell is not utilized for the experiments described in Chapters 3
and 4, a short description will be given here. The Stark cell consists of two parallel
stainless steel electrodes, which are situated above and below the droplet beam and
separated by approximately 3 mm, and two parallel gold coated mirrors arranged on
either side of the droplet beam. Several kV of high voltage are applied to one electrode
while the other is held at ground resulting in DC fields of up to 50 kV/cm. The two
parallel gold mirrors are used to reflect the light such that the droplet beam interacts with
the laser beam between 20 and 30 times while in this arrangement. A Fresnel rhomb is
used to either align or misalign the laser polarization with the Stark field in a parallel or
perpendicular manner. This causes shifts and splittings in the infrared spectrum which
allows the vibrationally averaged permanent electric dipole of molecules within helium
droplets to be determined.

Unlike typical infrared spectroscopy, the HENDI technique relies on an indirect

method to record the spectrum of the molecule of interest. This is accomplished by an
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“action” spectroscopy method, which uses an Extrel quadrupole mass spectrometer
(QMS) for detection. Droplets undergo electron impact ionization and form He* ions, or
Hen" clusters, separated by 4 u. Ionization of the droplet creates an electron “hole” which
travels throughout the bath until either the droplet blows apart to form (He)»* ions or it
interacts with a molecular dopant. Since the ionization potential of He is 2-3 times higher
than most dopants, this latter interaction will result in an ionized dopant and neutral He
atoms. An example of a typical mass spectrum showing this phenomenon is shown in
Figure 2.7. Typically, precursor dopants and radical dopants will become ionized and
fragment into different mass channels making it easy to separate and identify them within
a particular experiment. In Figure 2.7, an increase in mass channel 55 m/z is noticed
when the precursor is doped into the droplets while mass channel 39 m/z increases as a
result of pyrolysis of the precursor and formation of the new radical species, cyclobutyl
radical. By setting the mass spectrometer to a narrow mass range, the QMS can be used
as a mass filter and only allow certain species to be detected. This helps discriminate
against precursor contributions when measuring the spectrum of a particular radical as
long as the mass fragments are sufficiently different. When the mass spectrum of the
precursor and radical have similar fragments, and therefore similar mass channels for
collecting the infrared spectrum, differentiation can become more difficult but not
impossible. This was the case for measuring the infrared spectrum of fulvenallene and
fulvenallenyl, which is described in Chapter 4.

Detection of the droplets and dopants is based on the change in size of the
droplets from initial production through ionization in the mass spectrometer. If a droplet

is not doped with a molecule, it will stay approximately the same size as it travels
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Figure 2.7: Evolution of the mass spectrum during the cyclobutyl radical experiment.
The neat droplet beam is shown in trace (A). Traces (B)-(D) are mass spectra of the
droplet beam with the precursor, cyclobutylmethyl nitrite, under various pyrolysis
conditions. The increase of mass 55 u indicates that the droplets have been doped with
the precursor molecule, cyclobutylmethyl nitrite. Upon pyrolysis, cyclobutyl radical is
formed as indicated by the increase in m/z = 39 u and decrease of m/z = 55 u. At higher
pyrolysis temperatures, an increase in mass channel 27 u is observed. See Chapter 3 for a
more thorough discussion of the experiment.
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through the instrument and into the mass spectrometer region. However, if a droplet is
doped, excess energy from the dopant will be transferred the helium bath which will
cause He atoms to evaporate from the surface of the droplet. In addition to this, if the
dopant is rovibrationally excited by the infrared light from the OPO, more He atoms are
evaporated from the droplet as the energy is quenched. Each He atom that is evaporated
corresponds to a loss of ~5 cm™ of energy.'® The average geometric cross section of the
doped droplets following vibrational excitation is approximately 10-20% smaller; this
corresponds to a decrease in the QMS ionization signal as compared with unexcited
droplets because smaller droplets cannot be ionized as efficiently. This is known as a
laser-induced depletion and is what is used as the spectroscopy signal during an
experiment. Each spectrum is a difference spectrum of the ion signal when the laser is
“on” vs. “off” (blocked or unblocked by the 80 Hz chopper) as a function of laser
frequency. The QMS current is converted into a voltage through a Stanford Research
SR570 current preamplifier which is then processed by a lock-in amplifier and recorded

with a custom LabVIEW program.
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CHAPTER 3
HELIUM NANODROPLET ISOLATION OF THE CYCLOBUTYL,
1I-METHYLALLYL AND ALLYLCARBINYL RADICALS: INFRARED

SPECTROSCOPY AND AB INITIO COMPUTATIONS

Gas phase cyclobutyl radical (-C4H7) is produced via pyrolysis of
cyclobutylmethyl nitrite (C4H7(CH2)ONO). Other -CsHy7 radicals, such as 1-methylallyl
and allylcarbinyl, are similarly produced from nitrite precursors. Nascent radicals are
promptly solvated in liquid He droplets, allowing for the acquisition of infrared spectra in
the CH stretching region. For the cyclobutyl and 1-methylallyl radicals, anharmonic
frequencies are predicted by VPT2+K simulations based upon a hybrid CCSD(T) force
field with quadratic (cubic and quartic) force constants computed using the ANO1
(ANOO) basis set. A density functional theoretical method is used to compute the force
field for the allylcarbinyl radical. For all -C4H- radicals, resonance polyads in the
2800-3000 cm™* region appear as a result of anharmonic coupling between the CH
stretching fundamentals and CH> bend overtones and combinations. Upon pyrolysis of
the cyclobutylmethyl nitrite precursor to produce the cyclobutyl radical, an
approximately two-fold increase in the source temperature leads to the appearance of
spectral signatures that can be assigned to 1-methylallyl and 1,3-butadiene. On the basis
of a previously reported -C4Hy potential energy surface, this result is interpreted as

evidence for the unimolecular decomposition of the cyclobutyl radical via ring opening,
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prior to it being captured by helium droplets. On the -C4H- potential surface,
1,3-butadiene is formed from cyclobutyl ring opening and H atom loss, and the
1-methylallyl radical is the most energetically stable intermediate along the
decomposition pathway. The allylcarbinyl radical is a higher energy -CsH7 intermediate
along the ring opening path, and the spectral signatures of this radical are not observed
under the same conditions that produce 1-methylallyl and 1,3-butadiene from the

unimolecular decomposition of cyclobutyl.

3.1 Introduction

Hydrocarbon radicals are prevalent in combustion environments, namely those
that originate from organic flames® 2 or pyrolysis of organic solvents.>* The reaction
between CH and propene (CzHs) occurs in Titan’s atmosphere and other methane
containing gas clouds, in which CH is produced from methane photolysis.®> The CH +
C3Hs reaction produces 1,3-butadiene, which is a precursor to the formation of benzene
and polycyclic aromatic hydrocarbons. Branching to other products has also been
predicted ab initio, including pathways to 1,2-butadiene + H, ethylene + vinyl, and allene
+ methyl. All of these pathways involve C4H- radical intermediates.® The spectroscopy
of these C4H> radicals is almost entirely missing. In this report, cyclobutyl,
1-methylallyl, and allylcarbinyl radicals are captured by helium droplets and probed with
infrared (IR) laser spectroscopy.®:

The cyclobutyl radical and cation have been studied both experimentally,®*® and

theoretically,> 1628 although the IR spectra of these species have never been recorded.
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The dissociation dynamics of cyclobutyl bromide were recently studied via velocity map
imaging.’® Liu et al. found that cyclobutyl radicals, formed from the 234 nm
photodissociation of cyclobutyl bromide, are produced with 10 to 35 kcal/mol of internal
energy. However, the radicals do not undergo isomerization; rather, the internal energy is
largely funneled into rotational motion.

Allylcarbinyl radical, also known as 3-buten-1-yl, has also been studied
experimentally?® 1823 and theoretically, 2* 2° mostly relating to its rearrangement from the
cyclopropylmethylcarbinyl radical. An IR spectrum for this radical has not been
measured. However, Bahou et al.?* computed harmonic and anharmonic frequencies at
the B3PW91/6-311++g(2d,2p) level of theory for both the trans and cis conformers. At
this level of theory, the trans conformer is lower in energy than cis by about 0.5
kcal/mol.?*

The 1-methylallyl radical, hereafter shortened to methylallyl, has also been
studied experimentally® 15 18 24.26-32 gnd theoretically.> 16 24252733 Most notably, its IR
spectrum was recorded following its isolation in a solid para-H; matrix. The radical was
produced following UV irradiation of a co-deposited mixture of Cl, and 1,3-butadiene.?*
This experiment confirmed theoretical predictions that H atoms react with 1,3-butadiene
to produce 1-methylallyl.?®> Harmonic and anharmonic frequencies of this radical were
also computed for both the trans and cis conformers, where trans was found to be about
0.8 kcal/mol lower in energy than cis. These authors used the computed frequencies to
assign the solid para-Hz spectrum to the trans conformer.

We report here the IR spectra of several C4H7 radicals, including the cyclobutyl,

1-methylallyl, and allylcarbinyl radicals, all of which have been trapped and cooled to
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less than 0.5 K using helium nanodroplets. These radicals are all produced via the
pyrolytic decomposition of their respective nitrite precursors. We use the spectroscopy
of these radical species, along with the spectrum of 1,3-butadiene (also reported here), to
rationalize the observation of new features that grow into the cyclobutyl spectrum under
high-temperature pyrolysis source conditions, which apparently promote the

unimolecular decomposition of the gas-phase cyclobutyl radical.

3.2 Experimental Section

3.2.1 Droplet Production and Radical Doping

Ultrapure (99.9995%) helium is continuously expanded through a 5 pm pinhole
nozzle to form He nanodroplets. The nozzle is held at ~17 K with a backing pressure of
35 bar. Under these conditions, the nanodroplets are estimated to contain 4000-6000 He
atoms on average.* Newly formed droplets are skimmed into a beam and passed into a
second vacuum chamber where they pick up nascent cyclobutyl radicals, formed from the
pyrolysis of cyclobutylmethyl nitrite.® The methylallyl and allylcarbinyl radicals are
similarly produced from nitrite precursors. Following solvation, the radicals are rapidly
cooled to ~0.4 K.%7 The pyrolysis source consists of a quartz tube (0.6 cm outer
diameter), the end of which is wrapped in tantalum wire. This region of the source is
positioned perpendicular and adjacent to the droplet beam. A relatively low source
temperature (500-700°C) is sufficient to cleave the precursor molecule to form the C4H-

radical.2 Other by-products from this pyrolytic decomposition include formaldehyde
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(CH20) and nitric oxide (NO). Dopant pressures are optimized such that less than one
molecule is doped into a droplet on average. Conditions are optimized to render the
sequential capture of two pyrolysate molecules improbable. Specifically, conditions are
optimized such that less than a few percent of the interrogated droplets pick up two C4H-
radicals, or one C4H- radical and either NO or CH20. Under these source conditions, we
have also found repeatedly in past studies that the number density of radicals in the
quartz tube is sufficiently low to suppress bimolecular reactions that lead to larger
species.>>28 The spectra reported here are therefore assumed to be free of spectral
features associated with complexes or reaction products formed either in the pyrolysis
source or within the droplets. This assumption is based on both the well-known Poisson
capture statistics associated with droplet doping and our many previous studies of

helium-solvated hydrocarbon radicals formed via an identical pyrolysis approach.3>-3

3.2.2 Laser Spectroscopy

The doped droplet beam interacts with the counterpropagating mid-IR beam of an
optical parametric oscillator (OPQ), which vibrationally excites molecules within the
droplet. The tuning and calibration of the laser system is given elsewhere.3® Upon
resonant excitation, the vibrational energy of the molecule is quenched by the
evaporation of He atoms. For every ~5 cm™ of vibrational energy, one He atom is lost;
therefore, for a 3000 atom droplet, excitation of a dopant at 3000 cm leads to an
approximately 14% geometric cross section reduction. This size reduction is

accompanied by a cross section reduction for electron impact ionization, which is
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detected with a quadrupole mass spectrometer. The IR beam is chopped at 80 Hz, and
the ion current measured in a specific mass channel is processed with a lock-in amplifier.
The resulting IR spectrum is a difference spectrum of the ion signal with and without the

laser present, normalized to the power of the laser beam.

3.2.3 Mass Spectrometry and Species-selective Spectroscopy

The mechanism by which doped helium droplets are ionized by electron
bombardment has been discussed in detail elsewhere.” *° Electron impact ionization of
pure droplets leads to a distribution of helium cluster ions via the mechanism shown in

equation (3.1).

(He)n + e~ — He"(He)n-1 + 2e” — (He)2"(He)n—2 + 26~

— (He)m" + (n —m)(He) + 2e~ (Eqg. 3.1)

Dopants are ionized via charge-transfer from He*, because the IP difference between He

and the molecular dopant is typically 10 to 15 eV.

(M)(He)m + &~ — (M)He*(He)m-1 + 26— (M)™" + m(He) + 2e~ (Eq. 3.2)

Despite the presence of the helium bath, this large IP mismatch leads to the fragmentation
of the ionized dopant, (M)*™ and its ejection into the gas phase, where it is detected with

guadrupole mass spectrometry. The observed fragmentation pathways are typically
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analogous to those observed in gas-phase electron impact ionization, when comparisons
are available.

Figures 3.1A, 3.1B, 3.1C and 3.1D show the mass spectra of the neat He beam
(A) and the precursor and radical doped droplet beams (B-D). In trace A, peaks
appearing every 4 u correspond to ionized (He)n* clusters. Introduction of the precursor,
cyclobutylmethyl nitrite, gives rise to an intense peak at 55 u, as well as peaks at 28, 29
and 30 u, indicative of a nitrite molecule (B).%5-% Once the pyrolysis temperature is raised
to a level that is sufficient to crack nitrite precursors,® 35 a reduction of 55 u is
observed along with an increase in 39 u (C). Although the peak at 39 u is also present in
the precursor mass spectrum, this increase only occurs at temperatures consistent with the
decomposition of cyclobutylmethyl nitrite precursor. We therefore begin our search for
the spectrum of the cyclobutyl radical by recording ion depletion in channel 39 u as the
IR laser is tuned from 2800 to 3100 cm™. Indeed, as discussed extensively below, the IR
spectrum of cyclobutyl appears cleanly in this mass channel.

The mass spectra of either cyclobutylmethyl nitrite doped helium droplets or
cyclobutyl doped droplets can be obtained via a difference depletion mass spectrometry
technique, the results from which are shown in Figures 3.2A, 3.2B, 3.2C, 3.2D and 3.2E.
With the pyrolysis source at room temperature, the IR laser is tuned to 2990.0 cm™, i.e. a
resonant frequency for cyclobutylmethyl nitrite, vide infra. The laser frequency is fixed
and amplitude modulated at 80 Hz while the quadrupole mass spectrometer is slowly
scanned across all mass channels. When processed with a lock-in amplifier, the resulting
difference mass spectrum corresponds to the electron-impact ionization mass spectrum of

only the subset of droplets that contain resonantly excited molecules. In Figure 3.2A,
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Figure 3.1: The mass spectrum of the neat droplet beam is shown in trace (A). Traces
(B)-(D) are mass spectra of the droplet beam with the precursor, cyclobutylmethyl nitrite,
under various pyrolysis conditions. The increase of mass 55 u indicates that the droplets
have been doped with the precursor molecule, cyclobutylmethyl nitrite. Upon pyrolysis,
cyclobutyl radical is formed as indicated by the increase in m/z = 39 u and decrease of
m/z = 55 u. At higher pyrolysis temperatures, an increase in mass channel 27 u is
observed.
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Figure 3.2: Difference depletions mass spectra under various pyrolysis conditions and
various frequencies: (A) 0 A (2990.0 cm™?) cyclobutylmethyl nitrite only; (B, C) 20 A
(3069.7 and 2819.4 cmt, respectively) formation of cyclobutyl radical; (D) 30 A (3101.9
cmt) formation of 1,3-butadiene from cyclobutyl unimolecular decompositions; (E) 0 A
(3101.9 cm™) neat 1,3-butadiene. (See section 3.4.2.4 for an explanation of traces D and
E)
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mass channels 29 and 55 u are the most intense, indicating that these channels carry the
largest laser-induced ion depletion signal at 2990 cm™ when the pyrolysis source is kept
at room temperature, i.e. indicating that these are the largest mass channels associated
with cyclobutylmethyl nitrite doped helium droplets. With the pyrolysis source
temperature raised to optimize for cyclobutyl production, difference mass spectra were
measured with the laser fixed to either 3069.7 cm™ (Figure 3.2B) or 2819.5 cm™ (Figure
3.2C), i.e. the two sharpest transitions observed in the IR spectrum of the cyclobutyl
radical, vide infra. Here we note the drastic signal reduction in channels 29 and 55 u,
along with the enhanced signal in 39 u. Indeed, this confirms that the ionization of
cyclobutyl doped helium droplets leads to the production of CsHs* ions. By recording the
IR spectrum as a depletion in channel 39 u, we discriminate against residual precursor
features and features due to other species populated in the droplet ensemble. This
species-selective mass spectrometry was used throughout and provides a

two-dimensional approach for assigning bands in the IR spectra described here.

3.3 Theoretical Methods

3.3.1 Cyclobutyl Radical

Two stationary points were characterized: a Cs electronic minimum and a Cay
first-order saddle point (Figures 3.3A and 3.3B). Geometries were optimized using the
CCSD(T)**¢ method combined with the ANOO and ANO1 basis sets,*’ as implemented

in CFOUR.*® All computations utilized UHF reference wavefunctions. The frozen-core
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Figure 3.3: Computed structures for (A) Cs cyclobutyl, (B) Cay cyclobutyl, (C) trans- and
(D) cis-1-methylallyl, and (E) gauche- and (F) cis-allylcarbinyl. Structures A, C, and E
are the lower-energy structures.



approximation was made, i.e. the carbon 1s electrons were not included in the post-HF
treatment. Vibrational spectra were predicted using the VPT2+K method.***? Quadratic
force constants and first derivatives of the dipole moment were computed at
CCSD(T)/ANOL1 by numerical differentiation of analytic gradients. Cubic and
semi-diagonal quartic force constants were computed by numerical differentiation of
CCSD(T)/ANOO analytic second derivatives.>® To compute the anharmonicity constants,
these cubic and semi-diagonal quartic force constants were combined into a “hybrid”
force field>* with which the standard VPT2 procedure was carried out using scripts
written in Mathematica 10.>°> An effective Hamiltonian was then constructed, containing
all but the highest frequency CH stretching fundamental (6 states) and all two-quanta
HCH scissor overtones/combinations (6 states). The interactions between these two
groups of states were anticipated to be the most important for modeling the CH stretching
region.® The Martin diagnostic® was also computed to identify other strongly
interacting states; no additional resonances were found that were relevant to this spectral
region.

The diagonal elements of the effective Hamiltonian were the VPT2 frequencies of
each state, deperturbed for interactions with all other states within the effective
Hamiltonian. Off- diagonal elements are well-known harmonic oscillator matrix
elements involving cubic force constants, which account for Fermi coupling, and
Darling-Dennison resonance constants, which account for some small, higher-order
couplings.>! 52 Diagonalization of the effective Hamiltonian yields the anharmonic
transition frequencies. Anharmonic intensities were determined from the

CCSD(T)/ANO1 harmonic intensities under the electrical harmonicity approximation.
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The intensity of each anharmonic transition is proportional to the amount of each
zeroth-order CH stretching fundamental that it contains. To compare VPT2+K
frequencies evaluated at the Cs and Cay geometries, the ring-puckering normal coordinate
that approximately carries one into the other, and for which the Cyy structure has an
imaginary harmonic frequency, was simply ignored. Excitation or force constants

involving this ring-puckering mode were not considered in the VPT2 procedure.

3.3.2 1-Methylallyl Radical

The electronic minima of both rotamers of methylallyl (trans and cis; Figures
3.3C and 3.3D) were characterized. VPT2+K simulations were performed for these
systems, similar to the aforementioned cyclobutyl simulations. In deciding upon which
vibrational states to include in the effective Hamiltonian, the 2-quanta
combinations/overtones generated from the HCH scissoring normal modes (localized on
the methylene carbons) were a relatively straightforward choice for cyclobutyl radical.
However, more varied kinds of coupling could conceivably be important in
lower-symmetry hydrocarbons, such as the methylallyl radical.

The states for these effective Hamiltonians were chosen in a systematic way. For
cis- and trans-methylallyl, all CH stretching fundamentals were included except for the
highest frequency mode. Then, all 2-quanta vibrational states (combinations and
overtones) that could be built from a small pool of normal modes were included. The
pool was constructed by first starting with the non-CH stretching normal coordinate

having the largest harmonic frequency. A VPT2+K simulation was performed; the
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normal coordinate with the next largest harmonic frequency was added to the pool, and
the spectrum was re-simulated with the new, larger Hamiltonian matrix. This was
continued until the frequencies and intensities were observed to be relatively converged.
The desire for convergence was balanced with our desire to limit the simulations to the
smallest and most economical effective Hamiltonians possible. While the most important
interactions between vibrational states were included, expanding the effective
Hamiltonian to include weak interactions is not expected to improve the simulation.>!
The normal coordinates comprising the methylallyl effective Hamiltonians can be
approximately described as three CHs scissors, one CH> scissor, one CH in-plane bend,
and one asymmetric skeletal stretch (6 total).

Each conformer presents one additional theoretical challenge. In
trans-methylallyl, the asymmetric skeletal stretching and the CH> scissoring
fundamentals are found to be in strong Fermi resonance with a handful of 2-quanta states
characterized by out-of-plane wagging/twisting of the allyl group. The presence of these
“connected” resonances complicates the resonance polyads and requires some additional
treatment.>* A simplified form of this kind of problem can be dealt with via the

Hamiltonian matrix:

% ¢abc
|/ va 2\/5 0 \|
¢abc * d)cdf
2\/7 (vb + vc) 2\/5 |
¢c .
2\/(1% (vb + Vg + Uf) /
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where the off-diagonal elements contain cubic force constants, and the diagonal elements
are the deperturbed VPT2 frequencies of an arbitrary 1-quantum state, a 2-quanta state in
resonance with it, and a 3-quanta state in resonance with the 2-quanta state. The 3-quanta
state is a contrivance to correct the 2-quanta state for the resonance, w. = wg + wy ,
which in-turn affects the fundamental. A total of 18 three-quanta states were added to
correct for all connected resonances. Their inclusion gives rise to many additional low
intensity transitions. Although an identical treatment could not be applied to
cis-methylallyl, as the normal modes of cis do not always have clear trans analogs, every
attempt was made to make their simulations comparable.

Specifically in cis-methylallyl, there is a low methyl torsional frequency (44
cm), and very strong coupling was predicted between that mode and the methyl CH
stretches. Attempts to treat this coupling in the effective Hamiltonian were not
successful, so this mode was thrown out. The methyl torsional coordinate was also

thrown out of the trans-methylallyl simulations to be fair.

3.3.3 Allylcarbinyl Radical.

The electronic minima of both rotamers of allylcarbinyl (gauche and cis; Figures
3.3E and 3.3F) were characterized. Strange behavior precluded the application of the
same CCSD(T) electronic structure methods used for the cyclobutyl and methylallyl
radicals. For both conformers of allylcarbinyl, we noted small but pervasive numerical
inconsistencies in the cubic force constants and unreasonably large (-700 cm™)

anharmonic corrections to the C=C stretching fundamentals. We found that this is not
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simply indicative of an untreated Fermi resonance. The numerical errors also manifest in
the force constants that involve the C=C stretch. For diagnostic purposes, we computed
harmonic frequencies using ROHF-CCSD(T)/ANOO and observed that the C=C stretch
harmonic frequency for cis-allylcarbinyl was 1689 cm, whereas in comparison, the
frequency shifts to 1794 cm™ with UHF-CCSD(T)/ANOO. Similarly, the C=C stretch
harmonic frequencies for gauche-allylcarbinyl are predicted to be 1689 cm™ and 1802
cm™ using ROHF and UHF references, respectively. In addition to the strong
dependence on the choice of reference wave function in these highly-correlated
calculations, each of these systems is of doublet multiplicity and possesses a
multiple-bond. This combination has previously been identified as a warning-sign for
unreliable force constant calculations.’” %8 We suspect that near-instabilities in the
reference wave function(s) are degrading the quality of the computed CCSD(T)
frequencies.>” 58

Because of these challenges associated with the CCSD(T) computations, we
chose instead to compute quadratic (cubic and quartic) force constants at the
B2PLYP/aug-cc-pVTZ (B3LYP/aug-cc-pVTZ) level of theory.5* These were all
obtained with analytic second derivative techniques in Gaussian 09.%? Inspection of the
DFT force fields does not reveal anything out of the ordinary. There is some evidence to
suggest that DFT force constants are less susceptible to the influence of orbital
near-instabilities.5 ¢4

For cis- and gauche-allylcarbinyl, the symmetric and antisymmetric CH stretch
fundamentals localized on the radical site were not included in the effective

Hamiltonians. This is analogous to the structurally similar n-propyl radical, where these
46



states are not involved in strong anharmonic coupling.®® Indeed, the Martin diagnostic
fails to find any strong couplings between them and any of the 2-quanta bends. Their
predicted frequencies are simply the full VPT2 values. Otherwise, the process used to
construct the effective Hamiltonians was the same as with methylallyl. The allylcarbinyl
simulations considered combinations and overtones of three CH> scissors, one in-plane
CH bend, and the C=C stretch coordinate. The stretch-torsion couplings were not a cause

for concern, and there were no strong connected resonances in these systems.

3.4 Results and Discussion

3.4.1 C4H7 Potential Energy Surface

The potential energy surface (PES) shown in Figure 3.4 was adapted from the
work of Ribeiro and Mebel® and simplified for the purpose of this discussion. All values
are in kcal/mol and are relative to the trans-methylallyl structure. Upon unimolecular
decomposition of the cyclobutyl radical via ring-opening (barrier at 50.3 kcal/mol), both
the trans- and cis-methylallyl radicals and 1,3-butadiene are energetically accessible.
Both of these pathways pass through the allylcarbinyl radical intermediate. The
allylcarbinyl radical can also rearrange over barriers below the cyclobutyl ring-opening

barrier to form either the 1-buten-1yl or cyclopropylmethylcarbinyl radicals.
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Figure 3.4: PES for the C4H7 species relevant to this study. Note the pathways that
connect the cyclobutyl radical to the methylallyl radicals, through the formation of
allylcarbinyl radical. Several pathways having barriers below the cyclobutyl ring-opening
barrier lead toward 1,3-butadiene. Adapted from ref 5.
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3.4.2 Infrared Spectroscopy

3.4.2.1 Cyclobutyl Radical

The laser induced depletion IR spectrum of the cyclobutyl radical and its
precursor are shown in Figure 3.5. The precursor spectrum (blue) was acquired on mass
channel 55 u with a pyrolysis current of 0 A, while the radical spectrum (black) was
obtained on mass channel 39 u with a pyrolysis current of 20 A. Two distinctly new
bands, located at 2819.5 and 3069.6 cm™, are only present in the radical spectrum.
Although not necessarily obvious by eye, the collection of features in the radical
spectrum between 2850 and 3000 cm™ are different from those observed in the precursor
spectrum. The collection of spectral features observed in the cyclobutyl spectrum can be
mostly assigned via a comparison to the VPT2+K anharmonic frequency computation.

To investigate the question of what geometry provides the most physically
meaningful description of cyclobutyl, a fully-relaxed CCSD(T)/ANO1 one-dimensional
PES was computed for the ring-puckering coordinate. Two dihedral angles were
simultaneously scanned, while the system was constrained to Cs symmetry (C,y at the
saddle point). The scan coordinates are the angle between the plane made by the right,
bottom, and top (radical) carbon atoms and the Cs symmetry plane (see Figure 3.3A),
which was scanned from 70 to 90 degrees in 0.5 degree steps, and the corresponding
angle between the left, bottom, and top carbon plane and the symmetry plane, scanned

from -70 to -90.
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Figure 3.5: IR survey spectra of the cyclobutyl radical (black) and its precursor,
cyclobutylmethyl nitrite (blue). The precursor spectrum was measured on mass channel
55 u, and the radical spectrum was measured on channel 39 u. Formation of the
cyclobutyl radical is achieved at a pyrolysis current of 20 A (500-700 °C). Although some
features appear to be present in both spectra, the bands in the 2950-3000 cm™! region
differ in frequency on the order of 0.5 cm!.
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The geometries for the cyclobutyl radical and the relaxed ring-puckering potential
energy surface are shown in Figures 3.3A, 3.3B and Figure 3.6, respectively. The one

dimensional general internal motion Hamiltonian used is given in Equation 3.3.%°

" aq,,(gu,(dJ))a _%%(944(@) (alngﬁ(ﬁﬂ)
+2 (gua(9)) (2o’

~

+7 (Eq. 3.3)

H = —
LAM = 2

The ring-puckering coordinate is ¢, g, 4(¢) is the pure vibrational G-matrix element,
and |G (¢)| is the G-matrix determinant. The 1D potential and reduced mass functions
were fit to Fourier series and the wavefunctions were solved for variationally in a basis of
sine and cosine functions.®® A basis set of periodic functions is not an obvious choice, as
this potential is not periodic; however, we note that this procedure succeeds at predicting
eigenstates in the umbrella potential of ammonia, as shown by Rush and Wiberg,®” where
the fitting functions were even-order polynomials, and the solution was carried out with a
Numerov algorithm. It is anticipated that the predominant source of error in our analysis
is the failure to explicitly consider the a-CH wagging normal coordinate (b1 symmetry
with w. =218 cm™) in a 2D treatment. Adiabatic separation may not be totally valid
between this coordinate and the ring-puckering. The wavefunctions corresponding to the
first four quantum states are overlaid on the potential. The calculated fundamental
frequency of the ring-puckering motion is approximately 63 cm™'. This motion connects
the equivalent C; electronic minima through a C», first-order saddle point. The ground
state wave function lies above the barrier to interconversion, implying a vibrationally
averaged (», structure; therefore, the C», stationary point was adopted for vibrational

frequency calculations.
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Figure 3.6: Relaxed PES for the ring puckering of the cyclobutyl radical computed at the
CCSD(T)/ANOL1 level of theory. The fundamental vibrational frequency of the
ring-puckering motion is approximately 63 cm™. The electronic energy difference
between the two stationary points is 6 cm™'.
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The anharmonic frequencies for the Cyy structure are shown as the red trace in
Figure 3.7. The Cyy structure is most similar to the vibrationally averaged structure of the
radical. A simulation performed with this geometry better captures the number and
position of bands present in the experimental spectrum in comparison to simulations for
the Cs structure. A table of the computed frequencies of both structures can be found in
Table 3.1.

In the CH stretching region, cyclobutyl radical has 6 IR-active modes, one of
which (B-CH2 symmetric in phase) has ~0 intensity. Nevertheless, this mode was
accounted for in the VPT2+K simulation, and was shown to not play a significant role.
Three of the IR-active modes are not strongly coupled to other modes; these are the a-CH
stretch, y-CH> antisymmetric stretch, and B-CH antisymmetric stretch. The remaining
two IR-active modes, the B-CH2 symmetric out-of-phase (b2) and y-CH2 symmetric
stretch (a1), participate in anharmonic resonance polyads with various 2-quanta HCH
bending states. This gives rise to the spectral complexity in the lower frequency region.

The highest frequency band, located around 3069 cm™, agrees well with the
prediction for the a-CH stretch fundamental localized on the radical site (3078 cm™). The
two bands located at 2990 and 2964 cm™ closely match the theoretical predictions
corresponding to the y-CH. antisymmetric and symmetric stretches located at 2984 and
2963 cm! respectively. The lowest frequency band in this region (2819 cm) agrees well
with the predicted value of 2814 cm™, corresponding to the transition with about 40%
B-CH2 symmetric stretching character. Theory is unable to provide a quantitatively
accurate picture for the cluster of peaks between 2850 and 2900 cm™. Similar

deficiencies were seen when VPT2+K was applied to the i-propyl radical, which shares
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Figure 3.7: Experimental spectrum of the cyclobutyl radical (black) compared to the

theoretical predictions for the Cay structure (red).
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Table 3.1: Qualitative descriptions, symmetries, and harmonic frequencies of the

cyclobutyl radical.

Mode? | T(Ca)? | T(Cs)® | o(Ca)® | o(Cs)° Ao Description
1 ai a' 3210.00 | 3206.97 | 3.03 a-CH stretch
2 a1 a' 3080.04 | 3079.75 | 0.30 v-CH> symmetric stretch
3 a1 «' | 301537 | 301029 | 508 | PCHz Sym?heatg'ec stretch in-
4 a1 a’ 1497.75 | 1497.68 | 0.06 B,y-CH> scissors in-phase
5 ar a' | 146480 | 1466.18 | -1.39 | P CHe s;rl]zzzrs out-of-
6 a1 a' | 1280.88 | 1280.37 | 0.52 B-CH. wag in-phase
7 a a' 1037.72 | 1039.18 | -1.46 ring-breathing
8 a1 a’ 905.78 | 904.08 | 1.69 ring-bending
9 a1 a’ 793.94 | 815.94 | -22.00 ring-deformation
10 2 4" 3048.28 | 3056.13 | -7.85 B-CHa antisymmetric stretch
out-of-phase
11 az a” 122191 | 1229.86 | -7.95 | B,y-CHa twisting in-phase
12 a a" | 100336 | 1001.77 | 159 | P¥-CHe tm;‘gg out-of-
13 az a” 742.27 | 742.89 | -0.62 B-CH> rock out-of-phase
14 by a' 3136.77 | 3136.60 | 0.18 | y-CH> antisymmetric stretch
15 by a' | 304522 | 3053.23 | -g01 | P-CH2antisymmetric stretch
in-phase
16 b1 a' 1188.06 | 1191.91 | -3.85 | B,y-CH2 symmetric twisting
17 b1 a’ 1006.26 | 1015.72 | -9.46 B-CH. rock in-phase
18 by a’ 733.69 | 716.35 | 17.34 B,y-CH> symmetric rock
19 b1 a’ 218.31 | 269.58 | -51.27 | a-CH wag out-of-ring-plane
20 b1 a' 56.91i 77.97 ring-puckering
21 by a" | 301276 | 3007.95 | 481 | P-CH2symmetricstretch
out-of-phase
22 be a" | 1460.23 | 1459.92 | 032 p-CH_ antisymmetric
scissors
23 b> a" 1315.67 | 1313.27 | 2.40 a-CH wag in-ring-plane
24 b2 a" 1246.31 | 1246.10 | 0.21 B,y-CH2 wag in-phase
25 b> a” 1214.19 | 1203.71 | 10.48 | PB,y-CH> wag out-of-phase
26 by a" | 97244 | 96843 | 401 | C@isantsymmetricring
stretch
27 b a" | 911.67 | 91119 | 04g | D@Xisantisymmetricring
stretch

2The modes are ordered based on the symmetries at the average Coy geometry.
b Symmetry labels were determined at the Cs electronic minimum.
¢ Harmonic frequencies were computed at the CCSD(T)/ANOL1 level of theory.
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some structural features with cyclobutyl.®® One of the bands located here must be the (b1)
B-CH> antisymmetric stretching fundamental, and it should not be resonant, but because

of the poor frequency agreement, no assignment is attempted.

3.4.2.2 1-Methylallyl Radical

The IR spectra of the 1-methylallyl and allylcarbinyl radicals were also recorded
so as to rule out any contributions of these species to the previously recorded spectrum of
the cyclobutyl radical. The methylallyl radical was formed from the pyrolysis of
2-methyl-3-buten-1-yl nitrite. Figure 3.8 shows the IR spectrum of this radical as
compared to its precursor, recorded with pyrolysis currents of 29 A and 0 A, respectively.
Band centers for radical peaks include 2970.8, 3025.0, 3057.6, 3110.9, and 3112.7 cm™.

Figure 3.9 shows the experimental spectrum of methylallyl compared to
theoretical predictions for both conformers, shown as C and D in Figure 3.3. These
predictions are shown and compared separately to the experimental spectrum in Figure
3.10. The trans conformer is lower in energy than the cis conformer by approximately 0.5
kcal/mol (CCSD(T)/ANQ1). This electronic energy difference agrees with previous
theoretical calculations.>2* On the basis of that energy difference, it is conceivable that
appreciable amounts of both conformers could result from pyrolysis of the nitrite
precursor and that these would be cooled by the helium droplets into their respective
potential wells. The simulation presented is simply the sum of the individual cis and trans
simulations. The highest frequency band contains contributions from both conformers,

and the ratio of each was adjusted to best reproduce the doublet feature. An equal ratio of
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Figure 3.8: IR survey spectrum of the 1-methylallyl radical (red) as compared to the
spectrum of its precursor (2-methyl-3-buten-1-yl nitrite) in blue. There is no evidence of
precursor contamination in the radical spectrum.
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Figure 3.9: Experimental spectrum for 1-methylallyl radical (black) compared to the
theoretical predictions for the trans and cis structures (red). Another figure having the
trans and cis simulations shown separately is given in Figure 3.10.

58



A TR | DR S l

L

LA R L AL L I R AL I AL LR I L L L
2800 2850 2900 2950 3000 3050 3100

Wavenumber {cm’)

Figure 3.10: Simulated spectra for the trans (blue) and cis (red) conformers of the
1-methylallyl radical as compared to the experimental spectrum.
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each was found to do a rather good job of explaining this feature. This doublet (3110.9
and 3112.7 cm™) is assigned to the antisymmetric CH stretching fundamentals of both
the cis and trans conformers, predicted at 3108.7 cm™ and 3106.6 cm™, respectively.
However, a confident conformer assignment is not within the accuracy of these
calculations. This assignment is also in agreement with previous work by Bahou et al.?*
who assigned the highest frequency band in their spectrum to trans-1-methylallyl.
However, their experiment did not resolve a doublet for the highest frequency band.

The band at 3057.6 cm™ matches best with the lone CH stretch, nearest the methyl
group, of cis-methylallyl. The 3025 cm™ band is assigned to trans-methylallyl (predicted
bands at 3027.4 and 3028.5 cm). These overlapping transitions are characterized by
symmetric stretching of the allyl unit; although, they cannot be assigned to any single
normal mode. Bahou et al. also found a transition for the trans conformer in this region at
3023.5 cm™.%* See Table 3.2 for a comprehensive comparison of methylallyl frequencies
from this and the work of Bahou et al.

There is a strong transition at 2970.8 cm™. The most intense theoretical transitions
in the vicinity, 2980.1 cm™ from trans and 2965.3 cm™ from cis, are both well-described
as the a’ components of the antisymmetric methyl stretch fundamentals. Theory is
unambiguous regarding the character of this transition; however, it is not clear which
conformer gives rise to it. The broad features located to the blue of this band are not
predicted by theory. No assignments are attempted for the lower half of the spectrum.

These transitions all possess some fraction of methyl stretching character: either the fully
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Table 3.2: Comparison of experimental band centers for methylallyl.

Experiment Experiment
(Helium Droplets) (p-H2)*

2856.2 2851.3
2899.8
2926.4 2917.1/2922.2
2970.8 2968.8
3025.0 3023.5
3057.6°

3110.9/3112.7° 3107.3

& Bahou and et al. did not observe this feature. Our calculations suggest that this band is
derived from the cis conformer.

b Considering both the matrix shifts and the accuracy of the anharmonic frequencies,
comparison to the spectrum of Bahou et al. cannot establish which conformer gives rise
to each component of our doublet feature.
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symmetric or the @” component of the antisymmetric stretch. Pure stretching

fundamentals do not fall in this lower frequency region.

3.4.2.3 Allylcarbinyl Radical

Allylcarbinyl radical was produced from the pyrolysis of 4-penten-1-yl nitrite.
Figure 3.11 shows the IR spectrum of allylcarbinyl as compared to its precursor. The
radical spectrum was measured with a pyrolysis current of 25 A so as to minimize the
formation of decomposition products of the radical. Among others, sharp bands found at
2900.0, 2932.1, 2952.7, 2955.7, 2976.1, 2992.8, 3030.2, 3079.6, 3093.2, 3117.2 cm™ are
signatures of the allylcarbinyl radical. As was the case with cyclobutyl radical, and
methylallyl, a comparison of the radical and precursor spectra reveal a general sharpening
and slight shifting of the vibrational bands in the 2900 to 3000 cm™ region.
Figure 3.12 shows the experimental spectrum of allylcarbinyl as compared with the
theoretical predictions for the two conformers combined. The radical has two rotamers,
gauche (Figure 3E) and cis (Figure 3F), having an energy difference of approximately 0.5
kcal/mol (B2PLYP/aug-cc-pVTZ), the gauche conformer being lower in energy than cis.
The predictions for these structures are shown separately and compared with the
experimental spectrum in Figure 3.13. The computed structures are comparable to those
computed by Bahou et al.?* As with methylallyl, it is reasonable to expect that both
conformers will make contributions to the measured vibrational spectrum. The simulation
shown assumes a 1:1 conformer ratio, the same as used for methylallyl; although, in this

case there were no obvious spectral features to which the ratio could be fit. Overall, the
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Figure 3.11: IR survey spectrum of the allylcarbinyl radical (red) as compared to the
spectrum of its precursor, 4-penten-1-yl nitrite (blue). Although there is a resemblance of
features in the 2900-3000 cm region, contributions of the precursor are absent in the
radical spectrum as all bands in this region are unique, differing from the precursor peaks

by approximately 0.5 cm™.
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Figure 3.12: Experimental spectrum of allylcarbinyl radical (black) compared to the
theoretical predictions for the gauche and cis structures combined (red). Separate
theoretical spectra for the two different isomers are available in Figure 3.13.
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Figure 3.13: Experimental spectrum as compared to the theoretical simulated spectra for
the gauche (blue) and cis (red) conformers of the allylcarbinyl radical.
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agreement with theory is poor despite the history of good performance of B2PLYP and/or
B3LYP for open shell systems.®® There is some qualitative agreement with the features in
the higher-frequency part of the spectrum, but the predictions for the highly-resonant,
lower-frequency region are not satisfactory. Intense spectral features are present whereas
theoretical intensity is absent, and the most intense theoretical features are found in
regions where the experimental features are weak and sparse.

As discussed in the theoretical methods section, the problems here might be due
to the influence of orbital near-instabilities, as suspected with UHF-CCSD(T). The
B2PLYP and B3LYP functionals both incorporate fractions of UHF exchange, B2PLYP
(53%) having somewhat more than B3LYP (20%).%% ¢! They may also inherit some of the
problems that UHF has with allylcarbinyl. Due to the far greater importance of having
accurate quadratic force constants (vs. cubic and quartic) in VPT2+K, the use of B2PLYP
(which performs better for obtaining quadratic force constants generally),®® may actually
be counterproductive since it includes more Hartree-Fock exchange.

Allylcarbinyl differs structurally from n-propyl by having a terminal vinyl group
rather than a methyl group. The radical CH2 symmetric and antisymmetric stretch
fundamentals of n-propyl were assigned to 3026.9 and 3110.1 cm™, respectively.® If the
vinyl group does not have a great effect upon the frequencies of these transitions, then the
features located at 3030.2 and 3117.2 cm™ are good candidates for the analogous
allylcarbinyl transitions. However, a conformer assignment cannot be made for these.
Moreover, we attempt no further assignments for this spectrum.

For comparison purposes, Figure 3.14 shows the experimental spectra for

cyclobutyl, allylcarbinyl and 1-methylallyl radicals. This is further evidence that the
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Figure 3.14: IR survey spectrum of allylcarbinyl radical (red) and 1-methylallyl radical
(blue) as compared to the spectrum of cyclobutyl radical (black).
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precursors selected to form these radicals are selective to which radical is produced and

there are little to no common features in these spectra.

3.4.2.4 1,3-Butadiene

The IR spectrum of 1,3-butadiene (Sigma Aldrich, >99%) was also measured and is
shown in Figure 3.15. This was motivated by the possibility of forming 1,3-butadiene
upon cyclobutyl radical ring opening, given sufficient internal energy to overcome the
barrier labeled 50.3 shown in Figure 3.2.58 1327 A closer look at Figure 3.7 reveals that a
small amount of 1,3-butadiene is being formed upon pyrolytic decomposition of
cyclobutylmethyl nitrite (as evidenced by the small peak at 3101.9 cm™) when conditions
are optimized for the production of cyclobutyl radical. Indeed, the 3101.9 cm™ transition
is the most intense peak in the CH stretching region of 1,3-butadiene spectrum. An
explanation for this is that pyrolytic decomposition of the nitrite precursor can produce
cyclobutyl radicals with sufficient internal energy (~30 kcal/mol) to overcome the
ring-opening barrier, which is predicted to be above all but one barrier leading to the
1,3-butadiene + H atom product channel.

These results were further corroborated by recording a difference depletion mass
spectrum at a laser frequency of 3101.9 cm™ and a pyrolysis current of 30 A (pyrolysis of
cyclobutylmethyl nitrite), shown in Figure 3.2D. Figure 3.2E shows the difference
depletion mass spectrum for the neat 1,3-butadiene sample. These two traces have similar

features, indicating that, at the 20 A pyrolysis source condition, a small amount of
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Figure 3.15: Laser-induced depletion spectrum of 1,3-butadiene in the CH stretching
region, measured on mass channel m/z = 27 u.
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1,3-butadiene is formed, most likely from the unimolecular ring-opening of the
cyclobutyl radical prior to it being captured by a helium droplet. Most notably, upon
increasing the current from 20 A (Figures 3.2B and 3.2C) to 30 A (Figure 3.2D), the
largest depletion signal shifts to mass channel 27 u, which is indicative of the production
of more 1,3-butadiene at the higher source temperature. These results are consistent with
a mechanism, by which, through H atom loss, 1,3-butadiene is formed from the
unimolecular ring-opening of the cyclobutyl radical. This mechanism is completely

consistent with previous theoretical predictions of the CsH7 potential energy surface.> 8

3.4.2.5 Higher Temperature Pyrolysis

Another IR survey scan (shown in Figure 3.16) was recorded at an even higher
pyrolysis source temperature (33 A) to explore the decomposition products formed from
cyclobutyl ring-opening. Features from both 1,3-butadiene and methylallyl are clearly
present in the higher temperature scan (see caption for label descriptions), although there
is no evidence for allylcarbinyl production. These results are consistent with the
photoelectron spectroscopic work carried out by Beauchamp and co-workers,? as well as
more recent sophisticated ab initio work carried out by Ribeiro and Mebel, where barriers
out of the allylcarbinyl well are all below the barrier associated with cyclobutyl ring-
opening.® In Figure 3.14, the peak at 3018.2 cm™ s currently unassigned, as it cannot be
attributed to either cyclobutyl, methylallyl, 1,3-butadiene, or allylcarbinyl. The
cyclopropylmethylcarbinyl radical is another C4H7 isomer on the potential energy

surface, but the pathway for formation involves a 12.3 kcal/mol barrier from the
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Figure 3.16: Pyrolysis of cyclobutyl methyl nitrite at 33 A. The IR scan (red) is
compared to the original cyclobutyl radical scan taken at 20 A (black). Features that were
present in small quantities in the lower trace become more pronounced in the upper trace,
indicating that more cyclobutyl unimolecular decomposition products are being formed at
the higher pyrolysis temperature. Evidence for both 1-methylallyl (#) and 1,3-butadiene
(*) can be seen in the upper trace. There appears to be little to no contribution of the
allylcarbinyl radicals. Another peak at 3018 cm™ cannot be assigned and is not present in
the spectra of 1-methylallyl, allylcarbinyl or 1,3-butadiene.
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allylcarbinyl local minimum.® Given the excess internal energy available upon cyclobutyl
ring-opening, it is perhaps unlikely that the cyclopropylmethylcarbinyl radical will be
particularly abundant upon sample capture by the helium droplet beam. Moreover, there
is currently no evidence for the allylcarbinyl radical in the spectrum obtained here.
Nevertheless, this cyclopropylmethylcarbinyl radical should still be studied by IR
spectroscopy to rule out its contribution to the spectrum. Also along the surface proposed
by Ribeiro and Mebel, the 1-buten-1-yl radical, CH3CH>CH-CH, is another intermediate
species. This butenyl radical lies between allylcarbinyl radical and methylallyl, but it is
unlikely that it will rearrange to methylallyl following the ring-opening of cyclobutyl,
given the ~37 kcal/mol barrier.’ Even though there is no evidence of allylcarbinyl
formation, this 1-buten-1-yl radical cannot be ruled out as a possible source of this
unassigned peak and should also be explored spectroscopically in future work. We note
in closing that the above discussion assumes a sequential mechanism, by which the
cyclobutylmethyl nitrite precursor first decomposes to cyclobutyl + CH20 + NO; then the
energized cyclobutyl radical rearranges unimolecularly via ring-opening, eventually
decomposing by H atom loss to produce 1,3-butadiene. The experiment reported here
cannot distinguish this mechanism from a concerted process involving only the nitrite
species, in which it decomposes directly to 1,3-butadiene + H + CH,O + NO. This

pathway should be explored computationally in the future.
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3.5 Conclusions

The IR spectra of cyclobutyl, 1-methylallyl, and allylcarbinyl radicals, as well as
1,3-butadiene were recorded in the CH stretching region. Rapid cooling of the radicals to
~0.4 K by helium nanodroplet isolation prevents these highly reactive species from
interconverting to other species on the time scale of the spectroscopic measurement.
Pyrolysis of the respective nitrite precursors cleanly produces these radicals with little
evidence of precursor signatures in the IR spectra. However, higher temperature pyrolysis
of cyclobutylmethyl nitrite produces the cyclobutyl radical with enough internal energy
to overcome the ring-opening barrier leading to 1-methylallyl and 1,3-butadiene + H.

Anharmonic frequencies for the cyclobutyl radical match best with experiment
when they are computed at the higher-symmetry Coy structure. The theoretical predictions
for methylallyl agree well with experiment and suggest that both conformers contribute to
the measured spectrum. Multiple bands within the experimental spectrum are also in
agreement with previous measurements by Bahou et al. using solid-pHz matrix
isolation.?* Predictions for allylcarbinyl (3-buten-1-yl) radical are overall poor and not
very useful in assigning the spectrum. A dedicated theoretical study of allylcarbinyl
should prove interesting and useful. The orbital near-instabilities in these systems would
likely be alleviated with some form of orbital-optimized electronic structure method.*® It
does not appear that allylcarbinyl is captured by the He droplets following the
unimolecular ring-opening of the cyclobutyl radical, despite the fact that allylcarbinyl lies
between cyclobutyl and 1,3-butadiene on the potential surface. Apparently, allylcarbinyl

rearranges to methylallyl or undergoes H atom loss to produce 1,3-butadiene on a
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timescale that is fast in comparison to the ~10 s transit time of the radicals through the
hot pyrolysis source. An unidentified band at 3018 cm™ is produced following cyclobutyl
ring-opening, which cannot be attributed to either cyclobutyl, methylallyl, allylcarbinyl
radicals or 1,3-butadiene. Additional studies of other C4H7 isomers along this interesting

potential energy surface, such as cyclopropylmethylcarbinyl and 1-buten-1-yl radicals,

should be explored.
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CHAPTER 4
INFRARED SPECTRUM OF FULVENALLENE AND FULVENALLENYL IN
HELIUM DROPLETS
Fulvenallene is the global minimum on the C7Hs potential energy surface.

Rearrangement of fulvenallene to other C7Hs species and dissociation to produce
fulvenallenyl radical (C7Hs) is carried out in a continuous-wave SiC pyrolysis furnace at
1500 K. Prompt pick-up and solvation by helium droplets allows for the acquisition of
vibrational spectra of these species in the CH stretching region. Anharmonic frequencies
for fulvenallene, fulvenallenyl, and three isomers of ethynylcyclopentadiene are
computed ab initio; VPT2+K spectral simulations are based on hybrid CCSD(T) force
fields with quadratic (cubic and quartic) force constants computed using the ANO1
(ANOO) basis set. The acetylenic CH stretch of the fulvenallenyl radical is a sensitive
marker of the extent by which the unpaired electron is delocalized throughout the
conjugated propargyl and cyclopentadienyl subunits. The nature of this electron
delocalization is explored with spin density calculations at the ROHF-CCSD(T)/ANO1
level of theory. Atomic partitioning of the spin density allows for a description of the
fulvenallenyl radical in terms of two resonance structures: fulvenallenyl is approximately

24% allenic and 76% acetylenic.
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4.1 Introduction

It is now accepted that fulvenallene is the most stable C7Hs isomer.*
Experimental and theoretical studies have shown fulvenallene to be a major
decomposition product of toluene®*® and benzyl radical.”* In cyclopentene flames,
photoionization mass spectrometry confirmed significant quantities of C7He, and
photoionization efficiencies were used to assign these species to fulvenallene and/or
1-ethynylcyclopentadiene.* Due to its high reactivity and abundance in flames,
fulvenallene and its dissociation/isomerization products have been implicated as
important intermediates in the formation and molecular weight growth chemistry of
polycyclic aromatic hydrocarbons (PAHSs).'21In this report, we employ helium droplet
isolation spectroscopy to show that pyrolysis of fulvenallene at 1500 K produces the
fulvenallenyl radical as a dissociation product; moreover spectroscopic evidence for the
production of multiple isomerization products is also observed.

Cavallotti and co-workers have reported a detailed analysis of the C7Hs potential
energy surface; for fulvenallene, they computed energetics for its decomposition and its
interconversion.? * Two separate fulvenallene decomposition pathways have been
discussed: either loss of an allenic H-atom to form fulvenallenyl or formation of
cyclopentadienylidene (CsHa) and acetylene. *° Barrierless homolytic bond rupture
producing H + fulvenallenyl is the lowest energy channel, involving an 82.5 kcal/mol
thermodynamic barrier from the fulvenallene minimum.® = The second pathway towards
cyclopentadienylidene and acetylene requires an intersystem crossing from the singlet to

triplet surface prior to its dissociation over an 96.0 kcal/mol exit barrier.® In experimental
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248 and 193 nm photodissociation studies, Ramphal et al. found that fulvenallene
dissociation produces fulvenallenyl exclusively, indicating a low probability for
intersystem crossing.'®

Fulvenallene has been probed with rotational spectroscopy’’ and gas-phase
infrared (IR) spectroscopy.'® The IR spectrum was obtained at room temperature with a
grating based spectrometer having a few cm™ resolution. Additionally, photoelectron
spectroscopy revealed the ionization energy to be 8.22 eV (adiabatic)'® ?°and 8.29 eV
(vertical).?!

Fulvenallenyl is the global minimum on the C7Hs potential energy surface.’? As a
resonantly stabilized system delocalized over allenic and acetylenic limiting structures
(Figure 1), fulvenallenyl is believed to be relatively long lived within flame
environments, which enhances the probability for self-reactions.'® Computations predict
that fulvenallenyl self-reactions can produce 2 and 3 ring PAH species directly.*®

Many theoretical studies? * % 121422 have been carried out for the fulvenallenyl
radical, but experimental studies are lacking.'® 22?4 The electronic spectrum of
fulvenallenyl in a neon matrix was recorded following mass selective deposition of its
anion and UV irradiation.?* The 1 ?B; «<— X 2B transition was observed at A = 401.3 nm
along with 3 vibrational bands at 365 (v1g), 1984 (v4), and 3958 cm™ (2v4). Photoelectron
spectroscopy of fulvenallenyl determined its adiabatic ionization energy to be 8.19 eV.1°
The photodissociation dynamics of fulvenallenyl were also studied at 248 and 193 nm.*®
Two dissociation channels were observed at both wavelengths: production of CsHs

radical and acetylene, and formation of diacetylene and propargyl radical.
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We report here an IR spectroscopy study of fulvenallene and its decomposition
and rearrangement products following its pyrolysis in a 1500 K SiC furnace. Helium
droplets passing by the exit of the pyrolysis furnace capture the gas-phase molecules and
rapidly quench their internal energy, producing an equilibrium molecular ensemble at 0.4
K. This allows for the acquisition of well-resolved vibrational spectra. Spectra are
compared to high-level anharmonic frequency computations for fulvenallene,
fulvenallenyl and three geometric isomers of ethynylcyclopentadiene (ECPD). The
electronic structure of the fulvenallenyl radical is investigated with quantum chemistry,

revealing the nature of the electron delocalization that leads to resonance stabilization.

4.2 Experimental Section

The helium nanodroplet apparatus has been described in detail elsewhere.?
Helium nanodroplets are formed by the continuous expansion of chromatographic grade
helium (99.9999%) through a 5 um diameter nozzle. A backing pressure of 35 bar and a
nozzle temperature of 17 K leads to the production of droplets having approximately
4000-6000 atoms.?® The droplet expansion is skimmed into a second chamber, which
contains a pyrolysis source situated perpendicular to the path of the droplet beam.
Fulvenallene was chosen as a pyrolysis precursor for the production of fulvenallenyl.
Gaseous fulvenallene was synthesized by flash vacuum pyrolysis of homophthalic
anhydride vapor and purified by trap-to-trap distillation, according to previously reported
methods.® 2> 2" Thermal decomposition and rearrangement products of fulvenallene were

produced as the gas passed through the hot-zone of a continuous-wave SiC pyrolysis
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source (10 mm length, 1 mm inner diameter) heated to ~1500 K (4.8 amps).?® The
fulvenallene density in the pyrolysis source (~10'° cm) was optimized such that droplets
captured either nothing or a single dopant as they passed by the outlet of the SiC furnace.
Dopants captured by the droplets are rapidly cooled to 0.4 K via He atom evaporation.?®
30

After this process, the droplet beam travels downstream where it interacts with
counterpropagating IR light from an optical parametric oscillator laser system.3!
Resonant vibrational excitation of helium-solvated molecules results in the evaporation of
He atoms as the excess vibrational energy is quenched (1 atom for every ~5 cm™ of
energy).® Photo-induced He-atom loss leads to a reduction in the geometric and
ionization cross sections of the droplets, the latter of which is detected by monitoring ion
signal using a quadrupole mass spectrometer. A lock-in amplifier processes the ion
current associated with a specified mass channel (vide infra) while the IR beam is
chopped at 80 Hz and tuned from 2800 to 3400 cm™. The recorded spectrum corresponds
to the ion signal difference with and without the laser present, which is then normalized
to the laser power. When comparisons are available, it has been shown that the
vibrational band origins of hydrocarbon molecules in helium droplets are usually within 1
cm* of the gas-phase values; this allows for the direct comparison of band origins

measured in helium droplets to those predicted ab initio.
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4.3 Computational Details

4.3.1VPT2+K

All electronic structure computations were performed using the CFOUR
package.®? The CCSD(T)**-* method, combined with the atomic natural orbital basis
sets®> ANOO and ANOZ1, was used for all species considered: fulvenallene, fulvenallenyl,
and the three isomers of ethynylcyclopentadiene, all of which are shown in Figure 4.1.
Optimized geometries and harmonic frequencies were computed with both basis sets;
semi-diagonal quartic force fields were computed only with the ANOO basis set. Infrared
spectra were simulated with the VPT2+K (Second-Order Vibrational Perturbation Theory
with Resonances) method,*”-*® implemented with in-house Mathematica scripts.*® This
method has been reviewed,®” and details of its application to the CH stretching spectra of
hydrocarbons can be found elsewhere.***3 Most interactions were treated with
perturbation theory, but couplings between CH stretch fundamentals and
overtones/combinations of high frequency bending modes were treated explicitly, in
addition to couplings with select 3 and 4-quanta states.>® # The electrical harmonicity
approximation was made. For each molecule studied, the ANO1 harmonic frequencies

were substituted for their ANOO counterparts in the quartic force fields.*
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Figure 4.1: Structures and orbitals of theoretically investigated molecules and bonding
nomenclature. (A) fulvenallene (B) B: fulvenallenyl SOMO (C) A: fulvenallenyl SOMO
(D) propargyl (E) 2-ethynylcyclopentadiene (F) 5-ethynylcyclopentadiene (G)
1-ethynylcyclopentadiene (H) cyclopentadienyl. The four bonding patterns discussed in
the text are shown schematically: dienylic, allylic, acetylenic, and allenic. The
fulvenallenyl radical can be viewed as a resonantly stabilized free radical (RSFR), for
which the electron density is delocalized and characterized as a superposition between
acetylenic and allenic resonance structures.
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4.3.2 Fulvenallenyl Electronic Structure

For fulvenallenyl, both UHF and ROHF reference wavefunctions were tested.
Because of the significant amount of spin contamination found with UHF ((S2) > 1.1),
an ROHF reference was the preferred choice. It has been shown that near-instabilities in
the reference wavefunction can degrade the accuracy of computed force constants for
open-shell systems, especially those containing double and triple bonds.* We checked for
this in one dimension: the CC “triple” bond stretching normal coordinate, as the harmonic
frequencies associated with this coordinate displayed a significant reference
wavefunction dependence. The CCSD(T)/ANO1 harmonic frequencies were 2108 cm™
and 2069 cm™ with UHF and ROHF references, respectively. A plot of both potential
functions and their second derivatives is shown in Figure 4.2. Energy points were
calculated with both UHF- and ROHF-CCSD(T)/ANO1, along the HF-CCSD(T)/ANOO
CC triple bond stretching normal coordinate. The quadratic force constants are found to
be 2122 (UHF) and 2044 (ROHF) cm™ when evaluated in the UHF-CCSD(T)/ANOO
normal coordinate, similar to the exact CCSD(T)/ANO1 harmonic frequencies. The
potential energy surfaces are continuous in this energy regime, and they have second
derivatives that are nearly linear. This is normal behavior, and it leads us to trust that
wavefunction instabilities are not a concern for the computation of fulvenallenyl
harmonic frequencies (at least not for this coordinate). Because of the spin contamination
in the UHF reference and because neither CC stretching force constant displayed
unphysical behavior in the region around the equilibrium geometry, an ROHF-based

force field was used in anharmonic simulations.
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Figure 4.2: Plot of the CCSD(T)/ANOL1 potential energy (primary Y -axis) using UHF
(red) and ROHF (blue) reference wavefunctions. Displacements are made, from the
corresponding equilibrium structures, in the UHF-CCSD(T)/ANOO dimensionless normal
coordinate associated with acetylenic CC bond stretching. The second derivatives of the
potentials are plotted on the secondary Y-axis; these correspond roughly with the
CCSD(T)/ANOL1 harmonic frequencies when g = 0.

89



The electronic symmetry of ground state fulvenallenyl radical was not assumed to
be known. Various orbital occupations were considered, spanning all four irreducible
representations of the Cyy point group. No stable structures of A; electronic symmetry
were identified, and B: electronic states were quite high in energy. The ground state was
identified as having B: symmetry, in agreement with previous theoretical work.?*
However, a low-lying A2 symmetry electronic state was also found. It was less than 8,000
cm™! higher in energy than the B state, at the B; optimized geometry. Upon optimizing
the geometry and comparing adiabatic energy differences, the A, state was found to lie
only 1471 cm™ above the ground electronic state (ROHF-CCSD(T)/ANOO).

CCSD(T) computations predicted the Az structure to be a minimum, having one
unusually large B: symmetry ring-stretching harmonic frequency. In order to investigate
this further, we used EOMIP-CCSD,*® with the closed shell anion as the reference. With
this method, the A structure is now a transition state, with a By symmetry imaginary
mode similar to the ring-stretch found by CCSD(T) to have a very large frequency.
Accordingly, we relaxed symmetry constraints and attempted to reoptimize the A2
structure to a Cs minimum, but all attempts to do so resulted in optimization to the By
ground state structure, which has the same symmetry (4") in Cs space.

We decided that the A, stationary point does not actually represent a unique
conformer of fulvenallenyl; rather, we view it as a vestige of the Jahn-Teller
cyclopentadienyl radical potential surface. On the cyclopentadienyl potential, 5
equivalent allylic transition states connect 5 equivalent dienylic wells in the brim of a
Mexican hat (see Figure 4.1 for structures associated with this nomenclature).*” % The

allylic stationary points are so named because they have a resonantly-stabilized allyl
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moiety. The dienylic bonding pattern instead resembles cyclopentadiene, having a pair of
conjugated C=C bonds and a more localized radical site. Ethynyl substitution, yielding
fulvenallenyl, reshapes the potential surface, breaking the fivefold symmetry and washing
out much of this structure. In fulvenallenyl, a single A> allylic saddle point serves to carry
the dienylic By equilibrium structure back into itself, during a planar pseudorotational
process. The Az saddle point represents the barrier to this process (1893 cm™ at
EOMIP-CCSD/ANOL). Further exploratory computations were performed for the allylic
and dienylic cyclopentadienyl stationary points to test the behavior of the applied levels
of theory. For cyclopentadienyl, similar to fulvenallenyl, CCSD(T) predicts that both the
allylic and dienylic structures are minima; whereas, the EOMIP-CCSD potential surface
shows dienylic minima connected by allylic saddle points (located 0.3 cm™ above the
minima), each one possessing a ring stretching frequency of about 40 cm™ (40i for the
allylic points).

Attempts to locate other Cs stationary points were also made. These were
envisioned to be similar to the other 8 (equivalent by symmetry) stationary points of
cyclopentadienyl. Guess structures were generated, adjusting the CC bond lengths in the
ring such that they exhibited either allylic or dienylic bonding patterns. Then they were
optimized, constrained to at least Cs symmetry. All optimizations to a minimum returned
to the B1 equilibrium structure. Optimizations targeting allylic transition states either
failed to converge or found the A transition state. We conclude that Cs symmetry minima
either do not exist or are exceedingly shallow.

Because of its prediction of an Az electronic “allylic” minimum, one may be

skeptical of the ability of CCSD(T) to describe fulvenallenyl. Comparisons between the
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harmonic frequencies of the B1 equilibrium structure, obtained with EOMIP-CCSD and
ROHF-CC methods reveal far more commonalities than differences (Table S1). The
similarity of the harmonic frequencies between EOMIP-CCSD and ROHF-CCSD
suggests to us that the EOM family of methods (and their capacity to correctly describe
strong electronic couplings) are not essential for predictions of the fulvenallenyl
vibrational spectrum. In addition to this, CASSCF computations were performed in the
full T space (9 electrons in 9 orbitals), with ORCA.**->2 Using the cc-pVTZ basis®® set, we
found that the leading configuration comprises 84% of the total wavefunction, and the
next most significant configuration, a double-excitation, accounts for only 1.5%. On the
basis of these calculations, we feel that a highly-correlated single reference method is

appropriate for predicting fulvenallenyl’s CH stretch fundamentals.

4.4 Results and Discussion

4.4.1 C7He Potential Energy Surface

Figure 4.3 shows a simplified zero-Kelvin enthalpic potential energy surface
adapted from Cavallotti and co-workers.? 2 In addition to fulvenallene, the C7Hg global
minimum (Coy symmetry), three Cs symmetry ethynylcyclopentadiene isomers are
present. Computations by Polino et al. confirm that fulvenallenyl (+H) formation
represents the lowest energy fulvenallene dissociation pathway. The thermodynamic
barrier for fulvenallenyl formation via H-atom loss is 82.5 kcal/mol. This energy is also

sufficient to overcome the H-atom transfer barrier leading directly to 1-ECPD. The
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Figure 4.3: Schematic C7He potential energy surface (kcal/mol). The surface is adapted
from previous works by Polino, Famulari, and Cavallotti.?* BCls, CHTE, PhCar, and
ECPD are acronyms for bicyclic intermediates, cycloheptatetraene, phenylcarbene, and
ethynylcyclopentadiene respectively. The transition state at 77.3 kcal/mol separates
PhCar and 5-ECPD.
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1-ECPD species can rearrange to form 2- and 5-ECPD via barriers lying lower in energy
(28.8 and 31.4 kcal/mol, respectively). A lower energy interconversion pathway

(77.3 kcal/mol barrier) leading to 5-ECPD has been discussed in detail by Polino et al.
This pathway involves a rather complicated rearrangement of fulvenallene to a series of
bicyclic species, cycloheptatetraene, and singlet phenylcarbene, which ring-opens to form
5-ECPD. It has been shown definitively in previous mass-selected photoelectron
spectroscopy studies that pyrolysis of fulvenallene in a 1500 K SiC furnace leads to the
production of fulvenallenyl.'® 22 Therefore, we fully expect that our source, being similar
in design, will also produce fulvenallenyl; nevertheless, given the computed barrier
heights, our analysis of IR spectra also considers the possibility that other species, such as

ECPD, are produced via the rearrangement of fulvenallene.

4.4.2 Mass Spectrometry

The ionization of doped helium droplets by electron bombardment has been
described previously.®* %* In short, He cluster ions are formed from electron impact
ionization of pure droplets via the mechanism given in equation 4.1.

(He), + e~ — He*(He),_, + 2e~ —» HeS(He),_, + 2~ -
Hel, + (n—m)(He) + 2e~ (Eq. 4.1)
For doped He droplets, charge transfer ionization (equation 4.2) may also occur in
competition with the production of He cluster ions.
(M)(He),, + e~ » (M)(He)*(He)yp_q + 2~ >

(M)** + m(He) + 2e~ (Eq. 4.2)
94



The large energetic mismatch between the He and dopant ionization potentials typically
leads to the complete desolvation and fragmentation of the molecular ion.

Figure 4.4 shows the mass spectra associated with the neat He droplet beam (trace
A) and the precursor doped droplet beam under cold pyrolysis conditions (trace B). In the
neat droplet spectrum, only He;' ions are observed above 59 u. Upon doping fulvenallene
into the droplets (under conditions that render fulvenallene dimer formation negligible),
clusters of peaks are observed in the vicinity of 63 u (CsHs*) and 89 u (C7Hs*). Most of
these peaks arise from the charge transfer ionization and fragmentation of fulvenallene,
evidence of which is shown in Figure 4.5. Fulvenallene is synthesized directly from the
pyrolysis of homophthalic anhydride, but the sample is not completely free from
contaminants. For example, water can be co-trapped with fulvenallene during the final
stages of synthesis, which explains the increase in mass 18 u in going from trace A to B.
Furthermore, over the course of a few days, the peaks at 90, 91 and 92 u increase relative
to 89 u, presumably due to the low stability of the room temperature fulvenallene
sample.?® We note that peaks at 90, 91, and 92 u were previously observed in the electron
ionization mass spectrum of a molecular beam produced via a similarly synthesized

fulvenallene sample.'®

4.4.3. Infrared Spectroscopy (2800 — 3140 cm?)

Because 89 u appears as the most intense signature of He-solvated fulvenallene,
an IR spectrum from 2800 — 3140 cm™ was first recorded by monitoring ion depletion in

this channel. We note, however, that the same spectrum was subsequently reproduced on
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Figure 4.4: (A) Electron ionization mass spectrum of the neat droplet beam, showing
peaks every 4 u (Hen" ions) and residual water at 18 u. (B) Mass spectrum of droplets
doped with fulvenallene, which was metered into the apparatus through the cold pyrolysis
tube. (C) Mass spectrum of droplets doped with pyrolysis products resulting from the
thermal decomposition of fulvenallene; the only significant change in going from cold to
hot source conditions is a slight reduction in 89 u. The IR spectrum of fulvenallene was
recorded by monitoring depletion of either 63 or 89 u, whereas the acetylenic CH stretch
band observed for the fulvenallenyl radical could only be observed as a depletion in
channel 63 u (see text).
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Figure 4.5: Difference depletion mass spectra measured with the laser frequency fixed to
3089.9 cm™. With the pyrolysis source at room temperature, the IR laser is tuned to
3089.9 cm™, i.e. the most intense resonant frequency for fulvenallene. The laser
frequency is fixed and amplitude modulated at 80 Hz while the quadrupole mass
spectrometer is slowly scanned across all mass channels. When processed with a lock-in
amplifier, the resulting difference mass spectrum corresponds to the electron-impact
ionization mass spectrum of only the subset of droplets that contain resonantly excited
molecules. In this figure, mass channel 89 is by far the most intense, indicating that this
channel carries the largest laser-induced ion depletion signal at 3089.9 cm™ when the
pyrolysis source is kept at room temperature, i.e. indicating that this is the largest mass
channel associated with fulvenallene doped helium droplets.
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63 u, albeit with a poorer signal to noise ratio (Figure 4.6). The 89 u depletion spectrum
is shown in Figure 4.7, along with an inset showing intense features centered near 3090
cm™ and a diagram of fulvenallene having labels relevant to the vibrational band
assignments summarized in Table 4.1. In addition to the more intense features above
3089 cm?, there are many weak, reproducible features observed at lower energy. The
assignments suggested in Table 4.1 are based on comparisons to our VPT2+K
computations. Many of the more intense bands observed in the helium droplet spectrum
were previously observed in a lower resolution gas-phase spectrum,*® and where
available, gas-phase band origins are compared to the droplet spectra in Table 4.1. A
comprehensive list of fulvenallene harmonic frequencies and mode descriptions is given
in Table 4.2.

Figure 4.4 C shows that there is very little change in the mass spectrum in going
from cold to hot pyrolysis source conditions, despite the source being turned up towards
its highest operating temperature. The most obvious change is a small reduction in the
intensity of mass 89 u. Because nothing in the mass spectrum appeared to be “growing
in” as the SiC temperature was raised, we initially chose to measure the hot pyrolysis IR
spectrum as depletion in channel 89 u. Figure 4.8 shows the comparison between the cold
and hot pyrolysis 89 u depletion spectra between 3000 and 3140 cm™. As shown clearly
in the inset, in addition to all of the bands observed in the cold pyrolysis spectrum, two
additional features appear at 3058 and 3074 cm in the hot pyrolysis spectrum. A
spectrum was also measured as depletion in channel 63 u for both cold and hot pyrolysis
conditions (Figure 4.6). There are no discernible differences between the two spectra on

channel 63 u.
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Figure 4.6: Mass channel 63 u comparison for cold pyro (black) and hot pyro (red). No
obvious difference is observed between the two spectra aside from very weak features
near the signal to noise limit.
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Figure 4.7: Infrared spectrum of fulvenallene in the CH stretching region, measured on
mass channel 89 u. The inset is a higher resolution scan of the bands near 3090 cm.
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Table 4.1: Fulvenallene: comparison of experimental bands to VPT2+K predictions

(cm™).
Gas HENDI VPT2+K Description Assignment
Phase? (cm™) (Intensity, (Symmetry)
(cm™?) km/mol)
2816.3 2826.4 CH bend combination with Vo7 + vos (D2)
0.2) out-of-phase C=C stretch
(ring)
2841.9 2836.3 in-phase C=C stretch (ring) vs +vr (a1)
(0.002) combination with CH bend
2857.3 2854.5 CH> scissor overtone 2ve (an)
(0.01)
2862.5 2898.5 CH bend combination with vzt v (D2)
0.2) out-of-phase C=C stretch
(ring)
2915.9, 2916.5 in-phase C=C stretch (ring) vs+ve (a1)
2916.3 (0.01) combination with CH> scissor
2966 2957.0 in-phase C=C stretch (ring) 2vs (a1)
(0.1)
2984.2 2984.2 antisymmetric C=C ring ve t+vas (D2)
0.2) stretch combination with CH>
scissor
3010 3003.9 3008.0 CHz symmetric stretch vz (a1)
(0.1)
3027.2 3015.9 in-phase C=C ring stretch in | vs+ vz (b2)
0.4) combination with out-of-phase
C=C stretch (ring)
3071 3078.2 3070.6 CH: antisymmetric stretch vi7 (b1)
(0.01)
3092 3089.9 3089.1 antisymmetric ring y-CH vas (b2)
(3.4) stretch
3090.4 3087.9 antisymmetric C=C ring 2vo6 (a1)
.7 stretch (2 quanta),
out-of-phase CH stretch
3099.0 out-of-phase ring CH stretch v2 (a1)
(3.5)
3122 3121.6, 3122.7 antisymmetric ring f-CH va24 (02)
3123.2 (4.7) stretch
3134 3131.3, 3132.5 (4.4) symmetric in-phase CH vi (a1)
3132.7 stretch, antisymmetric C=C
ring stretch (2 quanta)

2 Reference!®
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Table 4.2: Qualitative descriptions, symmetries, and CCSD(T)/ANO1 harmonic
frequencies and intensities of the normal modes of vibration of fulvenallene.

Mode | T ® I Shorthand Description
(cm?) | (km/mol)
1 ai | 3255.00 6.36 vs"(CH) symmetric in-phase CH stretch
(ring)
2 ar | 3228.98 3.69 vs"{(CH) symmetric out-of-phase
CH stretch (ring)
3 ar | 3137.58 0.09 vs(CH>) symmetric CH> stretch
4 a1 | 2006.11 124.98 vas(C=C=C) antisymmetric C=C stretch
(allene)
5 ar | 1526.38 29.90 VvN(C=C) in-phase C=C stretch (ring)
6 ar | 1467.40 3.23 3(CH>) CHz> scissor
7 ar | 1393.58 8.17 d(CH) CH bend
8 ar | 1270.40 1.06 vs(C=C=C) | symmetric C=C stretch (allene)
9 ar | 1085.61 5.06 d(CH) CH bend
10 | a1 | 996.56 1.60 v(C-C) C-C stretch (ring)
11 | a; | 893.00 19.34 d(ring) ring deform (horizontal)
12 | a1 | 556.32 0.00 d(ring) ring deform (vertical)
13 | ax| 92281 0.00 pw(CH) CH wag
14 | a | 730.63 0.00 pt(CH) CH twisting
15 | a2 | 638.64 0.00 pt(CH2+ring) out-of-phase ring twisting
+ CH2 twisting
16 | a2 | 479.42 0.00 pt(CH2+ring) in-phase ring twisting
+ CH2 twisting
17 | b1 | 3221.19 0.01 vas(CH>) antisymmetric CH> stretch
18 | b1 | 998.25 0.09 pr(CHy) CH2 rock
19 | by | 91951 0.01 pw(CH) CH wag
20 | b1 | 768.27 75.56 pt(CH) CH twisting
21 | b:i| 613.38 21.70 pw(ring) ring puckering
22 | b1 | 350.32 0.74 3(C=C=0C) C=C=C bend
23 | by | 131.48 2.83 d(skeletal) skeletal bend
24 | by | 3250.18 5.33 B-vas(CH) B-CH antisymmetric stretch
25 | by | 3218.08 3.62 v-vas(CH) y-CH antisymmetric stretch
26 | b2 | 1590.60 0.04 vU{(C=C) out-of-phase C=C stretch (ring)
27 | by | 1314.61 0.00 d(skeletal) a-skeletal bend
28 | b2 | 1187.24 2.13 Vas(C-C) antisymmetric C-C stretch (ring)
29 | by | 1095.77 7.84 3(CH) CH bend
30 | b2 | 86349 44.97 pw(CH>2) CH2 wag
31 | b2 | 814.80 2.24 d(ring) antisymmetric ring deform
32 | b2 | 538.26 2.95 3(C=C=C) C=C=C bend
33 | b2 | 150.65 1.16 O(skeletal) skeletal bend
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Figure 4.8: Comparison of 89 u depletion spectra between 3000 and 3140 cm* with cold
(A) and hot (B) pyrolysis source conditions. The hot pyrolysis spectrum shows two
additional features at 3058 and 3074 cm™* (see inset), marked by *.
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Because one anticipates the production of fulvenallenyl from the thermal
decomposition of fulvenallene under hot pyrolysis source conditions, VPT2+K computed
spectra of fulvenallene and fulvenallenyl are compared in Figure 4.9. The fulvenallene
CH stretch vibrations localized on the ring are computed to fall between 3089 and 3133
cm?, in agreement with experiment (Table 4.1). Analogous computations for
fulvenallenyl are summarized in Tables 4.3 and 4.4. Similar to fulvenallene, fulvenallenyl
ring CH stretch vibrations are predicted with similar intensity in the same spectral region
(3093 to 3126 cm'Y); despite this, nothing new is observed in this region upon heating the
SiC furnace (see Figure 4.8). Apparently, fulvenallene pyrolysis under our experimental
conditions does not produce fulvenallenyl in sufficient abundance to observe the ring CH
stretch vibrations.

Figure 4.9 also shows predicted spectra for the ECPD isomers which also contain
ring CH stretch vibrations above 3080 cm™ (see Tables 4.5-4.7). The dashed lines in
Figure 4.9 mark the locations of the two features that appear in the hot pyrolysis scan
(3058 and 3074 cm™). Neither of these two bands can be assigned to fulvenallenyl nor
ECPD via comparison to the predicted spectra shown in Figure 4.9, especially
considering that no new features appear between 3080 and 3140 cm™ where the more
intense ring CH stretches are predicted. An intriguing possible assignment involves the
species cycloheptatetraene and phenylcarbene, both of which can be accessed via
fulvenallene rearrangement over the 63.2 kcal/mol barrier shown in Figure 4.3. Indeed,
both of these species have strong vibrational bands in the same spectral region as those

observed to grow in under hot pyrolysis conditions. Bally and co-workers measured IR
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Figure 4.9: VPT2+K spectra of (bottom to top) fulvenallene, fulvenallenyl,
5-ethynylcyclopentadiene, 1-ethynylcyclopentadiene, and 2-ethynylcyclopentadiene. The
acetylenic CH stretches are predicted to be 10 to 20 times more intense than the lower
energy CH stretch transitions. The vertical dashed lines mark the locations of the only
experimentally observed bands to appear in the CH stretch region following the pyrolysis
of fulvenallene (3058 and 3074 cm™).
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Table 4.3: Experimental frequencies (cm™), intensities and assignments of the acetylenic CH stretch region measured with hot

pyrolysis conditions.

or
3342.6 | (6.4) | (6.0)

CH ring bend, acetylenic CH stretch (less acetylenic stretch
character)

Experimental VPT2+K Description Symmetry
(Normalized Intensity)? (Intensity,
km/mol)
--- 3093.4 (1.9); v22 Fulvenallenyl: antisymmetric y-CH ring stretch b2
3102.6 (4.8); v3 Fulvenallenyl: out-of-phase ring CH stretch a1
--- 3121.1 (2.3); va1 Fulvenallenyl: antisymmetric ring 3-CH stretch b2
3125.7 (3.3); v2 Fulvenallenyl: symmetric in-phase ring CH stretch ai
63 u 89u
3327.1 | (77.2) | (0) 3331.1 (59.1); v1 Fulvenallenyl: acetylenic CH stretch a1
3331.8 | (100) | (100) 3335.3 (48.4); v1 1-ethynylcyclopentadiene: C=C stretch in combination with a’
3337.2 (68.6); v1 CH ring bend, acetylenic CH stretch (more acetylenic stretch
3339.6 (60.5); v1 character)
3333.1 | (24.8) | (15.4) 3340.42 (27.3); ve+viz | 2-€thynylcyclopentadiene: acetylenic CH stretch a'
3333.7 | (40.1) | (29.7) 5-ethynylcyclopentadiene: acetylenic CH stretch a’
3340.6 | (0.8) (3.7) 1-ethynylcyclopentadiene: C=C stretch in combination with a’

2 Integrated intensities are based on a least squares fit of acetylenic CH stretch region to six (m/z=63) or five (m/z=89) Lorentzians.
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Table 4.4: Qualitative descriptions, symmetries, and ROHF-CCSD(T)/ANO1 harmonic

frequencies and intensities of the normal modes of vibration of fulvenallenyl.

Mode | T' | ® (cm™) I Shorthand Description
(km/mol)
1 ai | 3459.47 61.52 v(CH) acetylenic CH stretch
2 |a| 3260.67 3.38 vs"(CH) symmetric in-phase
CH stretch (ring)
3 |ai| 323551 5.05 vs?UY(CH) symmetric out-of-phase
CH stretch (ring)
4 a1 | 2068.94 28.36 v(C=C) C=C stretch
5 ar | 1505.06 3.87 vi(C=C) in-phase C=C
stretch (ring)
6 ar | 1403.93 53.21 3(CH) CH bend
7 ar | 1287.23 2.53 v(C-C) C-C stretch (ethynyl)
8 ar | 1082.76 0.02 3(CH) CH bend
9 ar| 987.55 5.01 Vring(C-C) C-C stretch (ring)
10 | a1 | 906.03 5.05 d(ring) ring deform (horizontal)
11 |ai| 55394 0.03 d(ring) ring deform (vertical)
12 | a2 | 899.44 0.00 pw(CH) CH wag
13 | azx| 71942 0.00 pt(CH) CH twisting
14 | ax | 514.07 0.00 pt(ring) ring twisting
15 | b1 | 89164 3.21 pw(CH) CH wag
16 [ by | 74571 89.83 pt(CH) CH twisting
17 | b1 | 629.97 6.03 pw(ring) ring puckering
18 | by | 587.04 41.27 3(CH) CH bend
19 | by | 388.92 0.89 d(C=C-C) ethynyl bend
20 | by | 141.63 3.35 d(skeletal) skeletal bend
21 | b2 | 3255.90 2.40 B-vas(CH) B-CH antisymmetric
stretch
22 | b2 | 3225.24 1.98 v-vas(CH) y-CH antisymmetric
stretch
23 | b2 | 1519.39 0.17 VvU{(C=C) out-of-phase C=C
stretch (ring)
24 | by | 1279.95 0.08 3(CH) CH bend
25 | b | 1115.38 18.67 d(skeletal) a-skeletal bend
26 | b2 | 1036.84 0.66 vas(C-C) “dienylic” C-C stretch (ring)
27 | b2 | 646.13 28.27 vas(C-C) “allylic”” C-C stretch (ring)
28 | b2 | 624.50 16.99 d(ring) CH bend
29 | b2 | 500.84 0.46 d(C=C-C) ethynyl bend
30 | b2 | 154.37 1.41 d(skeletal) skeletal bend
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Table 4.5: Symmetries, identities, and VPT2+K frequencies and intensities of vibrational
transitions of 5-ethynylcyclopentadiene between 2800 and 3400 cm™.

' | v(m?) I Character
(km/mol)

a' | 3369.54 1.17 Vvs+vg

a' | 3357.40 0.87 vgt+ vot V1o

a' | 3339.60 60.49 %1

a' | 3175.97 0.34 2V

a' | 3111.09 3.10 V2

a' | 3091.89 4.70 V3

a' | 3015.20 0.20 2ve

a' | 287241 0.14 Vetv7

a' | 2871.00 2.22 V4

a' | 2854.30 0.26 V22+Vv23

a" | 3130.96 4.00 V20

a” | 3122.36 0.18 v22+vi0+Vvi7

a"| 3085.34 3.53 V21

a"| 3064.32 2.33 Vet+v22

a"| 2937.71 0.26 v7tvao
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Table 4.6: Symmetries, identities, and VPT2+K frequencies and intensities of vibrational
transitions of 1-ethynylcyclopentadiene between 2800 and 3400 cm™.

| v(m? I Character
(km/mol)

a' | 3379.96 0.42 Vet+vit
a' | 3340.42 27.29 Ve+tvio
a' | 3335.26 48.41 \%1
a' | 3164.56 0.62 2v7
a' | 3119.96 5.09 Vo
a' | 3092.28 5.53 V3
a' | 3085.64 4.27 V4
a' | 3056.27 1.77 v7+vg
a' | 2996.38 0.23 2vg
a' | 2922.38 0.19 Vv7+Vio
a' | 2911.07 3.10 V5
a' | 2844.86 0.15 vg+Vvio
a' | 2805.10 0.12 v7tvio
a"| 2926.60 2.85 V23
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Table 4.7: Symmetries, identities, and VPT2+K frequencies and intensities of vibrational
transitions of 2-ethynylcyclopentadiene between 2800 and 3400 cm™.

| v(m? I Character
(km/mol)

a' | 3377.49 0.32 Vetvil
a' | 3337.28 68.60 V1

a' | 3172.07 0.21 2v7

a' | 3130.37 2.53 \%)

a' | 3114.84 0.27 Vg+Vvoetvos
a' | 3100.55 3.16 V3

a' | 3089.59 1.25 A\

a' | 3073.97 1.28 v7+vg

a' | 3028.89 0.47 2vg

a' | 2904.84 0.65 vg+vo

a' | 2901.10 6.48 %

a"| 2912.30 4.67 V23
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spectra of these species in an Ar matrix,> observing three CH stretch bands for each
species, the strongest of which were at 3048 cm™ for cycloheptatetraene and 3073 cm™
for phenylcarbene. Despite this suggestion, we hesitate to definitively assign the 3058

and 3074 cm bands observed in the present study.

4.4.4 Infrared Spectroscopy (3270 — 3350 cm™)

Returning to the VPT2+K computed spectra in Figure 4.9, it is clear that the
strongest spectral signatures in the CH stretch region are the acetylenic CH stretch bands
predicted at 3331 cm® for fulvenallenyl and 3335 — 3339 cm for the ECPD isomers (see
Table 3). Indeed, for these species, the acetylenic CH stretch intensities are predicted to
be 10 to 20 times larger than the ring CH stretch bands. Moreover, fulvenallene does not
possess an acetylenic CH bond, so the spectra in this region will be free from
fulvenallene contamination. Therefore, spectra were measured in this region under hot
pyrolysis conditions on channels 63 and 89 u, as shown in Figure 4.10. Depletion in
channel 89 u is observed at 3331.8, 3333.1, 3333.7, 3340.6 and 3342.6 cm, along with a
small feature at 3280 cm™. Depletion in channel 63 u is observed at all of these
frequencies; additionally, a relatively intense band is observed at 3327.1 cm™. These
features are completely absent under cold pyrolysis source conditions; therefore,
fulvenallene is clearly being converted in the SiC source to species that contain
acetylenic CH bonds.

A possible assignment of these features is suggested in Figure 4.11, which shows

a close up view of the 69 u experimental depletion spectrum between 3323 and
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Figure 4.10: Acetylenic CH stretching region measured on mass channels 89 and 63 u.
Both spectra are measured under hot pyrolysis source conditions. The band at 3327.1
cm* (marked by an asterisk) only appears on channel 63 u. As this is the most red-shifted
band (i.e. most “allenic”), we assign it to the fulvenallenyl radical. The other bands at
3331.8, 3333.1, 3333.7, 3340.6 and 3342.6 cm are attributed to C7Hg
ethynylcyclopentadiene species (see Figures 4.3 and 4.11). All features are absent under
cold pyrolysis conditions.
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Figure 4.11: (A) Experimental acetylenic CH stretch spectral region (channel 63 u)
compared to VPT2+K simulations for fulvenallenyl radical (B), and three C7Hg isomers:
(C) 5-ethynylcyclopentadiene, (D) 1-ethynylcyclopentadiene, and (E)
2-ethynylcyclopentadiene.
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3347 cm?, along with the VPT2+K predictions for fulvenallenyl and 1-, 2-, and

5- ECPD. The predicted fulvenallenyl band is the most red shifted, suggesting that the
3327.1 cm™ band, appearing only as depletion in channel 63 u, should be assigned to the
acetylenic CH stretch vibration of the radical. The red shift of the fulvenallenyl acetylenic
CH stretch, in comparison to those associated with the closed shell species, originates
from the delocalization of the unpaired electron, as discussed in more detail below. It is
interesting that the band at 3327.1 cm™ is the only one not to appear on channel 89 u (i.e.
the mass of fulvenallenyl). Perhaps this may be viewed as further support for the
assignment, as charge transfer ionization of fulvenallenyl will leave it with approximately
16 eV of internal energy (the difference between the He and fulvenallenyl ionization
potentials), and this may lead to its prompt fragmentation via loss of C2H> to produce
signal at 63 u. On the other hand, the fragmentation of an ionized ECPD isomer via H
atom loss could produce signal at 89 u.

Given the comparison of VPT2+K predictions to experiment (and the computed
barriers on the potential energy surface), it is at least plausible that all three
ethynylcyclopentadiene isomers are formed via rearrangement of fulvenallene, and it is
then these species that contribute to the spectrum above 3330 cm™. An alternative
explanation must be ruled out, i.e. self-reaction of fulvenallenyl within the SiC source
and subsequent capture of the reaction products by helium droplets. Indeed, fulvenallenyl
self-reaction would lead to C-C bond formation at the radical centers, which would
guench the resonance delocalization and shift the acetylenic CH stretch vibrations to the
blue of monomeric fulvenallenyl. For fulvenallenyl self-reaction to be the explanation,

the bands to the blue of 3330 cm™ should grow at the expense of the 3327 cm™ band as
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the density of fulvenallenyl increases in the SiC furnace. However, experimentally, we
observe all features in the 63 u depletion spectrum to go up and down together as the
fulvenallene density is slowly adjusted with a very-fine metering valve attached to the
inlet of the pyrolysis source. Moreover, the density at which all bands optimize is similar
to several previous measurements of monomeric hydrocarbon radicals, carried out with
the same experimental setup.*" 42 5-5°\We take this as evidence that the acetylenic CH
stretch bands observed here are due to products resulting from the dissociation
(fulvenallenyl) and rearrangement (ethynylcyclopentadiene) of monomeric fulvenallene.
It is interesting to compare the spectra in Figures 4.10 and 4.11 to previous work
by Ellison and co-workers, who studied benzyl pyrolysis by passing ethyl benzene
through a 1800 K SiC furnace and trapping the products in a neon matrix.*° IR spectra in
the acetylenic CH stretch region revealed acetylene, the propargyl radical (CsHs), and
three or four unassigned bands between 3330 and 3340 cm™. In other regions, they
observed strong spectral evidence for the production of fulvenallene, and they speculated
that the unassigned peaks in the acetylenic CH stretch region could be due to
fulvenallenyl or other fulvenallene decomposition products. It is typical for vibrational
bands observed in neon matrix isolation spectra to be slightly red shifted in comparison to
the band origins observed using helium nanodroplet isolation. Therefore, assuming our
3327 cm* assignment is correct, the bands observed by Ellison and co-workers are too
high in energy to be assigned to fulvenallenyl, although it is possible that they arise from

the ethynylcyclopentadiene species.
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4.4.5 On the Nature of Fulvenallenyl Electron Delocalization

Fulvenallenyl can be viewed as a resonantly stabilized free radical (RSFR), for
which the electron density is delocalized and characterized as a superposition between
acetylenic and allenic resonance structures. These limiting resonance structures are
shown schematically in Figure 4.1. The allenic unpaired electron resides on the terminal
carbon atom, whereas the acetylenic unpaired electron is delocalized in the ring. A
closely related RSFR is propargyl (CsHs), which can similarly be viewed as a
superposition of acetylenic and allenic resonance structures. Ellison and co-workers
performed spin density calculations for the propargyl radical, and using Mulliken
population analysis, they determined (via atomic partitioning of the CCSD(T)/ANO1 spin
density) that propargyl is 35% allenic and 65% acetylenic.®° Spin density calculations at
the ROHF-CCSD(T)/ANOL level of theory were carried out for fulvenallenyl, and an
isosurface at p=0.01 e a® is shown in Figure 4.12. From this, it is evident that the alpha
spin density (blue shading in Figure 4.12) is delocalized over both the terminal acetylenic
carbon and the a/y-ring carbon atoms. With the same atomic partitioning scheme used for
propargyl,®® we find that fulvenallenyl is approximately 24% allenic and 76% acetylenic.
In comparison to propargyl, fulvenallenyl is more acetylenic, because for this resonance
structure, the radical center can be delocalized within the cyclopentadienyl-like moiety.

Among other properties of the system, the frequency of the acetylenic CH stretch
is a rather sensitive marker of the extent of this electron delocalization. The acetylenic
CH stretch for propargyl (35% allenic) is 3322.3 cm™,% which can be compared to the

CH stretch of HCCD at 3337.2 cm™.%2 Another useful comparison is to a closely related,
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Figure 4.12: ROHF-CCSD(T)/ANO1 spin density plot for fulvenallenyl radical (p=0.01
e ao>). Blue regions represent excess alpha spin while red represents excess beta spin. An
atomic partitioning of the spin density based on Mulliken populations reveals that
fulvenallenyl radical possesses 24% allenic character and 76% acetylenic bonding

character.
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closed shell system containing an acetylenic moiety, such as propargyl bromide
(3332.56 cm™).52 Clearly, propargyl experiences a substantial red shift of its acetylenic
CH stretch due to its partial allenic character (i.e. the slight rehybridization of the
terminal carbon atom to have more p character than is typical for an sp hybridized
ethynyl moiety). Again, our computations predict fulvenallenyl to have somewhat less
allenic character (24%), in comparison to propargyl (35%). Consistent with this, the
fulvenallenyl acetylenic CH stretch at 3327.1 cm™ is to the red of the closed shell

acetylenic systems, but to the blue of propargyl.

4.5 Conclusions

Fulvenallene was doped into helium nanodroplets, and the IR spectrum between
2800 and 3140 cm™ is in good agreement with previous lower resolution gas-phase
spectra.’® Several new vibrational bands are assigned in this region via comparison of
experimental spectra to VPT2+K anharmonic frequency computations. Pyrolysis of
fulvenallene in a 1500 K SiC furnace results in the appearance of new vibrational bands
at 3058 and 3074 cm along with several features in the acetylenic CH stretch region
near 3330 cm™. The 3058 and 3074 cm™ bands are not definitively assigned here; we
note, however, that they are centered close to the most intense CH stretch bands observed
in Ar matrix-isolation spectra of cycloheptatetraene and phenylcarbene.®* On the basis of
VPT2+K computations and their dependence on experimental conditions, the bands
observed in the acetylenic CH stretch region are assigned to the fulvenallenyl radical and

multiple ethynylcyclopentadiene isomers. The 3327.1 cm™ assignment to fulvenallenyl is
118



most convincing, as this resonantly stabilized free radical is predicted to have 24% allenic
and 76% acetylenic character, the signature of which is a red shift of the acetylenic CH
stretch. In comparison, the bands assigned to the closed shell ethynylcyclopentadiene
species are all observed at 3331.8 cm™ and above.

The potential energy surface from Cavallotti and co-workers? is used to motivate
all assignments put forth in this work. Interconversion of fulvenallene to other C7Hs
isomers, such as cycloheptatetraene and phenylcarbene is predicted to occur via a
pathway having an initial barrier equal to 63.2 kcal/mol (relative to fulvenallene);
ring-opening of phenylcarbene to produce 5-ethynylcyclopentadiene is predicted to occur
via a barrier at 77.3 kcal/mol. Both of these barriers are lower than the predicted barrier
for the homolytic barrierless dissociation of fulvenallene to produce fulvenallenyl (82.5
kcal/mol). Although the dissociation pathway is favored entropically, the lower barriers
associated with rearrangement seem to allow these pathways to be competitive at 1500 K;
indeed, there is perhaps evidence for this here, assuming the assignments we have put
forth for the acetylenic CH stretch region. Unfortunately, given the “action spectroscopy”
scheme and mass channel bias inherent in the detection scheme, it is not possible for us to
confidently report dissociation:rearrangement branching ratios. Furthermore, the
sensitivity of the experiment is insufficient in the ring-CH stretch region to definitively
confirm the assignment of the higher frequency bands to ethynylcyclopentadiene, and

these assignments must necessarily be viewed as tentative.
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CHAPTER 5
A RESEARCH-BASED ACTIVITY FOR USE IN A SCALE-UP CLASSROOM ON
STUDENTS’ DEFINITIONS OF ENTROPY: CREATION, IMPLEMENTATION AND

RESULTS

5.1 Introduction

According to the 2012 President’s Council of Advisors on Science and
Technology (PCAST) Undergraduate STEM Education Report, the United States must
produce at least 1 million more science, technology, engineering, and math (STEM)
major graduates by 2022 in order to meet the demands of society and to continue the
country’s tradition of innovation in these fields.! From 2012 data, this equated to a
necessity for a 34% increase in the number of college graduates with a STEM degree.
One suggestion for a simple way to begin to accomplish this feat is to increase retention
of STEM major students within their first two years of college. This strategy alone would
produce approximately 750,000 new graduates over the 10-year span. Another
recommendation for increasing the STEM graduation rate is for higher education
institutions to adopt evidence-based teaching practices that actively engage students;
these have been shown to improve student learning and critical thinking skills at the
university level.>® Interest in STEM fields can become stagnant or decline when

traditional lecture is the sole teaching method. * ® However, when students are actively
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involved in learning, such as in a chemistry laboratory course, they are more likely to
develop a positive attitude towards the material and enjoy it more than the lecture
component.®®

Active learning environments, such as Student-Centered Active Learning
Environments for Upside-down Pedagogies (SCALE-UP), have been shown to increase
overall performance and lower drop/fail/withdrawal (DFW) rates in STEM courses.® In
their meta-analysis of 225 previously published and unpublished studies, Freeman et al.
concluded that active learning improved exam scores by 6% when compared to
traditional lecture sections; students in traditional classrooms were 1.5 times more likely
to fail the course than those in an active learning course. These results were found to hold
true across all STEM disciplines as well as a variety of class sizes, and examination
types.

The SCALE-UP pedagogical model was developed by Robert Beichner at North
Carolina State University for introductory, large-enrollment physics courses. This method
focuses on student collaborative groups to solve problems and work through activities
that reinforce topics covered in the course.® *° Rather than listening to a lecture for an
entire class period, students work together with their group members and neighboring
groups to complete these activities. During this time the instructor facilitates class wide
discussions, asks questions to guide the students/groups in a semi-Socratic type fashion,
and provide a “big picture” view of the topic for the session.' 12 Preliminary research
from courses at NC State agree with the Freeman study in that active learning
environments (specifically the SCALE-UP method) help students perform better on

exams than traditional settings and promotes a more positive attitude toward learning.*® 4
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Since its inception, this approach has been modified for use in a variety of STEM and
non-STEM courses at over 500 institutions worldwide.®

In 2016, the University of Georgia began an active learning initiative, which
prompted the building of a new Science Learning Center (SLC) that houses two of these
SCALE-UP classrooms. See Figure 5.1 for a simplified schematic of the room design in
the SLC. These rooms were modeled after those at NC State University which were
designed carefully to promote an engaging classroom environment.*° This included
performing research on the shape, orientation, and number of tables to be used as well as
the use of technology within the classroom and the number of students per group.®: 1
Tables in the SLC are equipped with desktop computers, and within the room itself, there
are multiple projectors and monitors that both the students and instructor can use to
display information. White boards line the classroom walls and are used by instructors
and by students as they are working in groups.

Physical chemistry is, in general, a difficult course for undergraduate students
because of the abstract concepts presented. It can become more difficult when students
lack motivation and when teacher-centered pedagogies are used.'® Students also enter the
class with preconceived notions about the difficulty of the course and their personal
abilities, making it difficult to foster success.'” '8 Specifically, thermodynamics is a
challenging section of the course for many reasons including the novelty of concepts as
well as the lack of required math skills; although, it is thought that this latter difficulty
stems from students not being able to transfer previously learned math skills or to make
connections between mathematical formulas and their physical meanings.t’” 122 |n

thermodynamics, entropy is often viewed as a difficult topic, and students will often use
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analogies to make the connection to their previous knowledge.?® A prevalent definition
involves disorder, but this definition does not hold for all situations and can often lead to
future misconceptions and confusion.?*? For example, entropy is often equated to the
disorder that occurs in a college dorm room over time. During move-in, every object has
its place, and the room is orderly. After a few weeks’ time has passed, the room becomes
untidy and disorganized, which is attributed to the increase in entropy that occurs over
time. Another description of entropy involves a microscopic interpretation, in which it is
viewed as the spread of energy within molecular states; this is a much more specific
definition, in which misunderstanding can be limited.?® Disorder should not be regarded
as a “bad” definition, but without proper context, students often transfer this explanation
to other situations and can compromise their intuition.?

Although active learning in chemistry has become prevalent, only a handful of
activities are geared towards upper level courses such as physical chemistry; few are
designed solely for use in a SCALE-UP classroom.® 3042 As a way to combat this issue
at the University of Georiga and help provide students with alternative definitions of
entropy, the activity described herein was created for use in the one-semester physical
chemistry course (CHEM 3110). Students work through the meaning of entropy and
enthalpy and how they relate to molecules such as the model dipeptide N-acetylglycine
methylamide (NAGMA) while gaining experience reading a current research article and
learning about research techniques in physical chemistry.*® We believe that this activity is
the first of its kind in that it relates current physical chemistry research to physical

chemistry SCALE-UP curriculum at the University of Georgia.
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5.2 Project Methods

5.2.1 Creation and Implementation of Activity

From the fall semester of 2015 through spring 2016, a preliminary version of the
activity was created to be used in the CHEM 3110: Fundamentals of Physical Chemistry
course at the University of Georgia. During the fall 2016 semester, students in the course
were asked to participate in an education project. Their consent was documented on the
form shown in Figure 5.2. They were made aware that the activity was newly created and
that their answers and opinions about the activity would be used in two ways: as data to
fulfill the education project requirements of the graduate school’s Interdisciplinary
Certificate in University Teaching and to improve the activity for use in subsequent
years. All students opted to participate in the process. Students self-selected into groups
of 3-4 students and, over the course of two 50 minute class periods, worked together to
read the article*® and complete the corresponding questions. The activity used in the
initial project is shown in Figure 5.3. Results of this initial phase of the project (i.e.
students’ answers from the activity) were analyzed to find trends in wording and phrases
as they answered the questions from the activity. This is a similar procedure to what Luft
and coworkers used in their latest article.** A more thorough explanation of this analysis
process is described below in the following section. From the analysis of questions 1 and
2 from this initial activity, it was concluded that students had a variety of different
definitions of entropy and that this topic should be explored further. Student opinions of

the process and activity were elicited and recorded with an online survey. Pertinent
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results from this survey are shown in Figure 5.4. Feedback from this survey was used to
revise the activity for use the following year.

Results from the 2016 analysis were used to structure the final project, which was
performed during the fall semester of 2017 and used to fulfill the requirements of the
certificate program. The revised NAGMA activity, shown in Figure 5.5, was
implemented for the CHEM 3110 course in one of the SLC’s new SCALE-UP rooms to
facilitate group collaboration. The initial project, however, was housed in a traditional
classroom with individual desks that students moved when forming their groups. A
pre-test and post-test were created to serve as reference points for student knowledge
before and after completing the activity. This methodology is common practice and was
also used by Bennett and Sozbilir to study students’ understanding of entropy in a
physical chemistry course.?®

Before beginning the activity, students were given the details of the project and
asked to sign a consent form (Figure 5.6) if they agreed to have their work used as data.
All students agreed to participate. During one 50 minute class session, students discussed
the research article, which they were asked to read before the class session, and asked
questions about the experiment or the data before they started the activity. Students were
also asked to complete the pre-test questionnaire during this class period (Figure 5.7).

The following class period, students met in one of the SLC SCALE-UP rooms
and self-selected into sub-groups of 2-3, which were seated with 2 additional groups to
form a table of 8-9 students. For the period, students were told to complete the questions
associated with the article (Figure 5.5) and that they were allowed to use the article, their

notes, their books, and the internet to find answers. Students were also encouraged to
131



work together with the peers in their sub-group as well as students in their larger group to
come up with and discuss their answers. They were also allowed to ask the instructor for
help during the activity since this would be a normal occurrence during any other class
session. Throughout the period, the instructor of record (IOR) for the course walked
around the room to aid students with the activity and to prompt and answer questions that
arose during discussions. To limit bias, only the IOR was allowed to interact with
students and was told the same information about this project that the students were told.
Although some students were able to finish the assignment within the 50 minute class
period, instructions were given that the activity could be finished outside of class and
turned in during the following class session. Since students were able to use a variety of
resources within the classroom, there was no worry

about letting students finish the assignment outside of class.

During a third class session, students turned in the activity and were asked to take
the post-test questionnaire and a survey about the activity, the TA, and their overall
experience (Figure 5.8). The activity and typical answers were also discussed with the
class so that students had correct answers to look back on when reviewing the concepts
covered in the activity. Once all materials were collected, the answers to the pre- and
post-tests as well as the activity questions were analyzed to look for trends in students’

anNSWEers.
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5.2.2 Methods for Analysis of Student Work

Following the initial project in 2016, answers to each of the activity’s questions
were analyzed. Different types of questions were analyzed with different methods; for
example, free-response questions were analyzed based on trends in the language used by
students,* whereas questions that asked students to rank a series of objects were analyzed
based on correct vs. incorrect responses. Questions 1 and 2 from the original activity had
the most potential for gathering meaningful data for a follow-up project (see Figure 5.3).
Because question 1 was a simplified matching question, most of the information came
from the second question which asked students to explain their answer. These responses
indicated that these particular students hold many different views about entropy and
enthalpy and a few common words and phrases began to appear. From these responses, a
list of structural codes was generated to indicate answers with similar language.® If a
student used the word “disorder” in their answer or mentioned phrases that are consistent
with a macromolecular viewpoint (i.e. chaos, or another “real-world” analogy), these
answers were grouped together. Other groupings included answers with a molecular
viewpoint (i.e. degrees of freedom, spread of energy) or answers with viewpoints
different from these two. Coded responses were formed into a table for ease of analysis.*®
The information gathered from these responses led to the question: How do CHEM 3110
students’ definitions of entropy change as a function of completing this activity?

Responses from the final project were analyzed in a similar fashion. Pre-test
question 1 was coded by the same method as the initial project’s open-ended question.

Questions 2 and 3 were scored based on correct vs. incorrect responses and any
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additional explanations provided by the students were coded like other open-ended
questions. Since the purpose of the project was to track student definitions of entropy
before and after completing the activity, the activity itself was not analyzed. The post-test

questions were analyzed the same way as the pre-test.

5.3 Results and Discussion

Because this project was created specifically for CHEM 3110 students at the
University of Georgia, the following results should not be used to generalize physical
chemistry students’ learning in other types of courses or at other universities. After
analyzing student responses, a few trends in the data appeared. First, 91.17% of students
mentioned “chaos” or disorder” in their definitions of entropy in the pre-test and only
76.47% in the post-test. Although not a dramatic change, this still shows us that students
are starting to think of entropy in a way other than disorder. Another definition of entropy
involves the distribution of energy among states of the molecule; this definition (or
similar) was used 14.70% in the post-test as opposed to 11.76% in the pre-test. For
question one, students’ answers also became more clear and concise from 20.58% having
an incorrect or unclear definition for the pre-test and only 5.88% for the post-test. We
believe that these results indicate that students are learning more about the concept of
entropy and feel more comfortable discussing it after completion of the activity.

Question two showed a macroscopic view of entropy, and not surprisingly,
students mentioned “chaos” and “order” or “disorder” 76.47% in the pre-test and 79.41%

in the post-test. Whether or not students realized that this definition fits with a
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macroscopic point of view is not definitive, but it is promising to know that more
students possibly recognized this when answering this question for the post-test. Another
interesting result came about from this question; 5.88% mentioned “organization” or
“arrangement” in the pre-test while 17.64% mentioned similar phrases in the post-test. In
this macroscopic example, it is appropriate to mention these phrases, but it’s important to
note that these phrases do not always carry over to a microscopic view. Care should be
taken to dispel any of these misconceptions before moving to a molecular view. Students
were able to rank these pictures from least to greatest entropy fairly easily. Only 5.88%
answered incorrectly in the pre-test and 2.94% in the post-test, so it seems that students
have a good grasp of this macroscopic view of entropy. This should not be surprising
because students learn this definition of entropy as early as general chemistry and often
make up analogies to make it easier to understand.

When asked to rank the given molecules from least to greatest entropy in question
3, 47.06% were able to in the pre-test as opposed to 50% in the post-test. There were
multiple correct answers based on the information given to the students, so this value
includes all possible correct answers. Based on DFT calculations performed at the
B3LYP/6-311++G(3d,3p) level of theory, the molecules rank from least to greatest
entropy as formaldehyde, acetic acid, and benzonitrile having entropy values of 218.631,
287.707, and 323.242 J/mol K, respectively. This would correspond to an answer of 2, 1,
3 on the pre- and post-test questions. Another acceptable answer would be to switch the
ordering of benzonitrile and acetic acid due to the torsional motion of the OH group of
acetic acid; this could be conceived to have a greater effect on the molecule’s entropy

than the greater number of atoms for benzonitrile. Using this logic would give an
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ordering of 3, 1, 2 for the pre- and post-test questions. These values are for molecules at
room temperature (298 K). A bar graph of the responses from the pre- and post-tests is
shown in Figure 5.9. For reference, the correct answers are shown as green bars with the
legend labels 213 and 312. The increase in the percentage of correct answers from pre- to
post-test could be because students are becoming more comfortable with their new
definitions of entropy and are able to apply their new knowledge, but there is no
definitive way to conclude this given the current data. However, results show that
students talked about the structure of the molecule 67.64% in the pre-test and 82.35% in
the post-test, which is another promising result. Students did not mention anything about
the structure of a molecule in their definitions from the pre-test question 1, so it seems

that this activity has forced them to think about entropy in this new light as well.

5.4 Conclusions

An activity for use in an undergraduate SCALE-UP classroom has been created
for a physical chemistry course at the University of Georgia. Through several iterations,
the original activity was improved upon and used during the fall 2017 semester as an
intervention in an educational project. Students’ definitions of entropy were recorded
before and after the intervention by means of a pre- and post-test questionnaire. This was
done to compare their answers and determine if the intervention had any effect on their
definitions. Students rely heavily on an analogy of “disorder” when thinking about
entropy. Promising results show that students used this definition 14.7% less in the post-

test than in the pre-test discussion questions after completing the activity.
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Although this was a small sample size (34 students) and was only studied in one
course at one university, it seems that this activity was successful in giving students new
ways to look at entropy. It also gave them an opportunity to differentiate between
macroscopic and microscopic points of view. In general, the class’ definitions of entropy
changed from a macroscopic (chaos, disorder) point of view to a microscopic (energy
distribution, states, molecular structure) point of view. For future reference, more class
discussions should involve connecting the macroscopic and microscopic views more and
make their relationship more explicit. This should help students separate these two views
and pick which definition fits best with a given scenario. It would be interesting to see if
students from other physical chemistry courses at UGA were impacted similarly to
students in the CHEM 3110 class. Although outside the scope of this project, the effects
that this activity have on students’ definitions could be studied across multiple
universities with varying class sizes in order to get a broad consensus of student learning.

Along with these results, students had an overall positive experience with the
activity and liked that it connected their lessons with a real-world application. Other
students disliked that it did not connect enough with class material and that they were not
graded on learning the information from the activity. Aligning this activity to their
assessments in future classes should help with this. Also having students read more
examples of research papers prior to this activity should help with their confidence in
understanding this paper. Despite having the dedicated class session to discussing the
paper, some students still felt like the paper was too advanced and that they would like to
have had a better understanding of it before beginning the activity. Overall, this activity

seems to have been successful in that students enjoyed learning about this new side of
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entropy and are more aware of their own previous definitions of this complicated

concept.
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Figure 5.1: Simple schematic of a SCALE-UP classroom in the Science Learning Center
at UGA. Each round table holds 9 students giving a total student count of 72 for this
particular classroom. The tables are equipped with 3 desktop computers (1 for every
group of 3) to be used during a class session. The dark rectangle at the center of the room
represents the instructor podium which houses an additional desktop computer and

controllers for the projectors and monitors. White boards line the walls of the room as
well.
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I, , give the instructor (Gary

(Please print name here)

Douberly) and TA (Alaina Brown) of CHEM 3110 permission to use my work from

in-class activities and problems as part of an evaluation to improve the course and
activities as a whole. In addition, I give permission for my work to be used in the TA’s
teaching portfolio as evidence of student work. (Note: your name will not be associated

with your work in this portfolio.)

Signature:

Date:

Figure 5.2: Student consent form used in Fall 2016 CHEM 3110 course.
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Figure 5.3: Preliminary activity used in fall 2016 class for CHEM 3110. In the text, this
document is associated with the initial project.
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PHYSICAL CHEMISTRY b

Liquid Hot NAGMA Cooled to 0.4 K: Benchmark Thermochemistry of

a Gas-Phase Peptide
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TDe]:lmrtment of Chemistry and *Center for Computational Quantum Chemistry, University of Georgia, Athens, Georgia 30602,
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Experimental (frame b) and computed infrared spectra of the (a) C5 and (c) C7 isomers
of N-acetylglycine methylamide (NAGMA).
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1. Without doing any calculations, which isomer do you believe is enthalpically favored?
Which one do you believe is entropically favored? (use your intuition!)
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2. Describe the molecular level reasoning you used to answer question #1.

3. Re-derive the entire van’t Hoff formula shown in equation 5, and list all assumptions.
Start from the formula:

A.G =A,G°+RTInQ
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4. How is AS and AH determined experimentally? Start by describing the spectroscopy
technique used, and the critical assumptions that are made, which make this approach
“valid”.

5. Calculate AG for C5 to C7 isomerization at 400, 500, and 600 K. What does this tell us
about the spontaneous direction of the reaction?
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6. Calculate the temperature at which the spontaneous direction of the reaction changes,
given the experimental thermodynamics. How does this differ from the temperature range
explored experimentally?

7. What assumptions were made when computing the thermodynamics of this system
using quantum mechanics? Is it reasonable to expect the quantum chemistry calculations
to be capable of reproducing the experimental values at this level of approximation?
What could be done better to improve the agreement between experiment and theory? Is
it practical to do so?
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8. Why not just do this experiment with a conventional FTIR spectrometer where the
sample consists of NAGMA vapor isolated in a gas-cell? Why do we resort to such an
expensive and “sophisticated” experimental technique to probe the gas-phase
thermochemistry of dipeptide systems?

9. Who is the most famous author on the paper? Why?
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Figure 5.4: Relevant survey questions and results from the 2016 survey given after the
initial project.
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To what extent do you agree with the following statements: Assignments for
the problem solving sessions were useful for helping me learn the material.

Strongly Agree -
ree _

Meutral

Disagree
Strongly

Disagree

0%  10% 20% 30% 408 50% 50% T0% B0% 20% 100%

The activity and problem chosen for the problem solving sessions challenged
me to think and learn.

Strongly Agres

reres _

Meutral

Disagree
Strongly

Disagree

0%  10% 209 30% 408 50% 0% T0% B0% 20% 100%
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Please rate Activity 1 (NAGMA) based on a scale from 1-5; 1 being not helpful
for learning class material and 5 being extremely helpful for learning class
material.
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Figure 5.5: Modified activity used in CHEM 3110 fall 2017 semester. In the text,
references to the final project utilized this activity.
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Name

(Prior to completing these questions, please read Liquid Hot NAGMA Cooled to 0.4 K:
Benchmark Thermochemistry of a Gas-Phase Peptide by Christopher M. Leavitt et al.)

1. What is the entropy (AS) for the isomerization from the Cs conformer to the C7

conformer?

2. What is the enthalpy (AH) for the isomerization from the Cs conformer to the C-
conformer?

3. How were both of these values determined experimentally? Start by describing the
spectroscopy technique used, and the critical assumptions that are made, which make this
approach “valid”.

4. Calculate AG for Cs to C7 isomerization at 400, 500, and 600 K. What does this tell us
about the spontaneous direction of the reaction?
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5. Calculate the temperature at which the spontaneous direction of the reaction changes,
given the experimental thermodynamics. How does this differ from the temperature range
explored experimentally?

6. Which isomer is enthalpically favored? Which isomer is entropically favored?
Describe your answer in terms of a molecular view of each isomer.

7. Re-derive the entire van’t Hoff formula shown in equation 5, and list all assumptions.
Start from the formula:
ArG = ArGO + RT In Q

158



8. What assumptions were made when computing the thermodynamics of this system
using quantum mechanics? Is it reasonable to expect the quantum chemistry calculations
to be capable of reproducing the experimental values at this level of approximation?
What could be done better to improve the agreement between experiment and theory? Is
it practical to do so?

9. Why not just do this experiment with a conventional FTIR spectrometer where the
sample consists of NAGMA vapor isolated in a gas-cell? Why do we resort to such an
expensive and “sophisticated” experimental technique to probe the gas-phase
thermochemistry of dipeptide systems?
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CHEM 3110 Fall 2017

You are being invited to participate in a project about student perceptions of entropy. This project
is being conducted by Alaina Brown (Graduate Student) and is sponsored by Dr. Gary Douberly
(Course Instructor), from the Department of Chemistry at the University of Georgia. This project
is being performed to fulfill a requirement for the University of Georgia Graduate School
Interdisciplinary Certificate in University Teaching.

There are no known risks if you decide to participate. There are no costs to you for participating
in the project. The information you provide will allow us to improve the teaching of this subject
area for future courses. To participate in the project, you will be responsible for filling out a
pre-activity survey, as well as completing a post-activity survey. The pre- and post-surveys will
take approximately 10 minutes total to complete. Additionally, there is an in-class activity that
accompanies the pre- and post- surveys. Regardless of your participation in the project, everyone
will complete the in-class activity.

The surveys as well as the activity will have your name associated with them, however, all
answers collected will remain between you, the Graduate Student and the Course Instructor.
There will be no grade associated with the surveys, but the activity will be graded at the
discretion of the Course Instructor. Data collected from this project will be used for the purpose
of fulfilling requirements for the University of Georgia Graduate School Interdisciplinary
Certificate in University Teaching and will not affect your grade for the assignment or the course.
Should the data be published (as in a dissertation), no individual information will be disclosed.
Additionally, you are agreeing that any work you complete for the activity and surveys may be
used as an example of student work in fulfilment of the University of Georgia Graduate School
Interdisciplinary Certificate in University Teaching. No names will be associated with your work
if it is used for this purpose.

Your participation in this project is voluntary. By signing this agreement, you are voluntarily
agreeing to participate. You are free to decline to answer any particular question you do not wish
to answer for any reason.

If you have any questions about the project, please contact Alaina Brown by email at
alaina.brown@uga.edu.

STUDENT NAME PRINTED

STUDENT SIGNATURE DATE

Figure 5.6: Student consent form used during the fall 2017 course.

160



Figure 5.7: Student pre-test questionnaire given to students in the fall 2017 course.
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CHEM 3110 Fall 2017 Pre-Test Name
(Use additional paper if necessary.)

1. Define entropy. Use any examples necessary to explain your answer.

2. Which picture represents the system with higher entropy? Please explain your
reasoning for choosing this picture.

2 Af.
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3. Rank the molecules from 1-3: 1 having the lowest entropy and 3 having the highest
entropy. Please explain your reasoning for ranking these molecules as you have.
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Figure 5.8: Post-test questionnaire and accompanying survey questions given to students
in the fall 2017 course.
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CHEM 3110 Fall 2017 Post-Test Name

(Use additional paper if necessary.)
Answer the following questions after completing the “NAGMA” activity.

1. Define entropy. Use any examples necessary to explain your answer.
2. Which picture represents the system with higher entropy?

& af.

Please explain your reasoning for choosing this picture.
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3. Rank the molecules from 1-3: 1 having the lowest entropy and 3 having the highest
entropy.

formaldehyde

. .

acetic acid

.

benzonitrile _
.

Please explain your reasoning for ranking these molecules as you have.
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Additional Survey Questions

1. The activity used during the problem solving session was useful for helping me learn
the material.
o Strongly Agree
Agree
Neutral
Disagree
Strongly Disagree

o O O O

2. The activity used during the problem solving session challenged me to think and learn.
o Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

O O O O

3. Please rate the activity based on a scale from 1-5: 1 being not helpful for learning class
material and 5 being extremely helpful for learning class material.

4. Please provide any additional feedback about this activity that would help us in the
future.
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Pre-Test Responses for Question 3
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Figure 5.9: Bar graphs indicating student responses for question 3 of the pre-test (top)
and post-test (bottom). The numberings found in the legends indicates the order in which
students ranked the 3 molecules (acetic acid, formaldehyde and benzonitrile) from lowest
to highest entropy.
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CHAPTER 6

CONCLUSIONS AND OUTLOOK

Helium nanodroplet isolation (HENDI) was used to trap and characterize a variety
of hydrocarbon molecules and radicals by infrared spectroscopy in the CH stretching
region. In Chapter 3, the infrared spectrum of the cyclobutyl radical, whose pyrolytic
precursor was cyclobutylmethyl nitrite, was shown. The 2800-3000 cm! region is
complicated by the presence of resonance polyads, which appear because of anharmonic
coupling between CH stretch fundamentals, and CH2 bending combinations and
overtones. The spectra of 1-methylallyl, and allylcarbinyl were also obtained. These
radicals were also formed by pyrolysis of appropriate nitrite precursors through a
quartz/tantalum source. The spectrum of 1,3-butadiene in helium droplets was also
presented. Evidence of this species and 1-methylallyl was also confirmed to be in the
original cyclobutyl spectrum by means of a spectrum recorded at a higher pyrolysis
temperature. The presence of signatures of allylcarbinyl in the high temperature spectrum
could not be validated; this may indicate it undergoes interconversion on a much faster
timescale than that of the doping process. These results, along with a previously
calculated C4H- potential energy surface (PES), suggest that the cyclobutyl radical
undergoes unimolecular decomposition via ring opening before being picked up by

helium droplets.
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Anharmonic frequencies for the cyclobutyl and 1-methylallyl radicals were
predicted by VPT2+K simulations based upon a hybrid CCSD(T) force field. The
frequencies predicted for a Coy structure of the cyclobutyl radical match best with
experimental values. Although not entirely conclusive, the experimental spectrum agrees
with theoretical predictions for a combined contribution of both 1-methylallyl
conformers. Multiple experimental values presented herein also agree well with the p-H>
matrix work performed by Bahou et al.! Allylcarbinyl frequencies were predicted using a
force field calculated with a DFT functional method, but agreements with experiment are
overall poor. Future work should include a dedicated computational analysis of this
particular radical possibly utilizing an orbital-optimized electronic structure method to
alleviate any near-instabilities that may be occurring in this system.? Experimental future
work of the C4H7 isomers should include exploring the spectra of
cyclopropylmethylcarbinyl and 1-buten-1-yl radicals. These species have not been
previously examined and could be the origin of the unassigned 3018 cm™ band found in
the high pyrolysis cyclobutyl spectrum.

The infrared spectrum of fulvenallene captured by helium droplets was displayed
in Chapter 4. Although this molecule has been previously studied in the gas-phase, the
work presented herein not only provides a higher resolution spectrum but also agrees
with the previous results.® Anharmonic frequency calculations for this molecule were also
presented and led to the assignment of several bands in the 2800-3140 cm™ region.
Fulvenallene was synthesized by flash vacuum pyrolysis of homophthalic anhydride as

demonstrated previously in the literature.*®
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Fulvenallenyl was formed by the pyrolysis of fulvenallene through a SiC source
and promptly solvated by the helium droplets.” The corresponding infrared spectrum of
this species in the CH stretching region was also shown. Upon pyrolysis of fulvenallene,
no evidence of pyrolytic decomposition was observed in the 2800-3140 cm region of the
spectrum when measured on mass channel 63 u. However, when the same frequency
region was scanned on mass channel 89 u, two new vibrational bands appeared at 3058
and 3074 cm™. No formal assignments for these new bands were made. These bands are,
however, centered close to the most intense bands of cycloheptatetraene and
phenylcarbene measured in an Ar matrix.® Future work should explore this interesting
possibility by assigning these bands and validating theoretical results on this
interconversion process along the PES.% 1°

In the acetylentic CH stretching region, new bands appear between 3325 and 3345
cm® under pyrolysis conditions. This region of the spectrum has a high mass channel
dependence. The band at 3327.1 cm™ only appears on mass channel 63 u, while the bands
at 3331.8, 3333.1, 3333.7, 3340.6, and 3342.6 cm™ appear on mass channels 63 and 89 u.
The experimental band for fulvenallenyl within this region of the spectrum is a sensitive
marker for the extent of electron delocalization across the conjugated cyclopentadienyl
and propargyl subunits. Spin density calculations were performed and aided in the
assignment of the bands in this higher frequency region. Based on atomic partitioning of
Mulliken populations, fulvenallenyl was shown to have 24% allenic and 76% acetylenic
character. In comparison, the propargyl radical has values of 35% and 65%,
respectively.!! Looking at a closed shell system with an acetylenic unit, such as propargyl

bromide (3332.56 cm™), we see that a substantial red shift of the acetylenic CH stretch
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occurs for propargyl (3322.3 cm™) due to its partial allenic character.? 12 This can also
be compared to the acetylenic CH stretch of HCCD which occurs at 3337.2 cm™.14
Therefore, the fulvenallenyl acetylenic CH stretch was assigned to the band occuring at
3327.1 cm™. Based on the spin density analysis, which shows that fulvenallenyl has more
acetylenic character than propargyl, and the corresponding spectral red shift, this
conclusion is the most convincing argument. The other bands in this region of the
spectrum were tentatively assigned to various isomers of ethynylcyclopentadiene based
on the PES shown herein.'® *> Future work should explore these C7Hg isomers by
recording their infrared spectra and comparing them to the spectra presented here.
Finally, an activity based on similar experimental physical chemistry research was
created for use in an undergraduate course at the University of Georgia. As an application
to current research, the activity shown provides a bridge for students as they begin to
explore how concepts learned in the classroom are applicable to real-life situations and
current research. The activity was based off an experiment that explores the
thermodynamic characteristics of the model dipeptide N-acetylglycine methylamide
(NAGMA) by recording its infrared spectrum in helium nanodroplets.'® Through
completion of pre- and post-test surveys, 34 students at UGA who opted to participate in
the project explored their personal definitions of entropy before and after completing the
activity, which consisted of reading the article and answering corresponding questions.
For this particular set of students, their definitions of entropy shifted from a macroscopic

% ¢

point of view (i.e. “disorder”, “chaos”, etc.) to a microscopic point of view (i.e. “degrees

29 <

of freedom”, “number of states”, etc.). As this project was not intended to give a

generalized view of the results, future work should explore the activity’s effect on other
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physical chemistry courses at UGA and other institutions. Creating other activities based
on other physical chemistry research, such as what is presented in this dissertation, and
gauging their effectiveness on instilling certain topics for chemistry undergraduates is

another avenue of interest for further study.
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