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ABSTRACT

Author: Jawad, Khadija, M. PhD
Institution: Purdue University
Degree Received: May 2019
Title: The UV Spectroscopy of 3-Phenyl-2-Propynenitrile and its Methylated Derivatives
Committee Chair: Timothy Zwier

For decades there has been interest in understanding early prebiotic Earth, including its
atmospheric chemistry. Saturn’s moon Titan is the only other body in our Solar System with an
atmosphere thought to resemble that of early Earth’s, and for this reason it has garnered a lot of
attention over the years. Much is now known about the smaller molecules present in that
atmosphere, starting with the most abundant, N2 and CH4, and going up to slightly larger molecules
such as cyanoacetylene and benzene. As the molecules get larger, however, so does the gap in
knowledge, especially as it pertains to nitriles. This dissertation aims to add to the story of Titan’s
nitriles by first characterizing a molecule thought to be the photochemical product of the reaction
between cyanoacetylene and benzene, 3-phenyl-2-propyne-nitrile (PPN). The UV spectra of PPN
proved immensely interesting due to the strong presence of in-plane and out-of-plane vibrations
of b2 and b1 symmetry, respectively. This is possibly a result of strong vibronic coupling between
several excited electronic states or Coriolis coupling between complementary b1 and b2 vibrational
levels. The multi-layer extension of the multi-configuration time dependent Hartree (ML-MCTDH)
algorithm was used to understand how the excited states and the vibrational levels might interact,
and emission and absorption spectra were modeled and compared to the experimental spectra. The
second group of molecules studied included the ortho-, meta-, and para-methyl PPN. Strong
methyl rotor activity is seen in the m-methyl PPN, with some activity in the p-methyl PPN. The
methyl rotor activity in the m-methyl PPN is similar to other meta-substituted toluenes, and allows
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us to describe the methyl rotor barrier height in both ground and excited electronic state.
Additionally, in all three methylated PPNs we see evidence for strong vibronic coupling in the
abundance of out-of-plane vibrations, as had been seen in PPN.
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INTRODUCTION

1.1

Background
Saturn’s Titan is the largest moon in our solar system and the only other body with an

atmosphere similar to Earth’s in that it is dominated by nitrogen gas. However, unlike the Earth of
today, the next dominant chemical species is methane at 1-3%,1 making Titan’s atmosphere
resemble the reducing atmosphere thought to be present in prebiotic Earth.2, 4 Additionally, while
Earth has a water cycle, Titan has a methanological cycle: lakes and rivers of methane and other
organics exist on the surface, while clouds of methane race across the sky.1-3 For these reasons
Titan poses as a good source of information – and even as a test subject – for scientists trying to
understand the chemical processes active in prebiotic Earth.
Titan’s atmosphere has a dense orange haze, and scientists have spent decades trying to
identify the molecules responsible for this haze. Not surprisingly, nitrogen-containing molecules
are thought to be important in describing both Titan’s and early Earth’s atmospheric chemistry.
The chemistry that can take place in Titan’s atmosphere involves both neutral and ion reactions:
energy available as sunlight or energetic particles from Saturn’s magnetosphere breaks bonds or
ionizes the N2 and CH4 in Titan’s atmosphere, leading them to react with each other.1 The smallest
products of these reactions include C2H6, C2H4, C4H2, as well as the nitrogen-containing organic
molecules HCN, HC3N, and C2N2.1 From that point, more photochemistry utilizing longer
wavelengths not absorbed by the N2 or CH4 can take place between the larger molecules, thus
building up the library of chemicals in Titan’s atmosphere to include complex organic, aromatic,
and heteroaromatic species, with the nitrile moiety of particular interest to us because of its
increased stability relative to other functionals.5
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Over the past several years, the Zwier group has carried out laboratory studies of the UV
spectroscopy and photochemistry of Titan’s atmosphere that push the models of the atmosphere at
their large-molecule limit.6 To date, the major source of observational spectroscopic and
spectrometric data on Titan’s atmosphere comes from NASA’s Cassini spacecraft, which made
several passes of Titan, and the Huygens probe, which was sent down to Titan’s surface.7 However,
knowledge of what molecules are responsible for specific features in the spectra is still lacking,
either because the UV and IR absorption are not known or have not been studied at the low
temperatures relevant to Titan. This necessitates the generation of atmospheric models and
motivates laboratory studies6, 14-16 to identify likely species, estimating their abundances, and
studying their photochemistry. The atmospheric models act as a guide for experimentalists in that
they suggest likely reactions using known reactants, although, lacking experimental data, they
often simplify the products at the large-molecule end of their models into one category:
“polymer.”8-16 Our research group’s work has historically been able to obtain and analyze the UV
spectrum of possible molecules in this larger size range, including many benzene derivatives. We
have occasionally also conducted studies of photochemical reactions between known species to
identify specific products.17-18 Such studies can be matched up to spectra taken by CassiniHuygens, which in turn adds to the atmospheric models by confirming which chemical species are
present and how they may photochemically react on Titan. The comparison between our UV
spectra and the observations made by Cassini-Huygens is appropriate in that the temperature of
Titan’s atmosphere is approximately 80K, while our experiments are able to vibrationally cool the
molecules down to 10K at the lowest extreme.
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1.2

Organization of Thesis
The aim of this thesis is to describe the spectroscopy of four related nitrile-containing

molecules that are relevant to Titan’s atmosphere: 3-phenyl-2-propynenitrile and its methyl
derivatives 3-(2-methylphenyl)-2-propynenitrile, 3-(3-methylphenyl)-2-propynenitrile, and 3-(4methylphenyl)-2-propynenitrile, which will be abbreviated as PPN, o-methyl PPN, m-methyl PPN,
and p-methyl PPN, respectively.

Figure 1.1 (a) PPN, (b) p-methyl PPN, (c) m-methyl PPN, and (d) o-methyl PPN.

All four molecules could be the result of the photochemical reactions between
cyanoacetylene (HC3N) and either benzene (in the case of PPN)17 or toluene (in the cases of all
three methylated PPN species). The UV spectra of PPN, described in Chapter 3, showed some
interesting and unexpected features that called into question the excited states being accessed and
the geometry of those excited states. Previous work has been done on a similar reaction between
diacetylene and benzene, producing the hydrocarbon analog of PPN, phenyldiacetylene.18
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However, the analog’s UV spectrum yielded only broad peaks attributed to the C≡C bond stretch,
and was thus of very little help in understanding the PPN spectra. Furthermore, PPN’s excited state
lifetime contained two components, a short-lived and a long-lived part, that suggested similarities
to diphenyldiacetylene19 and phenylacetylene and benzonitrile.19-24 For that reason, the methylated
versions of PPN were studied (Chapter 4), as the methyl rotor is sensitive to the electronic
environment of the ring and, therefor, can help describe the excited state.
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EXPERIMENTAL

This chapter describes in detail the various instruments and techniques used throughout the
projects presented in this dissertation.

2.1

Supersonic Expansion:
Regardless of the instrument used to obtain our data, the molecules are always cooled into

their zero-point vibrational state prior to interrogation. This is accomplished via a process called
supersonic expansion: the liquid or solid analyte is placed on cotton or glass wool and inserted into
the sample holder compartment of either a Series 9 general valve (fluorescence and microwave
chambers, sections 2.2.2. and 2.2.3. respectively) or a Jordan valve (time-of-flight mass
spectrometer chamber, section 2.2.1.). Should the analyte have a low vapor pressure, the valves
are heated to an appropriate temperature to sufficiently increase the number of molecules in the
gas phase to see signal. The general valve is heated using a heating rope whose current is regulated
with a Variac, while the Jordan valve is warmed with a heating cartridge embedded within it, also
controlled with a Variac. A nonreactive buffer gas - most commonly a noble gas such as helium
or argon – is used to carry the gaseous analyte into the vacuum chamber by way of a 500 µm
diameter orifice. The resulting expansion out into the chamber involves many collisions between
the analyte and the buffer gas, and with each collision energy is transferred away from the analyte.
Eventually, all the analyte molecules are left with little or no vibrational energy, and any
spectroscopic data is thereby simplified to discrete, rather than broad, peaks.
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2.2
2.2.1

Vacuum Chambers
Time-of-flight mass spectrometer chamber
Figure 2.1 represents the time-of-flight mass spectrometer vacuum chamber used in this

work. This chamber is unusual in that it has no skimmer to separate source and ionization regions.
This geometry has been designed to make for open access to the molecules for laser excitation
during photochemical studies – which were not conducted for this thesis. Instead, the chamber was
used to record ultraviolet spectra of the molecules of interest using resonant two-photon ionization
(for further information see section 2.4.2). The analyte molecules in the supersonic expansion
expand freely into the ion source region, whose center is about 8 cm from the front face of the
Jordan valve. The molecules are intersected there by the frequency-doubled light from a dye laser
or an optical parametric oscillator (OPO) pumped by a Nd:YAG laser. If the UV light is resonant
with a transition of the analyte molecule, a fraction of the molecules will be excited to a higher
electronic state. Then, if the ionization potential is low enough, another photon of the same
frequency will be sufficient to ionize the molecule – this is called one-color resonant two photon
ionization (1C-R2PI). When the ionization potential is too large to use the same wavelength of
light for both excitation and ionization steps, then another laser at a higher frequency is used to
ionize the molecules. This is called two-color R2PI (2C-R2PI). Once ionized, the molecules are
directed down the path of the time-of-flight (a Wiley-McLaren TOF) component of the chamber
until they are detected by the microchannel plate (MCP). In this way, only species that are resonant
with the laser can be detected. Additionally, any impurities that might get ionized due to multiphoton processes and are detected by the MCP can be ignored as this technique is mass-resolved.
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Figure 2.1 Schematic of the time-of-flight mass spectrometry instrument

2.2.2

Fluorescence chamber
Laser-induced fluorescence (LIF) provides an alternative to R2PI that gives up mass

resolution but produces additional information not available in R2PI measurements. Figure 2.2
represents a schematic of the LIF instrument. As in the R2PI chamber, the molecules undergo a
free jet expansion into the vacuum chamber, where they are interrogated typically about 1 cm
downstream from the nozzle orifice. The molecules are excited with a single photon to an excited
electronic state, and their resulting fluorescence is collected by two mirrors, and directed
perpendicular to and away from the laser light to minimize scatter. The light is then focused, turned
perpendicular again by a UV-reflective mirror, and passed through one or more long-pass filters
to reduce the scattered laser light before striking a UV-sensitive photomultiplier tube (PMT). LIF
excitation scans are recorded by collecting the total fluorescence as a function of excitation laser
wavelength.
Alternatively, once a vibrationally-resolved electronic transition (‘vibronic’) has been
detected, the excitation laser wavelength can be fixed on that transition, and the emission dispersed
through a monochromator to obtain a dispersed fluorescence (DF) spectrum. To accomplish this,
the last mirror is moved out of the beam path, allowing the light to hit another mirror and be
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focused by a second lens onto the entrance slit of a HORIBA Jobin Yvon .75 meter monochromator.
A gated, Andor intensified charge-coupled device (iCCD) is placed at the exit plane of the
monochromator and collects the dispersed light.

Figure 2.2 Schematic of the laser-induced fluorescence chamber

2.2.3

Broadband chirped pulse Fourier transform microwave spectrometer
The rotational spectrum was recorded in the 8–18 GHz region using a broadband chirped

pulse Fourier transform microwave (CP-FTMW) spectrometer (Fig. 2.3).
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Figure 2.3 Simplified schematic of the CP-FTMW instrument
A 10 GS/s arbitrary waveform generator (AWG; Tektronix AWG7101) is used to generate
the broadband chirps that are then amplified by a 200 W travelling wave tube amplifier (TWTA;
Amplifier Research 200T8G18A). The microwave pulses are introduced into the vacuum chamber
via a broadcasting horn, where they interact with the molecules in the supersonic expansion,
polarizing them. The resulting free induction decay (FID) is collected by a collection horn. The
molecular emission is amplified with a low noise amplifier (Miteq AMF-6F06001800-15-10P),
down-converted by mixing with a phase locked dielectric resonator oscillator (PLDRO,
Microwave Dynamics PLO-2000-18.90) at 18.9 GHz and phase coherently averaged and digitized
over a 16 µsec time window by a 13 GHz, 40 GS/s real-time digitizer (Guzik ADC6131). The
time-domain signal is then filtered with a Kaiser-Bessel function and Fast Fourier Transformed
using a custom MATLAB routine to obtain the final frequency domain spectrum. The process to
fit the spectrum is described in Chapter 3.3.5.
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2.3

Computational Methods
To aid in understanding the experimental spectra we run a variety of computational

calculations which provide us with the optimized geometries, energies, and harmonic vibrational
frequencies of each particular electronic state. The calculations also provide us with oscillator
strengths and excitation energies required to go from one state to another. The specific methods
employed for each project will be discussed in the following chapters.

2.4
2.4.1

Spectroscopy Methods
Fluorescence methods
The simplest method to obtain the excitation spectra of a fluorescent species is by the one-

laser technique of LIF (Fig. 2.4) whereby the frequency doubled ultraviolet (UV) output of a dye
laser can be aligned and timed to intersect the cooled analyte in the supersonic expansion. The
laser is tuned through the wavelength region of interest, and, when the laser is resonant with a
transition in the molecule, absorption is followed by fluorescence. The total fluorescence is
collected and directed towards a photomultiplier tube (PMT), and the spectrum is generated by
plotting fluorescence against excitation wavelength.
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Figure 2.4 Schemes for LIF and DFL
Dispersed fluorescence (DFL) is used to obtain ground state spectra by pumping a specific
transition in the excitation spectrum and directing the total fluorescence into a monochromator,
where it is dispersed into its constituent wavelengths and collected on an iCCD.
2.4.2

Resonant two-photon ionization
In cases where the fluorescence quantum yield is low or where impurities in the sample

interfere with fluorescence signal, resonant two-photon ionization (R2PI) becomes a powerful
mass-resolved tool of choice. In a one-color R2PI experiment (1C-R2PI), the frequency doubled
UV output of a dye laser or a tunable solid-state laser is aligned and timed to intersect the analyte
as before. The laser is tuned over the wavelength region of interest, and when the laser is resonant
with a transition in the molecule absorption occurs. This is then followed by the absorption of
another photon that ionizes the molecule (Fig. 2.5). Thus, only molecules that are resonant with
the laser and having a low-enough ionization potential can produce cations that can be detected by
the microchannel plate of the TOF.
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However, sometimes two photons of the same wavelength have insufficient collective
energy to ionize the molecule, and thus another laser providing a higher energy photon is
introduced to ionize the molecule – this is called two-color R2PI (2C-R2PI). 2C-R2PI has the
added benefit of providing a ready means of minimizing saturation effects in the spectrum
interrogated by the first laser. These saturation effects are sometimes unavoidably present in 1C
experiments, but in 2C-R2PI the power of the laser used for the excitation step can be kept low,
while the ionization step, which is non-resonant, can have its power increased to increase signal
size. Furthermore, by simply changing which laser has its wavelength fixed and which is scanned,
it is possible to determine the ionization potential of the analyte via a photoionization efficiency
scan (PIE). A PIE scan is recorded by fixing the wavelength of the first photon on the lowestenergy transition from the ground state to the excited state, and then tuning the second photon until
an onset of ion signal is observed. The sum of the two photons used is then the minimum energy
required to ionize the molecule.

Figure 2.5 R2PI schemes
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3-PHENYL-2-PROPYNENITRILE

3.1

Background
As Titan’s atmosphere is dominated by nitrogen gas, it would seem apt to have studies of

any potentially relevant nitrogen-containing species. Nitriles are of specific interest because they
are a simple way to begin incorporating nitrogen into the molecules already present in the
atmosphere, and they could provide a source for biologically relevant nitrogen-containing
compounds.
Many chemical species are known to exist in Titan’s atmosphere, including cyanoacetylene,
benzene, and diacetylene. Studies on the spectroscopy of and reactions between benzene and
diacetylene have been published before.1 Robinson et. al. were able to show that the primary
product of this reaction, phenyldiacetylene, only exhibited broad transitions that were
approximately 2,040 cm-1 apart and attributed to a Franck-Condon progression involving the C≡C
stretching mode. In an attempt to broaden the list of already-known nitrile species and better
describe their photochemistry, we have undertaken the study of 3-phenyl-2-propynenitrile, as it is
the likely product of a hypothesized reaction between benzene and UV-excited cyanoacetylene.2

hν
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3.2
3.2.1

Methods
Experimental
The sample was purchased from Sigma-Aldrich at 98% purity.
The TOF-MS and fluorescence chambers were used to obtain the excitation and ground

state spectra. The solid sample was placed in a Jordan valve (TOF-MS) or a general valve
(fluorescence) with 500 µm orifice, entrained in 2.0 bar of He gas, and heated to 60°C. The
excitation spectra were obtained by interrogating the supersonically-cooled sample with the
tunable UV light from the frequency-doubled visible output of a Nd:YAG pumped dye laser (in
1C-R2PI and in LIF/DF). In 2C-R2PI, another photon overlapping in time and space with the first
photon was introduced from an ArF excimer laser, which provided 2 mJ of 193 nm, or from a
tunable solid state Continuum Horizon OPO set at 283 nm with 4 mJ of power.
PPN was also studied with CP-FTMW spectroscopy with the guidance of another graduate
student in the group, Sean Fritz. The solid sample was put in a general valve with an 800 µm
orifice, entrained in 1.4 bar of He gas, and heated to 55°C. The data was taken over the 8-18 GHz
range, with 20 FIDs per gas pulse, and at 10% the power of the TWTA to reduce population
transfer. 1.2 million averages were recorded, obtaining a signal-to-noise ratio of 312 on the
strongest transition in the spectrum.
3.2.2

Calculations
Claudia Viquez-Rojas, a student in Professor Lyudmila Slipchenko’s group at Purdue

University, completed the electronic excited state calculations for this molecule. Ground and
excited state geometries were optimized using the EOM-CCSD/cc-pVDZ level of theory in QChem 4.4, while frequencies were calculated with B3LYP/6-311++G**. The multi-layer extension
of the multi-configuration time dependent Hartree (ML-MCTDH) algorithm3 was used to map the
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potential energy surfaces of the first four excited states along each of the 39 normal modes. This
was done by first performing normal mode walks, which involves displacing the equilibrium
geometry along a normal mode vector with a stepsize of 0.5 dimensionless units. Along each point
in the walk the lowest four excitation energies were calculated using EOM-CCSD/cc-pVDZ. The
curves were fit with a second-degree polynomial to obtain kappa and gamma coupling values used
in the vibronic Hamiltonian, while the third value, lambdas, were obtained from derivative
couplings at the equilibrium geometry using Q-Chem 5.0. By this means, both first- and secondorder vibronic coupling parameters, representing the interactions between vibrational and
electronic levels, are obtained. ML-MCTDH was then used to propagate a wave-packet containing
all or select normal modes. Two 300 fs runs were made, one starting in S1 and the other starting in
S2, and a Fourier Transform of the autocorrelation function is used to predict the excitation and
emission spectra of PPN.
Structure optimizations were also carried out with Gaussian 094 at the B2PLYPD3/aug-ccpVTZ level to predict the ground state rotational constants for the microwave spectrum. A
prediction of the spectrum at ~1 K for the 8-18 GHz region was then generated, and later used as
a starting point for fitting the experimental spectrum using Pickett’s SPFIT and SPCAT programs.5

3.3
3.3.1

Results
R2PI
A long 2C-R2PI scan from 292-208 nm (Fig. 3.1) was taken with the solid-state OPO as

the scanned laser source and using the ArF excimer laser as the ionization photon. In this spectrum
we can see a series of sharp peaks beginning with the origin at 35,261 cm-1, followed by broad
absorptions above 37,000 cm-1. This suggests we have accessed the S1 state in the sharp region,
and perhaps reached another excited state once the broad absorptions begin.
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Figure 3.1 R2PI spectrum from 292-208 nm showing clear sharp peaks until ~37,000 cm-1,
followed by a series of broad absorptions. The dip at 42,735 cm-1 is an artifact of the OPO.

The excitation spectrum was obtained in the TOF-MS chamber by both 1C- and 2C-R2PI.
Although this means that the ionization potential of the molecule was low enough to allow two
photons of the same wavelength to excite and ionize the molecule, the IP was not a value we could
determine experimentally. This was due to the power of the ionization photon, which came from
the Continuum OPO – the beam quality could not be maintained above 300 nm when lowering the
power to a value where signal could not be seen.
For higher resolution 2C-R2PI, the doubled UV output of a dye laser was used as the first
photon to obtain a rotational band contour (RBC) of the electronic origin at 35,261 cm-1, as shown
in Figure 3.2. This was taken in the hopes that it would allow the determination of the direction
of the transition dipole moment (TDM), which would help elucidate which excited state was being
accessed in the sharp region of the R2PI spectrum. Calculations at the EOM-CCSD/cc-pVDZ level
of theory had predicted an excited state energy ordering in which the S0-S1 transition is a b-type
transition, while the S0-S2 transition would be a-type. While both these transitions involve in-plane
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TDMs, they are quite different from each other: the b-type TDM would describe a transition that
is perpendicular to the C2 axis, whereas the a-type TDM of the S0-S2 would describe a transition
that is parallel to that same C2 axis. Simulations to match the RBC using JB95 are pending.

Figure 3.2 RBC of origin was not resolved enough to show if it were a transition to the S1 or S2
excited state.

To understand how long-lived this excited state is, we undertook a lifetime scan (Fig. 3.3)
of the electronic origin in 2C-R2PI by scanning the delay between the excitation photon and the
ionization photon. The scan clearly shows there is a very short-lived component which was just
about the duration of the laser pulse at <10 ns, and a long-lived component of at least 800 ns. Only
a lower-limit to the long-lived component could be obtained due to motion of the molecules along
the expansion axis during the delay between the laser pulses.
The short-lived component is very likely the singlet excited state S1, while the long-lived
component is most likely a triplet state, accessed via intersystem crossing from the S1. The ion
retains the geometry of all the states discussed so far, in that the nitrile chain remains linear, so the
triplet state, which is vibrationally hot, must absorb a photon of sufficient energy to ionize the
molecule with Δν=0. The 193 nm photon provided by the excimer laser allows this.
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Figure 3.3 Duration of excited state as seen by ion signal as a function of delay between the
excitation and ionization lasers, Δt. The signal is composed of two parts: a short-lived
component less than 10 ns long, and a long-lived component of at least 800 ns.

3.3.2

Laser-induced Fluorescence
The LIF spectrum over the 35,200-36,630 cm-1 region is shown in Figure 3.4, and

reproduces the sharp region seen in the R2PI from Figure 3.1. The lifetime taken in LIF also
showed that the fluorescing species is short, at less than 10 ns, making it likely the same state as
the short-lived component seen in the R2PI lifetime scan. Fluorescence begins to die off above
36,050 cm-1, in the same region where the broad peaks begin to appear in the R2PI spectrum. This
suggests a non-radiative process takes over, perhaps internal conversion or intersystem crossing.
We will return to the subject of the excited state processes in operation with this molecule in the
discussion section.
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Figure 3.4 LIF excitation spectrum. Transitions for which DF spectra were obtained are labeled.
The portion of the spectrum to the right of the red line had to increase by a factor of 3 in order to
overlap properly with the rest of the spectrum.

3.3.3

Dispersed Fluorescence
Dispersed fluorescence spectra were taken with the excitation laser fixed on each of a total

of twelve transitions in the LIF spectrum. These scans are shown in Figures 3.5-3.6.
Figure 3.5 shows all the DF scans, ranging from the origin to +623 cm-1, and including
both high- and low-intensity peaks. In all cases, the signal at 0 cm-1 is the combined resonant
fluorescence and scatter from the laser light, and is typically much larger in intensity than all the
rest of the peaks in the DF scans. The next large peak to show up, in all but the origin DF spectrum,
is the false origin peak. For example, a scan taken by sitting at the +205 cm-1 transition in the
excitation spectrum yields a DF spectrum with a false origin located at +209 cm-1. The first value
represents the excited state level, while the second represents the corresponding level in the ground
state, showing they are different by only 4 cm-1. In this way we are able to map out the ground
state vibrational modes.

Figure 3.5 The 12 DF spectra taken on PPN.
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Figure 3.6 Dispersed fluorescence on the origin, +205, and +472 cm-1 peaks. Spectra have
been arranged such that the false origin in the +205 and +472 cm-1 transitions are set to 0
cm-1, and the wavenumber shift between scatter and false origin peaks are +209 and +479
cm-1, respectively. Peaks are marked with green taglines to highlight the similarities
between them.

Figure 3.6 is shown here to point out the similarities between the spectra. Indeed, this
pattern of mirroring the origin’s DF spectrum is true of all but the +529 cm-1 transition, and adds
to the argument that the ground and excited state share the same overall geometry.
3.3.4

EOM-CCSD and ML-MCTDH Calculations
Table 3.1 summarizes PPN’s first four excited states calculated at the EOM-CCSD/cc-

pVDZ level of theory and Figure 3.7 illustrates the orbitals involved in each transition. Note, first,
that the S1 is of B2 symmetry but has an oscillator strength that is very small. Almost 0.5 eV higher
in energy is a bright state, S2 (A1), with a large oscillator strength, and not too much higher are the
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dark states S3 and S4 (A2). Neither S1 nor S2 states show any change in the overall geometry of the
molecule, which is consistent with the Δν=0 Franck-Condon factors seen in the spectra. Should
there be any vibronic coupling, we expect certain vibrational modes to be important only if the
product of that mode with the two excited states is the totally symmetric fundamental. For this
molecule, then, we expect vibronic coupling to be allowed under these conditions: a1 vibrational
modes can only couple the S3 and S4 states; a2 can couple S2 and S3, or S2 and S4; b1 modes couple
S1 and S3, or S1 and S4; and, finally, b2 modes couple S1 and S2.

Table 3.1 Summary of first four excited states calculated with the EOM-CCSD/ccpVDZ level of theory.
Excited State Symmetry Oscillator strength Vertical excitation energy (eV)
S1

B2

0.003

4.922

S2

A1

0.361

5.485

S3

A2

0

5.562

S4

A2

0

5.790
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Figure 3.7 Orbital representations of the transitions from the ground to the first four excited
states. The symmetry label on the left corresponds to the symmetry of the excited state.

The calculated lambda parameters used in the ML-MCTDH indicate that b2 vibrational
modes strongly couple the S1 and S2 states, and b1 modes couple S1 with both S3 and S4. A
propagation of the S1 state using only ten normal modes – those that showed strong coupling as
well as mode 36 (though it was not predicted to have any coupling) – is shown in Figure 3.8 against
the LIF spectrum. Features are broadened due to the short propagation time of 300 fs, and while
activity is generally in the same area as that seen in the LIF, the intensity pattern has not been
reproduced. This is especially true for the second most intense peak in the LIF, the +472 cm-1
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transition, which is bounded on both sides by small transitions from the simulation. In fact, the
second most intense peak in the simulation is at higher energy, near 36,280 cm-1. The transition
lower in energy than the origin may be a hot band.

Figure 3.8 The predicted excitation spectrum (blue) overlaying the experimental LIF spectrum
(black) using normal modes that showed strong couplings between states.

3.3.5

Microwave
PPN is a near-prolate symmetrical top, having all its dipole moment along the a-axis (5.9D),

thus allowing for the observation of only a-type transitions. A total of 33 transitions were assigned
using SPFIT and SPCAT, with a standard deviation in the fit of 38 kHz. The predicted transitions
are plotted in blue against the 1.2M average experimental spectrum in Figure 3.9. Hyperfine
splittings were not observed in the experimental spectrum, as predictions showed they were below
the resolution of the instrument (62.5 kHz for a 16 µs FID collection time). A summary of the
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experimental and calculated rotational parameters for PPN are shown in Table 3.2, and a list of the
assigned transitions are shown in Table 3.3.

Figure 3.9 Experimental microwave data over the 8-18 GHz region shown in red, predictions
shown in blue.
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Table 3.2 Summary of experimental and predicted PPN properties.

a

Experimental

Calculationa

A (MHz)

5660.31(66)

5,698

B (MHz)

569.5773(10)

571.4

C (MHz)

517.4027(10)

519.4

κb

-0.98

-0.98

|µa|c (D)

100%

5.9

|µb|c (D)

--

0.0

|µc|c (D)

--

0.0

|µT|c (D)

--

5.9

χaad (MHz)

--

1.22

χbbd (MHz)

--

-3.31

χccd (MHz)

--

2.09

B2PLYPD3/aug-cc-pVTZ
asymmetry parameter, κ=(2B-A-C) / (A-C)
c |µ |, |µ |, |µ |, and |µ | are the absolute values of the dipole moment components along the a, b, and c axes, and the total dipole
a
b
c
T
moment.
dχ
aa, χbb, and χcc are the 14N nuclear quadrupole coupling constants
bRay's
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Table 3.3 Summary of assigned transitions.
υobs (MHz)

a

Assignment (J’Ka’Kc’-

OMCa

J”Ka”Kc”)

(MHz)

8,479.438

81, 8 -71, 7

0.032

8,662.563

80, 8 -70, 7

8,691.000

Assignment (J’Ka’Kc’-

OMCa

J”Ka”Kc”)

(MHz)

12,704.688

121,12 -111,11

0.037

0.040

12,932.875

120,12-110,11

0.001

82, 7 -72, 6

0.031

13,025.750

122,11-112,10

-0.073

8,724.313

82, 6 -72, 5

0.029

13,046.125

129, 3-119, 2

0.043

8,896.375

81, 7-71, 6

0.058

13,060.750

123, 9-113, 8

-0.069

9,536.938

91, 9-81, 8

-0.010

13,136.625

122,10-112, 9

-0.037

9,735.438

90, 9-80, 8

0.053

13,327.000

121,11-111,10

0.057

9,775.688

92, 8-82, 7

0.044

13,758.750

131,13-121,12

0.022

9,786.563

94, 6-84, 5

-0.071

13,991.063

130,13 -120,12

-0.001

9,789.000

93, 7-83, 6

-0.040

14,107.688

132,12-122,11

-0.033

9,789.875

93, 6-83, 5

-0.046

14,247.313

132,11-122,10

0.001

9,823.063

92, 7-82, 6

-0.008

14,431.313

131,12-121,11

0.005

10,005.688

91, 8-81, 7

0.045

14,811.813

141,14-131,13

-0.017

10,593.750

101,10-91, 9

0.038

15,045.313

140,14-130,13

-0.018

10,804.938

100,10-90, 9

0.049

15,188.750

142,13-132,12

-0.010

10,859.688

102, 9-92, 8

-0.030

15,361.000

142,12-132,11

-0.004

10,871.938

107, 3-97, 2

0.085

15,534.063

141,13-131,12

0.039

10,877.938

103, 8-93, 7

-0.056

15,863.938

151,15 -141,14

-0.003

10,879.438

103, 7 -93, 6

-0.043

16,095.750

150,15 -140,14

0.000

10,924.625

102, 8 -92, 7

0.002

16,268.813

152,14-142,13

-0.072

11,114.000

101, 9 -91, 8

0.045

16,477.563

152,13 -142,12

-0.033

11,649.625

111,11-101,10

-0.001

16,634.875

151,14-141,13

-0.010

11,870.813

110,11-100,10

0.033

16,915.063

161,16 -151,15

0.019

11,943.125

112,10-102, 9

-0.010

17,142.438

160,16 -150,15

-0.038

11,967.313

113, 9 -103, 8

-0.055

17,347.938

162,15 -152,14

-0.069

11,969.750

113, 8 -103, 7

-0.060

17,596.875

162,14 -152,13

0.015

12,029.125

112, 9 -102, 8

0.010

17,733.750

161,15-151,14

0.021

12,221.125

111,10-101, 9

0.020

17,965.125

171,17 -161,16

0.003

OMC = νobs – νcalc

υobs (MHz)
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3.4

Discussion
The R2PI spectrum of 3-phenyl-2-propynenitrile taken over the 292-208 nm range

exhibited sharp features at the low energy end of the spectrum, followed by a switch to broad
absorptions below 270 nm (above 37,000 cm-1), initially suggesting we had access to both S1 (in
the sharp portion) and S2 (in the broad portion). However, DFT calculations state we are unlikely
to see the S1 state (Table 3.1), as the S1 (1B2) ← S0 (1A1) is weak, having an extremely low oscillator
strength; on the other hand, the S2 (1A1) ← S0 (1A1) is bright with a large oscillator strength. The
excitation spectra indicate an upper state which has a similar geometry to the ground state, which
fits with the optimized geometry results of both the S1 and S2. Many of the DFL spectra also
indicate the molecule’s excited state geometry is nearly identical to that of the ground state: the
DFL spectra are near mirror images of the excitation spectrum – albeit with different intensity
patterns – built off false origins, with their most intense transitions associated with Δν=0 FranckCondon factors.
The DF spectra have also allowed us to understand the frequency changes in vibrational
modes between ground and excited state via the false origins: the wavenumber position in the
excitation spectrum relative to the origin provides the excited state frequency of a particular
transition, while the false origins out of that level provide the corresponding ground state level.
Those values have been summarized in Table 3.4. It should be pointed out that all the transitions
for which DF spectra were taken are of modes having either b1 or b2 symmetry, except for the
origin and +335 cm-1 transitions, which are a1. Another point to make is that several of the modes
show dramatic frequency changes between ground and excited state: for example, when we pump
the +186 cm-1 from the excitation spectrum, the molecule fluoresces down into a level that is +245
cm-1 above the zero-point level. Indeed, this is true for when we pump the +325, 335, 564, and 623
cm-1 transitions.
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Table 3.4 Assignments for the 000 DF transitions. The values in parentheses in the last column
indicate the peak chosen to disperse from the excitation spectrum.

Assignment

3801
2401
1401
3701

3601
3501
1301

1901

1801
1101

801
3201

B3LYP/6-311++G**
S0 frequency (cm-1)
70
75
192
211
363
366
402
489
503
524
538
630
659
694
759
866
934
970
981
986
1016
1058
1106
1174
1200
1299
1306

Symmetry
b2
b1
b1
b2
b1
a1
a2
b2
b1
b1
b2
b2
b1
a1
b1
a2
b1
a1
a2
b1
a1
a1
b2
b2
a1
a1
b2

Origin DF
frequency (cm-1)

210
354
377
479

532
625

DF false origins
(cm-1)
62 (65)
135 (114)
245 (186)
210 (205)
412 (325)
408 (335)
480 (472)
509 (506)
544 (529)
608 (564)
671 (623)

684

937

984
1006

1272
1294

The rotational band contour (Fig. 3.2) spectrum, obtained to identify the excited state, did
not have a high enough resolution from the dye laser to distinguish between a- and b-type rotational
band profiles. However, given that there are similarities in structure between PPN and
phenylacetylene, which proved to have a b-type origin band,6 it’s quite probable that PPN’s origin
band could be b-type as well, especially since there are some similarities in the profile. If the
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simulations help support this, we could thus identify this transition as the S1 (1B2) ← S0 (1A1)
transition. Additionally, in making assignments in the origin DF spectrum we notice a
preponderance of b2 symmetry fundamentals (Fig. 3.10) that are inconsistent with an S2 (1A1) ←
S0 (1A1), but in keeping with vibronically-induced bands that couple the S1(B2) state with S2(A1).
The most notable of these fundamentals involves the 3710 band (+472 cm-1), the second most
intense band of the excitation spectrum, though it is much smaller in the origin DF spectrum. A
list of the calculated and experimental values (Table 3.4) shows quite clearly that the assignments
were mostly made out of necessity, especially in the low-frequency modes as there were very few
totally symmetric vibrations available to choose from.

Figure 3.10 Origin DF spectrum with some vibrational mode assignments and their
corresponding symmetries.
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In addition, the ML-MCTDH was able to partially reproduce the excitation spectrum when
it considered the modes that, in general, showed coupling between electronic states (Fig. 3.8). Such
strong coupling between the states is in keeping with our assignment of the spectrum to the weakly
allowed S1 state, which is picking up intensity from S2 via vibronic coupling involving b2
symmetry vibrations.
It is interesting and a bit puzzling that, in addition to the b2 fundamentals in the DF spectra,
there is also activity in select out-of-plane b1 fundamentals, something that is seemingly
inconsistent with a ππ* transition with an in-plane transition dipole moment. As with the b2
fundamentals, most of the b1 assignments were made out of necessity. These b1 fundamentals could
gain intensity through one of two mechanisms. In the first case (Fig. 3.11a), perhaps higher-order
Herzberg-Teller terms could be involved in the vibronic coupling. For instance, a2 fundamentals
in the S2 (A1) state could be mixing with a1 levels in the S4 (A2) state. These intermediate levels in
S4 then mix in turn with b1 fundamentals in S1 (B2). However, the simple fact is that a2
fundamentals in S2 (A1) are no more allowed from the S0 (A1) zero-point level than are b1
fundamentals in S1 (B2).
The second explanation, shown schematically in Figure 3.11b, involves a combination of
Coriolis coupling and vibronic coupling: the b1 states we see in the spectra are typically part of a
b1/b2 vibrational pair, such that the first is the out-of-plane bending of the nitrile chain and the
other is the corresponding in-plane bending (Fig. 3.12). If these modes were degenerate, an
appropriate choice of phase would produce vibrational angular momentum about the ‘a’ axis (‘z’
axis). Coriolis coupling is a form of vibration-rotation coupling that arises from perturbation terms
in the Hamiltonian that transform as rotations about the x-, y-, and z-axes: Rx, Ry, or Rz. In the C2ν
point group, these transform as b2, b1, and a2, respectively. So Coriolis coupling about the ‘z’ axis
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would mix vibrational levels of symmetry b1 with those of symmetry b2. Since the b1/b2 pairs are
close in frequency, it is at least plausible that these pairs would undergo efficient Coriolis mixing,
producing some b2 symmetry vibrational character to the b1 fundamentals, and therefor enabling
the b1 fundamentals to gain intensity via the same first-order vibronic coupling involving S1/S2.

Figure 3.11 Excitation and fluorescence are shown with red arrows, vibronic coupling in green,
and Coriolis coupling in blue. Scheme (a) represents the multi-state method for lighting up the b1
vibrational modes, while (b) represents the Coriolis coupling method.
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Figure 3.12 Pictorial representation of a ground state b1/b2 vibrational pair. (a) ν36 is the in-plane
b2 vibration calculated to be at +538 cm-1 while (b) ν22 is the corresponding out-of-plane b1
vibration at +524 cm-1. DFT (B3LYP/6-311++G**) was used to calculate the harmonic
frequencies.

Finally, the excited state lifetime of the long-lived component puts PPN in the same
standing as the similar molecules benzonitrile and phenylacetylene.6-7 Both molecules exhibited
very short-lived singlet excited states in both fluorescence and pump-probe ionization studies
similar to our own. Each molecule also had a much longer-lived ( > 150 µsec) component attributed
to the lowest triplet state6, 8-9 that was only produced during the laser pulse. Johnson et. al. had
proposed that strong coupling between singlet excited states after the absorption of two photons
creates a mixed state that is isoenergetic with the triplet manifold. This mixed state can then
undergo stimulated emission to the triplet manifold.9 Although we have no evidence for the
presence of a triplet state besides the long-lived component of the excited state lifetime, we do
know this component is not present in the fluorescence experiments.
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3.5

Conclusion
The UV spectroscopy of PPN has shown sharp, bright features above 270 nm attributed to

the weakly-allowed S1 (1B2) ← S0 (1A1) electronic transition. The evidence from excited state
spectra (R2PI and LIF) as well as the ground state spectra (DF) indicates strong vibronic coupling
is involved in producing so many b1 and b2 vibrations. Strong vibronic coupling between S1 and
S2 is also needed to partially reproduce the excited state spectrum using the ML-MCTDH
algorithm. The b2 modes are rather simple to explain, as they would involve vibronic coupling
between the S1 (1B2) and S2 (1A1) electronic states. However, the presence of so many b1
fundamentals is more complicated: they are most likely the result of Coriolis coupling between b1
and b2 levels, should those levels be nearby in energy and the out-of-plane and in-plane vibrational
equivalents of each other.

3.6
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METHYLATED DERIVATIVES OF 3-PHENYL-2PROPYNENITRILE

4.1

Introduction
Since 3-phenyl-2-propynenitrile might very well exist in Titan’s atmosphere as the

photochemical product of benzene and cyanoacetylene, it is quite likely that another molecule
present on Titan, toluene, could very well react with cyanoacetylene as well. The products in that
case would be the ortho-, meta-, and para-methyl PPN.

Figure 4.1 (a) p-methyl PPN, (b) m-methyl PPN, and (c) o-methyl PPN.
As the spectroscopic assignments of PPN proved difficult to pin down, we decided that
adding the methyl group, which exhibits a torsional barrier that is sensitive to the local environment,
might help clear up the assignments. In the case of PPN, the ground state and both S1 and S2 were
C2v symmetry. The methylated PPN would prove simpler because all but the p-methyl PPN were
now Cs symmetry, which simplifies the spectroscopy by leaving only two options for assignments:
in-plane (a’) and out-of-plane modes (a”).
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4.2
4.2.1

Methods
Experimental
Samples of each compound were synthesized by Dr. Anthony Tomaine and Joseph

Bungard.1 For the R2PI scans, the samples were placed in the Jordan valve. The p- and m-methyl
PPN were heated to 70°C, while the o-methyl PPN was heated to 75°C. 2C-R2PI was
accomplished using the doubled UV output of a Nd:YAG pumped dye laser for the excitation
photon, followed by the ionization photon from a solid-state Continuum Horizon OPO providing
1 mJ of 250 nm. The full overview scans from 293-238 nm were taken with 1C-R2PI using the
Horizon OPO with a power of about 4 mJ. For the LIF and DF experiments, the samples were
placed in a general valve and heated about 5°C higher than in the TOF/MS setup. The spectra were
obtained using the doubled output of the Nd:YAG pumped dye laser.
4.2.2

Calculations
Density functional theory (DFT) and time-dependent density functional theory (TD-DFT)

were used to optimize the geometries of and calculate harmonic frequencies for the S0 ground, S1,
and S2 excited states of all methylated PPN molecules. Gaussian 092 was used with the ωB97XD
level of theory and 6-31+G(d) basis set.

4.3

Results
As with the PPN, the calculations for all three methylated PPN molecules show that the S2

(1A’) ← S0 (1A’) transition carries significant oscillator strength, while the S1 (1A’) ← S0 (1A’)
does not, although in these cases the S1 is significantly – and unreasonably – lower in energy than
the S2 state (Table 4.1). Figure 4.2 reproduces the geometries of each of the first three singlet states
in each molecule, and we see that the S1 excited state shows a bending in the nitrile chain relative
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to either the ground or second excited state. However, this level of theory is notorious for getting
the wrong energy ordering and geometry of the excited states, so we are currently running the
calculations as we did with PPN, using EOM-CCSD/cc-pVDZ.
Table 4.1 Summary of the calculated energies and oscillator strengths for transitions from the
ground state.
S1

S2

Energya (eV)

Oscillator Strength

Energya (eV)

Oscillator Strength

o-methyl PPN

1.99

0.0020

3.94

0.2567

m-methyl PPN

2.00

0.0020

3.97

0.2615

p-methyl PPN

1.96

0.0019

3.96

0.3217

a Vertical

excitation energy

Figure 4.2 The optimized geometries of the ground and first two excited states for p-, m-, and omethyl PPN.
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The 1C-R2PI overview scans of all three molecules are shown in Figure 4.3. Once again,
sharp features appear in the low-frequency end of the spectra, followed by a transition to broad
absorptions above 37,000 cm-1. The p-methyl PPN’s origin peak is at the highest energy of the
three, and the closest one to the parent molecule. The higher resolution spectra of each molecule
will be presented individually.

Figure 4.3 1C-R2PI overview scans of the p- (blue), o- (red), and m-methyl PPN (black).

4.3.1

m-methyl PPN
The UV spectrum of m-methyl PPN over the region of 34,200 to 36,360 cm-1 is shown in

Figure 4.4. The spectrum was recorded using both 2C-R2PI and LIF. The first peak, typically
labeled the S0-S1 origin, is seen at 34,492 cm-1, followed by a more intense peak just +3 cm-1 above
it. As will be explained in the discussion, the actual origin is the “+3” cm-1 peak. Unusual FranckCondon activity appears at +38, +77, and +97 cm-1. As will be seen later, these low-frequency
transitions are due to the methyl rotor, which must undergo a change in preferred orientation upon
electronic excitation. Three more groupings of vibronic transitions at +318/321, +335/338, and
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+461/464 cm-1 serve as starting points for similar methyl rotor activity. Finally, transitions at +804,
+926, and +965 cm-1 are also likely vibronic fundamentals, since they have similar methyl rotor
patterns built off them.

Figure 4.4 2C-R2PI (black), LIF (red).

PIE scans using both the origin and the -3 cm-1 peaks as intermediate states are shown in
Figure 4.5. Not surprisingly, given the presence of rather strong methyl rotor vibronic activity, the
initial onset of ionization – which gives the adiabatic ionization potential – also shows steps at
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thresholds related to the higher methyl rotor transitions. Nevertheless, the onset of first ion signal
appears for both transitions near 38,674 ± 41 cm-1.

Figure 4.5 Ionization potentials of both the -3 cm-1 (red) and the origin peak (black) of m-methyl
PPN. Ionization onset of the -3 cm-1 peak is appropriately shifted relative to the origin to account
for the difference in energy between the two.

As the fluorescence was very low for all three molecules, including the m-methyl PPN, we
were able to record DF spectra for only the origin and the strong transitions anticipated to be due
to the methyl rotor (Fig. 4.6). However, information may still be gleaned from them that enables
us to characterize the methyl rotor barriers and orientational preferences. Each DF spectrum shows
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a peak very close to the resonant fluorescence that will enable us to identify the ground state
rovibrational levels due to the rotation of the methyl group.

Figure 4.6 m-methyl PPN DF spectra on the origin, -3, +38, and +77 cm-1 transitions. The
second number listed for each peak in the origin trace represents the difference in wavenumber
between that peak and the +55 cm-1 peak.

4.3.2

o-methyl PPN
The o-methyl PPN excitation spectra are shown in Figure 4.7. Unlike the last molecule,

this one’s excitation spectra more closely resemble PPN in that there isn’t much – if any – FranckCondon activity in the low-frequency region where methyl rotor transitions would be anticipated.
This likely means that there is no change in preferred orientation of the methyl group between
ground and excited state, a point to which we will return in the discussion section.
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Figure 4.7 2C-R2PI (black), LIF (red).

The ionization potential (Fig. 4.8) is quite close to the m-methyl PPN at 9.05 eV, with just
as sharp an onset, which strongly suggests that the geometries of the excited state and the ion must
be very similar.

Figure 4.8 Ionization potential of o-methyl PPN. Sharp onset is seen at 38,633 cm-1.
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The DF in this case was better than either of the other two methylated PPN molecules (Fig.
4.9), and it was quite different from the excitation spectra, suggesting the ground state potential
energy surface looks quite different to that of the excited state. Interestingly, we see a repetition of
the +356/379 cm-1 pair of peaks from PPN: in this case, the first is shifted to much lower frequency
at +302, while the second is nearer at +374 cm-1. And, just as before, one is an in-plane vibrational
mode (a’), and the second is an out-of-plane mode (a”), though the order is reversed. Higher up
are the two most intense peaks, +787 and 1295 cm-1, which are totally symmetric fundamentals.
The +787 cm-1 mode closely resembles the 7a mode in benzene.

Figure 4.9 o-methyl PPN DF spectra of the origin, +302, and +472 cm-1 transitions.

4.3.3

p-methyl PPN
The R2PI is shown alongside LIF in Figure 4.10. Note that the drop-off in fluorescence is

seen quite quickly, at approximately 35,900 cm-1, while the spectrum seems to continue in the
R2PI. This is likely due to some non-radiative processes becoming dominant at that point. Also
note that the R2PI does not continue past 36,300 cm-1 due to limits with laser power and ion signal
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intensity. In these spectra we see some signs of methyl rotor activity in the presence of the +18,
+52 cm-1, and the shoulders of some of the larger peaks (such as the +450 cm-1 peak).

Figure 4.10 2C-R2PI (black), LIF (red).
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The ionization potential (Fig. 4.11) of p-methyl PPN was sharp, as the others were, but was
the smallest of the set, at 8.93 eV. The sharpness of the transition once again strongly indicates the
geometries of both excited state and ion are similar.

Figure 4.11 Ionization potential of p-methyl PPN. Sharp onset is seen at 36,975 cm-1.
The p-methyl PPN DF (Fig. 4.12) could only be collected on the origin and the +467 cm-1
peak. In this case, we can say that neither DF spectrum is a mirror image of the excitation spectrum,
thus suggesting the ground and excited state have different geometries. All but the first peak of the
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origin DF can be assigned to totally symmetric fundamentals, with the +465 cm-1 resembling
benzene’s 16b mode.

Figure 4.12 p-methyl PPN DF spectra of the origin and +467 cm-1 transitions.
4.4

Discussion
All methylated versions of 3-phenyl-2-propynenitrile had very short-lived excited state

lifetimes: on the order of the laser pulse, at <10 ns, in both R2PI and fluorescence. While this
aspect of their lifetime matched that of the parent molecule, none of them showed a long-lived
component that PPN had. 1C- and 2C-R2PI were both easily obtained, allowing us to get accurate
measurements of the ionization potentials of each molecule (Table 4.2). These values are quite
typical for benzene-like π-π* transitions.
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Table 4.2 Summary of ionization potentials for all four molecules

Experiment (eV)

Calculation (eV)

PPN

--

8.85

o-methyl PPN

9.05

8.80

m-methyl PPN

9.07

8.82

p-methyl PPN

8.93

8.68

The origins of all three molecules were within the range expected: the p-methyl PPN was
the closest to that of PPN at 35,025 cm-1, with o- and m-methyl PPN at 34,343 cm-1 and 34,495
cm-1, respectfully. A direct comparison of all four molecules’ excitation spectra is shown in Figure
4.13. In all cases, the origin peak is the strongest peak, and activity is generally present in clumps
at about +450 cm-1 and +980 cm-1.

Figure 4.13 The LIF of the parent molecule PPN (black) with the o-, m-, and p-methyl PPN
shown in red, gold, and blue respectively. All spectra have been shifted such that the origins of
each begins at 0 cm-1.
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Fluorescence quantum yield was very small, yielding low signal-to-noise ratios in
dispersed fluorescence and making it difficult to map out the S0 state for all the methyl PPN
molecules.
Methyl-rotor activity is most strongly seen in the m-methyl PPN. The strong FranckCondon activity in the methyl rotor transitions indicates a change in the orientation of the methyl
group relative to the benzene ring upon electronic excitation. As has been done before with similar
meta-substituted toluenes (such as the m-chloro- and m-fluorotoluene3-4), the three-fold symmetry
of the methyl torsional levels is treated within the G6 molecular symmetry group, which is
equivalent to the C3v point group.5 This sets the symmetry levels of the torsional states as either a1,
a2, or e. Figure 4.14 illustrates the energy levels involved in the m-methyl PPN, using the LIF
excitation spectrum to map out the excited state levels and DF to derive the ground state levels. A
powerful aspect of the DF spectra is that emission from an ‘a’ torsional level will be exclusively
to ‘a’ levels in the ground state. The 000 (0a1-0a1) band is associated with the most intense peak of
the excitation spectra, and is taken as ‘0’ relative wavenumbers, making the other, smaller peak at
-3 cm-1 the 1e”-1e’ transition. The internal rotation F associated with the methyl group bound to a
phenyl ring is about 5.4 cm-1. If the molecule had no barrier to internal rotation, so that it rotated
freely, the internal rotor levels would have values of
Eint. rot. = F.m2 where m=0, ±1, ±2, …
so that 0a1, 1e, 2e, 3a2/3a1 would be at 0, 5.4, 22, and 49 cm-1, respectively. Since these are values
close to the ground state values deduced from the DF spectra, they indicate that the ground state
3-fold barrier is very low, probably V3 < 10 cm-1. In the excited state, the internal rotor levels show
a smaller splitting between 0a1’ and 1e’ (~1 cm-1), and larger 1e’↔2e’ splitting of 44 cm-1,
indicating that the excited state internal rotor barrier will be larger. Comparing these levels with
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those in m-chloro3 and m-fluorotoluene,4, 6 we estimate an excited state barrier of V3’ near 100 cm1

in S1 for m-methyl PPN, much as it is in those molecules.

Figure 4.14 Schematic of the methyl torsional levels in m-methyl PPN, with LIF representing
the excited state levels and DF representing the ground state levels. Arrows indicate the
transitions and the values in red are the associated differences in wavenumber.
4.5

Conclusion
While more work is needed to understand the spectroscopy, including methyl-rotor

calculations, we can make a generalized case for the m-methyl PPN. In treating it as though it has
C3v symmetry, we can make assignments in the spectrum as either a or e symmetry transitions. In
this way we have identified the origin as the +3 cm-1 peak rather than the first peak seen in the
spectrum and identified various transitions as belonging to a-a or e-e transitions. We have also in
this way estimated the V3 barrier height to be 10 cm-1 and 100 cm-1 in S0 and S1 respectively. The
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o-methyl PPN had very little methyl rotor activity, which is consistent with other o-substituted
toluenes.
All molecules shared similarities with PPN in their excited state spectra: they all had a
doublet between 300-400 cm-1, followed by a large peak at +470 cm-1, and a group of peaks near
980 cm-1. As many of these peaks were associated with either b1 or b2 vibrational fundamentals in
PPN, and we know in that case that vibronic coupling is responsible for much of it, we can
definitively state that vibronic coupling must also play a significant role in the methylated PPN
spectra.
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