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Abstract

The goal of this thesis is to explore the effect of a potential barrier on the rotation-
vibration structure of the sulfur dioxide (SO 2) C state and the acetylene (HCCH) A
state. The minimum-energy geometry of both electronically excited states is quali-
tatively different from their respective electronic ground state geometry. The SO2 C
state exhibits a barrier (-100 cm-1) at the C 2, geometry along the antisymmetric-
stretching direction, separating two equivalent minimum-energy configurations with
C, geometry. The HCCH A-state potential energy surface (PES) supports both
trans- and cis-bent conformers (but not a linear configuration). The trans- and
cis-conformer-wells are separated by a barrier of ~5000 cm- (above the trans-bent
minimum energy). For both the SO 2 C state and the HCCH A state, the presence of a
potential barrier greatly complicates the rotation-vibration structure of the molecule.
Interpretation of these barrier-related spectroscopic patterns requires both new ex-
perimental observations and new analysis tools, both of which are discussed in this
thesis.

For the S02 C state, an IR-UV double-resonance excitation scheme enables direct
observations of levels with odd quanta in the antisymmetric-stretching vibrational
mode (v3). A new anharmonic force field is derived for the SO 2 C state, which
allows accurate determination of the shape of the barrier on the C-state PES. In
addition, we develop tools, based on perturbation theory, the polyad model, and
semiclassical analysis, to interpret the effect of the barrier on the C-state rotation-
vibration structure.

The cis-trans isomerization in the HCCH A-state has been the focus of the Field
group acetylene project for the past ten years. However, the diminishing detection
efficiency of the laser-induced fluorescence (LIF) scheme (due to acetylene predisso-
ciation), combined with a partial breakdown of the polyad fit model, has made it
increasingly difficult to understand the HCCH A-state level-structure near the top of
the cis-trans isomerization barrier. Two new sensitive and convenient action schemes
are reported in this thesis to detect predissociated A-state rovibrational levels. The
first scheme is based on detection of H-atoms by two-photon laser-induced (3d <- Is)
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fluorescence (3d -+ 2p), and the second scheme is based on fluorescence detection of
C 2 and C 2H fragments, photolyzed via resonance with the probed A-state levels. The
photodissciation processes that give rise to the strong photofragment fluorescence
signals are also studied in this thesis.

Thesis Supervisor: Robert W. Field
Title: Haslam and Dewey Professor of Chemistry
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and d3Hq (b) states (excited via the trans 35 level). To fit to the low-

resolution DF spectrum in Fig.4-1, each transition is assumed to have

a Voigt profile (as modeled in the contour-fit). . . . . . . . . . . . . . 92

4-3 The fluorescence time-trace (recorded with a 430 nm band-pass filter)

resulting from photodissociation via the cis-316 1 level. The experimen-

tal time-trace is shown in blue, and the fitted time-trace in red. The

CH A - X emission, with expected lifetime of -500 ns, is not present

in the tim e-trace. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
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4-4 Normalized fluorescence intensities of (a) C 2 (normalized to the inten-

sity at 470 nm) and (b) C 2 H* (normalized to the intensity at 514.5

nm) in the four chosen wavelength regions. In both (a) and (b), the

red and blue circles are used to indicate, respectively, the derived flu-

orescence intensities of relevant photofragments from trans 34 and cis

3161 levels, generated in the supersonic-jet condition. The error bars

represent 2- uncertainties. In (a), the vertical sticks are used to indi-

cate the integrated DF signals (integrated over wavelength) of cis 3161

level (Fig. 4-1) in the 360 nm, 470 nm, and 515 nm regions. The DF

signals are weighted by the measured transmission of the band-pass

filters, as specified by the manufacturer (Thorlabs). In (b), the ex-

perimental DF spectrum of the C 2H* fragment (black curve) is shown

(obtained from Ref [211). The C 2H* fragments were generated from

VUV photodissociation of acetylene at 11 eV. . . . . . . . . . . . . . 97

4-5 Mechanism of the one-color, resonance-enhanced photodissociation of

acetylene. The UV-photon (blue arrows) has energy of ~5.85 eV, and

the populated Si level is a predissociated level. Hydrogen atoms (in

the sequential pathway) and the molecular H 2 fragment (in the H 2

elimination pathway) are omitted from the figure for simplicity. The

pathways that have been ruled out based on my analysis are marked

by crosses. The thermodynamic thresholds of various processes are

indicated by dashed horizontal lines (see the legend). The threshold for

the C2H* fragment corresponds to the lowest photon energy at which

C 2H* was observed in the VUV photodissociation study of acetylene [157].106
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5-1 Evolution of the FM quadrature signals, as the FM carrier frequency

is scanned through a transition line. In (a)-(d), the color green is

used when the FM carrier frequency is on-resonance with the transi-

tion center frequency. The colors, red and blue, are used, respectively,

for cases when the FM carrier frequency is red and blue-detuned for

an equal amount. (a) Relative amplitudes of the two FM sidebands at

three characteristic carrier frequencies in a loss medium (which atten-

uates the beam amplitudes). (b) FM quadrature (absorption) signal

at the three carrier frequencies, color-coded accordingly. (a) Relative

amplitudes of the two FM sidebands at three characteristic carrier

frequencies in a gain medium (which amplifies the beam amplitudes)

(b) FM quadrature (emission) signal at the three carrier frequencies,

color-coded accordingly. . . . . . . . . . . . . . . . . . . . . . . . . . 116

5-2 Simulated lineshapes of the in-phase and quadrature components of

the demodulated FM signal. (a) A loss medium (absorption exper-

iment) (b) A gain medium (stimulated emission experiment). In the

simulation of both types of experiment, the transition has a Lorentzian

lineshape with FWHM=0.5 GHz. The modulation rf signal is given

by sin(wrft), where Wrf = 2-r x 0.94 GHz. In both panels (a) and (b),

the in-phase and quadrature components are obtained, respectively, by

demodulating the FM signal, given by Eqs. 5.4-5.6, with cos(wf +7r/2)

and cos(w rj ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5-3 Schematic diagram of the FM setup. Detailed configuration of the cell

and the optical beam path in the I2 and Rb experiment are shown

in Fig. 5-4. For a full list of parts (with manufacturer and model

information), see Section 5.3.3 . . . . . . . . . . . . . . . . . . . . . . 122

5-4 Detailed configuration of the cell and optical beam path used in the

Rb (a) and I2 (b) experiments. . . . . . . . . . . . . . . . . . . . . . . 123

5-5 Level diagrams of (a) A-type excitation scheme for an I2 B - X tran-

sition, and (b) 85Rb 5 2P11 2 +- 52S 1/ 2 transition. . . . . . . . . . . . . 124
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5-6 Examples of signals (at 940 MHz) collected directly by the fast oscil-

loscope. The fast rising-edge (not shown on the figure) of the pulsed

rf modulation reference (red) is used as the trigger of the fast oscillo-

scope. The rf reference is simultaneously recorded along with the FM

signal at each laser frequency step. The green arrow on the I2 time-

trace (blue) indicates the approximate time at which 532 nm B - X

excitation occurs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5-7 FM signals of (a) the observed 85Rb 52 P1 / 2 <- 52 S1/ 2 transition, origi-

nating from the F" = 3 hyperfine component of the 52 S1/ 2 state, and

(b) the observed I2 B(v = 32, J = 57) -+ X(v = 26, J = 58) transition.

In each plot, the red and blue traces, correspond, respectively, to the

FM signals collected at laser carrier frequencies that are red and blue-

detuned by an equal amount, 0.016 cm-1, from the transition center

frequency. ....... ................................. 129

5-8 Demodulated spectra of the observed 85Rb 52P 1 /2 <- 5 2S 1/2 transitions

(a and b) and the I2 B(v = 32, J = 57) -+ X(v = 26, J = 58) transition

(c and d). For the Rb transitions, two absorption lines are resolved, due

to large hyperfine splitting of the lower 52S1/ 2 state. 11521 Hyperfine

splittings of the 12 B - X transitions (split into >10 lines with <50

MHz average spacings) are too small to be resolved, given the Doppler-

broadened linewidth (300 MHz). . . . . . . . . . . . . . . . . . . . . . 130

5-9 Demodulated spectra of all observed I2 B - X transitions. Finer

structures on the observed lineshape are due to unresolved hyperfine

splittings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
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6-1 A typical time-trace of the observed C 2 A(v = 2) - X(i = 0) tran-

sition. The FM signal oscillates at the rf modulation frequency (~-'-1

GHz). The blue arrow indicates the (approximate) time at which the

UV excitation occurs. The first 30 ns of the FM time-trace immedi-

ately after the UV excitation (color-coded red) is used to generate the

demodulated spectrum. A portion of the FM time-trace (color-coded

green) is used for background RAM correction . . . . . . . . . . . . . 142

6-2 FM signals of the C 2 A(v= 2) - X(v = 0), Q(14) transition, generated

via resonance with the S acetylene 34 vibrational level (a), and FM

signals of the 85Rb 5 2 P1 / 2 <- 5 2 S1/ 2 transition, excited from the F" = 2

hyperfine component of the 52S1/ 2 state (b). In each plot, the red and

blue traces, correspond, respectively, to the FM signals collected at

laser carrier frequencies that are red and blue-detuned by an equal

amount, 0.016 cm- 1 , from the transition center frequency. . . . . . . 143

6-3 The demodulated spectra of the C 2 A(v = 2) - X(v = 0) transitions,

generated via the Si acetylene 34 vibrational level. In each plot, the

blue and red spectra, correspond, respectively, to the in-phase (disper-

sion) and quadrature (absorption) component of the FM signal. The

vertical scales are identical in each plot . . . . . . . . . . . . . . . . . 144

6-4 The demodulated spectra of the observed 5 2P1/ 2 +- 5 2S1/ 2 
55Rb transi-

tions. As mentioned in Section 6.2.2, two absorption lines (color-coded)

are resolved, due to large hyperfine splitting of the 5 2 S 1/2 level. For

both of these well-resolved lines, the in-phase (dispersion) and quadra-

ture (absorption) spectra are shown, respectively, in panels (a) and (b).

The vertical axes of the in-phase and quadrature plots are color-coded,

respectively, to match the colors in the corresponding plots in Fig. 6-3. 145
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6-5 Observed intensities of various Q-branch transitions of the C2 A - X

(2, 0) band. (a) The signal intensities are normalized to the same FM

probe power (measured in the continuous modulation mode). (b) The

relative intensities are normalized to the maximum intensity from each

acetylene intermediate level. (c) Comparison of the intensities of C 2 ,

generated via the 33 level, with a Boltzmann rotational distribution of

750 K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6-6 Potential energy curves calculated at 7-state-averaged CASSCF/D95(d,p)

level-adapted from Ref [391-for seven electronic states of C 2 H in C,

symmetry, with C-C bond length and CCH bend angle fixed at two sets

of values. Solid lines are for A' states, and dashed lines for A" states.

The adiabatic curves which correlate to the C 2 (a3I1) +H dissociation

limit are color-coded blue, and the adiabatic curve which correlates to

the C 2(X'E)+H dissociation limit is color-coded red. . . . . . . . . 151

7-1 Geometry of trans acetylene (adapted from ref [73]). r1 and r2 are the

rcc and rcH bond lengths respectively. a is the supplement to ZCCH

(a = 1800 - LCCH). o- is the angle between the principal axis system

and the body-fixed x, y, z-coordinate system, with the y-axis being out

of plane. Note that a is used in our calculation, for consistency with

the notation used by ref [73]. . . . . . . . . . . . . . . . . . . . . . . . 161

7-2 Internal coordinates of the Si trans conformer of acetylene. Note that

the torsional coordinate, ir, is not shown, being out of plane. . . . . . 167

8-1 Two-dimensional potential energy surface obtained from the 2D fit,

along with the approximate geometries of the molecule at four differ-

ent points on the PES. The two oxygen atoms are labelled and color-

coded differently for clarity in the text. The red solid curve and the

blue dashed curve on the PES are related to the nodal patterns of the

wavefunctions, discussed in detail in Section 8.3.1. . . . . . . . . . . . 184
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8-2 a1 vibrational symmetry wavefunctions of S1602 from the 2D fit. The

semiclassical assignment (in parentheses) is given below each wavefunc-

tion, along with the calculated relative Franck-Condon factor (fc) for a

transition from the zero-point level of the SO 2 X state. The black dot

on each figure is the approximate (center) location of the zero-point

wavefunction of the S 1602 X state. The vibrational wavefunction of

the (2,0,4), state in the P=4 polyad is plotted separately to illustrate

how nodes in the eigenstates determine the (Va, 0, Vf), assignments.

Within a given polyad (designated by polyad number, P = v, + 1o,),

the energy increases for sub-figures from left to right. . . . . . . . . . 187

8-3 Linear combinations of the (2,0,0)1 and (0,0,6), eigenstate wavefunc-

tions (as in Fig. 8-2). The wavefunction on the left results from

0.93 (2, 0, 0)1-0.37 (0, 0, 6), and the one on the right comes from 0.37 (2, 0, 0), +

0.93 (0, 0, 6)r. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

8-4 Comparison of anharmonic Franck-Condon factors, calculated from the

internal coordinate force field, with the low-resolution absorption spec-

trum (jet-cooled condition) in the 208-221 nm region. The experimen-

tal spectrum is adapted and reproduced with permission from Chem.

Phys. Lett. 294, 571 (1998). Copyright 1998 Elsevier. Even though

none of the levels in the region with wavelength shorter than 220 nm are

included directly in our fit, the calculated Franck-Condon intensities

in this energy region agree well with the observed intensity pattern. . 200

8-5 Projections of the wavefunction of the 2394 cm- 1 state onto the qi-q3

plane at different values of q2. The wavefunction is obtained directly

from DVR calculations, using the force constants derived from the 3D
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8-6 Basis state distribution of the eigenstate at 2394 cm I in normal-mode

(left panel) and Kellman-mode (right panel) representations. The ver-

tical axis represents the squares of the coefficient of a specific basis

state. (See text for an explanation of the ordering of states in the

normal-mode representations.) . . . . . . . . . . . . . . . . . . . . . . 205
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tween different pairs of states are drawn with different color and width,
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9-3 Comparisons between adiabatic and diabatic representations for theC 2

CiHg state. (a) Eigenvalues of the full molecular Hamiltonian (black

filled circles), along with positions of zero-order adiabatic rovibrational

levels of a, (blue) and a2 (orange). (b) Difference in energy between the
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cm' level are about 200-300 times stronger than transitions into the

2743 cm- 1 level (see Fig. 5 in Ref [133]). The 2730 cm- 1 level has not

been experimentally observed. . . . . . . . . . . . . . . . . . . . . . . 208
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Chapter 1

Introduction

My work in the Field group mainly involves two molecular electronic states, the SO 2

C state (with origin at voo=42573.45 cm-1) and the HCCH A state (with origin at

voo=42197.57 cm- 1 ). These two electronically-excited states share a common fea-

ture in that the minimum-energy geometry of both states is qualitatively different

from their respective electronic ground state geometry. The electronic ground state

of acetylene (SO, X1 ZE) is a linear closed-shell molecule, containing a triple-bond be-

tween the two carbon atoms. It was first established over 60 years ago, by Ingold

and King [75] and Innes [76], that acetylene changes its point-group on electronic

excitation and becomes trans-bent in its first singlet excited state (Si, AIAU). In ad-

dition, the S1 potential energy surface (PES) supports a cis-bent conformer (AIA 2 ),

which was only recently observed by our group [12, 105]. The S1 cis- and trans-

conformer-wells are separated by a barrier of -5000 cm- 1 (above the trans-bent

minimum energy) [10, 11, 131.1 Similarly, the electronic ground state of sulfur dioxide

(X1 A1 ) is well-known to be of C 2, geometry. Pioneering work by Hoy and Brand

in the 1970s [22, 70], based on earlier analysis by Coon and co-workers [36, 80], es-

tablished the presence of a double-well structure (with a barrier of -100 cm- 1 ) in

'The S, PES also supports a vinylidene conformer, which is calculated to be a global minimum
on the SI PES. However, since the S1 (vinylidene, 1A 2 )+-So transition is not one-photon-allowed, and
the barrier separating the S, trans- (which is optically-accessible) and vinylidene-conformer wells is
high (~2 eV) [150], the S, vinylidene conformer is unlikely to play any role in the spectral region of
current interest (-5000 cm- 1 above the zero-point level of the Si trans-conformer).
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the anti-symmetric stretching coordinate (q 3) of the C-state (1B2 in C 2 ,) PES. The

minimum-energy geometry of the SO 2 C state has unequal S-O bond lengths.

For both the SO 2 C state and the HCCH A state, the presence of a potential

barrier greatly complicates the rotation-vibration structure of the molecule. Interpre-

tation of these barrier-related spectroscopic patterns requires both new experimental

observations (using both conventional and novel detection schemes) and new analysis

tools, both of which are discussed in this thesis. A complete understanding of these

patterns allows us to solve the ultimate inverse problem in spectroscopy: how are the

dynamics of the molecule encoded in its spectra?

1.1 Some General Remarks

One great lesson that I learned from reading these early spectroscopic work on the

SO 2 C state and the HCCH A state is that a good spectroscopist should always look

for a model that fits, not just one, but all of the available observations. Such a model

is able to reliably predict molecular properties that are not directly observable in

the experiments. For example, in the work of Brand and Hoy [22, 70], even though

SO 2 C-state levels with odd quanta in v3 were not directly observed (discussed in

Section 1.2), the v3 fundamental frequency was estimated based on the effective value

of the Coriolis-perturbed C rotational constant of the (0,0,2) level. The estimated

value of the v3 fundamental frequency is unusually low (213 cm- 1 ), but is consistent

with all other anomalies of the C state that were known at the time, such as the large

isotope shift and inertial defect of the zero-point level. Given that the predicted (0,0,1)

level lies less than half-way in energy between (0,0,2) (561 cm- 1 ) and (0,0,0) (0 cm'),

the antisymmetric stretching motion must involve a double-minimum potential. As it

turns out, the estimated v3 fundamental frequency by Brand and Hoy is remarkably

close to our observation (212.576 cm- 1), measured directly using an IR-UV double-

resonance excitation scheme. (A bit of luck was perhaps involved in the remarkable

agreement between the estimated and measured C-state v3 fundamental frequency,

as discussed in Ref [131]).
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Now, with advances in quantum chemical calculations, theoreticians are able to

obtain increasingly accurate ab initio PES of molecules. Rovibrational energies and

wavefunctions can be calculated from the PES. For small molecules, such as S02

and HCCH, it is possible to derive an empirical PES (or an effective Hamiltonian),

based on a fit to experimental data, which is even more accurate than the ab initio

PES. For the SO 2 C state, the discrepancies in vibrational level-positions (<3000

cm-1 above the C-state zero-point level) between the experimental data and the

empirical fit result are <1 cm-1 ; in comparison, the discrepancies are typically <20

cm-1 between the ab initio values and the experiment. Guided by these results (from

either ab initio or empirical calculations), one might argue that spectral assignments,

at least the vibrational assignments, should become straightforward, if one simply

counted the number of nodes in the vibrational wavefunctions. However, as I will

demonstrate in Chapter 8 (where an accurate empirical PES of the SO 2 C state

is derived), node-counting is not a reliable way to assign vibrational levels of even

a triatomic molecule, especially when there are significant interactions among all

internal degrees of freedom of the molecule. When strong mode-mixing is present,

it is difficult to visualize a wavefunction that has more than two degrees of freedom

(which is the case for all molecules that are not diatomics) without being biased by

arbitrarily-selected slices of the wavefunction.

An eigenvector-based approach, which is used in our studies of the SO 2 C and

HCCH A states, avoids such bias, although there is still a question of optimal choice

of basis used in the analysis. With a good set of basis states (which are molecule-

dependent), features in the spectra can usually be explained by simple first and/or

second-order non-degenerate perturbation theory. When non-degenerate perturba-

tion theory starts to fail, it is often a sign that a new set of basis states is needed,

in order to explain the qualitatively new features emergent in the spectra, such as

cis-trans isomerization in the HCCH A state as opposed to localized motion in the

trans-well. The goodness of a basis is certainly subject to interpretation, but it is

ultimately judged by its utility in enabling spectroscopists to understand the observed

level-patterns and possibly to make predictions about molecular properties. When
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a good basis is found and constructed (discussed in Chapter 8), secure vibrational

assignments (or sometimes leading-character eigenvector compositions) can be made,

and these are consistent with all of the spectroscopic properties of the level, such

as its rotational constants and intensity patterns in the electronic spectrum. I must

emphasize that the purpose of level-assignment is that one can directly infer from the

assignment properties of the level, without inspecting the wavefunction (which is sub-

ject to interpretation). Level-assignment should not be reduced to a list of ill-defined

quantum numbers. Finding a good basis for the problem is what I consider to be one

of the most crucial parts of understanding the molecular structure and dynamics.

In Section 1.2, I provide a brief overview of the spectroscopy of the SO 2 C state,

focusing on the motivation of this work. An overview of the spectroscopy of the HCCH

A state is provided separately in Chapter 2, where I incorporate into the discussion

some experimental results obtained during my second year.

1.2 The SO 2 C State

The SO 2 C state exhibits a barrier at the C2 , geometry along q3 , separating two

equivalent minimum-energy configurations with C, geometry. The barrier at C2v

is small (-100 cm- 1) and is an even function of q3 , so there are no terms in the

vibrational Hamiltonian that break the vibrational symmetries in the representations

of C 2,. Therefore, the low-lying levels of the C state conserve a, (even quanta of V3)

and b2 (odd quanta of v3) vibrational symmetries, and the vibrational selection rule

in the C - X spectrum is such that the vibrational symmetry remains unchanged. For

convenience, the molecule is treated in C2, symmetry throughout this work.

All previous analyses of the SO 2 C state were based on spectra recorded with

single-resonance UV excitation, which allowed direct observations of C-state levels

exclusively with even quanta in v3. Transitions into C-state levels with odd quanta in

v3 are forbidden from the ground vibrational level of the X state. As mentioned earlier,

the identification of a double-well structure on the C-state PES was based on indirect
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Figure 1-1: Level diagrams of UV single resonance transition and IR-UV double
resonance transition to the S02 C state.

(but convincing) spectroscopic evidence. However, without direct observations of the

odd-quanta levels, the shape of the barrier (i.e. its height and width) separating the

two C, geometry wells could not be determined accurately. Using an IR-UV double-

resonance excitation scheme (see Fig. 1-1), where the IR photon is used to populate

the v,1+ v' vibrational level of the X state, we made the first direct observation s of the

eight lowest-energy b2 symmetry vibrational levels of the a state [131]. Combining

the previously-observed a, levels and the newly-obtained b2 levels, we observe the

characteristic staggered energy-level pattern between even- and odd- v3 levels due to

the presence of a double well, e.g. in all v3 progressions shown in Fig. 1-2, the

(0,v2,1) level lies lower in energy than the average of (0,v2,0) and (0,V2,2) levels.

In addition, we are able to study directly and systematically the strong Coriolis

interactions between a, and b2 levels, which were known to exist in the a state, but

could not be deperturbed properly in all previous work on the S02 a state [22, 62,

70, 182], due to lack of direct observation of b2 levels. The IR-UV work is included

in Dr. Barratt Park's Ph.D. thesis [128], and is not repeated in this thesis.

Our direct high resolution measurements of both a, and b2 symmetry vibrational

levels led us to derive a new anharmonic force field for the SO 2 a state, with the initial

goal of accurately determing the shape of the barrier at the C 2, geometry. As we show

here, the presence of the double-well structure makes the SO 2 C state special. The

v3 frequency is lowered due to the double-well. Consequently, there is a strong 1:2
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Fermi interaction between the vi (symmetric-stretch) and v3 (antisymmetric-stretch)

vibrational modes (i.e. vi ~ 2V3). The two stretching modes typically have similar fre-

quencies (in all symmetric triatomic molecules) and interact via 2:2 Darling-Dennison

interaction instead of 1:2 Fermi interaction. As a result of a depressed v3 frequency,

the C-state v2 (bend) and v3 modes (the former is typically much lower in frequency

than the latter in a symmetric triatomic) become coupled strongly via c-axis Coriolis

interaction. The matrix elements of the 2:2 Darling-Dennison interaction between V2

and v3 are smaller than that of the 1:2 Fermi interaction between vi and v3, but are

by no means negligible in the C state. All three vibrational modes and the rotation

interact strongly as a result of the double-well structure on the C-state PES. Misas-

signments of the C-state rotation-vibration levels are quite common in the literature,

because at least one of these interactions was either neglected or treated incorrectly.

To understand the complicated rotation-vibration structure of the C state, we develop

tools, based on perturbation theory, the polyad model, and semiclassical analysis (on

a Fermi-resonance system), to explain the observed spectroscopic patterns in a way

that is as quantitative as possible. Interestingly, using the tools that we develop, we

identify a few interesting spectroscopic patterns (i.e. a zigzag trend in the rotational

constants of levels in a vibrational progression) associated with the presence of the

double-well, which were not initially obvious to us.

The newly-derived force field is able to quantitatively reproduce essentially all of

the spectroscopic observations of the S02 C state, but it does not explain why the

two S-0 bond lengths are different. Mulliken [117] suggested that an unsymmetrical

distortion of the S-0 bond lengths minimizes the antibonding in the SO 2 C state, but

Innes [77] argued that the asymmetry in the potential is likely the result of vibronic

interaction of a 1B2 state with a higher lying 2 1A 1 state (the so-called pseudo Jahn-

teller effect). Innes thought that the distortion of the C-state PES (i.e. having a

minimum-energy configuration with C, geometry, instead of a C2 as in the SO 2 X

state) is too large to be accounted for by the electronic factor alone. We believe

that Innes' argument is the best explanation, because the vibronic coupling model

is not only able to reproduce the observed staggered energy level pattern, but also
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predicts the presence of a seam of intersection between the IB2 and 2 1A1 surfaces at a

large bend angle. These empirically-based conclusions agree with quantum chemical

calculations [20, 83]. The vibronic coupling work is included in Dr. Barratt Park's

Ph.D. thesis [128] (also reported in Ref [130]), and is not repeated in this thesis.

1.3 Thesis Outline

I have arranged my thesis chapters into two major parts. The first part (Chapters 2-

6) deals with experimental work and analysis on SI acetylene and its photodissociation

process. A common theme for the second part of this thesis (Chapters 7 - 9) is force-

field determination, and how we use the derived force field in order to understand the

details of the rotation-vibration structure of the molecule.

" In Chapter 2, I provide an overview of the ongoing spectroscopic characteriza-

tions of the acetylene Si state, focusing on the current remaining theoretical

and experimetal challenges. Experimental results obtained during my second

year in the Field group are incorporated into the discussion. Predissociation

of S1 acetylene, HCCH (S 1 )-+ C 2 H (X 2 Z+)+H( 2 S), greatly reduces the detec-

tion efficiency of the laser-induced fluorescence (LIF) technique, which has been

the most commonly used technique in the study of S1 acetylene. Work in the

remaining chapters of the first part of this thesis is motivated by attempts to

increase the detection efficiency of the Si levels.

" In Chapter 3, I report two new sensitive and convenient action schemes to de-

tect predissociated Si levels. The first scheme is based on detection of H-atom

3d -+ 2p fluorescence (the H-atom 3d level is populated by a two-photon reso-

nance transition at 205.14 nm), and the second scheme is based on fluorescence

detection of C 2 and C 2H fragments, photolyzed via resonance with the probed

Si levels.

" In Chapter 4, I discuss the identification of photofragments (which are identified

as the C 2 C111 and d3II1 states, and electronically-excited C 2H with unknown
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assignment) used in the second detection scheme described in Chapter 3. The

multi-photon UV dissociation mechanism is also proposed here.

" In Chapter 5, I introduce a method, based on a slight modification of conven-

tional frequency-modulation (FM) spectroscopy, which allows one to determine,

from the phase of the FM signal, the sign of the population difference in a two-

level system (i.e. whether the system is inverted). This method is used in the

work described in Chapter 6.

" As discussed in Chapter 4, the C 2 C'I1 and d'119 states are generated from

one-color (-220 nm), resonance-enhanced (S 1-SO), multi-photon dissociation

of acetylene. Populations in the C 2 A'171 and X1E+ states, however, cannot

be measured based on the technique used in Chapter 4. In Chapter 6, we

determine the population difference between the C 2 A and X states, using

the FM technique described in Chapter 5. We are interested in whether there

is population inversion between the C 2 A and X states following the ~220 nm

acetylene photolysis. The C 2 A state is known to be significantly more populated

than the X state, following 193 nm ArF photolysis of acetylene [39, 1481.

" In Chapter 7, I report a new harmonic force field for the S1 acetylene trans-

conformer. The acetylene S1-SO transition probabilities calculated [127, 129,

132] based on the new S1 harmonic force field are in better agreement with

experiment, compared to transition probabilities calculated based on a previous

S1 harmonic force field [161].

" In Chapter 8, I derive an anharmonic force field of the SO 2 C state from the

experimental data. The motivation behind this work is described in Section 1.2.

This force field is used to explain the peculiar features in the C-state rotation-

vibration structure.

* In Chapter 9, I report a preliminary result of using a two-state interaction

model to explain the rotation-vibration features of the C 2 CI9 state. This is

still an ongoing project, and we are hoping to improve the fit model further
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to spectroscopic accuracy (i.e. <0.1 cm') by incorporating new ab initio re-

sults (in collaboration with Hongzhou Ye from Professor Van Voorhis' group at

MIT). The analysis of the C 2 C1Iq state is a spin-off project from the acetylene

photolysis work.
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Chapter 2

An Overview of the Spectroscopy on

the S1 State of Acetylene

In this chapter, I provide an overview of the ongoing spectroscopic characterizations

of the S1 state of acetylene, focusing on the remaining theoretical and experimental

challenges. Those challenges have motivated a large part of my thesis work. The

experimental results presented in this chapter are based on IR-UV double-resonance

(DR) laser-induced fluorescence (LIF) detection, carried out during my second year in

the Field lab, working closely with Peter Richter. Catherine Saladrigas also assisted

with the experiments. Due to the introductory nature of this chapter, experimental

details, which have been described in Chapter I of Dr. Joshua Baraban's thesis [9],

are not provided here.

2.1 Spectroscopic Analysis of the S1 State of Acety-

lene

The electronic ground state of acetylene (So X1 E) is well-known to be a linear

closed-shell molecule, containing a triple-bond between the two carbon atoms. When

one of the r-electrons is excited to the anti-bonding 7r* orbital, the resulting 'E+

configuration state becomes unstable with respect to the trans and cis geometries [9,
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Figure 2-1: The S, potential energy surface. (a) A schematic drawing of a 1D slice of
the PES. Numbers in the figure are based on the latest spectroscopic information [9-
14, 75, 76, 105, 112, 174]. (b) The ab initio 2D in-plane bending potential, with
Rcc and RcH at the trans-bent equilibrium values. Reproduced from Ref [10]. The
cis-bent minima are located in the lower left and upper right, and the trans minima
are in the upper left and lower right. The energy scale is in cm -- , and the contour
spacing is 103 cm- 1 .

75, 76, 82, 92]. The presence of the trans-bent conformer on the potential energy

surface (PES) of the first singlet excited state of acetylene (SI) was estabilished in

groundbreaking works of Ingold and King [75], and Innes [76]. The most prominent

feature in the acetylene Si-So absorption spectrum is the long V' <- 0 Franck-Condon

progression [75, 76, 127, 169, 170, 173, 174], due to large change in the trans-bending

angle between the Si trans-conformer (122.8') [78] and the linear So state. The SI-So

transition was identified as a c-type AA, - !'E3g transition, with a corresponding

K - " = 1 selection rule (for convenience, the subscript, a, in Ka is dropped

in the following discussion). Transitions from the So state into S, cis-conformer

levels, with 'A 2 electronic symmetry in the C 2, point group, are forbidden by the

electric dipole selection rule. A cartoon 1D slice of the Si PES is given in Fig. 8-la,

where the numbers in the figure are based on the latest spectroscopic information [9-

14, 75, 76, 105, 112, 1741. A physically more complete description of the Si PES

is provided in Fig. 8-1b, which shows two equivalent cis and trans wells on the 2D

in-plane bending potential energy surface (reproduced from Ref [10]).

Detailed analyses by various groups [12, 104, 106, 107, 111, 154, 155, 160, 168-
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170, 174] led to essentially complete vibrational and rotational assignments of S I

trans-conformer levels up to 4500 cm- 1 above the Si trans zero-point level (42198

cm-'). Given that the cis-trans isomerization barrier is -5000 cm- 1 above the trans

minimum energy [10, 11, 13], the possibility of cis-trans tunneling arises in the >4000

cm- 1 energy region (above the trans zero-point level). Recent work [12, 105], led by

Professor Anthony Merer, resulted in the discovery of several S, cis-conformer levels

(which obtain their intensity by mixing with nearby trans levels) in this energy region.

According to ab initio calculations [10] and modeling of experimental data [11], the

minimum energy cis-trans isomerization pathway (via a half-linear transition-state)

involves a CC-H local bending motion, which is a combination of the Q3 and Q6

normal coordinates for both conformers (see Fig. 2-2 for illustrations of the normal-

mode motions). Combination levels with excitation in v3 and v6 are barrier-proximal,

meaning that those levels have considerable amplitude directed toward the cis-trans

isomerization transition state. The energies of the barrier-proximal states are strongly

affected by the extremely anharmonic isomerization path.

Fundamental frequencies of normal modes of Si trans- and cis-conformers (and

those of So acetylene) are included in Fig. 2-2 for reference. For the Si trans-

conformer, one-photon excitation from the So ground vibrational level can only reach

Si levels with gerade vibrational symmetry. To reach Si levels with ungerade vibra-

tional symmetry, IR-UV DR excitation, via the So V", V3 + V'4, or v1 + v" vibrational

states, is needed.

2.1.1 The Polyad Model

An essential tool in the systematic analysis of the Si acetylene levels is a polyad fit

model, based on an effective Hamiltonian for the trans-conformer [107, 154]. A brief

discussion of the polyad model is provided in this section. Weak bands terminating

in levels which cannot be fitted in the trans-manifold effective Hamiltonian are as-

signed to the Si cis-state 112, 105]. The assignments of these observed cis interloper

levels have been further supported based on 13C isotope shifts, upper state lifetimes,

and the rotational structure of these bands [105]. Results from high-level ab initio

49



Z \ ® \ 0

A2

~865

V4

B2

~2735

V5

trans Ag
2880.1

Vi

linear a;
3372.9

Vi

o4® '4

/

Figure 2-2: Normal modes of the Si cis-conformer (C 2,), Si trans-conformer (C2M),
and So linear acetylene (Doch). Numbers (in units of cm- 1 ) under the point-group
symmetry labels of each normal-mode motion are the fundamental frequency of the
corresponding normal mode. For S1 trans- and So linear acetylene, the experimental
fundamental frequencies are used. For the Si cis-conformer, the listed fundamental
frequencies are based on ab initio calculations in Ref [14]. For the v4 and v6 funda-
mental frequencies of the cis-conformer, empirical corrections have been applied to
the calculated values (see Table 3 of Ref [14]).

50

cis A1

-2789
vi

A1

'1501

V2

A1

~749
V3

B2

~607

V6

Ag

1386.9

V2

Ag

1047.6

V3

764.9

V4

2857.4

V5

768.3

V6

4

Y +

1974.3

V2

3288.7
V3

Ir 9
612.1

V4

726.8

V5

r",



calculations [14, 30, 321 are also crucial to confirm the cis assignments.

As shown in Fig. 2-2, for the S1 trans-conformer, the torsional (v4, A,) and cis-

bend (v6, B,) vibrational frequencies are nearly degenerate. Overtones and combina-

tion levels of those two bending vibrations interact strongly by Darling-Dennison and

Coriolis (a and b axis) interactions. As a result, zero-order vibrational states with the

same value of v 4 + v6 interact strongly, and form polyads, denoted by Bv4 +v6 , where

B means "bending". While the g/u vibrational symmetry is preserved under Coriolis

interactions, the distinction between A and B irreducible representation is lost for the

vibrational symmetries of the trans-conformer. The S1 trans rotational structure,

despite being highly irregular, can be effectively modeled by the polyad. An essen-

tial feature of polyads is that interaction matrix elements determined from relatively

simple low-energy polyads conform to known vibrational quantum number scalings

and selection rules for higher-lying polyads. Such patterns have made it possible to

accurately predict (typically within a few cm- 1 from the predictions) the energies

of a significant portion of the unobserved trans-conformer levels below 46700 cm- 1,

which can now be securely assigned.

Within the polyad model, addition of the trans-bending vibrational mode, V3,

to the bending polyad (i.e. forming the 3'Bn polyad) should not significantly alter

the polyad structure (i.e. the predictive power of the polyad fit model should still

be good). However, even in the region >500 cm- 1 below the top of cis-trans iso-

merization barrier (-47200 cm- 1), there are signs of failure of the trans-conformer

effective Hamiltonian in modeling the 3"B n polyad structure, due to cis-trans iso-

merization [12, 154]. For example, the structure of the 3 2B 3 polyad (located in the

46400 cm- 1 region), which contains barrier-proximal members such as 3263, is not

as well predicted as other polyads in the same energy region, e.g. B5 which does

not contain barrier-proximal members [121. In general, cis-trans isomerization af-

fects the energies of the barrier-proximal states in two major ways, as discussed in

Section 2.1.2.
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2.1.2 Effects of cis-trans Isomerization on the Energy-level

Structure

The cis-trans isomerization saddle point on the Si PES results in very large and

negative anharmonicity in the trans 3"'6' combination levels [14, 30, 32, 154]. Based

on a global fit to the J = K = 0 level-structure up to 3000 cm- 1 above the trans

zero-point level [141, the x 36 cross-anharmonicity of the trans-conformer is found to

be -33.45 cm-'. A direct result of the negative and large value of x 36 is that the

zero-order states in the 3'B" polyad become more spread-out in energy compared to

the zero-order states in the pure bending Bn polyad. For example, while the zero-

order 41 and 61 states are nearly degenerate, the 3441 state lies -170 cm- 1 higher in

energy than the 3461 state (the 34 B1 polyad is analyzed in Section 9.4). Consequently,

the interaction between the 3441 and 3461 zero-order states is significantly reduced

compared to that between 41 and 61. This isomerization-induced polyad-breaking is

beautifully presented in Fig. 4 of Ref 132] (which is a reduced-dimension rovibrational

variational calculation), where we can see that the lowest-energy polyad member

(3264), which is the most isomerization-prone state within the 3 2 B4 polyad, is the

first to be decoupled from the rest of the polyad.

The rotational structure of barrier-proximal vibrational states is also significantly

altered due to a cis-trans quantum tunneling effect, in the form of even-odd stagger-

ing of their rotational K-structures [32, 68, 1051. There are two mechanisms by which

K-staggering occurs. The first mechanism is via tunneling interactions between de-

generate vibrational states that belong to identical wells (i.e. cis-cis or trans-trans

tunneling), analyzed by Hougen and Merer by group theory [68]. To fulfill the re-

quirement of a single-valued total wavefunction, symmetric tunneling components

are allowed to have only even-K states, and antisymmetric tunneling components

are allowed to have only odd-K states. In S acetylene, tunneling splittings are thus

manifest as a staggering between even- and odd-K levels of a vibrational state. In

addition, interactions between cis and trans levels at similar energies also give rise

to staggering between the even- and odd-K-structures, because the selection rules for
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cis-trans interactions are different for even and odd K-values [32, 1051. As demon-

strated in Fig. 6 of Ref [32], the even-K levels of the trans 3462 state interact with

the cis 3262 state, while the odd-K levels of the trans state interact with the cis 3361

level. The level-shifts are thus different for the even vs. odd-K levels. Combining the

two mechanisms above, K-staggering varies in an apparently random fashion from

level to level, and is especially sensitive to local resonances.

From an experimental point of view, since typically only the K = 0 - 2 structures

of a given vibrational state are conveniently observed in our experiments (due to the

K' - I" = +1 selection rule), K-staggering is manifest as a deviation of the K = 1

structure from its unperturbed position with respect to K = 0 and 2 levels. However,

given the strong a-axis Coriolis interaction in the Si trans-conformer, it is difficult to

disentangle K-staggering from the a-axis Coriolis effect. For the 3 4B1 polyad, a nearly

complete disentanglement is possible, due to the large x 36 cross-anharmonicity. As I

demonstrate in Section 9.4, the quantum-tunneling affects the barrier-proximal 3461

state (46827 cm 1 ) to a much larger extent than the isomerization-inert 3441 state

(46996 cm- 1), even though the former lies ~170 cm- 1 lower in energy. Similarly,

the level structure of the observed trans 3251 vibrational state (47113 cm'), which

is not expected to be sensitive to isomerization effects due to lack of simultaneous

excitation in v3 and v6, is minimally affected by isomerization.

2.2 Predissociation in the S1 state of acetylene

Laser-induced fluorescence (LIF) detection has been the most commonly used tech-

nique in the study of Si acetylene. However, a rapid fall-off in the fluorescence quan-

tum yield is observed in the >46300 cm- 1 region (just above the energy of the K = 2

level of the trans 34 vibrational state) [601, due to acetylene predissociation, which

produces C 2H(X2E+) + H( 2 S) fragments. Using high-resolution H-atom photofrag-

ment translation spectroscopy, Mordaunt et al. [112] determined the predissociation

threshold to be 46074 8 cm-', -1100 cm' below the top of the cis-trans isomer-

ization barrier. Ab initio calculations [38] of low lying singlet and triplet states of
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acetylene suggest a sequential S 1-T3 -T2 -T1 predissociation pathway, with an exit bar-

rier on the T1 PES. From the translational energy release of the H-atoms (measured

from the Doppler profile), the exit barrier is extrapolated to be -560 cm-1 f64, 158j.

The presence of this barrier explains the observation that the onset of the rapid

fluorescence fall-off lies higher in energy than the predissociation threshold.

Due to the sequential nature of the predissocation pathway, which is faciliated by

weak spin-orbit interactions, LIF signals can still be observed from Si levels >1000

cm- 1 above the predissociation threshold, although the detection quantum efficiency

of those predissociated levels is greatly diminished. In addition, since LIF signals

from the predissociated levels have a laser-pulse limited temporal profile (the non-

predissociated SI levels typically have lifetime of 200 - 300 ns), it is no longer possible

to reduce the effect of laser scatter-light by a gating window on the fluorescence time-

trace after laser excitation. As a result of significantly reduced signal-to-noise (s/n)

ratio, only two-thirds of the expected trans-conformer ungerade vibrational levels in

the 46700 - 47200 cm-' energy region could be observed in the LIF experiment, as

shown in Fig. 2-3, where both the observed and predicted K = 0 - 2 trans ungerade

vibrational levels are shown. Given that the current energy region lies just below

the top of the isomerization barrier, it is also likely that some of the observed levels

are cis-conformer levels, which gain significant oscillator strength by interacting with

nearby trans levels. If this were the case, the total number of observed trans levels

is an even smaller fraction of the total number of expected trans levels.

As mentioned in Section 2.1.1, unambiguous identification of the cis-conformer

levels relies on the ability to observe and assign essentially all of the possible trans-

conformer levels within an energy region. Vibrational assignment of the trans levels

is based on the effective Hamiltonian polyad model. Near the top of the isomerization

barrier, the polyad model, which does not directly take into account the presence of

the cis well on the PES, is unable to reproduce the energy level structure of the

trans-conformer to the same level of accuracy as it does in the <46700 cm-1 region

(typically a few cm- 1 ). The possible appearance of the cis-conformer levels in the

spectra further complicates the assignments. In the energy region of current interest,

55



we encounter a situation where both the detection and the vibrational assignments

become challenging. An improvement in the detection efficiency is a crucial first

step in assigning the complicated energy level-structure in the barrier region. With a

nearly complete observation of all of the possible states in this region, it might become

possible to sort out the trans level structure, guided (with caution) by predictions

from the polyad model. The cis-interloper levels, which are still relatively sparse in

the 46700 - 47200 cm- 1 region, might be identified with more certainty.

To increase the detection efficiency, 2+1 resonance-enhanced multi-photon ion-

ization (REMPI) detection of H atoms and 1+1 REMPI detection of acetylene have

both been previously applied in our lab [31]. Problems and difficulties associated

with those two detection schemes are discussed in Chapter 3 of this thesis. Part

of my thesis work is focused on developing sensitive detection schemes for predisso-

ciated S1 levels. Given that a laser scan in the Si acetylene experiments typically

spans several hundreds of wavenumbers (in double-resonance experiments, the same

energy region must be scanned multiple times to record all J levels), and it is carried

out semi-continuously for months, I consider experimental convenience to be almost

as important as detection sensitivity, because the reproducibility and quality of the

experimental data cannot be guaranteed if difficult laser alignments are regularly

needed.

2.3 Results and Discussions

2.3.1 Ungerade Vibrational States in the 46700 - 47200 cm'

Region

Despite decreased detection efficiency and partial breakdown of the polyad model,

definite vibrational assignments of some of the trans levels are still possible in the

46700 - 47200 cm- 1 region, thanks to our detailed knowledge of the trans level

structure in the lower energy region. In this section, I provide an analysis of the

observed trans 34B 1 polyad and the trans 3251 state, both of which provide nice
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illustrations of the effect of isomerization on the trans level structure, discussed in

Section 2.1.2.

I must point out that the two zero-order vibrational states in the 34B1 polyad, 3461

and 3441, are separated by >150 cm- 1 , due to large X36 cross-anharmonicity induced

by cis-trans isomerization. The energy separation between the two zero-order states

is much larger than the interaction matrix element (i.e. the a-axis Coriolis matrix

element between two zero-order K = 1 levels of the two vibrational states is expected

to be ~30 cm- 1 ). Consequently, all of the observed eigenstates within the 34B 1

polyad have predominantly one vibrational character, and they will be refered to, in

the following discussions, by their dominant vibrational assignment.

The three spectrally-brightest levels in the 46800-46900 cm- 1 total energy region

(see Fig. 2-3) can be assigned unambiguously to be K = 0 - 2 levels of the trans

3461 vibrational state, which is predicted to lie in this energy region by the effective

Hamiltonian polyad model. The 3441 state is expected to lie higher in energy by

-150 cm-1 than 3461. Transitions into K = 0 - 2 levels of 3441 are also expected

to be stronger than transitions into other predicted states in the same energy region

(47000 - 47100 cm- 1), based on LIF studies near 46000 cm- 1, where the 3341 state is

observed [12]. As a result, I assign the observed K = 0, An-symmetry level at 46996

cm', K = 1 level at 47016 cm-1, and K = 2 level at 47077 cm- 1 to be, respectively,

K = 0 - 2 levels of the trans 3441 state.1 Based on predictions from the polyad

model, the observed K = 0 Ba-symmetry level at 47113 cm-1, K = 1 level at 47127

cm-1, and K = 2 level at 47167 cm- 1 are assigned to 3251. The observed transition

1Based on the LIF spectrum, there is some ambiguity in the assignment of the K = 2 level of
3461, due to proximity of two observed K = 2 levels near 47080 cm- 1 . The 47087 cm- 1 state shows
up more intensely in the LIF spectrum compared to the 47077 cm- 1 state, which suggests that the
former should correspond to the K = 2 level of 3441. However, for predissociated levels, the observed
LIF intensity does not necessarily correspond closely with the absolute transition probability, due to
possibility of level-dependent predissociation rate. In the photofragment (C 2 and C2H) fluorescence
detection scheme (discussed in Chapter 3), the transition into the 47077 cm - 1 level is approximately
three times more intense than that into the 47087 cm- 1 level in the resulting action spectrum. Given
that signal intensities obtained in the photofragment fluorescence action spectrum appear to reflect
more closely the acetylene SI-So transition probabilities (as discussed in Section 3.4 of Chapter 3),
it is more likely that the 47077 cm 1 level corresponds to the K = 2 level of 3441, which is the
assignment adopted in my analysis. Relative LIF intensities of other levels in the 46700-47200 cm 1

region appear to agree qualitatively with photofragment fluorescence action intensities.
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Figure 2-4: Observed and predicted (based on the trans polyad model) level positions
of 34B' and 3251. Levels in Fig. 2-3 irrelevant to discussions in Section 9.4 are omitted
for clarity. Orange lines are used to indicate assignments.

intensities into the three K-levels also agree with the expectation that 3251 is the

spectrally-brightest vibrational state in the 47100 - 47200 cm' energy region. The

assignments of the K-structure of 34B1 and 3251 are further supported by results

from least-squares fitting, discussed later in this section.

The assigned and predicted level positions of 34B1 and 3251 are shown in Fig. 2-4,

where levels in Fig. 2-3 irrelevant to my discussion in this section are omitted for

clarity. As can be seen from Fig. 2-4, while the observed K = 0 - 2 levels of 3251 and

3441 agree reasonably well (<10 cm- 1 discrepancies) with predictions based on the

polyad model, the agreement is significantly worse (-30 cm- discrepancies) for the

K = 0, 2 levels of 3461. The energies of the two even-K levels seem to have both been

shifted down by -30 cm- 1 with respect to the energy of the odd K = 1 level of 3461,

characteristic of tunneling-induced K-staggering discussed in Section 2.1.2. The 3461

state, with simultaneous excitations in both v3 and v6 , is a barrier-proximal state

and tunnels readily into the cis wells, while 3251 and 3441 are less prone to isomerize,
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Table 2.1: Rotational constants from least-squares fitting of the trans 34B' polyad.
Values are in cm- 1. The rms of the fit is 0.034 cm-.

3461 3441
TO 46826.67(2) 46995.65(2)
A 20.276(171) 15.200(168)
B 1.1278(32) 1.1198(23)
C 1.0138(21) 1.0270(18)

DJK 0.0065(6) -0.0023(3)
2A(a6  32.86(38)
B( 6  0.7618(359)

K-staggering 28.98(3)

despite the fact that the two states lie higher in energy than 3461.

Given that Coriolis interactions (especially a-axis Coriolis) are non-neglible be-

tween the 3461 and 3441 states, to accurately determine the degree of K-staggering

in 3461, it is necessary to fit the observed K = 0 - 2 structures of both states si-

multaenously, with a model that includes both a and b-axis Coriolis interactions (the

Darling-Dennison interaction is absent in the 34B 1 polyad). To account for an appar-

ently staggered K-structure, a K-staggering parameter is included for the zero-order

3461 state. The K-staggering parameter is assumed to be a constant, and it effectively

shifts the position of the K = 1 level with respect to K = 0 and 2. The K-structure

of 3461 no longer follows the patterns of an asymmetric top.

The PGOPHER program is used for the least-squares fitting, and the results are

given in Table 2.1. The Coriolis matrix elements used in my fit are defined similarly as

in Ref [107]. Note that the rms of the fit is significantly reduced (0.078 cm- 1-+0.034

cm') by including DJK terms for both vibrational states. The DJK terms should

be considered correction terms to the fit, similar to the small centrifugal distortion

correction terms used in the polyad fit of Refs [107, 1541. The values of all other

rotational constants in Table 2.1 are reasonable. For example, the value of 2A(a ,

which increases rapidly with addition of v3 (-3 cm- 1 per quantum of v3), is predicted

to be -30 cm- 1 for the 34B1 polyad. The value of B(b , which is relatively insensitive

to addition of v3, is predicted to be -0.78 cm'(derived from the B 1 polyad) [1681.
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Table 2.2: Rotational constants from least-squares fitting of the trans 3251 state.
Values are in cm- 1 . The rms of the fit is 0.029 cm-1.

3251

TO 47112.42(1)
A 14.6522(33)
B 1.1278(32)
C 1.0202(32)

K-staggering 0.927(13)

Based on the least-squares fit results, it is clear that the tunneling-induced level

shift of the 3461 K = 1 level (+29 cm- 1, with respect to the even-K manifold)

is significantly larger than the Coriolis-induced level shift (-7.5 cm-1). Within the

experimental resolution, there is no observable K-staggering in the 3441 level, which

is a further indication that 3441 is not tunneling-active.

A similar least-squares fit is carried out for the 3251 state. The results are shown

in Table 2.2. There are definite signs that a small amount of K-staggering (0.93

cm- 1) is present in 3251. Without the K-staggering parameter, a nearly constant fit

residual of around +0.9 cm-1 is present for all observed J-levels within the K = 1

structure. By incorporating the K-staggering parameter, I am able to obtain a fit,

with rms = 0.029 cm'. A small but non-negligible K-staggering indicates that the

3251 state, which does not have excitation in v6, is also barrier-proximal, although

to a much lesser extent compared to 3461. The small degree of tunneling activity in

3251 might be related to the fact that excitation in v5 (the antisymmetric stretching

mode) is necessary to reach the cis-trans isomerization transition state, which has

unequal CH bond lengths.

As discussed in Section 2.2, vibrational assignments become challenging in the

46700 - 47200 cm- 1 region. Currently, we do not have a model which allows pre-

diction of the energy level structure of the barrier-proximal states, especially their

rotational K-structure. This is particularly problematic for 3'B" polyads, with small

m and large n values, e.g. 31 B 5 , because those polyads have multiple polyad mem-
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bers (six in the case of 3'B5), with varying degree of barrier-proximity, and Coriolis

interactions among the polyad members are by no means negligble. The resulting

K-structure becomes unpredictable (for the current model). However, as pointed out

in Section 2.2, an improved detection efficiency will get us significantly closer to a

full understanding of the complicated energy level structure near the top of the Si

cis-trans isomerization barrier, especially given that we are already equipped with

detailed knowledge of the trans (and cis) level structure below 46700 cm-1, as well as

a qualitative understanding of the effect of isomerization on the energy-level structure.

Secure vibrational assignments of Si levels near the top of the isomerization barrier

are also crucial for future SEP experiments to detect So local-bender levels, because

the ideal "local-bender pluck" Si acetylene levels are those with many quanta in V6,

as well as some additional quanta in v3' to improve the Franck-Condon intensity [129,

132]. In other words, in the energy region where the S1 level structure has been

explored in detail (i.e. up to 47200 cm- 1 ), Si barrier-proximal states, such as 3165

(not yet securely identified, but is expected to be located in the 46700 - 47200 cm-1

region), will possibly grant the best access to local benders in So.

2.3.2 Collisonal Relaxation

All of the recent LIF spectra of Si acetylene from our group are collected in the

collision-free region (also known as the zone of silence) of a supersonic jet, gener-

ated from a pulsed-valve. The collision-free region typically lies >10 nozzle-diameters

downstream from the face-plate of the pulse-valve. The rotational temperature of

the beam in the collision-free region is -10 K. However, collisional relaxation is still

sometimes observed, especially when the laser beam intersects the supersonic molec-

ular beam upstream of the zone of silence. The effects of collisional relaxation are

most prominently observed in IR-UV DR experiments, where the acetylene molecules

are first pumped by an IR photon to an intermediate So rovibrational level with

ungerade vibrational symmetry, e.g. the vj' fundamental (E+) or the v3 + v4' com-

bination level (Ia). Collisional relaxation results in population in levels that are

not initially populated by the IR photon. The UV laser, which is intended to excite
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Si-So transitions from the IR-populated So level, also excites transitions from the

collisionally-populated So levels. While the dynamics of collisionally-induced energy

transfer are interesting (see Refs [53, 54, 125]), the presence of collisional relaxation

is a nuisance in collecting IR-UV DR spectra, because additional IR-dependent lines

(which complicate spectra-assignments) can appear in the spectra as a result of col-

lisional relaxation. Given that collisional relaxation is one of the most frequently

encountered sources of unwanted signals in the IR-UV DR spectra, I describe this

problem in this section. In particular, I focus on the rotational selection rules of the

relaxation process. Understanding the relaxation selection rules facilitates identifica-

tion and assignment of those collisionally-induced peaks in the spectra.

In IR-UV DR experiments via the So v3' fundamental level, J" = 0 - 4 levels

of v' are individually pumped by the IR laser (in five different experiments). At

UV excitation energy of ~43764 cm-', transitions from the So v2 + v" levels into Si

trans-34 K = 2 levels can be definitively assigned in all five IR-UV DR spectra, each

of which should only contain transitions from one of the five individually-selected

IR-pumped v' levels. Vibrational relaxation, V' -+ V2 + V", must have occurred

prior to UV excitation (-20 ns after IR). The rotational quantum number, J, of

the collision precursor vi' level, is randomized by collisions, and multiple J-levels

of v 2 + v" are populated, as can be seen in all five spectra in Fig. 2-5. To help

understand the patterns in the spectra, I include the rotational level structures (with

parity and symmetry labels) of V2 + v" and v3' in Fig. 2-6a. If both i-components

of the V2 + v" state were collisionally-populated without bias from a given J"-level

of 4'', each observed Q-branch transition in Fig. 2-5 would be split into two lines,

centered around one of the green vertical lines in Fig. 2-5. However, as can be seen

from all five spectra in Fig. 2-5, only one member of the doublet is present for each

of the observed Q-branch transitions. According to my rotational assignments, when

the collision-precursor levels are even-J" levels of v3', rotational levels of V2 1' with

ortho nuclear-spin configuration (and + parity) are selectively populated; when the

collision-precursor levels are odd-J" levels of ', rotational levels of v2 + v'" with para

nuclear-spin configuration (and - parity) are selectively populated. Given that even-
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(b) v3 + v", with

and odd-J" levels of v" have, respectively, ortho and para nuclear-spin symmetry

(see Fig. 2-6a), nuclear-spin symmetry appears to be conserved during v4 -÷ v2 + v"

vibrational relaxation. Conservation of nuclear-spin symmetry is expected, because

collisions, which do not generally involve magnetic perturbations, are unable to induce

a nuclear-spin flip. The observed vibrational relaxation also obeys the + -+ - parity

selection rule. This parity selection rule, however, is not universally applicable to all

types of collisional relaxations, such as rotational relaxation (discussed below).

Rotational relaxation (i.e. J-changing collisions within a vibrational level) is also

observed in the supersonic jet. Specifically, after the J = 4+e level of the So V3 +

u4 combination level is initially populated by an IR photon, rotational relaxation

from J = 4+e into J = 3+f and J = 5+f levels is observed during IR-UV DR

experiments that probe the Si 3461 K = Of levels (IR-UV DR transitions into 3461
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are strong). As a result of rotational relaxation, extra Pff(3) and Pff(5) lines show

up in the DR spectrum, in addition to the expected Qfe( 4) transition. The parity of

the rotational levels appears to be conserved during rotational relaxation, i.e. + ++ +,
which is different from the parity selection rule associated with vibrational relaxation,

+ ++ -, discussed in the previous paragraph. However, if I consider the nuclear-

spin state of the involved rotational levels, nuclear-spin symmetry is also conserved

during rotational relaxation. As can be seen from Fig. 2-6b, the intially-populated

v3 +v' J = 4+e level has the same nuclear-spin symmetry (ortho) as the collisionally-

populated J = 3+f and J = 5+f levels. Conservation of ortho-para symmetry is

thus a more rigorous selection rule in collisional relaxation processes.

65



66



Chapter 3

Probing the Predissociated Levels of

the S 1 State of Acetylene via H-atom

Fluorescence and Photofragment

Fluorescence Action Spectroscopy

Abstract

In this work, I report two new experimental schemes to obtain high-resolution spectra
of predissociated Si acetylene levels. In the first method, H-atoms from the predissoci-
ated S1 acetylene levels are probed by two-photon laser-induced fluorescence. Specif-
ically, the H-atoms are pumped to the 3d (and 3s) level by the two-photon resonance
transition at 205.14 nm. The resulting 3d - 2p fluorescence signals (654.5 nm) are
collected by a photomultiplier tube (PMT). This new H-atom fluorescence detection
scheme is an improvement over the more widely used H-atom resonance-enhanced
multiphoton ionization (REMPI) detection, both in terms of the signal-to-noise (s/n)
ratio of the resultant H-atom action spectra of Si acetylene, and experimental conve-
nience (due to higher number-density of molecules that can be used in the fluorescence
detection than in the REMPI detection). In the second method, fluorescence from
the electronically excited C 2 and C2H photofragments of Si acetylene are detected.
The photofragment fluorescence detection results in the best s/n ratio in the action
spectra of predissociated acetylene levels, compared to the H-atom ion-detection and
laser-induced-fluorescence (LIF) detection methods. In addition, a single UV laser
beam is used as both the excitation and probe beams, which greatly simplifies the
laser alignment process for the photofragment fluorescence detection scheme.

The H-atom fluorescence detection work described in this chapter was performed
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with C. A. Saladrigas. The photofragment fluorescence action detection scheme was

performed with T. J. Erickson, including contributions from C. L. Keenan.

3.1 Introduction

The study of the first electronically excited singlet (S1) state of the acetylene molecule

dates back more than one hundred years, when Stark and Lipp published the first ab-

sorption spectrum of gas-phase acetylene from 2200 to 1900 A [151]. Groundbreaking

works from Ingold and King [751, and Innes [761, demonstrated that the excited state

observed in the absorption spectrum has a trans-bent structure (C2h point group),

instead of the linear structure of the electronic ground states (So). From the observed

rotational selection rule, the Si-So transition was identified as a c-type A 1As - X' iE9
transition. Detailed analyses by various groups [12, 104, 106, 107, 111, 154, 155, 160,

168-170, 174] led to essentially complete vibrational and rotational assignment up

to 4500 cm-1 above the zero-point level of the Si trans conformer, and recent work

from our group resulted in the discovery of several Si cis-conformer levels [12, 1051.

The cis conformer levels borrow transition intensities by interaction with nearby S,

trans levels. High-level ab initio calculations [13] and modeling of the experimental

data [11] have located the cis-trans isomerization barrier at -5000 cm- 1 above the

trans minimum energy.

We have encountered both theoretical and experimental difficulties in extending

the vibrational assignments to levels above 4500 cm- 1 [31]. The cis-trans isomeriza-

tion process greatly alters the energy-level structures of both trans and cis-conformer

levels near the top of the isomerization barrier [105]. Our polyad fit model, based on

an effective Hamiltonian of the trans-conformer (i.e. the presence of the cis-conformer

on the potential energy surface is not directly taken into account), fails to accurately

predict positions of levels above 4500 cm- 1 . The possible appearances of the cis-

conformer levels in the spectra further complicate the assignments. In addition, the

predissociation threshold of acetylene (46074 8 cm') [112] lies -1000 cm-' below

the top of the isomerization barrier. The detection efficiency of the laser-induced
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fluorescence (LIF) technique (the most commonly used technique in the study of the

Si acetylene) diminishes greatly for the predissociated levels. As a result, only about

half of the expected levels near 5000 cm-' could be observed in the LIF experiment.

Combined with the partial breakdown of our polyad fit model, secure vibrational and

conformer assignments of those observed levels became challenging.

To increase the detection efficiency, resonance-enhanced multi-photon ionization

(REMPI) detection of H atoms (2 +1 REMPI) has been previously applied in our

lab [31]. The signal-to-noise (s/n) ratio of the H-atom REMPI detection, however,

is not significantly better than acetylene LIF in the energy region of interest (-5000

cm 1 above the trans minimum, and -1000 cm- 1 above the predissociation thresh-

old), although it does permit observation, with reasonable signal-to-noise, of one

predissociated band that is barely observable by LIF detection. REMPI detection

of acetylene (1+1 REMPI) has also been applied to study predissociated S1 lev-

els [31, 1641, and the s/n ratio of the resultant spectrum is better than that of H-atom

ion-detection and acetylene LIF.

In this chapter, I report two new experimental strategies to obtain rotationally-

resolved high-resolution spectra of predissociated Si acetylene levels. In the first

method, instead of detecting the H atoms via 2+1 REMPI, I detect the H-atoms

by monitoring two-photon laser-induced fluorescence. In addition to probing the

predissociated Si levels, the H-atom fluorescence action spectra, in combination with

the LIF spectra, also allows a rotationally-resolved study of the predissociation process

in Si acetylene. In the second method, fluorescence from the electronically excited

photodissociation products of Si acetylene (C 2 and C2H) are detected. The second

method offers significantly higher s/n ratio, compared to LIF and the two H-atom

detection techniques (direct comparison with acetylene 1+1 REMPI detection is not

currently avaliable). It is also the easiest method to implement, because a single

UV laser beam is used for both A +- X excitation and the immediate multi-photon

fragmentations. No additional probe laser beam is needed.
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3.2 Experimental Details

Both H-atom and photofragment (C 2 and C 2H) fluorescence detection experiments

are carried out in a vacuum chamber, fitted with a diffusion pump (Varian, VHS-6),

which achieves an ultimate pressure of 10-6 torr. A molecular beam of acetylene

is expanded through a pulsed valve (General Valve, Series 9, d=1.0 mm) into the

vacuum chamber. A mixture of acetylene (13%) in Ar with 3 atm backing pressure

is used in the H-atom experiment, and neat acetylene with 1 atm backing pressure is

used in the carbon-fragment detection scheme. Under gas load, the chamber pressure

is 2 - 5 x 10-' torr.

The laser beams used in the experiments are produced from two tunable dye lasers,

FL2002 and FL3002E (Lambda Physik), pumped, respectively, by the second and

third harmonics of a Q-switched, injection-seeded, Nd:YAG laser (Spectra Physics,

Pro-270), operating at 20 Hz. Nonlinear processes are applied to generate the desired

wavelengths for specific experiments (see Sections 3.2.1 and 3.2.2). The resulting

laser beams intersect the molecular beam at -1.5 cm downstream from the pulsed

nozzle orifice. Fluorescence signals, collected by f/1.2 optics, are observed at an angle

mutually perpendicular to the laser path and the molecular beam, and recorded by a

photomultiplier tube (PMT) (Hamamatsu R375), with appropriate filter choice (see

Sections 3.2.1-3.2.2). To minimize scattered laser light in the fluorescence detection,

the laser beams enter and exit the chamber through Brewster windows attached at the

end of two long arms, each of which is equipped with two iris baffles (SMi components,

Thorlabs). The PMT signal is split and one part of it is input to a 30 dB voltage

amplifier (Femto DHPVA-200), with 1.8 ns rise-time at 200 MHz bandwidth. The

two output signals are monitored simultaneously on a digital oscilloscope (LeCroy,

9360), and the data is transferred to a computer for storage and post-processing.

3.2.1 H-atom fluorescence action spectroscopy

Two counter-propagating laser beams are used in the H-atom fluorescence experi-

ments. The pump laser beam, weakly focused by an f = 50 cm lens, is used to
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Figure 3-1: Level diagrams (not drawn to scale) relevant to the acetylene pump
and subsequent H-atom probe scheme. H-atom fluorescence signals at 654.5 nm are
collected by a PMT.

excite the A-X transition to a predissociated S1 level. To probe the resulting H-atom

photofragment, a second focused laser beam (f = 30 cm lens), delayed by 5 ns with

respect to the excitation laser beam, excites the H-atoms into the 3s and 3d levels by

a two-photon transition at 205.14 nm. The counter-propagating beam configuration

is crucial for maximizing spatial overlap between the two laser beams. Fluorescence

(654.5 nm) from the 3s and 3d levels into the 2p level is detected by the PMT. A

630 nm long-pass filter (Newport, CGA-630) is used to minimize residual scattered

light and fluorescence from photofragments of S, acetylene, e.g. C 2 Swan band emis-

sion. The acetylene excitation and subsequent H-atom probe scheme is summarized

in Fig. 3-1. Given that the two-photon 3d <- Is transition is approximately an order

of magnitude stronger than the two-photon 3s <- Is transition [58, 172], the H-atom

fluorescence signals are dominated by the 3d -+ 2p emission, which has a lifetime of

<20 ns [177]. The 3s - 2p emission signal (>100 ns lifetime) [177] is much weaker.

The excitation laser radiation is produced by the FL-3002E dye laser (Stilbene 420

dye). The dye laser output (420-430 nm) is frequency-doubled with a /-barium borate

crystal (BBO), and a small portion of the fundamental is used for 130Te 2 frequency

calibration. An intracavity etalon reduces the spectral width to 0.04 cm- 1 and the

UV excitation power is approximately 100 pJ/pulse. The H-atom probe laser beam

at 205.14 nm is produced by frequency-tripling the output of the FL2002 dye laser

at 615.42 nm (Rhodamine 640 dye). The wavelength of the fundamental beam is
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monitored by a wavemeter (Wavemaster, Coherent). Specifically, a combination of

two BBO crystals and a zero-order half-wave plate (Thorlabs, WPH05M-308) was

used to achieve frequency-tripling. The grating-limited spectral width of the 205 nm

beam is 0.2 cm-, with a pulse-energy of -500 pJ/pulse.

I must emphasize that the power of the UV Si-So excitation beam is intentionally

kept at a relatively low level (100 pJ/pulse) in the H-atom fluorescence experiment.

On each A-X resonance, I observe, in addition to the H-atom signal, a long lifetime

fluorescence signal, which is not dependent on the presence of the H-atom probe

beam. In fact, the intensity of the long lifetime signal can completely overwhelm

the H-atom signal, if the power of the UV pump laser is high (>250 uJ/pulse). To

suppress the 'unwanted' signal (so that it is at least an order of magnitude smaller

than the H-atom signal), the UV pump power must be decreased. As I discuss in

Section 3.2.2, the 'unwanted' signal turns out to be the basis of our second (preferred)

detection strategy for predissociated Si levels.

3.2.2 Photofragment fluorescence action spectroscopy

The Photofragment Fluorescence Action Spectroscopy technique (or PFAS) is based

on one-color, multi-photon excitation of acetylene, resonance-enhanced at the one-

photon level by a rotationally-resolved A-X transition. A single UV laser beam (fo-

cused by an f = 70 cm lens) excites the A-X transition, and immediately causes

dissociation of the S, acetylene into electronically excited C 2 and C2H fragments.

Swan band emissions of C 2 and fluorescence of C 2 H are detected by the PMT, with a

550 nm long-pass filter (Thorlabs, FGL550S). A 2 ps duration fluorescence time-trace

is recorded by the oscilloscope, and integrated to generate the action spectrum.

Since a single UV laser beam serves both as the excitation and the probe beam, the

laser-alignment process is greatly simplified. This is demonstrated by our successful

implementation of an IR-UV double-resonance A-X excitation scheme. In that case,

the IR laser, focused by an f = 40 cm lens, simultaneously excites acetylene into

J = 1 - 5 f-symmetry rotational levels of the So V 3 + V4' combination level, by Q-

branch pumping. A focused UV beam excites the vibrationally excited molecules
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Figure 3-2: Level diagram (not drawn to scale) relevant to the photofragment fluo-
rescence detection scheme. The C 2 d3IIg state is generated with three same-color UV
photons from the IR-populated So v3 + v'" levels. The assignment of the electronically
excited C2H fragments is currently unknown, although the fragments are believed to
be generated by two rather than three UV photons, discussed in Chapter 4. The C2
Swan-band and C2H visible emission signals are collected by a PMT.

into a selected Si rovibrational level, and subsequently produces the photofragment

signals. The photofragment detection scheme is summarized in Fig. 3-2.

The UV excitation beam (230-235 nm) is generated with an etalon-narrowed (0.04

cm-1 spectral width) FL-3002E dye laser (Coumarin 460 dye), and has an energy

of approximately 300-400 pJ/pulse. The IR radiation (-2500 nm) is provided by

difference frequency generation in a LiNbO 3 crystal, using the fundamental of the

injection-seeded Nd:YAG laser (1064 nm) and the near IR (740-750 nm) output of the

FL-2002 dye laser (LDS 751 dye). The IR radiation has an energy of approximately

1.5 mJ/pulse, and a grating-limited spectral width of 0.10 cm-1.

In applying the PFAS method, one should be aware of the possibility of accidental

two-photon resonance excitations into high-lying Rydberg states of acetylene. Fortu-

nately, two-photon resonant transitions can usually be distinguished from the target

-X transitions, because the linewidth of the two-photon resonant transitions are ex-

pected to be significantly broader (given the presence of a facile dissociation channel
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in the two-photon energy region 13, 21, 26, 92, 98-100, 162, 163]) than the target

one-photon resonant transitions. In the experiment, the UV excitation beam is only

weakly focused (i.e. the beam, focused by an f = 70 cm lens, intersects the molecular

beam ~2 cm away from the beam waist) to avoid accidental two-photon resonant

transitions, none of which have so far been observed in the acetylene experiment.

3.3 H-atom Fluorescence Action Spectroscopy

3.3.1 Results

H-atom Fluoresence

H-atom REP

47250 47255 47260 47265 47270

E / cm 1

Figure 3-3: Comparison of action spectra of 35 K = 1 rotational levels of S1 acety-
lene, recorded by H-atom fluorescence (orange) and H-atom REMPI (blue) detection
schemes. The experimental conditions of the H-atom REMPI detection scheme were
described in full detail in Ref [31]. The REMPI spectrum in the figure was recorded
with similar excitation and probe laser powers as the H-atom fluorescence spectrum.
The two spectra are scaled to a similar noise level.

High-resolution H-atom fluorescence-detected action spectra are recorded in the

47130-47280 cm- 1 region (1050-1200 cm- 1 above the predissociation limit). The s/n
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ratio of the H-atom fluorescence action spectrum is consistently better (by approxi-

mately a factor two) than the H-atom REMPI action spectrum (recorded with similar

laser powers), as shown in Fig. 3-3 for the 35 K = 1 levels of S1 acetylene.

321 0 1 2 3 RI I - I I
Q 1 0 1 2 3 RR

H-atom

LIF

I I I I I I
47204 47206 47208 47210 47212 47214

E/cm 1

Figure 3-4: J-dependent rotational level predissociation. The H-atom fluorescence
action spectrum is plotted in orange and the acetylene LIF spectrum in green. Ro-
tational assignments for the two vibrational levels present in this region are given,
respectively, in magenta (assigned as the 3462 K = 1 level) and in blue (a state that
perturbs the 3462 level, but its vibrational assignment is yet to be determined).

The H-atom fluorescence action spectra, in combination with the LIF spectra

(recorded with the same experimental conditions, except that the UV pump beam

was unfocused), also allow rotationally-resolved study of the predissociation process

of Si acetylene. As shown in Fig. 3-4, we have observed clear evidence of rotational

level-dependent predissociation. The relative intensities of R(O) and R(1) lines of the

3462 level (magenta) are drastically different in the H-atom and LIF spectra. The

J = 1 e-symmetry level (reached by the R(O) transition) appears to be more weakly

predissociated, compared to the J = 2 e-symmetry level (reached by the R(1) transi-

tion). In addition, the rate of predissociation seems to be vibrational level-dependent.
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Figure 3-5: Vibrational level-dependent predissociation. The H-atom fluorescence
action spectrum is plotted in orange and the acetylene LIF spectrum in green. The
vibrational level assignments are given above the spectra.

In Fig. 3-5, the ratio of the LIF signal to the H-atom signal is much larger for the

1132 level than for 3462 and 35, which means that the predissociation rate is slower

for the 1132 level than 3462 and 35. The observed level-dependent predissociation is

consistent with the sequential S 1-T 3-T2-T1 predissociation pathway [38, 113], with

the proposed T3-mediated doorway interaction model [19, 421.

3.3.2 Discussion

The superior s/n ratio of the H-atom fluorescence detection over the H-atom REMPI

detection might be unexpected, given that REMPI has near-unity detection efficiency,

while fluorescence detection is reduced by both finite detection solid-angle and PMT

quantum yield (< 5% detection efficiency of REMPI). We believe that two factors con-

tribute to the improved s/n ratio in the H-atom fluorescence detection scheme. The

total number of acetylene molecules, and consequently the total number of H-atoms

resulting from the A-X excitation, was significantly larger in the H-atom fluorescence
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experiment than the H-atom REMPI experiment (differing by at least one order of

magnitude)1 , because fluorescence detection does not require such low pressure con-

ditions as are needed for REMPI detection (typically operated at <5 x 10-6 torr). In

addition, the linewidth of the probe laser used in the H-atom fluorescence experiment

(0.2 cm- 1 ) was about five times larger than that used in the REMPI experiment

(0.04 cm- 1 ) [31]. Given that the Doppler linewidth of H-atoms from the predisso-

ciated S1 levels of interest is -3 cm 1 [158], the percentage of probed H-atoms was

about five times larger in the current H-atom fluorescence experiment than in the

REMPI experiment.

One of the other advantages of H-atom fluorescence detection over REMPI detec-

tion is that laser alignment is significantly easier in the fluorescence detection scheme

than the REMPI scheme. Even though the two detection schemes involve the same

number of focused laser beams, with more H-atoms available in the detection cham-

ber, it is considerably easier to achieve good initial laser alignment in the fluorescence

detection scheme (the signals can usually be increased by an additional factor of two

upon further beam adjustments). In addition, compared to the REMPI scheme, the

H-atom fluorescence detection method is more applicable in experimental conditions

where high-vacuum condition is not possible, e.g. in a cell (with typical pressure >1

mtorr), or in conditions where ion-detection is undesirable, i.e. to avoid stray electric

fields >50 mV/cm, which is difficult.

The signal strength can potentially be improved by an order of magnitude if the

two-photon Doppler-free detection scheme [43] would be applied to probe the H-atoms

(e.g. a configuration with two counter-propagating H-atom probe beams), considering

that the Doppler linewidth of the H-atom transition (3 cm-') [1581 is significantly

wider than the probe laser linewidth (0.20 cm- 1). A Doppler-free detection scheme

would be challenging to implement in a laser beam configuration in which the pump

beam is collinear with the two counter-propagating H-atom probe beams (the most

ideal configuration which would maximize spatial overlaps among the laser beams),

'This estimate is based on the experimental condition described in Ref [31]. In the H-atom
REMPI experiment, a skimmer with 1 mm orifice diameter was placed approximately 5 cm down-
stream from the position of the supersonic nozzle (1 mm orifice diameter).
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because an optical beam-combiner for the acetylene pump beam (212 nm) and one of

the two counter-propagating H-atom probe beams (205 nm) is not readily available.

The limiting factor in the s/n ratio of the current H-atom fluorescence action

spectrum is the presence of a non-zero background signal, which is independent of

the UV pump beam (212 nm), but dependent on the presence of both the H-atom

probe beam (205 nm) and acetylene molecules. The background signal has the same

fluorescence decay time as the H-atom fluorescence signal resulting from acetylene

transitions near 212 nm (the desired A - X transitions probed in the experiment),

but the background is more sensitive to the power of the 205 nm beam than the

desired H-atom signal. It seems most likely that the background signal also comes

from H-atom fluorescence, and it is a result of a one-color 1+2 process. The first 205

nm photon excites the acetylene molecule (either resonantly or near-resonantly) into

strongly predissociated Si levels. The resulting H-atoms are probed by two additional

205 nm photons, which gives rise to the constant background signal. Note that a weak

acetylene absorption band has been observed near 205.19 nm [170], which is close to

the wavelength of the H-atom probe beam (205.14 nm).

In practice, given that the background signal has higher-order power dependence

on the 205 nm beam than the desired H-atom signal (due to acetylene transitions near

212 nm), the optimal s/n ratio is achieved when the 205 nm probe beam is weakly

focused at the center of the molecular beam (i.e. the 205 nm beam interacts with the

molecular beam -1 cm away from the tightest focal spot), so that the background is

reduced while the desired H-atom signal still remains strong.

3.4 Photofragment Fluorescence Action Spectroscopy

3.4.1 Results

Given that a single UV laser beam is used for both A - X excitation and immedi-

ate photo-fragmentations, the photofragment fluorescence detection method is excep-

tionally easy to implement. Even IR-UV double-resonance A - X excitation, which
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Figure 3-6: Comparison of spectra obtained with PFAS (upward-pointing spectra,
orange) and IR-UV double-resonance LIF (downward-pointing spectra, blue). The
horizontal-axis represents the energy of the excitation UV-photon used in IR-UV
double-resonance excitation scheme. (a) IR-UV double-resonance excitation spectrum
of the 112'B1 K = 0 level. The rotational assignments are shown as horizontal tie-
lines in magenta. (b) IR-UV double-resonance excitation spectrum of 3251 K = 2
level (only the Q-branch spectrum is shown). The rotational assignments are shown as
horizontal tie-lines in magenta. The IR-UV double-resonance spectrum accidentally
overlaps with the R-branch of strong single-resonance excitations into 31 K = 1
rotational levels. The rotational assignments of the single-resonance transitions are
shown as horizontal tie-lines in green. Note that the oscilloscope is intentionally
saturated for the single-resonance signals in order to reveal much weaker double-
resonance signals. In addition, only the early (20 ns) fluorescence time-window is
integrated to generate the LIF spectrum. Therefore, the total single-resonance LIF
signals are at least an order of magnitude stronger than it appears to be in part (b).
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Figure 3-7: Level diagrams of IR-UV double resonance transitions into S i 3251 K = 2
levels and accidental single-resonance UV transitions into Si 3' K = 1 levels. The
expected relative strengths of the two types of UV transitions are illustrated by the
relative thicknesses of the blue arrows.

is challenging to apply in the H-atom fluorescence detection (which involves precise

alignment of an additional focused UV probe laser with two focused IR and UV

pump beams), can be easily implemented in the PFAS scheme. The IR-UV double-

resonance spectra provide information about the ungerade S 1 vibrational levels, which

are inaccessible by single-resonance UV excitation.

The PFAS scheme is applied to record high-resolution IR-UV double-resonance

(via J = 1-5, f-symmetry rotational levels of the v3 + v' IR combination level) action

spectrum of S, acetylene, in the 46700-47200 cm- 1 region (600-1200 cm- 1 above the

predissociation limit). Among all the techniques (LIF, H-atom fluorescence, H-atom

REMPI, and PFAS) used to study predissociated Si levels in the 47000 cm- 1 region,

the PFAS method has the highest s/n ratio (the other three techniques have similar

s/n ratio in this energy region). As shown in Fig 3-6(a), transitions into 112 1B1

K = 0 rotational levels (>1100 cm 1 above the predissociation limit) are much more

prominent in the PFAS spectrum compared to the LIF spectrum (i.e. only the Q(1)

transition is observed in the LIF spectrum).

The PFAS signals are observed for levels both below and above the predissociation

limit. In the UV scan region of Fig. 3-6(b), there exists both IR-UV double-resonance

transitions into 3251 K = 2 rotational levels (-1000 cm 1 above the predissociation

threshold) and accidental single-resonance (UV) transitions into 31 K = 1 rotational
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levels (~2000 cm-' below the predissociation threshold). The level diagrams associ-

ated with the two types of transitions are shown in Fig. 3-7. Without predissociation,

the UV transitions in the IR-UV double-resonance excitation are expected to be ap-

proximately an order of magnitude stronger than the single-resonance UV transition,

based on observed absorption intensity as a function of quanta in v31 [75, 127, 173].

The actual observed ratio is expected to be smaller, due to the fact that the IR-UV

signals are subject to finite IR-pumping efficiency. By comparing the relative inten-

sity of the 3251 Q(3) peak (labeled by the magenta tie-line) and the 31 R(3) peak

(labeled by the green tie-line) in the PFAS and LIF spectra of Fig. 3-6b,2 it is clear

that the intensity ratio in the PFAS spectrum agrees with the expectation, but in the

LIF spectrum, single-resonance transitions into the non-predissociated 31 level are at

least an order of magnitude stronger than the double-resonance transitions into the

predissociated 3251 level (note that the single-resonance LIF signals are saturated,

as specified in the caption of Fig. 3-6). This implies that, while the LIF signals are

strongly affected by predissociation, the PFAS signals are not. This is expected, be-

cause the PFAS signal originates from excitation of S i acetylene (discussed in Chapter

4) and should therefore scale linearly with the Si population, which is proportional to

the A-X transition probability. Dependence of the Si photodissociation cross-section

on the identity of the Si level could potentially spoil the proportionality between the

PFAS signal and the A-X transition probability. However, I do not expect significant

level-dependence, based on the study of PFAS signals originating from the close-lying

Si trans-conformer 34 and cis-conformer 3161 levels (discussed in Chapter 4).

3.4.2 Discussion

Due to large wavelength differences between the excitation laser (212-235 nm) and the

detected fluorescence (visible), scattered laser light can be essentially eliminated in

the PFAS detection scheme. This significantly reduces the noise level in the PFAS de-

tection. In comparison, both LIF and H-atom fluorescence detection of predissociated
2 The 3251 Q(3) peak and 31 R(3) peak are chosen for the comparison, because those two peaks

are not accidentally overlapped with other single-resonance and double-resonance transitions.
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Si levels suffer from a significant background signal (among other problems). Due to

the similarity in wavelength between the UV excitation and fluorescence wavelength

(<100 nm apart), as well as short lifetime of the LIF signal (which precludes gating

of the fluorescence), it is difficult to minimize the background UV scattered light in

the LIF detection scheme. The background in the H-atom fluorescence scheme has

been discussed in 3.2.1, and it is intrinsic to the technique and the molecular system

studied, although it can be minimized by using a lower H-atom probe power density.

Investigations of the mechanisms of the PFAS signals are the subject of Chapter

4, and the spectroscopic characters of the PFAS signals are only briefly discussed

here. The PFAS signals are in the visible range (fluorescence from the S i levels is

concentrated around 300 nm, although this fluorescence does extend into the visible).

It has a non-linear dependence on the power of the A-X pump laser (power-index of

1.6, which implies some laser-saturation effect). The fluorescence time-dependence

of the PFAS signal has at least a bi-exponential decay pattern, with -120 ns and

-2 /is decay times, respectively (in comparison, LIF signals from predissociated SI

levels have sub-10 ns lifetimes). There appears to be another even faster decay pro-

cess present in the PFAS signal (-20 ns), but it is difficult to determine the lifetime

accurately from the recorded 2 ps-long signal. By dispersing the visible fluorescence

using a monochromator, as well as careful analysis of the undispersed PFAS fluores-

cence time-traces (both of which are discussed in Chapter 4), I am able to show that

one-color multi-photon excitation of acetylene results in three main emission features.

The strongest feature is due to C 2 Swan-band emission (d3 H, - a11, which corre-

sponds to the observed 120 ns decay), centered strongly at 470 nm, followed by weaker

C 2 Deslandres-d'Azambuja band emissions centered around 380 nm (C 1fI 9 - A111,

which corresponds to the fastest decay). Underlying the strong discrete features is

a near-continuum long lifetime (>2 p1s) background emission, the intensity of which

grows steadily from 400 nm to the red. The long lifetime visible fluorescence has

been observed in previous VUV photodissociation studies of acetylene [21, 26, 1571,

and was attributed to C 2 H emissions (as far as I know, none of the available ab initio

calculations, e.g. Refs [21] and 11411, have been able to yield unambiguous assign-
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ments of the observed electronic transitions). It seems likely that the filter choice in

the initial PFAS experiments is far from optimal. Nevertheless, the s/n ratio of the

PFAS spectra with a 550 nm long-pass filter is already superior to the s/n ratio in

any other techniques applied to the S1 predissociated levels.

The most likely path for the generation of the detected photofragments is as fol-

lows: the acetylene molecules are pumped by the initial UV excitation into an S1

level. The same focused UV beam (which competes with Si predissociation) im-

mediately excites the Si molecule into the -90000 cm- 1 energy region, where a fast

dissociation channel into electronically-excited C 2H is known to exist [3, 21, 26, 92, 98-

100, 162, 163]. The resulting electronically excited C 2H fragments (which are long-

lived) are subsequently excited by another UV photon into even higher-lying states,

which dissociate into d3119 and C'IH states of C2 .

Given the observed intensity of the photofragment emission signals, photodissoci-

ation by excitation from the Si state must be fairly efficient and selective. The d 3 fg

and C11
9 states of C 2 , both of which have a 7r 3 electronic configuration [27, 28], are

selectively populated after photodissociation of the Si state, which has r 3 7* configu-

ration [82, 92]. I believe that the C 2 Swan band detection scheme can be a generalized

sensitive detection method for alkyne and alkyne derivatives (R1 CCR2). Assuming

that the electronic structures of R1CCR2 and the C 2R fragment are similar to those

of C 2H 2 and C 2H (as far as the wr electrons are concerned), I expect that photodis-

sociation from the Si level of R1 CCR2 will lead to a similarly efficient production of

the C 2 d3 Ug state.

3.5 Conclusion

I introduce two new experimental detection schemes to obtain high-resolution action

spectra of predissociated Si acetylene levels. The development of those new experi-

mental techniques is essential to the ongoing study of the Si cis-trans isomerization

process, which has been hindered by the reduced LIF signals due to S 1 predissociation.

H-atom fluorescence detection is an improvement over the more widely-used H-
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atom REMPI detection, both in terms of improved s/n ratio and experimental con-

venience. It is also valuable for characterizing the predissociation mechanisms of the

S1 state of acetylene. The new H-atom fluorescence detection can be easily applied

to other predissociated (and dissociated) molecular systems, where H-atoms are pro-

duced.

The photofragments (C 2 and C2H) fluorescence detection scheme provides the

highest s/n ratio among all of the other techniques used in my experiments (LIF, H-

atom fluorescence, and H-atom REMPI detection) to study predissociated S1 levels

in the 47000 cm- 1 region. The PFAS technique is easy to implement, because only a

single UV laser beam is used for both A - X excitation and subsequent level-probing.

The superior s/n ratio of the PFAS method relies on the high efficiency of multi-

photon dissociation from Si acetylene to produce fluorescing photofragments, and its

usefulness might be general to Si acetylene and similar -r 3 systems.
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Chapter 4

One-color (212 - 220 nm),

Resonance-enhanced (Si-So),

Multi-photon Dissociation of

Acetylene

Abstract

One-color (212- 220 nm), multi-photon dissociation of acetylene, resonance-enhanced
by rotation-vibration lines of the SI-So transition, gives rise to strong photofragment
fluorescence signals in the visible and near UV regions. The photofragment fluo-
rescence detection scheme has been applied to obtain high-resolution action-spectra
of predissociated Si acetylene levels near 47000 cm- (discussed in Chapter 3), and
provides significantly higher signal-to-noise ratio than acetylene S1 LIF, H-atom fluo-
rescence, and H-atom REMPI detections. In this work, fluorescence signals from the
photofragments, excited via three intermediate Si levels (K = 1, J = 6, e-symmetry
levels of trans 34, trans 35, and cis 3161 vibrational states), are studied, both in a
flow cell and under supersonic jet conditions. In the flow cell (-3 torr), dispersed
fluorescence (DF) spectra of the photofragments are obtained. For all three Si lev-
els, we observe C 2 Swan band (d311 --+ a'fl,) and C 2 Deslandres-d'Azambuja band
(C1 1 --+ AIU,) fluorescence. Under the supersonic jet conditions (collision-free),
fluorescence time-traces at selected wavelength regions are analyzed. We confirm
the presence of the two C2 emission band systems. The relative intensities of the
two emission bands are also in agreement with what we observe in the DF spec-
tra. In addition, we observe a long-lifetime visible fluorescence signal (>3 ps life-
time), which is likely due to emission from electronically-excited C 2H fragments. The

85



photodissociation mechanism is inferred, based on our analysis of the DF spectra
and the fluorescence time-traces obtained under the supersonic jet conditions. The
electronically-excited C2H is generated from two-photon photodissociation of acety-
lene (resonance-enhanced by the acetylene S i-So transition), and an additional photon
photolyzes the C 2H fragment, producing the C2 C and d states.

The dispersed fluorescence work described in this chapter was performed with

Angelar Muthike, including significant contributions from T. J. Barnum, who helped

me set up the monochromator. T. J. Erickson and C. L. Keenan also helped with

initial setup of the experiment.

4.1 Introduction

In Chapter 3, I describe a new detection scheme for Si acetylene levels, based on

photofragment emission. The signal-to-noise ratio of the photofragment fluorescence

action spectra (PFAS) of predissociated S 1 levels is superior to the laser-induced

fluorescence (LIF) and the two H-atom (H-atom fluorescence and REMPI) detection

methods. The PFAS scheme is also easy to implement, because a single UV laser

beam is used for both Si-So excitation and the subsequent multi-photon dissociation.

Given the observed bi-exponential decay pattern (observed using a 550 nm long-pass

filter), with -120 ns and -2 ps decay times, the C 2 Swan-band emission (d'Hg -
afl.) and emission from electronically highly excited C 2H fragments, which have

been observed in earlier vacuum UV (VUV) studies of acetylene [17, 21, 26, 63, 122,

123, 138, 156, 157], are present.

In this chapter, the photofragment fluorescence signals are studied in detail.

Specifically, I choose the K = 1, J = 6, e-symmetry levels of S1 trans 34, trans

35 and cis 3161 vibrational levels as the intermediate Si levels en route to photo-

fragmentation. The fluorescence signals from all three Si levels are dispersed by a

monochromator so that the identities of the photofragments are determined unam-

biguously (the dispersed fluorescence experiments are carried out in a flow cell, with

an effective pressure of 3 torr). The fluorescence time-traces of the photofragments

generated in the collision-free supersonic-jet condition are also analyzed, and the re-
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sults agree with the interpretation of the dispersed fluorescence spectra recorded at

the considerably higher pressure flow-cell condition.

Among the three groups of Si levels, only the trans 35 are predissociated. The

trans 34 and cis 3161 K = 1 levels are not detectably predissociated (despite the fact

that the energies of both levels lie slightly higher than the acetylene predissociation

limit at 46074 8 cm- 1 [1121, as discussed in the last paragraph of Section 4.4).

In addition, the cis 3'61 level is qualitatively different from the two trans levels,

because this cis level is largely localized in the S1 cis-conformer well, while the two

trans levels are localized in the trans well. Analyses of photofragments from those

three distinctively different Si acetylene levels provide insight into the mechanism of

the one-color (212-220 nm), resonance-enhanced (Si-So), multi-photon dissociation of

acetylene, which is qualitatively different from the widely-studied one-color photolysis

of acetylene using a 193 nm ArF laser [5, 39, 40, 101, 124, 148, 167, 179] (discussed

in Section 4.5.3).

4.2 Experiments

4.2.1 Dispersed fluorescence experiment in a flow cell

The dispersed fluorescence (DF) spectra of photodissociation products of K = 1,

J = 6, e-symmetry levels of Si trans 34, trans 35 and cis 3161 states are studied in

this work. The UV excitation laser beam is focused by an f = 50 cm lens into a

cell. A constant flow of acetylene (BOC, atomic absorption grade 2.6, 99.6% purity)

is added to the cell, which is actively pumped by a rotary-vane pump (Edwards,

E2M1.5). The acetylene flow rate is controlled by a needle valve, and the effective

cell pressure is -3 torr during the experiments, measured by a MKS Baratron (Model

626) pressure gauge.

The fluorescence from photodissociation products is collected and imaged onto

the entrance slit of a 3/4 meter monochromator (Spex 750M), by a two-lens system

(f1/6). The monochromator is equipped with a 2400 grooves/mm grating blazed at
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400 nm. In all of the DF experiments described in this work, the entrance and exit

slit-widths of the monochromator are fixed at 1 mm (which corresponds to a spectral

resolution of ~0.4 nm at 600 nm). The monochromator is scanned (0.125 nm/step)

during the experiment, and the dispersed fluorescence at each step of the grating

position is detected by a photomultiplier tube (PMT, Hamamatsu R928). The PMT

output signal is monitored on a digital oscilloscope (LeCroy, 9310), and the data are

transferred to a computer for storage and post-processing. The fluorescence time-

trace (total of 1 Its) at each grating position is integrated numerically to generate the

DF spectrum. Typically, the signal is averaged for 20 - 30 laser shots at each grating

step. The wavelength of the monochromator (300 - 700 nm) is calibrated by an iron-

neon hollow cathode lamp (Starna Cells) to an accuracy of 0.02 nm (recorded with

a slit-width of 0.3 mm).

Given that typical acetylene SI LIF signals are in the UV (230 - 350 nm), the

second-order dispersed light from the LIF interferes with the first-order dispersed light

from the visible fluorescence from the photofragments. To avoid interference, a 400-

nm long-pass filter (Thorlabs) is placed after the entrance slit of the monochromator

to block the second-order S1 LIF (i.e. the monochromator is effectively operated in

the first order of the grating).

The UV excitation beam (212 - 220 nm) is generated by a Sirah Cobra-Stretch

dye laser, pumped by the third harmonic of a Q-switched, injection-seeded Nd:YAG

laser (Spectra-Physics PRO-270), operating at 20 Hz. The dye laser output (420 --440

nm) is frequency-doubled with a -barium borate crystal (BBO) to produce the UV

radiation, with an energy of 150-250 pJ/pulse. The fundamental frequency of the dye

laser is monitored by a wavemeter (Coherent, WaveMaster).

4.2.2 Photofragment fluorescence detection in a supersonic jet

To verify the results from the flow-cell DF experiments, total fluorescence signals

are collected by a PMT (Hamamatsu, R331) under the supersonic jet conditions,

described in detail in Chapter 3. Specifically, the K = 1, J = 2, e-symmetry lev-

els of trans 34 and cis 3161 vibrational states are studied. Four band-pass filters
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(FWHM=10 nm) (Thorlabs) are used to sample the photofragment fluorescence sig-

nals at 360 nm, 430 nm, 470 nm, and 514.5 nm. A 400 nm long-pass filter (Thorlabs,

FGL400S) is also used to collect total photofragment fluorescence signal at wavelength

>400 nm. Normal acetylene Si LIF signals from the two S1 levels are collected (using

a UG-5 filter), with an unfocused UV excitation laser beam.

4.3 Dispersed Fluorescence Spectra of the Photofrag-

ments

DF spectra of photodissociation products of S1 trans 34, trans 35, and cis 3161 levels

are shown in Fig.4-1. Four main features appear in each spectrum. The strongest

fluorescence signals come from C 2 Swan-band emission (d3 11g - a 3N), centered at 470

nm, followed by weaker (by approximately a factor of four) C 2 Deslandres-d'Azambuja

band emissions centered around 380 nm (C'II - A T H.). In addition, there is a

relatively weak feature at ~430 nm which can be assigned as a CH A2  - X 2 I

band. In the UV region (240-320 nm), weak and short-lived S, LIF signals (~10

ns) are observed from the predissociated trans 35 level; relatively strong and longer-

lived S1 LIF signals (~100 ns) are observed from the trans 34 level; LIF signals are

not observed from the cis 3161 level. Note that fluorescence from the trans 34 level

extends into the near-UV region, and overlaps with the C 2 Deslandres-d'Azambuja

emission band.

The absence of LIF from the cis 3161 level is likely a consequence of collisional

quenching. From the observed shortened lifetime of the LIF signal from the trans 34

level (250 ns - 100 ns), the collision-limited lifetime in our gas flow cell is estimated

to be -100 ns, which is significantly shorter than the lifetime of the cis 3161 level (>1

pas). In addition, the cis 3161 level, with a calculated b-axis electric dipole moment of

2.5 Debye, is likely more subject to collisional quenching than the trans level, which

does not have a permanent electric dipole moment. I believe that the vast majority

of the LIF from the cis-conformer is collisionally quenched, and thus not observable
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Figure 4-1: Dispersed fluorescence spectra of photodissociation products from K = 1,
J = 6, e-symmetry levels of S1 trans 35 (top panel), trans 34 (middle panel), and
cis 3161 (bottom panel) vibrational states. The signal intensities are scaled to correct
for the wavelength-dependent quantum yield of the PMT. The four main emission
features are color-coded on each DF spectrum. In the supersonic-jet setup, four band-
pass filters (FWHM=10 nm) are used to sample the total fluorescence signals near 360
nm, 430 nm, 470 nm, and 514.5 nm, which correspond, respectively, to the locations
of the four peaks marked by arrows on the bottom graph. The DF spectrum from
the cis 3161 level is magnified 20 x in order to be shown on the same intensity scale
as the other two spectra.
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in the experimental conditions. The measured lifetimes of both C2 emission bands

agree to within 20% of the literature values [16, 41, 119], which indicates that the C 2

signals are not significantly quenched in the cell. The fluorescence lifetime of the CH

emission is collisionally shortened from 500 ns [15, 101] to 150 ns.

4.3.1 Population distribution of the C2 C 1 9 and d31 g states

In order to gain information regarding the C 2 rovibrational population in the Cig

and d3 19 states, I carry out contour fits to the observed C 2 C - A and d - a emission

bands from the DF spectra. The C 2 rovibrational population in each electronic state

(C or d) is fitted with one vibrational and one rotational temperature, both of which

are assumed to follow a Boltzmann distribution. The C - A and d - a transition

probabilities, and rotational constants of vibrational levels of all four electronic states

are needed for the contour fits. Specifically, d - a Franck-Condon factors, based on

RKR calculation in Ref [149] and molecular constants from Ref [159], are used for

the d - a transitions. The determination of C - A transition probabilities requires

explicit deperturbation of electrostatic interactions between at least two electronic

configurations, which are discussed in detail in Chapter 9. The C - A transition

probabilities used in this chapter are based on results from Chapter 9.

In this work, the rotational and vibrational temperatures of the C2 C and d states

are derived from the DF spectrum of trans 35 in Fig.4-1, using the contour-fitting

function in Pgopher [1761. Rotational and vibrational temperatures derived from all

three DF spectra in Fig. 4-1 are expected to be similar, given qualitative similarities

among the three spectra in the 350 - 600 nm region. I choose the DF spectrum from

Table 4.1: Derived effective rotational and vibrational temperatures of C 2 in the C119
and d3IH states, based on the DF spectrum of trans 35 level in Fig.4-1.

Trot/K Tvib/K
C'1 19 3711(70) 4672(55)
d 3Llg 4432(46) 8954(60)
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Figure 4-2: The fitted (black) and experimental (blue) DF spectra of C2 CIg (a)
and d3 I 9 (b) states (excited via the trans 35 level). To fit to the low-resolution DF
spectrum in Fig.4-1, each transition is assumed to have a Voigt profile (as modeled
in the contour-fit).

the trans 35 level for the fitting, because the photofragment signals in the 35 DF

spectrum are not overlapped by the S, LIF signal, as in the 34 DF spectrum, and

the signal-to-noise ratio of the 35 DF spectrum is better than that of cis 3161. The

derived C 2 rotational and vibrational temperatures in the C and d states are given in

Table 4.1, and the fitted rotational and vibrational contours are shown in Fig. 4-2. It

is clear that both C and d states of C2 are generated with moderately high vibrational

excitation (e.g. vibrational levels with v = 5 and above are observed for both C and

d states) and substantial rotational excitation (i.e. the maximum in the rotational

population is broadly around J ~ 30 for both the C and d states).

The quality of the fit to the C 2 C - A emission is not as good as the fit to the C 2

d - a emission, especially for the C - A Av = -1 band. I believe that the rotational

temperature of the v = 0 level of the C 2 C state is accurately determined, because

the rotational contour of the C - A Av = 0 band, dominated by the 0 - 0 tran-

sition (approximately an order of magnitude stronger than the 1 - 1 transition), is

well-fitted. It also seems that a single rotational temperature can be used to describe
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the rotational population of all the observed C-state vibrational levels. As shown in

Fig. 4-2a, even for the C - A Av = --1 band, the rotational contour in the 350 - 360

nm region, composed of several C-state levels with v > 1, is relatively well-reproduced

with the C-state rotational temperature given in Table 4.1. Therefore, the problem

with fitting the Av = -1 band seems to indicate that the derived vibrational temper-

ature of the C 2 C state might not be accurate. There are two possible causes for this.

First, the C - A transition probabilities might not be accurately determined, despite

my attempts to deperturb the interactions between different electronic configurations

(discussed in Chapter 9). A comparison with results from high-level ab initio calcu-

lations is needed to confirm the accuracy of my deperturbation. It is also possible

that the vibrational distribution of the C 2 C state does not resemble a Boltzmann

distribution as closely as that of the C 2 d state. However, given that the v = 5 C-state

vibrational level has been observed (e.g. the v = 5 -÷ 4 transitions at ~362 nm), in

agreement with the C-state vibrational temperature obtained from the contour fit, I

believe that the derived C-state vibrational temperature properly characterizes the

C2 C-state vibrational popolation. From the ratio of the total emission intensity'

between the C 2 C - A and d - a emission bands in Fig. 4-1, I estimate that total

population in the d state is approximately four times larger than that in the C state.

4.4 Photofragment Fluorescence under Collision-free

Conditions

Since the observed fluorescence intensities in the flow cell are subject to collisional

quenching, it is necessary to compare the DF results in Fig. 4-1 with experiments

carried out in the collision-free environment, in which the fluorescence is not dispersed.

Specifically, photofragment fluorescence signals from close-lying trans 34 and cis 3161

levels are generated in the collision-free region of the supersonic expansion (described

'The total C - A and d - a emission intensities are obtained, respectively, by numerically inte-
grating (over wavelength) the DF spectrum of trans 35 (Fig.4-1) in the 330 - 415 nm and 432 - 615
nm regions.
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in detail in Chapter 3). Four band-pass filters (FWHM=10 nm) are used to sample the

total fluorescence signals at 360 nm, 430 nm, 470 nm, and 514.5 nm, which correspond,

approximately, to the locations of the four peaks marked by arrows on the bottom

section of Fig. 4-1. The peak at 360 nm is dominated by the Av = -1 transitions

of the C 2 C - A band (where Av is the change in the vibrational quantum numbers

during emission); the peak at 430 nm is dominated by the CH emission; and the last

two peaks correspond, respectively, to Av = -1 and Av = 0 transitions of the C 2 d-a

band system. If results from the cell experiment are valid, all three photofragments

(the C 2 C and d states, and the CH A state) should be present in the collision-free

environment. The relative emission intensities of the three photofragments in the four

chosen fluorescence wavelength regions should also be similar in the two experimental

conditions.

From the collision-free photofragment fluorescence signals, it is obvious that there

is an additional long lifetime component (>2 ps) in the fluorescence time-traces of

both trans 34 and cis 3161 levels (the species responsible for the long-lived signal

will be discussed in detail later in this section). Similar long lifetime signals have

also been observed from K = 1 rotational levels of trans 31 and trans 35 vibrational

levels, and from all of the ungerade vibrational levels in the 46700 - 47200 cm- 1

region (observed via the IR-UV double resonance experiment described in Chapter

3). The long lifetime signal is not observed in the DF experiment in the cell, likely

due to collisional quenching. The long lifetime signal has been observed in previous

VUV photodissociation studies of acetylene [17, 21, 26, 63, 122, 123, 138, 156, 1571,

and that signal was attributed to emission from electronically excited C 2 H fragments

(C 2H*). The electronic assignment of the observed C 2H* emission is, however, not

well-estabilished (see discussions in Section 4.5.3).

4.4.1 Analysis of the photofragment fluorescence time-traces

To obtain relative intensities of various emissive species in the undispersed fluores-

cence signals from the trans 34 and cis 3161 levels (collected with band-pass filters

centered at 360 nm, 430 nm, 470 nm, and 514.5 nm), the fluorescence time-traces
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are fitted to multiple-exponential decay curves. Given that a pulsed-laser is used to

generate the photofragments, the fluorescence time-trace has a sharp 10 ns turn-on

(i.e. it takes -10 ns for the signal to increase from zero to maximum intensity) before

the decay (see Fig. 4-3). Only the decay portion of the signal is included in the fit.

Each of the four main emission features in Fig. 4-1 is assumed to have a single char-

acteristic decay time. Given that C2H* fluorescence is also observed in the supersonic

jet setup, I include one additional time constant in the fit for the long lifetime signal.

To avoid overfitting (i.e. preventing the fitted amplitude from becoming negative for

certain species at some wavelength), decisions must be made regarding which emis-

sive species to include at each wavelength, based on the observed DF spectrum in

Fig. 4-1. By using the following fitting strategy, I am able to obtain, for each of the

fitted time-traces, an R2 coefficient at least greater than 0.995.

Before I fitted the time-trace at the four wavelengths, I did two additional exper-

iments to accurately determine the lifetimes of the Si trans 34 and cis 3161 levels.

In those two experiments, the UV excitation lasers are unfocused, and only the UV

fluorescence is collected (by using a UG-5 filter). At 514.5 nm, the photofragment

fluorescence signal is fitted to a bi-exponential decay (C 2 Swan band and C 2H* sig-

nal). At 470 nm, it is necessary to include the S, LIF decay in the fit, in addition to

the Swan band and C 2H* emissions. At 360 nm, a short lifetime -30 ns decay (C 2

Deslandres d'Azambuja) is present, and the C 2H* signal is absent. At 430 nm, the

C 2 Deslandres d'Azambuja, C 2H*, and Si fluorescence signals are present, but the

CH A - X emission, with expected lifetime of -500 ns [15, 101], is absent from the

fluorescence time-trace obtained in the collision-free experiment, as shown in Fig. 4-3

for the cis 3161 level. The observed CH population in the A 2A state in the flow cell

environment might be a result of secondary chemical reactions (i.e. the CH A 2 A

fragment could have been generated from chemical reactions between acetylene and

an electronically excited species, instead of directly photo-induced). Given that fluo-

rescence signals from CH have a laser-pulse limited rise-time at cell pressure as low

as 280 mtorr (which corresponds to a mean collisional time >100 ns), at least one of

the precursor molecules to the CH A 2 A state must be short-lived (<10 ns lifetime).
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Figure 4-3: The fluorescence time-trace (recorded with a 430 nm band-pass filter)
resulting from photodissociation via the cis-31 6' level. The experimental time-trace
is shown in blue, and the fitted time-trace in red. The CH A - X emission, with
expected lifetime of -500 ns, is not present in the time-trace.

The fit allows me to determine the total integrated fluorescence intensity of all

three photofragments (C 2 C and d states, and C 2H*) in each of the four chosen fluo-

rescence wavelength regions. For the C 2 C state, given its relatively short fluorescence

lifetime (37 ns, see Table 4.2), it is necessary to include its fluorescence intensity in the

sharp turn-on region (10 ns) of the fluorescence signal. 2 The wavelength-dependent

quantum yield of the PMT (Hamamatsu, R331) is corrected for in the fluorescence

signals, based on the information provided by the manufacturer, so that fluorescence

intensities in the four wavelength regions can be compared.

Fluorescence intensities of the two C 2 species at the four fluorescence wavelength

regions (normalized to the intensity obtained at 470 nm) are shown in Fig. 4-4a. The

C 2 fragments resulting from photodissociation of the S1 trans 34 and cis 3161 levels in

the supersonic-jet setup have essentially the same emission pattern, in agreement with

DF spectra taken in the cell condition (Fig. 4-1). The derived (collision-free) fluores-

2 For simplicity, the fluorescence intensity is assumed to increase at a constant rate from zero to
the maximum intensity in 10 ns. The integrated fluorescence intensity in the turn-on region of the
fluorescence signal is added to the integrated fluorescence intensity in the decay region to obtain the
total integrated fluorescence intensity.
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Figure 4-4: Normalized fluorescence intensities of (a) C 2 (normalized to the inten-
sity at 470 nm) and (b) C 2 H* (normalized to the intensity at 514.5 nm) in the four
chosen wavelength regions. In both (a) and (b), the red and blue circles are used to
indicate, respectively, the derived fluorescence intensities of relevant photofragments
from trans 34 and cis 3161 levels, generated in the supersonic-jet condition. The error
bars represent 2a- uncertainties. In (a), the vertical sticks are used to indicate the
integrated DF signals (integrated over wavelength) of cis 3161 level (Fig. 4-1) in the
360 nm, 470 nm, and 515 nm regions. The DF signals are weighted by the measured
transmission of the band-pass filters, as specified by the manufacturer (Thorlabs).
In (b), the experimental DF spectrum of the C 2H* fragment (black curve) is shown
(obtained from Ref [21]). The C 2H* fragments were generated from VUV photodis-
sociation of acetylene at 11 eV.
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Table 4.2: Derived lifetimes of the observed photofragments generated from photodis-
sociation of S1 acetylene in the collision-free condition. The literature value of the
C 2 d-state lifetime is taken as the averaged value of measured lifetimes of v = 0 - 2
levels (supersonic jet condition). The literature value of the C 2 C-state lifetime is
taken as the averaged value of measured lifetimes of v = 0 - 4 levels (cell condition,
with zero-pressure extrapolations). Numbers in parentheses are 2a uncertainites of
the last digits.

This work This work Literature
trans 3 4 257(4) ns C2 C'H9 37(4) ns 33(l) ns [41]
cis 3'6' 1.024(16) ps C2 d'H9 126(2) ns 103(6) ns [16, 119]

C2H* 3.5 (6) pts 3 - 6 ps [17, 21, 138]

cence intensities near 360 nm, 470 nm, and 514.5 nm can also be compared directly to

the integrated DF signals (Fig. 4-1) at the three wavelength regions (weighted by the

transmission of the band-pass filters).3 The relative fluorescence intensity of the C 2

C - A Av = -1 band and the d - a Av = -1 band, derived from the supersonic-jet

experiments, agree well with the DF result obtained in the flow-cell condition. In

addition, the intensity ratio between d - a Av = -1 and Av = 0 bands, which pro-

vides information regarding the vibrational temperature of the C 2 d3flg state, agree

reasonably well (differing by -25%) in the two experimental conditions (given that

maximum peak intensities in pulsed dye laser experiments have typically 10 - 20%

uncertainties for the number of averages used in our experiment). Considering near-

quantitative agreement between the cell and supersonic jet experiments, it seems

reasonable to assume that information about the C 2 fragments (e.g. vibrational and

rotational temperatures given in Table 4.1) can be extracted reliably from the DF

spectra (Fig. 4-1).

In Fig. 4-4b, normalized fluorescence intensities of C 2H* at the four fluorescence

wavelengths (normalized to the intensity obtained at 514.5 nm) are shown, along with

the experimental DF spectrum 121] of the C 2H* fragment (black curve, similarly nor-

malized), generated from VUV photodissociation of acetylene at 11 eV (-0.6 eV lower

than the two-photon energy of our UV excitation laser). The normalized fluorescence
3Comparison at 430 nm is not included, because the DF signal at 430 nm (obtained in the cell

condition) is dominated by the collisionally-induced CH A - X emission band.
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Table 4.3: The ratios between the total integrated C 2H* fluorescence intensity and the
Swan band emission intensity (second -fourth column) at selected wavelength regions.
The C 2H*/LIF ratio in the >400 nm region is also included (fifth column). Numbers
in parenthesis are 2o- uncertainty of the last digit. The derived ratios of total C 2H*
fluorescence with respect to the total Swan band (fourth column) and LIF emission
(fifth column) in the >400 nm wavelength region are most likely the lower limits of
the ratios, due to sharp decrease in PMT quantum yield at wavelengths longer than
520 nm (see discussion in the text).

ratio C 2H*/Swan C2H*/Swan C 2H*/Swan C2H*/LIF
range 470 10 nm 514.5+10 nm >400 nm >400 nm

trans 34 1.4(1) 2.2(2) >5(1) >1.3(3)
cis 3161 2.2(4) 4.7(3) >9(3) >1.6(4)

intensities of C 2H* resulting from photodissociation of the two Si vibrational levels

are similar to each other at the four selected wavelengths, and they agree qualitatively

with the C 2H* DF spectrum from the earlier study [21]. The lifetime of the C 2H*

fragment (see Table 4.2) also agrees with earlier measurements [17, 21, 1381. It seems

likely that the long lifetime species observed in our supersonic expansion conditions

is the same C 2H* species observed in the VUV photodissociation studies of acetylene.

4.4.2 Relative population of C2H* and the C2 d-state frag-

ments

The ratios of total integrated C 2H* fluorescence intensities with respect to the Swan

band emission at selected wavelength regions are listed in Table 4.3 for excitation

resonant with the trans 34 and cis 3161 levels. Also included is the ratio between

the C 2H* fluorescence and the S1 LIF signal in the >400 nm region. Given that

the PMT used in the supersonic jet experiment is not red-sensitive (i.e. the PMT

quantum yield is 2% at 600 nm, compared to -30% at 420 nm), it is likely that most

of C 2 H* fluorescence signal, which was observed by Boy6 et al. [21] in the 550-800

nm region (following VUV photolysis of acetylene), is not detected in our supersonic

jet experiment. In comparison, a significantly larger fraction of the C2 Swan band

emission and the acetylene S, LIF signal in the >400 nm region are detected, because
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the strongest region of the C 2 Swan band emission occurs at -500 nm (-15% PMT

quantum yield), and the visible wavelength region of the SI LIF signal is concentrated

in the 400-450 nm region (~30% PMT quantum yield). As a result, the ratio of C 2H*

fluorescence with respect to the total Swan band (the fourth column in Table 4.3)

and acetylene LIF emission (the fifth column in Table 4.3) in the >400 nm region are

likely only the lower limit of the ratio.

Given that the observed quantities in both numerator and denominator in all four

ratios in Table 4.3 are proportional to the S1-SO transition probability (which is dif-

ferent between the two Si conformer levels), the Si-So transition intensity factor is

canceled in the calculation of the intensity ratio. Each ratio thus reflects relative pop-

ulation of the two fluorescing species given in the numerator and denominator of the

ratio. Since the C2H*/LIF ratio is observed here to be similar for the trans 34 and cis

3161 vibrational states, photodissociation cross-sections to produce C 2H* fragments

from both of the Si conformer levels (i.e. the cross-section of HCCH (SI) 4H+C 2H*)

appear to be similar, assuming that the fraction of total LIF emission (which is pro-

portional to the total number of Si molecules) in the >400 nm region is approximately

the same for the two Si conformer levels. 4 The yield of the C 2 d state (the upper

state of the Swan band emission), however, seems to be approximately twice as large

from the trans 34 level compared to the cis 3161 level. From the ratio between the

total C 2H* and Swan band emission (the fourth column in Table 4.3), I conclude that

the population of the C 2H* fragments is (at least) an order of magnitude larger than

that of the C 2 d state.

4.4.3 The fluorescence lifetimes

I must point out that the derived lifetime of the C 2 d states (Table 4.2) in the

supersonic jet condition of this work differs from the lifetime measured in earlier

studies. I believe that the discrepancy comes from the fact that the lifetime derived

4A more careful investigation into the difference in photodissociation cross-sections between the
two S1 conformer levels is needed, because the C 2H*/LIF ratio is only measured in the >400 nm
region, while the majority of the acetylene LIF signal is expected to be around 300 nm and the
emissions patterns can be different between the two S 1 levels.
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in the current experiment is the lifetime averaged over several C2 vibrational levels

and a large number of rotational levels, because the band-pass filters used in our

measurements have FWHM of 10 nm, and the C 2 d state is generated with high

rotational (Jma, ~ 30) and vibrational (i.e. vibrational levels with v > 4 are observed)

excitations. In comparison, the listed literature value of the C 2 d-state lifetime is the

averaged lifetime of the v = 0 - 2 vibrational levels at low J (the vast majority of the

measured levels have J < 4). It is possible that there is a small vibration-rotation

level-dependence (10%) in the d-state lifetime, which could account for the difference

between my value and the earlier measurements.

Given that the radiative lifetime (see Table 4.2) of the trans 34 level is similar to

the typical lifetime of non-predissociated Si trans levels, and that the lifetime of cis

3161 is >1 pts (the extra-long lifetime of the cis level is a consequence of the fact that

A-X transition is electronically forbidden at the S1 cis geometry), the predissociation

rates of both trans 34 (46290 cm-') and cis 3161 (46192 cm-') levels are slow (or

nearly zero), despite the fact that both levels lie above the S, predissociation limit

(46074 cm-). The unexpectedly long lifetime of the trans 34 and cis 3161 levels

is a consequence of the fact that there is a -560 cm- 1 exit barrier along the Si

predissociaiton path 138, 158], and that both trans 34 and cis 3161 K = 1 levels lie

>300 cm-' below the top of that barrier. In the discussion below, those two levels

are treated as if they were non-predissociated.

4.5 Photodissociation Mechanism

In this section, the mechanism of the observed resonance-enhanced (S i-So) photodis-

sociation of acetylene is discussed, based on my analysis of the flow cell DF spectra

and the photofragment fluorescence time-traces obtained in the supersonic jet condi-

ton.
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4.5.1 C 2 H* fragments

The observed long-lived photofragments in the supersonic jet experiment have similar

properties as the C 2H* fragment, which was observed in VUV (11 eV) photodissocia-

tion of acetylene [17, 21, 26, 63, 122, 123, 138, 156, 1571. Given that the two-photon

energy of our UV excitation laser is -11.7 eV, it seems likely that the C 2H* fragment

observed in our experiments is generated via a two-photon process (that is, one ad-

ditional photon excitation from the resonance selected rotation-vibration level of the

S1 state). There are two likely paths to generate C 2H* from the S1 level,

C2 H 2 (Sl) + h -* C2 H* - C2 H* + H (4.1)

C2H2 (Si) - C2H (X2E) + H
9 (4.2)

C2H(X) + hv -a C2H*.

The second path (Eqs. 4.2) would be applicable only to predissociated S i acetylene

levels. In the supersonic-jet experiments, the C 2H* signals are observed from K = 1

rotational levels of trans 31, trans 34, trans 35, and cis 3161, and IR-UV double

resonance-excited levels in the 46700-47200 cm- 1 region (observations of the trans 31

and IR-UV-excited levels are discussed in Chapter 3). Among those levels, the trans

35 level and all of the IR-UV-excited levels are predissociated (with an estimated

lifetime of ~1 ns), and yield significant C 2H (X) fragments.

Since the C 2H* fluorescence signals are observed from non-predissociated SI levels,

the process given by Eq. 4.1 must be active for all of the non-predissociated levels. If

the process given by Eqs. 4.2 is active instead for predissociated levels, a significant

change in the yield of C 2 H* might be expected for photodissociation from a non-

predissociated vs. a predissociated Si level, because the two pathways given by Eq. 4.1

and Eqs. 4.2 involve two completely different excitation and dissociation schemes.

However, as illustrated in Fig. 3-6b of Chapter 3, C 2 H* fluorescence intensity from

the non-predissociated trans 31 and predissociated trans 3251 levels appears to be

proportional to their respective SI-So transition probabilities. This suggests that

the photodissociation cross-sections from the two Si levels are similar and are not
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affected by predissociation (and the presence of the C 2H X-state fragments). It

is thus likely that, for acetylene photodissociation via predissociated S1 vibrational

levels near 47000 cm- 1 (e.g. trans 35 K = 1 level), the observed C 2H* fragments

are not produced from excitation of the C 2H X-state fragments (Eqs. 4.2). Direct

one-photon photodissociation of the S1 level (Eq. 4.1) is the only pathway by which

C 2 H* is generated. A two-color pump-probe time-delay experiment is proposed in

Section 4.5.4 to confirm this hypothesis.

I must point out that while the Si lifetime is ~10 ps in the >48500 cm-1 region

(based on linewidth measurements) [4I, the Si predissociation rate is relatively slow

near 47000 cm-' (-1000 cm- 1 above the predissociation threshold) and has a reac-

tion time of -10 ns, estimated based on the rise time of the H-atom REMPI signal

measured in a pump-probe time-delay experiment [1581. Given the high-fluence of

the laser beam (focused, 7 ns, ~200 p/pulse), direct one-photon photodissociation

(Eq. 4.1) is possible and can still be efficient for predissociated Si levels with >1 ns

lifetime.

4.5.2 C 2 fragments

Energetically (with a UV photon of 5.85 eV), the C 2 C and d states can be generated

via two different paths from the Si levels,

C 2H2 (Si) + hiv -+ C2 H* -+ C2(Clflg or d3171g) + H2(X1 Zg), (4.3)

C 2 H 2 (S1)+ hv -+ C2 H* -+ C 2H*' + H
(4.4)

C2H*' + hv -+ C 2H** -4 C2 (Cfl1g or d3Flg) + H,

where C2H*, C 2H*', and C 2H** are species with currently unidentified electronic as-

signments. The prime label on C 2H*' in Eq. 4.4 is used to distinguish it from the

observed C 2H* species, which gives rise to the long lifetime visible fluorescence sig-

nal. For simplicity, in Eqs. 4.3 and 4.4, the same labels are used for the intermediate

predissociated states, C 2 H* and C 2H**, for the production of both C 2 C and d states.
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Table 4.4: Thermodynamic thresholds of the H 2 elimination (elim.) path and sequen-
tial (seq.) bond-breaking path for the generation of C 2 CFIg and d'flg state from So
acetylene, based on the dissociation energies of C 2 H 2 [1121, C2 H [341, and H2 1721, as
well as the relative energies of C 2 d and C states with respect to the X state [72].
Using the photon energy of 5.85 eV (the excitation energy of the trans 35 level), the
total laser excitation energies (two photons for H 2 elim. and three for Seq.) are given
at the bottom row.

H 2 elim. Seq.
C2 C'i79 10.4 eV 14.9 eV
C 2 d371g 8.6 eV 13.1 eV

total energy 11.7 eV 17.6 eV

In fact, given that the two C 2 electronic states have identical dominant electronic

orbital configurations, the intermediate predissociated states that lead to the C2 C

and d states likely have similar electronic configurations.

Including the first photon needed for the initial S i-So excitation, the H 2 elimination

path (Eq. 4.3) requires a total of two photons, and the sequential C-H bond-breaking

path (Eq. 4.4) requires a total of three photons. The thermodynamic thresholds for

processes given by Eqs. 4.3 and 4.4 are summarized in Table 4.4. While the H2

elimination path is also allowed with three-photon excitation, it is not expected to

be an efficient dissociation path with three photons because acetylene states in the

11 eV energy region are known be highly dissociative [21, 26, 157]. A three-photon

H 2 elimination path would have to compete with this fast decay channel at the two-

photon excitation region, and is thus unlikely to be as efficient as other possible

dissociation paths. For this reason, in the following discussion, it is assumed that

the H2 elimination path involves only two-photon excitation from So acetylene. In

addition, since S, acetylene is a singlet state, the H 2 elimination path (Eq. 4.3) is

spin-allowed only for the generation of the C 2 C11-I1 state, but spin-forbidden for the

generation of the C 2 d1H7 state. The sequential photodissociation path (Eq. 4.3) is

spin-allowed for the generation of both C 2 C and d states.

Even for the generation of the C 2 C state, the H 2 elimination channel (Eq. 4.3)

can be ruled out, based on my analysis of the DF spectra and the photofragment
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time-traces. First, given that the H2 elimination path involves one fewer photon

than the sequential path, the production of the C 2 C state (via H 2 elimination)

is expected to be more efficient than the production of the d state (via sequential

bond-breaking). However, as discussed in Section 4.3.1, I estimate that the total

population in the d state is about four times the total population in the C state. In

addition, in a concerted H 2 elimination process, the transition state should have a

near-cis geometry (i.e. the two hydrogen atoms would be on the same side of the CC

bond). The H 2 elimination process is likely more efficient for photodissociation from

cis 3161 than from trans 34, because the cis level has a significantly better Franck-

Condon overlap with the elimination reaction path than the trans level. As a result,

for the cis 3161 level, the C 2 C - A emission intensity should be greatly enhanced

with respect to the d - a emission, and the observed (C - A) (d - a) intensity ratio

should be different for the cis 3161 and the trans 34 levels (i.e. the ratio should be

larger for the former). However, in our experiment, the (C - A)/(d - a) intensity

ratio appears to be identical for photodissociation from the cis 3161 and trans 34

levels, as shown in Fig. 4-4a. Those two pieces of evidence strongly suggest that the

observed C 2 C state is not generated via the H 2 elimination channel. The absence

of the H2 elimination channel in the two-photon energy region (11.7 eV) is also in

agreement with the earlier VUV photodissociation study of acetylene [63], where the

C 2(C) +H 2 elimination channel was only observed at VUV photon energy >12.98 eV

(-2.6 eV higher than the thermodynamic threshold of the H 2 elimination process, see

Table 4.4), consistent with a high potential energy barrier along the H2 elimination

pathway.

4.5.3 Summary of the dissociation mechanisms

Given that the H 2 elimination path is highly unlikely for the production of the C 2 C

state, I conclude that both the C and d states of C 2 are generated entirely via the

sequential dissociation path (Eq. 4.4). It also seems most likely that the intermediate

C 2H*' species in Eq. 4.4 is the same species as the observed long-lived C 2H* fragment.

The mechanism of the one-color (212-220 nm), resonance-enhanced photodissociation
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Figure 4-5: Mechanism of the one-color, resonance-enhanced photodissociation of
acetylene. The UV-photon (blue arrows) has energy of ~5.85 eV, and the populated
S1 level is a predissociated level. Hydrogen atoms (in the sequential pathway) and the
molecular H2 fragment (in the H 2 elimination pathway) are omitted from the figure
for simplicity. The pathways that have been ruled out based on my analysis are
marked by crosses. The thermodynamic thresholds of various processes are indicated
by dashed horizontal lines (see the legend). The threshold for the C 2H* fragment
corresponds to the lowest photon energy at which C 2H* was observed in the VUV
photodissociation study of acetylene [157].
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of acetylene is summarized in Fig. 4-5, where competing processes (which have been

ruled out and marked by an X) are also shown. The acetylene molecules are pumped

by the UV excitation beam into an Si level. The same focused UV beam excites the

S1 molecule into the -90000 cm- 1 energy region, where a fast dissociation channel

into C 2H*+H is known to exist [3, 21, 26, 92, 98-100, 162, 163]. The resulting elec-

tronically excited C2H* fragments are subsequently excited by another UV photon

into an even higher-lying state, C 2H**, which dissociates into the d3 119 and C'1 19

states of C 2 . The long-lived C 2H* fragment fluoresces in the visible, while the C 2

C and d states fluoresce, respectively, in the near UV and in the green. From my

analysis of the DF spectra and fluorescence time-traces (collision-free), I estimate the

relative populations of the three fluorescing photofragments to be C 2H*: C 2 (d): C2 (C)

= >40 : 4 : 1. The yield of C2 fragment (C and d states) from the C 2H* fragment

appears to be different (by a factor of two) between the trans 34 and cis 3161 levels

(see Table 4.3). Given the distinctively different vibronic characters of the two Si

levels, it is possible that the C 2H* photofragments generated from the two S1 levels

have different (ro)vibrational distributions, which might be reflected in the slightly

different C 2H* emission patterns (Fig. 4-4b) from the two Si levels. The photodissoci-

ation efficiencies (to produce C 2 C and d states) from different (ro)vibrational states

of C 2 H* may vary, which leads to the different yield of C 2 photofragments from the

two intermediate Si levels.

While it is clear that photodissociation of Si acetylene proceeds via a two-step se-

quential C-H bond breaking mechanism, my analysis cannot determine the electronic

identities of the long-lived C 2H* species and the two intermediate states, C 2 H* and

C2H**. Assignment of the near-continuum C 2H* long-lived emission has been inves-

tigated in earlier ab initio calculations. Work from Shih et al. [141] suggested that

the C 2H* fluorescence is the result of transitions from the lowest vibrational levels of

the 32 A' and 2 2 A" states to the high-lying levels of 2 2 A', 2A', and 2 A" states (corre-

sponding to the X and A states in linear geometry). However, in a more recent study,

Boyd et. al. [21] assigned the emission as transitions from vibrationally-hot levels of

the A state to the X state. In neither of the two studies, the observed lifetime (3 - 6
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/is) [17, 21, 138J of the C2H* emission was reproduced (400 ns from Shih et al and

10 ns from Boy6 et. al.). However, given that the long lifetime visible fluorescence

signals are produced by photolysis of C 2 H2 , C 2 D2 , and C2HBr, at a threshold energy

of ~9.5 eV (which is ~1 eV lower than the thermodynamic threshold of C 2 H -+ C 2

(X) +H), it seems probable that the long-lived visible wavelength signal comes from

C2H.

Due to ambiguity regarding the identity of the C 2H* fragment, it is not possible

to deduce the nature of the intermediate C 2H* and C 2H** states. The C 2H* state

can be a rapidly dissociating acetylene valence or Rydberg state, or a state with

mixed valence and Rydberg characters. The latter is a more likely case, given the

strong Rydberg-valence interactions in the two-photon energy region of interest (11.5

eV) [92]. Transitions into the C 2H* state must be one-photon allowed from both Si

conformer levels (trans 34 and cis 3161), with similar transitions probabilities, given

that photodissociation efficiencies via the two Si conformer levels are essentially the

same (see Table 4.3). Without further guidance from ab initio calculations, I will not

speculate further on the possible identity of C 2 H2.

The one-color (-220 nm), resonance-enhanced (SI-So), multi-photon dissociation

of acetylene studied in this chapter is qualitatively different from the widely-studied

one-color photolysis of acetylene using a 193 nm ArF laser [5, 39, 40, 101, 124, 148, 167,

1791. The Si level (or more likely a group of SI levels), initially populated by the first

193 nm photon, dissociates rapidly into H+CCH (X2E ), and is not directly involved

in the subsequent photodissociation process. The observed electronically excited C 2

(i.e. C and d states) and C 2H* fragments result from excitation of the C 2H X-state

fragments by the second 193 nm photon (i.e. the process given by Eqs. 4.2). In

comparison, in one-color (~220nm), multi-photon dissociation of acetylene discussed

in this chapter, S1 acetylene molecules, which are populated by the first UV photon,

are excited by the second (same-color) photon into a higher-lying acetylene electronic

state near 11.7 eV before rapid dissociation takes place (i.e. the process given by

Eq. 4.1). As mentioned in Section 4.5.1, some ambiguity remains about whether

Eq. 4.1 is applicable to predissociated Si levels in the 47000 cm- 1 region. However,
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for photodissociation via a non-predissociated S1 acetylene level, this ambiguity does

not exist.

4.5.4 Proposed experiments

With 193 nm ArF photolysis of acetylene, a wide range of C2 electronic states have

been observed (in addition to the C and d states) [39, 101, 148, 167]: XE+, AflH,

B1 Ag, B'"E, a 3 1-, and b3E. The X'E+ and a3 , states cannot be detected in our

fluorescence-based experiment, because they are, respectively, the lowest state in the

C 2 singlet and triplet manifolds. The Al17u state [148, 167], which was determined to

be the most abundant species following 193 nm ArF photolysis, cannot be detected

in our experiment, because the PMT used in this work is not sensitive at the C 2

A - X emission region (near IR). In Chapters 5 and 6, I describe a new technique,

based on frequency-modulation (FM) spectroscopy, which allows me to determine the

population difference between the X and A states.

To determine which of the two processes given by Eqs. 4.1 and 4.2 is responsible

for photodissociation via predissociated S1 acetylene levels near 47000 cm- 1, a two-

color pump-probe time-delay experiment (in a supersonic jet) is proposed. In the

pump-probe experiment, a first pump laser beam (~212 nm) is used to populate a

predissociated S1 level near 47000 cm-' (e.g. a trans 35 K = 1 rotational level). A

second probe laser (delayed with respect to the pump), which is not resonant with any

Si-So transition (in the -220 nm region), is used to generate C 2H* fragments, from

either the S1 molecules (according to Eq. 4.1) or the C 2H X-state fragments resulting

from S1 predissociation (according to Eqs. 4.2). The time-delay between the probe

and pump beams can be changed from 0 to 100 ns. Given that the predissociation

reaction time of S1 levels near 47000 cm-1 is ~10 ns [158], if direct one-photon

photodissociation of the Si level (i.e. C 2 H 2 (Si) + hv -÷ C 2 H* --+ C 2H* + H) is the

pathway by which C 2H* is generated via a predissociated Si level, in a pump-probe

time-delay experiment, the C 2H* signals should only be observed when the pump and

probe beams are essentially overlapped in time (or with <10 ns time-delay). If the

process given by Eqs. 4.2 (C 2 H 2 (Si) - C 2H (X2E) + H, C2H(X) + hv -+ C 2H*)
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is responsible for the generation of C 2 H* via a predissociated Si level, C 2 H* signals

should still be observable with a long pump-probe delay, because the C 2H k-state

fragments resulting from S1 predissociation are long-lived. Assuming that both the

pump and probe beams have beam diameter of 1 mm (and a molecular beam velocity

of -1500 m/s), the fly-out time of the C 2H X-state fragments should be >100 ns,

which means the C 2H* signals should be observable with a time-delay >100 ns, if the

process given by Eqs. 4.2 occurs.

Given that the two-photon energy region of interest (11.5- 11.8 eV) lies above the

first ionization potential (IP) of acetylene (11.4 eV), two-photon ionization can com-

pete against dissociation. The dissociation precursor C 2H* state, which is expected to

have at least partial Rydberg-state character, can undergo rapid autoionization. It is

not possible to determine from the current experiment which process (autoionization

vs. dissociation) is more efficient in the 11.5 - 11.8 eV region. It would be informative

to carry out an experiment where one-color 1+1 REMPI and photofragment signals

are collected simultaneously using multiple Si trans-bending levels, e.g. V3= 0 - 5.

The two-photon energies accessed via resonance with the v3 = 0 - 3 levels lie below

the first IP, while those of v3= 4 - 5 lie slightly above the IP. The proposed experi-

ment would likely be difficult, because it would be difficult to ensure that the REMPI

signal arises exclusively from two-photon processes.

4.6 Conclusion

In this chapter, I present an analysis of the dispersed-fluorescence spectra (collected

in a 3 torr flow cell) and the fluorescence time-traces (collected in the collision-free

supersonic jet) of photofragments resulting from one-color (212--220 nm), resonance-

enhanced (Si-So), multi-photon dissociation of acetylene. Specifically, photodissocia-

tion via three individually selected intermediate S1 levels, trans 34, trans 35, and cis

3161 (K = 1, J = 6, e-symmetry for all three levels), are studied in detail. In both

DF spectra and the fluorescence time-traces, the C 2 Swan band (d 3fg - a1Th 1) and

C2 Deslandres-d'Azambuja band (C'Hf - A1 fHl) emissions are observed (in addition
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to acetylene S1 LIF fluorescence in the 230 - 350 nm region). The intensity ratios of

the two C 2 emission bands are similar in the flow-cell (DF) and supersonic-jet (time-

trace) experiments. In addition, long-lived emission (>3 ps) from an electronically

highly-excited C 2H* fragment is observed in the supersonic-jet condition (i.e. the

signals are likely collisionally-quenched in the cell-condition).

Both C and d states of C 2 are generated with high rotational (the rotational

population reaches a maximum broadly around J ~ 27) and vibrational (v > 4 levels

are observed) excitation. The population ratios among the three observed fluorescing

photofragments is estimated to be C 2H*: C 2 (d): C 2 (C) =>40 : 4 : 1, although the

photodissociation yields of the two C 2 fragments are observed to be slightly different

(by a factor of two) between trans 34 and cis 3161 levels.

Based on my analysis of the flow cell DF spectra and the photofragment fluores-

cence signals obtained under the supersonic jet conditions, the mechanisms of the

observed one-color (212 - 220 nm), resonance-enhanced (SI-So) photodissociation of

acetylene are discussed. The C 2H* fragment results from one-photon dissociation from

the Si acetylene level, and both C 2 C and d states are generated via a three-photon

(from So) sequential C-H bond-breaking process. The long-lived C 2H* photofragment

fluoresces in the visible, while the C 2 C and d states fluoresce, respectively, in the

near UV and in the green. Further information from high-level ab initio calcula-

tions are called for, in order to suggest vibronic assignments to various intermediate

dissociation precursor states.
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Chapter 5

Determination of the Sign of the

Population Difference in a Two-level

System by Frequency-modulation

Spectroscopy

Abstract

In this chapter, I report the use of frequency-modulation (FM) spectroscopy to de-
termine, from the phase of the FM signal, the sign of the population difference in
a two-level system (i.e. whether the two-level system is inverted). I demonstrate
that FM signals from an inverted I2 B - X system, prepared by a pulsed laser,
have opposite phase with respect to signals from the Rb D -line absorption transi-
tion (i.e. a non-inverted system). This technique is applied in Chapter 6 to probe
the A - X transitions of the C 2 fragments, generated from one-color (~220 nm),
resonance-enhanced (S 1-SO), multi-photon dissociation of acetylene, with the goal of
determing the relative abundance of the nascent C 2 A and X-state products.

The work described in this chapter was performed with Professor Zhenhui Du,

who is a visiting scholar from Tianjin University, China. T. J. Erickson and C. L.

Keenan also helped with the experiment.
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5.1 Introduction

Frequency modulation (FM) spectroscopy, based on phase-sensitive heterodyne detec-

tion in a frequency window (typically up to a few GHz) outside of the laser amplitude

noise spectrum, has been widely used for precision measurements, laser frequency

stabilization, and sensitive detection of weak absorptions [61]. It has also been ap-

plied to measure transient species following photodissociation [61, 120, 1211. As far

as I am aware, the technique has only been applied to study systems that are either

thermalized (e.g. in trace-gas detection) or generated without population inversion

(e.g. CN radials following 193 nm photolysis of NCCN f1201), with the exception of

the work from Levenson et al., [95] where the frequency-modulated (FM-ed) laser is

used to detect stimulated Raman gain of D 2, as a demonstration of the quantum-

noise-limited performance of their FM setup. No comments are made in Levenson's

work regarding the differences between FM signals in a gain (stimulated emission) vs.

loss medium (absorption). Chemical processes, which involve large amount of excess

energy (e.g. from a multi-photon dissociation), can give rise to population inversions

between different electronic states. For example, following 193 nm ArF photolysis of

acetylene [5, 101, 124, 148, 167], the C 2 AlIIU state is known to be the most abundant

C 2 species [5, 1481. The ratio of C 2 populations between the A111" and X'E states

was measured to be 19(3) : 1.

In this chapter, I present a slightly modified application of FM spectroscopy (from

its most conventional applications), which allows me to determine, from the phase

of the FM signal, the sign of the population difference between two levels probed

by the FM-ed laser. A A-type excitation scheme for the I2 B - X transition, and a

comparison against the Rb D I-line transition (at ~795 nm), are used in a proof of

principle experiment. In the I2 experiment, the FM-ed laser beam is used to probe the

inverted population between the pulsed-laser populated vibration-rotation level of the

B state and the unpopulated vibrationally highly-excited level of the X state. As I will

demonstrate both theoretically (Section 9.2) and experimentally (Section 5.4), FM

signals from the inverted I2 B - X system have opposite phase with respect to signals
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from the Rb D1 -line absorption. 1 FM signals from a non-inverted system would have

the same phase as the Rb absorption signals. In Chapter 6, the technique is applied

to probe the A - X transitions of the C 2 fragments, generated from one-color (~220

nm), resonance-enhanced at the one photon level (S -SO), multi-photon dissociation

of acetylene, with the goal of determining the nascent population difference between

the C 2 A and X states.

5.2 Theory

The basic principle of FM spectroscopy is briefly discussed first, based on reviews of

the topic in Refs [56, 61]. Using complex notation, the electric field of a laser beam

at the optical carrier angular frequency, wc, is given by

El(t) = Eo exp(iwct). (5.1)

The beam is passed through an electro-optic phase modulator (EOM) driven at angu-

lar frequency, Wrf (referred to as the rf frequency). The electric field of the modulated

beam is described by

E"(t) = Eo exp[i(wct + M sin wrf t)]
n=oo (5.2)

= Eo Jn (M) exp[i(wc + nrf)t],
n=-oc

where M is the modulation index and the Jn are Bessel functions of order n. The

modulated beam has frequency components at sidebands, displaced by integer multi-

ples of wrf above and below w,. With modulation index M < 1, the FM-ed beam can

be described by a strong carrier at frequency w, and two weak sidebands at frequencies

Wc r f ,

E(t) = Eo 2 exp(i(wc + wrft) + exp(iwet) - exp(i(w - Wrft) . (5.3)
2M 2

'Note that the Rb D 1-line is split into two well-resolved hyperfine components, as illustrated in
Fig. 5-5b.
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Figure 5-1: Evolution of the FM quadrature signals, as the FM carrier frequency
is scanned through a transition line. In (a)-(d), the color green is used when the
FM carrier frequency is on-resonance with the transition center frequency. The col-
ors, red and blue, are used, respectively, for cases when the FM carrier frequency is
red and blue-detuned for an equal amount. (a) Relative amplitudes of the two FM
sidebands at three characteristic carrier frequencies in a loss medium (which atten-
uates the beam amplitudes). (b) FM quadrature (absorption) signal at the three
carrier frequencies, color-coded accordingly. (a) Relative amplitudes of the two FM
sidebands at three characteristic carrier frequencies in a gain medium (which ampli-
fies the beam amplitudes) (b) FM quadrature (emission) signal at the three carrier
frequencies, color-coded accordingly.

Note that the two sidebands have the same magnitude but are of opposite phase. In

all of the experiments described in this chapter, the amplitudes of the two sidebands

are approximately 25% of the amplitude of the main carrier peak. In a pure FM-ed

beam, each first-order side-band beats against the carrier with a beat frequency Wrf.

The beats have the same amplitude and differ in phase by exactly 1800, thus resulting

in no amplitude modulation, when the frequency of the beam is far off-resonance from

the transition frequency (or when there is no sample present).

In a typical absorption experiment, as a beam passes through a sample, it experi-

ences both intensity attenuation and phase-shift. The sample probed in an absorption
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experiment is referred to as a loss medium in the following discussions. The dimen-

sionless frequency-dependent amplitude attenuation is given by 6T(w), and the dimen-

sionless frequency-dependent phase-shift is given by qT(w), where the subscript, T, is

used to indicate that the initial state of the associated transition is lower in energy

than the final state of the transition. For a two-level system, it can be shown [143] that

both 6T and OT are directly proportional to the population difference between the

two states, AN = N - Nh, where N and Nh are, respectively, the population in the

lower and higher energy state. With a square-law light detector of band-width >Wrf,

the transmitted beam intensity (excluding the dc component) becomes (assuming an

optically-thin sample)

Im(t) = 1oexp[-26t())]M[6t cos Wrft + A20T sin Wrf t], (5.4)

where

A6T = 6t(c - wrf) -t(Wc+Wrf) ()
A2 0T = #(We + Wrj) + qt(Wc - Wrf) - 2#T(wc).

As can be seen from Eqs. 5.4 and 5.5, the quadrature component (cos wrft) of the

transmitted beam intensity is proportional to the difference in attenuation experi-

enced by the upper and the lower sidebands, and the in-phase component (sinWrft)

is proportional to the difference between the phase shift experienced by the carrier

and the average of the phase shifts experienced by the sidebands. In Figs. 5-la and

5-1b, I present a graphical illustration of the origin of the quadrature component

signal, as the carrier frequency of the FM-ed beam is scanned through a resonant

transition. When the carrier frequency is exactly on resonance with the transition

center frequency (this case is color-coded green in Fig. 5-la), the quadrature FM

signal (color-coded green in Fig. 5-1b) is zero, because the two side-bands are equally

attenuated. When the carrier frequency is slightly detuned, one of the sidebands is

more strongly attenuated than the other, and a beat signal can be detected. However,

the phase of the beat signal is exactly opposite for the red (color-coded red in Figs. 5-
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la and b) and blue (color-coded blue in Figs. 5-1a and b) detuned cases, because

the amplitude of the quadrature signal is proportional to A6o-. It can be seen from

Eqs. 5.4 and 5.5 that there is a similar phase-flip between the red and blue-detuned

cases for the in-phase FM signal. To summarize, in the FM absorption experiment,

the differential attenuation and phase shift of the two sidebands caused by the sample

leads to a detectable beat signal at the modulation frequency, Jrf, and the beat sig-

nals at red-detuned and blue-detuned carrier frequencies are 1800 out-of-phase with

each other.

What happens to an FM-ed beam when it passes through an inverted gain medium

(i.e. more population in the excited state than in the ground state)? The beam,

instead of being attenuated, is amplified, due to stimulated emission from the initially

inverted system. In addition, the beam experiences a frequency-dependent phase-

shift. The frequency-dependent amplitude amplification is given by ow), and the

frequency-dependent phase-shift is given by #;(w), where the subscript, 4, is used to

indicate that the initial state of the associated transition is higher in energy than

the final state of the transition. The transmitted beam intensity through an inverted

gain medium is given by an expression similar to Eq. 5.4, except that A6T and Aot

are respectively replaced by

A6 = 61(Wc - Wrf) - e (Wc + Wrf) (5.6)
A2O = Oq(Wc + Wrf) + lk(wc - Wrf) - 2#4(uc),

and the exponential pre-factor becomes exp[26 (c)]. As in the absorption experi-

ment, the differential amplification and phase shift of the two sidebands, as the beam

passes through a gain medium, leads to a detectable beat signal at the modulation

frequency, Wrf. In addition, similar to 6- and OT in a loss medium, both 6o and #. in a

gain medium are proportional to the population difference between the two levels,

AN = N, - Nh [143]. The signs of AN, however, are opposite for the two types of

system, which means that near the transition center frequency, the signs of 34 and #
are opposite to those of 6T and OT, respectively (see Figs. 1.25 and 1.26 of Ref [143]).
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Consequently, for the same amount of detuning of the carrier frequency from the

transition center frequency, the FM signal from a gain medium is 180' out of phase

with respect to the FM signal from a loss medium. This is illustrated in Fig. 5-1,

where beat signals resulting from beam amplification (Fig. 5-1d) are compared with

those resulting from beam attenuation (Fig. 5-1b) for three different detuning cases.

For simplicity, in the following discussions, the FM experiment on a gain medium

(with population inversion) is referred to as a stimulated emission experiment.

The FM signals, given by Eqs. 5.4-5.6, can be demodulated into in-phase and

quadrature components (with respect to the phase of the rf modulation reference),

to generate a conventional FM spectrum. Around each transition center frequency,

the in-phase (dispersion) and quadrature (absorption) signals from a loss medium

(Fig. 5-2a) are expected to have the opposite phase (or sign) with respect to the in-

phase (dispersion) and quadrature (stimulated emission) signals from a gain medium,

respectively (Fig. 5-2b). I emphasize that in order to compare the demodulated

spectra from an unknown system (for which I want to determine whether there is

population inversion) with the demodulated spectra resulting from an absorption ex-

periment, I need to demodulate the unknown spectrum with the same phase and

frequency as I demodulate the absorption spectrum. As can be seen from the simu-

lations in Fig. 5-2, the in-phase signal of a given transition is expected to have three

zero-crossings, while the quadrature signal has only one zero-crossing.

The rf reference, which is used to drive the EOM, is typically used to demodulate

the experimental FM signal (at the modulation rf frequency). However, the relative

phases of the rf reference and FM signals are affected by various experimental fac-

tors, such as the length of the cables used to transfer the two signals. As a result,

phase-corrections are applied to the rf reference, so that the in-phase and quadrature

components can be separated in the resulting demodulated spectra. In this work, the

phase-corrections to the rf reference signal for the in-phase and quadrature compo-

nents are determined from the absorption experiment on the Rb D I-line transitions,

based on the simulation results in Fig. 5-2. A pair of phase-adjustments, q1 and

#2= q$1 + w/2, are found, such that the corresponding demodulated signals have
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Figure 5-2: Simulated lineshapes of the in-phase and quadrature components of the
demodulated FM signal. (a) A loss medium (absorption experiment) (b) A gain
medium (stimulated emission experiment). In the simulation of both types of ex-
periment, the transition has a Lorentzian lineshape with FWHM=0.5 GHz. The
modulation rf signal is given by sin(Wrft), where Wrf = 27r x 0.94 GHz. In both
panels (a) and (b), the in-phase and quadrature components are obtained, respec-
tively, by demodulating the FM signal, given by Eqs. 5.4-5.6, with cos(wrf +7r/2) and
cos(wrf).

three (i.e. in-phase component) and one zero-crossing (i.e. quadrature component),

respectively. The same set of phase-adjustments (#1 and 02) is used to demodulate

the time-domain FM signal from the 12 B - X stimulated emission transitions. I

emphasize that, for the purpose of determining the sign of the population difference

between two levels probed by the FM-ed beam (by comparing the resulting spectra

to the Rb absorption spectra), it is not necessary to demodulate the time-domain FM

signals into pure in-phase and quadrature components. Both components have oppo-

site phases in a gain vs. a loss medium (see Fig. 5-2), which means that an arbitrary

linear combination of the two components is also of opposite phase in those two types

of media.
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5.3 Experimental Details

The experimental setup is summarized in Figs. 5-3 and 5-4. In describing the exper-

imental setup, I will refer to the components in those two figures without indicating

the manufacturer and model information. Detailed component information (and a

brief discussion of its function, if necessary) is included in Section 5.3.3 for reference.

5.3.1 The FM setup

The FM setup used in this work differs from a conventional FM setup in both the

generation of the FM-ed beam and the method of data collection. Other than those

two differences, I use standard microwave and optical components (Fig. 5-3), and

follow the standard procedures to set up the experiment. I emphasize that in order

to minimize residual amplitude modulation (RAM), it is essential to insert a linear

polarizer before the EOM to clean up the polarization of the incoming laser beam.

In addition, I ensure that the beam enters any transmissive optical component in the

setup (e.g. the cell) at an tilted incident angle to minimize accidental etalon effects.

Unlike the conventional FM setup, where the laser beam is modulated continuously

(the cw mode), in this work, the laser beam is pulsed-frequency-modulated with a

pulse duration of -350 ns at a repetition rate of 10 Hz (illustrated at the top portion

of Fig. 5-3). Specifically, the cw output of a voltage-controlled oscillator (with output

frequency of -940 MHz) passes through a fast switch, with <6 ns rise/fall time. The

switch is controlled by a pulse generator. The pulsed rf modulation reference is

used to modulate the output of a Ti-sapphire laser (720 - 800 nm). The frequency

and the sideband characters of the FM-ed beam can be monitored by a high-finesse

wavemeter. The amplitudes of the two sidebands are chosen to be -25% that of the

carrier. Note that due to the presence of a resonant cavity inside the EOM, the pulsed

FM-ed beam has finite rise and ring-down times (discussed in Section 5.3.2). The rise

and ring-down of the FM-ed beam poses no problems for the present experiment,

because I can always select a time-region of the FM signal during which the FM-ed

beam intensity is constant.
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Figure 5-4: Detailed configuration of the cell and optical beam path used in the Rb
(a) and I2 (b) experiments.

In addition, in a conventional FM setup, the FM signal (at the rf modulation

frequency) is demodulated by an I & Q demodulator (i.e. hard-ware demodulation),

and the two dc output channels are monitored and averaged on an oscilloscope. In this

work, time-domain FM signals (at 940 MHz) are collected and averaged directly on

a fast oscilloscope, with maximum 20 Gs/s sampling rate (per channel) and clocked

by a 10 MHz Rb reference. In all experiments described in this chapter, I use a 10

Gs/s sampling rate to increase the data acquisition efficiency. In order to average the

rapidly-oscillating time-domain signals in a phase-coherent manner, it is necessary

to use part of the rf modulation reference (split by a directional coupler) to trigger

the fast scope (i.e. triggered by the steep turn-on of the rf reference). With such a

triggering scheme, the time-domain signal can be averaged for >1000 shots without

degradation of its phase-coherence. All of the data shown in this chapter are the

result of 5 averages at each laser-frequency step.

Note that direct averaging of the 940 MHz FM signals cannot be achieved when the

output of the pulse generator, used to trigger the fast switch, is also used to trigger the

scope. This is because the time-jitter (rms=1 ns) between different output channels

of the pulse generator is too large compared to the modulation period, -1 ns. The

rf modulation reference, recorded simultaneously with time-domain FM signal, also

serves as phase-reference for the experiment. I observe that the relative phase between

the rf modulation signal and the time-domain FM signal (i.e. from a Rb absorption

experiment) remains unchanged for weeks. The stability of the relative phase is

crucial, because determination of the sign of the population difference (between two
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Figure 5-5: Level diagrams of (a) A-type excitation scheme for an I2 B - X transition,
and (b) 85Rb 52P 1/2 <- 52 S1/ 2 transition.

levels) relies on the ability to draw meaningful a phase comparison between FM

absorption signals and signals from a system with an unknown population difference.

In this work, the rf modulation signal is also used as a direct input to demodulate

the collected time-domain signals, thus generating the conventional FM spectra, as

shown in Fig. 5-2.

5.3.2 Proof of principle experiments on the I2 B - X transition

A A-type excitation scheme (i.e. SEP) of an I2 B - X transition (Fig. 5-5a), in combi-

nation with the Rb Di-line absorption transition (Fig. 5-5b), is used to demonstrate

the possibility of using the phase of the FM signal to determine the sign of the pop-

ulation difference between the upper and lower energy levels probed by the FM-ed

beam.

In the I2 experiment, the JB = 57, VB = 32 level of the 12 B state is first populated

by the second harmonic of the injection-seeded Nd:YAG laser, tuned to the Doppler

line-center of the transition (532.2452 nm) [81]. A weak FM-ed beam is used to

probe the population difference between the Nd:YAG-pumped B-state level and an

unpopulated, vibrationally highly-excited X-state level (Jf = 56 or Jf = 57 of v = 26,

28, and 30 vibrational levels). Prior to the experiments, molecular constants from
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Refs [94] (for the I2 X state) and [145] (for the I2 B state) are used to predict the

frequencies of the relevant B -a X transitions.

The 532 nm Nd:YAG laser beam (1.4 mJ/pulse) is unfocused (-0.75 cm in diam-

eter) and overlaps spatially with the FM-ed beam (counter-propagating with respect

to the Nd:YAG beam). Given that the FM-ed beam has a diameter of ~1 mm, the

effective Nd:YAG pulse-energy is -30 pJ/pulse. The VB 32 f = 26, 28, 30 tran-

sitions are probed, respectively, with 1.5 mW, 2 mW, and 4.5 mW of the FM-ed beam

(measured when the beam is frequency-modulated in the cW mode). Different probe

power is used for the three Vf levels, due to difference in their transition strengths.

The I2 cell is actively pumped by a mechanical pump during the experiment, and

the pressure is held at -200 mtorr, measured immediately after the cell. Note that

without active pumping of the cell, the fluorescence lifetime of the 12 B-state level

(populated by the 532 nm pulsed laser) is collisionally-quenched to <10 ns, and the

observed B -+ X stimulated emission signals are similarly short-lived. The fluores-

cence lifetime increases to -200 ns, when the cell is actively pumped. (The I2 B-state

level is expected to have a lifetime of -900 ns in collision-free conditions [25, 35].)

The phases of FM signals from the I2 B -+ X stimulated emission transitions can

be compared to those of the 85Rb 52P1 /2 <- 5 2 S1/ 2 absorption transition near 795 nm.

Based on information from Ref 1152], two 85Rb absorption lines are expected to be

resolved due to the hyperfine splitting of the lower 5 2 S1/ 2 level (-3 GHz). The hyper-

fine splitting of the upper 5 2P 1/ 2 level (0.36 GHz) cannot be clearly resolved in the

experiment, given an expected Doppler-broadened linewidth of 0.5 GHz. 2 For similar

reasons, the hyperfine splittings of the '2 B - X transitions (split into >10 lines with

<50 MHz average spacings) are too small to be resolved (at an expected 0.3 GHz

Doppler linewidth). Aside from causing the observed lineshape to be slightly asym-

metric, the presence of unresolved hyperfine structures does not affect the determina-

tion of the sign of the population differences between the two (zero-order) levels (i.e.
2The D1 absorption transitions of the less abundant 87Rb (27.8%) species can also be observed.

The 87Rb signals do not interfere significantly with the 15 Rb signals, because the two observed
87Rb transtions (due to -7 GHz hyperfine-splitting of the lower 52 S1 / 2 [153]) are not overlapped
in frequencies with the two 85Rb transitions, and the 87Rb signals are weaker by a factor of three
compared to the 85Rb signals, due to lower natural abundance of 87Rb.
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Figure 5-6: Examples of signals (at 940 MHz) collected directly by the fast oscillo-
scope. The fast rising-edge (not shown on the figure) of the pulsed rf modulation
reference (red) is used as the trigger of the fast oscilloscope. The rf reference is
simultaneously recorded along with the FM signal at each laser frequency step. The
green arrow on the 12 time-trace (blue) indicates the approximate time at which 532
nm B - X excitation occurs.

neglecting hyperfine splittings) probed by the FM-ed beam. As the carrier-frequency

of the FM-ed beam is scanned through the effective lineshape of the transition (with

unresolved hyperfine splittings), the differential attenuation/amplification and phase

shift of the two sidebands are expected to have qualitatively the same patterns as in

an idealized two-level system (see Fig. 5-1).

Typical time-traces collected on the oscilloscope are shown in Fig. 5-6 (the rf

reference signal is collected simultaneously for the I2 or the Rb signal). The slow

rise-time (>70 ns) of the Rb 5 2P1 / 2 +- 5 2S1/ 2 signal is due to the build-up time of the

EOM cavity (i.e. it takes >70 ns for the intensity of the rf input into the EOM cavity
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to reach steady state). The Rb signal also has a ring-down time (i.e. the exponentially

decaying signal after the rf reference is switched off) of similar duration (not shown

in Fig. 5-6). Keeping in mind the finite build-up time of the FM-ed beam intensity,

in the I2 experiment the B(v = 32) ÷- X(v = 0) transition (at 532 nm) is excited

after the FM reaches the steady-state intensity.

5.3.3 Part list

i. Voltage-controlled oscillator (Mini Circuits, ZOS-1205)

ii. SPDT switch (Mini Circuits, ZYSWA-2-50DR), with rise/fall time of 6 ns

iii. Voltage variable attenuator (Mini Circuits, ZX73-2500-s+)

iv. High power amplifier (Mini Circuits, ZHL-1000-3W+)

v. Directional coupler (Mini Circuits ZEDC-15-2B)

vi. Electro-optic modulator (New Focus, 4421)

vii. Ti-sapphire laser (M Squared, Solstis) pumped by the 532 nm output of a

diode-pumped solid-state laser (Lighthouse Photonics, Sprout G18)

viii. Amplified high speed photodetector (Newport, 818-BB-21A)

ix. Low noise amplifier (Mini Circuits, ZEL-0812LN), with bandwidth of 800-1200

MHz.

x. Digital storage oscilloscope (Tektronix, TDS6124C). A sampling rate of 10

Gs/s is used in all the experiments described in this chapter.

xi. Rubidium frequency standard (Stanford Research Systems, FS725)

xii. Wavelength Meter (HighFinesse, WS7)

xiii. Pulse/delay generator (Berkeley Nucleonics Corporation, Model 555)

Nd:YAG: Q-switched, injection-seeded Nd:YAG laser (Spectra-Physics, LAB-170).

Rb cell: Thorlabs, GC19075-RB

I2 cell: Home-made cylindrical single-pass cell (30 cm in length) containing solid

I2 crystal.

Pressure gauge: Thermocouple gauge (Varian, Type 0531)

Pump: Rotary vane pump (Edwards, E2M1.5)

M: Broadband dielectric mirror (Thorlabs BB1-E02)
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F: 630 nm long-pass filter (Newport, 20CGA-630)

A/2: Zero-order half-wave plate (Thorlabs, WPH05M-780)

P: Glan-Laser calcite polarizer with 800 nm AR coating

VA: Continously variable metallic neutral density filters (Thorlabs, NDC-25C-2M)

G: 1" uncoated UV fused-silica slab (6 mm in thickness), used as a pick-up mirror

of the 730 - 800 nm beam for wavelength (and FM sidebands) monitoring.

Fe: Fiber collimation package (Thorlabs, F240FC-780)

Fb: Multi-mode fiber (Thorlabs)

DM: Nd:YAG dichroic beamsplitter (Thorlabs, HBSY12). It reflects 532 nm and

transmitts 730 - 800 nm laser beam.

Y2: Nd:YAG 2 d harmonic mirror (Thorlabs, NB1-K12)

5.4 The I2 B - X Transition

As discussed in Section 9.2, the phases of the time-domain FM signals from the

8 5 Rb 5 2P 1/ 2 <- 5 2S 1/2 absorption and 12 B -+ X stimulated emission transitions are

expected to be qualitatively different. In Fig. 5-7, the time-domain FM signals from

the 5 2 P1/ 2 (F' = 2, 3) <- 52S1/ 2 (F" = 3) upward transition are compared to the FM

signals from the 12 P(58) B(v = 32) -a X(v = 26) downward transition. In Figs. 5-7a

and 5-7b, the red and blue traces correspond, respectively, to the time-domain signals

at carrier frequencies that are red and blue-detuned by the same amount (0.016 cm -1)

from the transition center frequency. Similar to the simulations in Fig 5-1, with equal

detuning (i.e. comparing time-traces of the same color in Figs. 5-7a and 5-7b), FM

signals from the inverted I2 B - X two-level system are observed to be 180' out-of-

phase with respect to FM signals from the non-inverted 1 5Rb 5 2 P 1/ 2 - 52 S 1/ 2 system.

Time-domain FM signals are also demodulated into in-phase and quadrature

components, based on the strategy discussed at the end of Section 9.2. For the

85Rb 52P 1/ 2  5 2 S 1/2 transitions, the in-phase and quadrature components cor-

respond, respectively, to the absorption and dispersion signals. For the 12 P(58)

B(v = 32) - X(v = 26) transition, the two components correspond, respectively,
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Figure 5-7: FM signals of (a) the observed 85Rb 52 P 1/ 2 +- 5 2 S1/ 2 transition, originat-

ing from the F" = 3 hyperfine component of the 5 2S1/ 2 state, and (b) the observed

12 B(v = 32, J 57) - X(v = 26, J = 58) transition. In each plot, the red and

blue traces, correspond, respectively, to the FM signals collected at laser carrier fre-
quencies that are red and blue-detuned by an equal amount, 0.016 cm-1, from the
transition center frequency.

129



85Rb 52 P 1/2<5 2s1/2

- F'= 2,3<- F"= 3
- = 2,3- F"= 2

12578.95

Frequency / cm~1

0.04

c 0.02
0

0

-0.02

12579.05 12578.85

1 2 B 0 X

0.01

C
0

CL
W

0.005 [

0

-0.005 I

-0.01

12578.95

Frequency / cm~1

(d)

13668.3 13668.35 13668.4 13668.45

Frequency / cm 1
13668.3 13668.35 13668.4 13668.45

Frequency / cm-1

Figure 5-8: Demodulated spectra of the observed 85Rb 5 2P1 / 2 <- 52 S 1/2 transitions (a
and b) and the I2 B(v = 32, J = 57) -+ X(v = 26, J = 58) transition (c and d). For
the Rb transitions, two absorption lines are resolved, due to large hyperfine splitting
of the lower 52S1/ 2 state. [152] Hyperfine splittings of the I2 B - X transitions (split
into >10 lines with <50 MHz average spacings) are too small to be resolved, given
the Doppler-broadened linewidth (300 MHz).
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Figure 5-9: Demodulated spectra of all observed 12 B -÷ X transitions. Finer struc-
tures on the observed lineshape are due to unresolved hyperfine splittings.
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Table 5.1: Measured frequencies of the observed B -+ X transitions of I2. Numbers
in parentheses are the predicted transition frequencies, calculated based on the I2
molecular constants from Refs [94, 1451. Units are in cm- 1.

P(58) R(56)
32-÷30 12967.30 12975.00

(12967.24) (12974.95)
32->28 13314.71 13322.47

(13314.67) (13322.44)
32--26 13668.38

(13668.35)

to the stimulated emission and dispersion signals. As discussed in Section 9.2, near

the transition center frequency, both the in-phase and quadrature signals from the I2

B -÷ X transition are expected to have the opposite phase (or sign) with respect to

those from the Rb 52Pl/ 2 <- 5 2S1/ 2 transitions. This is confirmed in Fig. 5-8, where

the absorption and dispersion components of the two observed 85Rb Di transitions

are shown in panels a and b, and the stimulated emission and dispersion components

of the I2 P(58) B(v = 32) -+ X(v = 26) transition are shown in panels c and d.

In Fig. 5-9, demodulated spectra of multiple additional 12 B -+ X transitions are

shown. The general shapes (or phases) of both the dispersion and stimulated emis-

sion spectra for those transitions are the same, because the original FM signals are

demodulated with the same set of phase corrections (#1 and 02, determined from the

8 5 Rb 5 2 Pi/ 2 <- 5 2 S1/ 2 transition).

The observed B -+ X transition frequencies (taken as the frequencies at the zero-

crossings of the stimulated emission spectra) are included in Table 5.1, together with

predictions (in parentheses) based on the 12 molecular constants from Refs [94, 1451.

5.5 Conclusion

In this work, I demonstrate a modified application of FM spectroscopy, which allows

me to determine the sign of the population difference between two levels probed by

an FM-ed beam. FM signals from a stimulated emission experiment (e.g. the 12
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B - X transition) have been shown, both theoretically and experimentally, to be

180' out-of-phase with respect to FM signals from an absorption experiment (e.g.
8 5 Rb 5 2 PI/ 2 <- 52S1/2 transition). The technique is applied in Chapter 6 to probe the

C 2 fragments, generated via one-color (~220 nm), resonance-enhanced (Si-So), multi-

photon dissociation of acetylene. The goal is to determine the relative abundance of

the C 2 A and X fragments.
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Chapter 6

Determination of the Population

Difference Between the C 2 A'FlU and

X1 E+ States Following One-colorg

(218 - 226 nm), Resonance-enhanced

(Si-So), Multi-photon Dissociation of

Acetylene

Abstract

One-color (-220 nm), resonance-enhanced (S -SO), multi-photon dissociation of acety-
lene gives rise to strong photofragment fluorescence signals in the visible and near UV
regions. By dispersing the photofragment fluorescence (see Chapter 4), I demonstrate
that the photolysis leads to significant C 2 populations in the C11I9 and d3119 states.
It is not known, from these experiments, whether the C 2 A'Hl, and XE+ states are
also populated. In this work, I determine the population difference between the v = 2
vibrational level of the C2 A state and the v = 0 vibrational level of the C 2 X state,
based a modified application of frequency-modulation (FM) spectroscopy, discussed
in Chapter 5. The wavelength of the pulsed UV photolysis laser is tuned to each
of the three individual acetylene SI-So transitions, which populate, respectively, the
K = 1, J = 8, e-symmetry levels of the S1 32 and 33 vibrational levels, and the K = 1,
J = 7, f-symmetry level of the Si 34 vibrational level. A weak FM probe is used to

135



measure six different Q-branch transitions (J" = 2, 8, 14, 20, 26, and 32) of the (2 - 0)
band of the C2 A - X transition, within 5 ns after the photolysis. By comparing
the phase of thie FM signal from the C 2 A - X transitions with that from the Rb
D1-line absorption transitions, I determine that for all probed A(v = 2) - X(v = 0)
two-level systems, there is more population in the lower-energy X-state level. The
production of the C2 X state is likely an overall two-photon process. From each of
the three acetylene Si vibrational levels populated by the first photon used in this

work, the one-photon photodissociation cross-section, i.e. HCCH (S i) 4 C2 (X)+2H,
appears to be similar.

The work described in this chapter was performed with Professor Zhenhui Du,

who is a visiting scholar from Tianjin University, China.

6.1 Introduction

In Chapter 4, I present my identifications of the molecular transitions which give

rise to the strong photofragment fluorescence signals, following one-color, resonance-

enhanced (via the S, trans-conformer 34, 35 vibrational levels, and the SI cis-conformer

3161 vibrational level), multi-photon dissociation of acetylene. The C 2 Swan (d3H 9 -

a 3FI,) and Deslandres-d'Azambuja (C'17g - A1I7I,) emission bands are observed in

the dispersed fluorescence (DF) spectra excited via all three S1 vibrational levels. In

a collision-free environment, long-lived (>3 ps) emission from electronically excited

C2 H* is also observed (the electronic transitions associated with this long-lived emis-

sion have not been assigned). The branching ratios for the formation of photofrag-

ments in C 2H*, C 2 d, and C2 C states are similar for the Si trans 34 and cis 3161

vibrational levels, and the ratios, C 2 H*: C 2(d): C 2 (C), are estimated to be >40 : 4 : 1.

The two C 2 species are likely generated via a three-photon (from So acetylene) sequen-

tial C-H bond-breaking process, while the C 2H* fragments are most likely generated

by a two-photon process.

All three photofragment transitions are observed in 193 nm ArF photolysis studies

of acetylene [5, 101, 124, 148, 1671. Among all of the observed C 2 fragments in the

193 nm acetylene photolysis, the C 2 A'IU, state is known to be the most abundant,

e.g. the ratio between the A'F1, and XE+-state population is estimated to be 19(3)

1 [5, 1481. Results from ab initio calculations by Cui et al. [391 confirm the observed
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population of the A state relative to other C 2 electronic states. However, the C 2

AII I-XI E+ Phillips band emission, which accounts for ~90% of the total integrated

emission intensity following 193 nm photolysis of acetylene [101], is not observed in

the photofragment DF spectra analyzed in Chapter 4. While transitions involving

low-lying A-state vibrational levels (v < 3) are outside the operating range of the

monochromator and photomultiplier tube (PMT) used in Chapter 4, a search for

the (4, 0) band of the C 2 A - X transition in the 691 nm region shows no sign of

the transitions. This, however, does not rule out the possibility that lower-lying

vibrational levels of the A state (v < 3) are populated.

The goal of this work is to determine the population difference between C 2 A and

X-state levels following one-color (-220 nm), resonance-enhanced (Si-So), multi-

photon dissociation of acetylene. Specifically, C 2 fragments (A or X state) generated

via three non-predissociated Si K = 1 vibrational levels, 32 (226 nm), 33 (222 nm),

and 34 (218 nm) 1, are probed, based on a slight modification of frequency-modulation

(FM) spectroscopy, which allows me to determine, from the phase of the FM signals,

the sign of the population difference in a two-level system probed by the FM beam

(i.e. is the two-level system inverted?). In Chapter 5, a A-type excitation scheme

(i.e. stimulated emission pumping) of the I2 B - X transition, along with the Rb

D1-line transition, is used as a proof of principle demonstration of the technique.

In the I2 experiment, the FM laser beam is used to probe an inverted population

between the pulsed-laser populated B-state level and the vibrationally highly-excited

X-state level (i.e. v = 28, which is unpopulated at room temperature). FM signals

from the inverted I2 B - X system are observed to be opposite in phase with respect

to signals from the Rb D 1 absorption transitions. In contrast, FM signals from a

two-level system that is not inverted (i.e. more population in the lower energy level)

should have the same phase as signals from the Rb absorption transitions.

While the C 2 A state is significantly more populated than the X state following

193 nm photolysis, it is not immediately clear whether this will be true following

'The K = 1 level of the S1 34 vibrational level lies ~200 cm' higher than the acetylene disso-
ciation threshold [112]. However, as discussed in Section 4.4.3 of Chapter 4, the S1 34 vibrational
level is essentially non-predissociated, as evidenced by its long fluorescence lifetime (>200 ns).
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photodissociation via the three S1 vibrational levels used in this work. Assuming that

the photodissociation proceeds exclusively via a sequential C-H bond-breaking process

(instead of a concerted H 2 elimination pathway), for all three S -So excitation energies,

the C 2 v = 0 X-state fragments are energetically accessible with two photons, based

on the experimental C-H bond dissociation energies of C 2 H2 [1121 and C 2H [341.

Population of the C 2 A state requires three photons. Therefore, from an energetic

point of view, production of the X-state fragments is favored over that of the A-state

fragments. The C2(A or X)+H 2 elimination pathways, which are not observed in the

vacuum ultraviolet (VUV) photolysis study of acetylene in the 8-12 eV region (where

the H 2 elimination processes would have been energetically accessible) [21, 26, 1571,

are assumed to be absent following 220 nm photolysis of acetylene studied in this

work.2

Even though the production of the C 2 X state is favored energetically over that of

the A state following the 220 nm photolysis of acetylene, the difference in the efficien-

cies of the dissociation process (i.e. bond-breaking process after photo-excitation is

complete) which leads to the two C 2 states could also affect the total efficiency of

the two photodissociation channels. This difference in the dissociation efficiency is

used to explain the observed large population difference between the C2 X and A

states, following 193 nm ArF photolysis of acetylene [391. Production of C 2 X and

A states requires the same number of 193 nm photons (two). However, while the

C 2 A state is produced after a direct barrierless adiabatic dissociation on the 4 2 A'

potential energy surface (PES) of C 2 H (which is the most likely electronic state of

C 2 H initially populated by the second 193 nm photon), the molecule (C 2H) must

undergo a sequence of internal conversions, 4 2 A' -+ 3 2 A' -+ 2 2 A' -+ 1 2 A', before

dissociation occurs. The direct adiabatic dissociation process is more efficient than

the sequential internal-conversion-assisted dissociation process. 3 It is thus conceivable

2 The concerted H 2 elimination pathway has been shown to be absent in the generation of the C 2
C 1Tig state following 220 nm photolysis of acetylene, discussed in Chapter 4.

3 Note that the sequential internal-conversion-assisted dissociation process is referred to as non-
adiabatic transitions in Ref [39], since a jump between adiabatic PES's is facilitated by non-adiabatic
interactions among those surfaces. The jump between adiabatic PES's occurs near the avoided-
crossings, where the electronic character of the (adiabatic) electronic states changes most rapidly,
which induces non-adiabatic interactions.
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that, following multi-photon (-220 nm) photolysis of acetylene studied in this work,

the C 2 A state could have been generated with higher efficiency than the X state, if

the dissociation process that leads to the A state is more efficient than the process

that leads to the X state, despite the energetic argument (which affects the photo-

excitation process which takes places before bond-breaking dissociation) mentioned

earlier.

6.2 Experimental Details

6.2.1 The FM setup

The FM setup used in this work differs from a conventional FM setup in the generation

of the FM beam and the method of the data collection, discussed in detail in Section

5.3. A brief description of the setup and the differences is provided here. The output

of a Ti-sapphire laser (M Squared, Solstis), pumped by the 532 nm output of a

diode pumped solid-state laser (Lighthouse Photonics, Sprout G18), is frequency-

modulated by an electro-optic phase modulator (EOM) (New Focus, 4421), driven

at ~1 GHz. However, instead of using a continuous 1 GHz modulation, by pulsing

the radio-frequency (rf) modulation input into the EOM, the Ti-sapphire output

is frequency-modulated with a duration of -350 ns at a repetition rate of 20 Hz.

Direct time-domain averaging of the FM signals, which are detected with an amplified

high speed photodiode (Newport, 818-BB-21A) and collected on a fast oscilloscope

(Tektronix, TDS6124C), can be achieved in this pulsed-modulation mode. Using the

simultaneously recorded pulsed rf modulation input as the phase reference, time-

domain FM signals (at -1 GHz) can be demodulated to obtain the in-phase and

quadrature signals (with empirical phase-adjustments of the rf modulation signal).

The experimental setup is summarized in Fig. 5-3 of Chapter 5.
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6.2.2 Probing the C2 A - X transitions

The C 2 fragments are generated by one-color (~220 nm), resonance-enhanced (S 1-So),

multi-photon dissociation of acetylene (BOC, atomic absorption grade 2.6 99.6 %

purity). The frequency-doubled output (218-227 nm) of a pulsed dye laser (Sirah

Cobra-Stretch, dual-grating with 3000 lines/mm), pumped by the third harmonic of

a Q-switched, injection-seeded Nd:YAG laser (Spectra-Physics Pro-270), is focused

by an f = 80 cm lens to beam waist at the center of a single-pass flow cell (40 cm in

length). The use of a focusing lens with a long focal-length is intended to maximize

the spatial overlap between the UV photolysis beam and the FM probe beam. The

flow-rate inside the cell is controlled by a needle valve, and the cell pressure is main-

tained at 2 torr. The UV energy is -~300 gJ/pulse at the entrance port of the flow

cell for all the experiments described here.

The wavelength of the UV beam is tuned to each of the three individual Si-So

transitions which populate, respectively, the K = 1, J = 8, e-symmetry levels of

the S, 32 and 33 vibrational levels 11741, and the K = 1, J = 7, f-symmetry level

of the Si 34 vibrational level [104, 1691. From each intermediate Si rovibrational

level, the same UV beam photodissociates the molecule into C 2 fragments. The C 2

fragments from the one-color photolysis are probed by a counter-propagating FM

beam (-1 mm in diameter). For C 2 detection involving resonance with the S1 33 and

34 levels, a high-reflectance mirror for the Nd:YAG 5th harmonic (CVI Laser Optics,

Y5-1025-45) is used as the beam combiner. For C 2 detections via resonance with the

S, 32 level, a high-reflectance mirror at 225 nm is used. For experiments via all three

intermediate Si levels, Q(2), Q(8), Q(14), Q(20), and Q(26) transitions of the (2 - 0)

band of the C 2 A - X transition [33, 1341 are used. For experiments involving the S i

34 level, an additional Q(32) transition is probed. The FM beam power (measured

in the cw modulation mode) is ~3.5 mW, ~5.5 mW and -15 mW, respectively, for

experiments involving S 34, 33, and 32 intermediate levels. The resulting FM signals

can be normalized to the same power level for intensity comparison.

I emphasize that signal intensities are sensitive to laser-beam alignment (because
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the UV beam is focused), as well as to both the short term (i.e. shot-to-shot) and

long term (i.e. hour-long) power (and frequency) fluctuation of the UV excitation

laser. During the experiments, the UV power is monitored and is maintained at

a relatively constant level (i.e. the average laser power decreases by <5% during

experiments involving a single S1 level). There is, however, some uncertainty about

the quality of laser alignment throughout the experiments, because in order to probe

each of the Q-branch transitions used in this work, the wavelength of the FM beam

must be changed by ~20 nm. I do not believe that the beam alignment deteriorates

noticeably when the FM laser wavelength is changed by this amount, based on the

following observations. At the beginning of each set of experiments using a specific

resonant Si level, I align and fine-tune the UV beam alignment with respect to the FM

beam (mostly by adjusting the position of the focusing lens mounted on a translation

stage) to optimize the strong Q(14) signal. No further adjustment of the UV laser

beam is necessary in order to observe all of the other Q-branch transitions, and the

amount of signal improvement is minor (<10%) even after I attempt to optimize those

additional transitions (e.g. Q(26)).

To determine the sign of the population difference between the C2 A and X-

state levels probed by the FM beam, the phase of the FM signal from each C2 A - X

transition must be compared with that of the 85Rb 5 2 P 1/ 2 +- 5 2S 1 / 2 transition (the Di-

line absorption) near 795 nm. A commercially available Rb cell (Thorlabs, GC19075-

RB) is used, and the FM beam power is -2.2 mW during the experiment. As already

discussed in Chapter 5, two 1 5 Rb absorption lines are expected to be resolved due to

the hyperfine splitting (3 GHz) of the lower 52 S1/ 2 level [1521. The hyperfine splitting

(0.36 GHz) of the upper 5 2 P 1/ 2 is too small to be clearly resolved in the current

experimental setup. Transitions from the less abundant 87Rb species (27.8%) do not

interfere significantly with the 85Rb transitions, due to large hyperfine splitting (7

GHz) of the 87Rb 5 2 P1 / 2 level and its smaller natural abundance (which leads to

weaker signals) 11531.
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Figure 6-1: A typical time-trace of the observed C 2 A(v = 2) - X(v 0) transition.
The FM signal oscillates at the rf modulation frequency (~1 GHz). The blue arrow
indicates the (approximate) time at which the UV excitation occurs. The first 30 ns
of the FM time-trace immediately after the UV excitation (color-coded red) is used
to generate the demodulated spectrum. A portion of the FM time-trace (color-coded
green) is used for background RAM correction.

6.3 The C2 A - X Transitions

6.3.1 Population in the C2 A and X-state vibrational levels

A typical FM signal of the observed C 2 A - X transitions, recorded directly on a fast

oscilloscope, is displayed in Fig. 6-1. The time-domain signal has a laser-pulse limited

rise-time of -10 ns, followed by a decay with a time-constant of -100 ns. In Figs. 6-

2a and 6-2b, time-domain FM signals from the 85Rb 5 2P1 / 2 <- 52S1/ 2 transition and

the observed C2 (populated via the S1 34 level) A(v = 2) - X(v = 0) Q(14) transition

are compared. With equal detuning from the center frequency of the transition (i.e.

comparing the time-traces of the same color in Figs. 6-2a and 6-2b), FM signals from

the C2 A - X transition are observed to have the same phase as signals from the

known absorbing ' 5Rb 52 P1/ 2 <- 52S1/ 2 system. This implies that there is more C 2

population in the J = 14, v = 0, X-state level than in the J = 14, v = 2, A-state
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Figure 6-2: FM signals of the C 2 A(v = 2) - X(v = 0), Q(14) transition, generated
via resonance with the S, acetylene 34 vibrational level (a), and FM signals of the
8 5 Rb 52P 1/ 2 <- 5 2 S1/ 2 transition, excited from the F" = 2 hyperfine component of
the 52 S 1/ 2 state (b). In each plot, the red and blue traces, correspond, respectively,
to the FM signals collected at laser carrier frequencies that are red and blue-detuned
by an equal amount, 0.016 cm- 1, from the transition center frequency.

level. The same conclusions can be drawn for all of the A(v = 2) - X(v = 0) two-level

systems probed in this work.

The population differences between A(v = 2) and X(v = 0) levels are also reflected

in the demodulated spectra (see Fig. 6-3). The demodulation procedure is based

on the strategy outlined in Section 5.2. I emphasize that in order to compare the

demodulated spectra of an observed C 2 A - X transition with those of the Rb D 1-line

absorption, the same set of phase-adjustments (to the rf signal), #1 and #2 = q 1+ ir/2,

is used to produce the in-phase and quadrature components of the FM signal for both

C2 and Rb transitions. For all of the spectra in Fig. 6-3, at each frequency step of the

143



11410.7 11410.85 11411 11395.05 11395.2 11395.35 11362.4 11362.55 11362.7

Freq / cm Freq / cm- Freq / cm~

Q(20) Q(26) Q(32)

11312.65 11312.8 11312.95 11245.95 11246.1 11246.2511162.32 11162.47 11162.62

Freq / cm 1  Freq / cm~ Freq / cm 1

Figure 6-3: The demodulated spectra of the C 2 A(v = 2) - X(v = 0) transitions,

generated via the S1 acetylene 34 vibrational level. In each plot, the blue and red

spectra, correspond, respectively, to the in-phase (dispersion) and quadrature (ab-

sorption) component of the FM signal. The vertical scales are identical in each plot.

FM laser, the first 30 ns of the FM time trace immediately after the UV excitation

(i.e. color-coded red in Fig. 6-1) is used, in order to minimize the effect of collisions

on the nascent C 2 population distribution. In addition, due to the transient nature of

the sample (i.e. generated by pulsed-laser photolysis), a portion of the FM time-trace

(color-coded green in Fig. 6-1) before the UV excitation can be used for subtraction

of background residual amplitude modulation (RAM). In Fig. 6-3, both the in-phase

(blue) and quadrature (red) components of all observed C 2 A(v = 2) - X (v = 0)

transitions, excited via the Si acetylene 34 level, are shown, and they have the same

phase with the in-phase (Fig. 6-4a) and quadrature (Fig. 6-4b) signals of each observed

8 5 Rb 5 2 P 11 2 <- 52 S1/ 2 absorption line. Again, this indicates that none of the probed

C 2 A(v = 2) - X(v = 0) two-level systems are inverted. The same conclusions can
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Figure 6-4: The demodulated spectra of the observed 5 2P1 /2 +- 52S1/2 85Rb transi-
tions. As mentioned in Section 6.2.2, two absorption lines (color-coded) are resolved,
due to large hyperfine splitting of the 52S1/2 level. For both of these well-resolved
lines, the in-phase (dispersion) and quadrature (absorption) spectra are shown, re-
spectively, in panels (a) and (b). The vertical axes of the in-phase and quadrature
plots are color-coded, respectively, to match the colors in the corresponding plots in
Fig. 6-3.

be drawn for all of the C 2 A - X transitions, observed after photolysis via the Si

acetylene 32 and 33 vibrational levels.

Note that the FM lineshape of all C 2 A - X transitions (see, for example, those

in Fig. 6-3) are slightly asymmetric, with the magnitude of the lower-frequency lobe

systematically higher by -20% than that of the higher-frequency lobe. I do not have

a good explanation for the observed asymmetry. The asymmetry is not a result of

background RAM, because the magnitude of RAM is small (<5%) compared to that

of the strong C 2 signals excited via the Si 34 level (for which this asymmetry is still

observed), and the asymmetry is not reduced even after I subtract the background

RAM (using the method discussed in the previous paragraph). In addition, the

asymmetry does not seem to result from systematic defects of the detection system,
because all observed FM lineshapes of the 12 and Rb transitions (see Figs. 5-9 and

6-4) appear to be nearly symmetric (despite the presence of unresolved hyperfine

splittings). The presence of asymmetry cannot affect the conclusions regarding the

sign of the population differences (i.e. whether there is population inversion) between

the C 2 A and X-state levels, because the sign of the population differences is reflected
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Figure 6-5: Observed intensities of various Q-branch transitions of the C2 A - X (2, 0)
band. (a) The signal intensities are normalized to the same FM probe power (mea-
sured in the continuous modulation mode). (b) The relative intensities are normalized
to the maximum intensity from each acetylene intermediate level. (c) Comparison of
the intensities of C2 , generated via the 33 level, with a Boltzmann rotational distri-
bution of 750 K.

in the phase, rather than in the magnitude, of the FM signal.

To summarize, from both the FM time-domain signals and the demodulated

spectra, I reach the same conclusion that, for all of the C 2 A(v = 2) - X(v = 0)

two-level systems probed in this work, there is more population in the lower-energy

X-state level. It is likely that this population relation applies to all other pairs of

A(v = 2) - X(v = 0) levels (not probed in the experiment). I emphasize that only

the population differences are probed in the FM experiments. I cannot rule out the

possibility that the v = 2 level of the C2 A state is populated, but with smaller

absolute population than the X state. In addition, probing of the (1,0) and (0,0)

bands of the C 2 A - X transition, which would provide a more complete picture of

the population differences in the C 2 A - X system, cannot be carried out because the

transition wavelengths [33, 134] are outside the operation range of the EOM.

6.3.2 The C2 X-state population distribution

Signal intensities (from the first 30 ns of the FM time-trace) of the probed transitions

contain information about the nascent C 2 population in the v = 0 level of the X state.
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In Fig 6-5a, the intensities of the observed C 2 A - X transitions (normalized to the

same FM probe power), resulting from resonance-enhanced photodissociation via all

three Si acetylene vibrational levels, are shown. The ratio of the maximum C 2 A - X

signals from the three intermediate Si levels is C 2 (34 : 33 : 32) = 15 : 3 : 1, which

is similar to the observed relative intensities [75, 127, 173] of one-photon transitions

into the three intermediate Si acetylene levels, Sp-So(34 : 33 : 32)= 14: 4 : 1. This

suggests that the photodissociation cross-sections of HCCH (SI) 4C2 (X)+2H are

similar for all three Si levels.

It is also evident in Fig. 6-5b that the C 2 rotational distributions, resulting from

photodissociation of the three intermediate Si acetylene levels, are slightly differ-

ent. The maximum J-population appears to be centered around J = 8 following

photodissociation via Si 34, but the maximum rotational population shifts towards

higher J-levels (J ~ 14) for 33 and 32 levels. In addition, the C 2 X-state rotational

population distribution for photodissociation via the three intermediate levels can-

not be fitted to a Boltzmann distribution, as shown specifically for the C 2 X-state

molecules generated via Si 33. The widths of the observed X-state population distri-

bution from the three S1 vibrational levels, however, do not seem to follow a simple

monotonic trend. I must emphasize that the observed rotational distributions are sub-

ject to experimental uncertainties, such as laser power fluctuations and issues with

laser-alignment, which are discussed in Section 6.2.2. More systematic evaluations

of those experimental uncertainties are needed in order to ensure that the observed

rotational distributions are meaningful.

6.3.3 An estimate of the overall photodissociation efficiency

The efficiency of generating a single quantum state of C 2 (e.g. X-state v = 0, J = 14

level) from the J = 7 level of the So vibrational ground state (the initial acetylene

rovibrational level used in all experiments in this work) can be estimated by comparing

the intensity of an observed C 2 A - X transition with that of the 85Rb D1 transition.

The estimate given in this section is based on the C 2 A(v = 2) - X(v = 0) Q(14)

transition generated via the Si acetylene 34 intermediate state. Using the known
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vapor pressure of Rb at room temperature (2 x 10-7 torr) [1521, and given the length

of the single-pass Rb cell (7.5 cm) and the diameter of the FM beam (-1 mm), I

estimate that the observed 85Rb D-line signal strength (see Fig. 6-2) corresponds

to -4.2 x 108 Rb atoms in the ground state. As is shown in Fig. 6-2, the observed

peak intensity of the C2 Q(14) transition is similar to that of the Rb transition.

Considering the difference in the transition dipole moments between the Rb D -line

(- 8 Debye) [152] and the C 2 A(v = 2) - X(v = 0) transition (-0.15 Debye) [28, 1491

(and given that the FM laser beam intensities are similar for the two experiments),

the C2 A(v = 2) <-- X(v = 0) Q(14) absorption signal corresponds to a population

difference of -1.2 x 101 molecules between the two C 2 levels (larger in the X state, as

discussed in Section 6.3.1). The interaction volume of the UV and FM probe beams

inside the cell is -100 mm3 , estimated from the length of the single-pass cell (40

cm) and the approximate diameter of the focused UV beam (-I mm) near the cell

entrance (the UV beam has minimum beam-waist near the center of the cell). Given

that the effective acetylene pressure is -2 torr inside the cell at room temperature, the

total number of J = 7 So acetylene molecules inside the interaction volume is 7 x 1014.

If I assume that the population in the C2 A state is negligible compared to that in

the X state, which means that the estimated total number of C 2 molecules in the X-

state v = 0, J = 14 level is -1.2 x 1012, I obtain an efficiency of -0.2% in generating

this specific X-state level from the J = 7 So acetylene level. Given that the J = 14

level accounts for -10% of the total v = 0 population (estimated from the observed

rotational population distribution in Fig. 6-5), the total efficiency (i.e. including all

J levels) of producing the C 2 X-state v = 0 level (via the Si 34 level) is thus -2%.

This is a rather high efficiency, considering that a two-photon excitation process is

needed to generate the X state, and that the initial SI-SO pumping efficiency is not

100%. The Doppler line-width of the initial Si-So UV transition is -0.11 cm 1 , which

is significantly larger than the linewidth of the photolysis laser (0.03 cm- 1). The S-

So transition probability varies for different acetylene velocity groups, i.e. higher for

molecules near the center of the Doppler-profile (to which the UV laser frequency is

tuned) than those at the two wings of the profile. The photolysis efficiency is thus
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not uniform across all acetylene velocity groups, which further decreases the overall

photolysis efficiency.

6.3.4 Photodissociation pathway

With all three acetylene S-SO excitation energies used in this work, the C 2 v = 0

X-state fragments are energetically accessible with two (same-color) photons, with

excess energy (for the J = 0 level) of approximately 3000 cm- 1 , 5000 cm 1 , and

7000 cm', respectively, for the S1 32, 33, and 34 levels. It is likely that the observed

C 2 X-state levels are populated via one-color, two-photon excitation of acetylene,

resonance-enhanced by the SI-SO transition.

The C 2 X state has been previously observed in a two-photon 193 nm photodis-

sociation study of acetylene [5, 148, 1671. However, the mechanism by which the

observed C 2 X state is generated in my work is qualitatively different from that of

the 193 nm photolysis. The Si levels initially populated by the 193 nm photon disso-

ciate rapidly into C 2H (Z2 E+ and A 2 -) +H. As a consequence of fast dissociation, the

Si level is not directly involved in the subsequent photodissociation process and the

observed C 2 X-state populations are generated from the C 2H k 2 E+ molecules. Given
9

that none of the three Si levels used in this work are predissociated, the production

of the C 2 X state must result from direct photodissociation of the S1 acetylene level.

The S1 acetylene is excited by a second photon to an electronically highly-excited

acetylene state. Assuming a sequential bond-breaking process (instead of a concerted

elimination of H 2 ), dissociation of the acetylene precursor state produces C 2H, which

further dissociates, thus populating the C 2 X state.

While insufficient experimental information exists to suggest the electronic assign-

ments of the dissociation precursor C 2H2 and C 2H states, some of the characteristics

of those states (in particular, those of the C 2H 2 dissociation precursor) can be deter-

mined from the current work. First, since the Si electronic state is an intermediate

(with ungerade electronic symmetry) in the photodissociation process, the transition

into the C 2H 2 precursor state (in the 11 eV energy region) must be one-photon al-

lowed from the Si level. This excludes all of the known centro-symmetric ungerade
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singly-excited (7r* <- ur,,) acetylene valence states. The electronic transition must be

strong, given that the efficiency of the two-photon dissociation process is high, based

on the estimate in Section 6.3.3. In addition, since the observed photodissociation

cross-sections from all three S, vibrational levels (with varying quanta of the trans-

bending vibrational excitation) are similar, the geometry, in particular the CCH bend

angle, of the C 2H2 precursor state, is probably not too different from that of the Si

state.

Due to uncertainty in the electronic assignment of the C 2H2 precursor, less can

be inferred reliably about its dissociation product, electronically excited C 2H, which

ultimately dissociates into the C 2 X state. Energetically, the C 2H state can only be

one of the low-lying electronic states [39, 49, 1411, X 2 Z+(1 2 A'), A2 1 2 A" and 2

2 A'), 2 2 E+(3 2 A'), and 22II(2 2 A" component only), where the electronic symmetries

in parentheses are the symmetry-labels in the C, point-group. As shown in Fig. 6-

6, direct adiabatic dissociation (to produce the C 2 X state) can take place on both

1 2A' and 2 2 A' PES's of C2 H, because the C 2 X state correlates to 1 2 A' and 2 2 A'

states at different C-C bond lengths [39], i.e. 1 2A' -+ C 2(X)+H at short C-C bond

length (e.g. Rcc=1.25 A) and 2 2A' -+ C2 (X)+H at long C-C bond length (e.g.

Rcc=1.4 A). This change in the adiabatic correlation (as a function of C-C bond

length) occurs because, while the XE+ state is the lowest-energy C 2 state near the

X-state equilibrium bond-length (1.243 A) [72], the C 2 aII, state becomes lower in

energy than the X state at longer C-C bond-length (>1.35A). There is, however, a

significant dissociation barrier on the 2 2 A' PES, which might lower the efficiency of

direct adiabatic dissociation on that surface. The dissociation barrier is a consequence

of avoided-crossings between 2 2 A' and higher-lying 3 2 A' and 4 2 A' states. If the

dissociation precursor C2H belongs to the 3 2 A' electronic state, internal conversion

(to either 1 2 A' or 2 2 A') is required. Due to symmetry constraints, the C 2 X state

could not be generated from the C 2H 1 2A" and 2 2 A" states (which would lead to

production of the C 2 a state instead), unless there is an unusually strong Coriolis-type

interaction between 2A" and 2 A' electronic states.
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Figure 6-6: Potential energy curves calculated at 7-state-averaged CASSCF/D95(d,p)
level-adapted from Ref [39] -for seven electronic states Of C2H in C, symmetry, with
C-C bond length and CCH bend angle fixed at two sets of values. Solid lines are for
A' states, and dashed lines for A" states. The adiabatic curves which correlate to the
C2 (a3I")+H dissociation limit are color-coded blue, and the adiabatic curve which
correlates to the C 2(X'Z+)+H dissociation limit is color-coded red.

6.4 Conclusion

Based on a modified application of FM spectroscopy, I determine that for all of the

probed A(v = 2) - X(v = 0) two-level systems, the C 2 population is not inverted.

The population in the lower energy X-state vibrational level is larger than that in

the A-state level, following one-color, resonance-enhanced (via the Si 32, 33, and 34

intermediate levels) photodissociation of acetylene. The production of the C 2 X state,

in the 220 nm photolysis studied in this work, is likely a two-photon process for all

three Si acetylene intermediate vibrational levels used in this work. The energetic

advantage of the X-state dissociation channel (two photons) over the A-state channel

(three photons) likely explains the observed relative efficiency of the two channels.

I have already shown in Chapter 4 that one-color (~-220 nm), two-photon, resonance-

enhanced (Si-So) excitation of acetylene leads to production of long-lived electronically-

excited C 2H* fragments (which have a near-continuum emission spectrum in the >400

nm region). Therefore, for the resonance-enhanced photodissociation process of acety-

lene, I have now discovered two open dissociation channels in the 11 eV region: one
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that produces C 2 in the X state and the other that produces the long-lived C 2H*

species (which is the most abundant species among the three observed fluorescing

photofragments, as discussed in Chapter 4). Unfortunately, it is difficult to estimate

the relative efficiency of the two channels, because I do not have a reliable method to

estimate the total population of the long-lived C 2H* fragment based on the available

spectroscopic data reported in Chapter 4. The long-lived C 2H* molecules are only ob-

served in photolysis experiments under the supersonic-jet conditions (collision-free),

in which the photofragment fluorescence is not dispersed. As a result, I am unable to

correct the observed C 2H* signal intensity for the wavelength-dependent PMT quan-

tum yield, which is <2% in spectral region (550 - 800 nm) where fluorescence from

C2 H* is expected to be strongest, based on previous VUV acetylene photolysis stud-

ies [21, 26, 1571. In order to have a reliable estimate of the total population of C 2H*,

I need a detection scheme which allows observations of all C 2H* fluroescence signals.

The identity of the intermediate dissociation precursor states in the two two-

photon photodissociation channels (C2 X state and C 2H*) is unknown, although cer-

tain characters of the precursor states can be deduced from the available spectroscopic

information presented in this chapter and in Chapter 4. Further information from

high-level ab initio calculations is needed.
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Chapter 7

Laser-Induced Fluorescence Study of

the S 1 State of Doubly-Substituted
13C Acetylene and Harmonic Force

Field Determination

Abstract

In the first half of this study, rotational and vibrational constants of six Franck-
Condon bright vibrational levels of Si doubly-substituted 13 C acetylene are deter-
mined from laser-induced fluorescence spectra and an updated geometry of the trans
conformer of Si acetylene is obtained. In the second half, we determine the quadratic
force field of Si acetylene based on the harmonic frequencies of four isotopologues
of acetylene. The effects of both diagonal and off-diagonal xi anharmonicities are
removed from the input harmonic frequencies. Results from both experimental and
theoretical studies of various isotopologues of acetylene (including those from the first
half of this paper) are used to obtain a set of force constants that agrees well with
ab initio calculations. Our set of force constants for S, acetylene is an improvement
over previous work by Tobiason et al., which did not include off-diagonal anharmonic-
ities.

The results in this chapter have been published in the Journal of Physical Chem-

istry A [781.
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7.1 Introduction

The study of the first electronically excited singlet (S1) state of acetylene molecule

dates back one hundred years, when Stark and Lipp [1511 published the first absorp-

tion spectrum of gas-phase acetylene from 2200-1900 A. The major breakthrough in

the analysis of the spectrum occurred in the mid-1950's, when Ingold and King 1751
and Innes [76] demonstrated that the excited electronic state observed in the ab-

sorption spectrum has a trans-bent structure (C2h point group), in contrast to the

linear structure of the electronic ground state. From the rotational selection rules,

they identified the transition as a c-type A'AU - X'E transition. Since then, the
g

vibrational structure of the trans conformer of Si 12 C2 H 2 has been nearly completely

characterized up to the energy of the transition state for cis " trans isomeriza-

tion, [12, 104, 106, 107, 111, 154, 155, 160, 168, 174] and all of the anharmonicity

constants, xi, have been obtained (as summarized in ref [14]). Although most of

the previous work on S, acetylene was performed on the naturally abundant 2 C 2 H 2

isotopologue, information from the other isotopologues of acetylene has provided im-

portant evidence for the vibrational assignments of Si 1 2C2H 2 . For example, using

hydrogen-isotope shifts, Ingold and King [75] were able to identify both the trans-

bending and the CC stretch modes of S, '2 C 2 H2 from the stronger vibrational pro-

gressions observed in the absorption spectrum of the molecule. Recently from our

group, "C isotope shifts have been used to assign the 46 175 cm- 1 state to the SI-cis

electronic state of 12 C2 H 2. [10? ] In the course of obtaining those Si 13 C2 H2 spectra,

with the initial goal of understanding the cis <-+ trans isomerization process, we also

find ourselves in a position to be able to refine the molecular geometry, as well as the

harmonic force field of Si acetylene, given this extra piece of isotopologue information

together with information from studies of other isotopologues of acetylene.

In this paper, the laser induced fluorescence spectra of doubly-substituted 13 C

acetylene are analyzed and the rotational constants and band-origins of six Franck-

Condon bright states involving v' (CC-stretch) and v' (trans-bend) are determined,

namely nus (n = 0 - 2) and v2 + nus' (n = 0 - 2) levels. Based on the rotational
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constants of various isotopologues of acetylene [73, 74, 1741 (including those reported

here), we are able to refine the geometry of the Si trans conformer of acetylene,

derived previously by Huet et al. [731 We also obtain more accurate harmonic force

constants for Si acetylene that are more complete than those derived from Tobiason's

force field analysis [161]; to do this, we combine previous experimental [74, 155, 160,

168, 171, 174] as well as theoretical [14] studies of Si acetylene. The most significant

contribution of our present work is the inclusion of all of the Xii anharmonicities,

both diagonal and off-diagonal, in the determination of the harmonic frequencies, in

addition to the inclusion of the corrected vi fundamental frequency of 12C 211 2 , [155j as

well as two fundamental frequencies of 13C 2 H 2 , determined in this work. The refined

geometry of Si acetylene determined here is used in the GF analysis to obtain the

force constants. The force constants and molecular geometry obtained in this work

are used to refine the calculation of Si-So Franck-Condon factors [127, 129, 132].

7.2 Methods

The laser-induced fluorescence studies were performed using a static gas cell con-

taining 250 mTorr of 13C2 H 2 at room temperature. The output of a Lambda-Physik

FL2002 dye laser, pumped by an XeCl excimer laser, and operating with Coumarin

440 or 450 dye, was frequency-doubled using a /3-BBO crystal. The dye laser was

equipped with an intracavity etalon. Approximately 1 mJ of tunable UV radiation

was produced with a spectral width <0.05 cm'. The sample of 13 C2 H 2 (MSD Iso-

topes, 98% pure) was subjected to several freeze-pump-thaw cycles for purification.

Fluorescence in the cell was detected perpendicular to the laser propagation direction

using a Hamamatsu R331 photomultiplier tube. Frequency calibration was performed

by reference to the absorption spectrum of 13OTe 2 using the undoubled frequency from

the dye laser. The spectra were calibrated to an accuracy of 0.02 cm-'. Details of

the experiment can be found in Chapter 2 of Silva's PhD thesis [144.

PGOPHER [175] was used for the rotational fitting of the six vibrational levels

listed in Table 7.1, where we follow the notation in ref [174]. All transitions to the
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levels listed in Table 7.1 are transitions from the v" = 0 level of the ground electronic

state of "C 2 H 2 . Alternatively, V"m is sometimes used in this paper as a short-hand

notation for a transition from n quanta of the trans-bending mode, Vi' of the ground

electronic state (in this work, n = 0), to M quanta of the trans-bending mode, v' in

the excited state. Rotational constants of the electronic ground state of 13 C acetylene

are taken from ref [45]. A brief introduction to the axis-switching effect, as well as

the fitting procedure, is provided below.

The c-type rotational selection rule K' - 1" 1 for the S-So electronic transition

of acetylene normally prohibits transitions to K' = 0 and 2 levels from the v" = 0 level

of the ground electronic state, which has zero vibrational angular momentum, 1" = 0.

For a near prolate top, the diagonal matrix elements of the rotational Hamiltonian

are (K - Ka is unsigned and k is signed) [1741

1
(vJk|HlvJk) = T, + -(B + C)(J(J + 1) - k2 ) + Ak 2

2

- DiJ2 (J + 1)2 - DJKJ(J 1)k 2 - DKk 4 , (7.1)

and the off-diagonal matrix elements are given by

1
(vJk t 21H vJk) = -(B - C) (J2 - (k 1)2)((J + 1)2 - (k 1)2). (7.2)

4

As a result, only B, C, and Dj can be determined from a 1I - E (K' = 1 - 1" = 0

transition) sub-band, since one needs at least two K' values to determine the A

constant. However, because of the large change of geometry upon excitation to the S I

state, K' - 1" = 0, +2 transitions (among others) can be weakly allowed. [691 This so-

called axis-switching effect can be understood if one realizes that the molecular wave

function normally used is expressed in terms of a molecule-fixed coordinate system

instead of a space-fixed coordinate system. [691 In other words, the coordinate system

rotates as the geometry of the molecule changes. However, in the derivation of the

usual rotational selection rules, a fixed coordinate system is assumed. Consequently,

the simple selection rule no longer holds when the molecule undergoes a large geometry

156



change, as occurs in the A - f transition of acetylene.

For each vibrational level, rotational constants B and C, Dj, and the T+Ak 2 term

of the electronically excited Si state of "C 2 H 2 are first determined by assigning the

rotational lines of the H - E subband. This subband is much stronger than the axis-

switching subbands. Axis-switching lines from the weaker E -E transition can then be

picked out by noticing that the axis-switching Q (J) line near J = 20 should lie close to

the normal H-E Q(J+1) line. This prediction is made based on the observed location

of the axis-switching lines in the rotational structure of 1 2C 2H 2 , the spectrum of which

is expected to be similar to that of "C 2 H2 , due to the small relative mass difference

between "C and 12 C and consequently small difference (expected to be within a few

percent) in the rotational constants between the two isotopologues. This is indeed

found to be true and in general, the positions of the E - E axis-switching Q lines can

be easily located. Note that the weak axis-switching E - E subband is red-shifted with

respect to the strong L1 - E transitions. In addition, for axis-switching transitions in

acetylene, the intensities scale approximately as J3exp[-B"J(J+ 1)hc/kBT], whereas

the normal rotational intensities scale as J exp[-B"J(J+ 1)hc/kBT] (where B" is the

ground electronic state rotational constant). [69] As a result, the strongest part of

the relatively weak E - E axis-switching branch avoids being buried under stronger

H - E Q-branch lines, which reach their maximum intensity at around J" = 8 in

our experimental conditions. Unfortunately, only Q-type transitions are allowed for

a E - E band because of the parity selection rule, thus we are not able to confirm our

assignments using combination differences between the P and R branches. Despite

that, in general the observed progressions of axis-switching Q lines fit satisfactorily.

In contrast, P, Q, and R transitions are all allowed for the axis-switching A - E

subbands. However, the intensities of these transitions are only about half that of the

E - E subband, [691 and the A - E subband is severely overlapped by the R-head of

the H - E band. As a result, no attempts are made to assign the A - E transitions,

except for the VOO and Vol bands, mainly due to the fact that those bands were sampled

only by relatively short scans and only a few E - E Q lines can be assigned. For those

two bands, a progression of Q and/or P branch lines of the A - E transition can
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still be observed (the R-branch region was not recorded). After assigning the axis-

switching transitions, the A rotational constant can be determined for all observed

vibrational levels. Additional DJK and DK parameters are included only if they

significantly improve the fit and are determined with reasonable uncertainties. Note

that the inclusion of those two constants causes only small changes in the other fitted

constants. The results of the fit are listed in Table 7.1, and line assignments are

provided in Appendix A.2. The overall root-mean-square (rms) error of the fit is

good, given that the spectra are calibrated to an accuracy of approximately +0.02

cm- 1 . Note that we did not fit the axis-switching angle, 0 ,, which characterizes the

geometry change of acetylene during the A - X transition and thus determines the

intensity of axis-switching lines with respect to normal transition lines. Instead, for

each vibrational transition, OT is set to a value between 2' and 30, typical for the

A - X transition of acetylene, [69] such that the observed relative intensities of the

rotational lines match approximately with the fit.

From the rotational constants of the six vibrational levels of 13 C 2H 2 , we determine

the rovibrational parameters, which reflect the vibrational dependence of rotational

constants; from the band origins of the six levels, we also obtain the harmonic fre-

quencies, wi, and anharmonicities, xij, of the normal modes v and v3 of S 13 C2 H2 .

The geometry of the Si trans conformer of acetylene can be obtained by fitting the

values of the principal moments of inertia of 1 3C2 H 2, 12 C2 H2 , and 1 2C 2 D 2 , derived

from their respective rotational constants, to the calculated values based on bond

length and bond angle. From all available harmonic frequencies of four isotopologues

of acetylene (1 2 C 2HD and the previously mentioned three isotopologues), we then

apply the standard GF analysis to obtain quadratic force constants of the S, trans

conformer of acetylene. Details of the analysis can be found in the relevant sec-

tions below. MATLAB built-in function lscov is used for the least-square fitting of

the rovibrational parameters and the vibrational constants; lsqnonlin is used for the

nonlinear least-square fitting for the determination of molecular geometry, as well as

in the GF analysis. Note that a weighted fit based on the uncertainties of the data

values is used throughout this work.
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Table 7.1: Rotational and vibrational constants for the observed vibrational levels of S 13 C2 H 2. Units
left blank were not included in the fit. Numbers in the parentheses are lo- uncertainties.

are all in cm- 1 . Constants

Constants Ovv 2vv v+ v3 v+ 2v3

TV 42214.49(1) 43250.06(1) 44268.55(1) 43551.43(1) 44586.99(1) 45605.17(3)
A 12.783(13) 13.692(7) 14.811(7) 12.661(9) 13.513(8) 14.340(26)
B 1.0592(1) 1.0610(1) 1.06178(3) 1.0513(1) 1.05223(4) 1.0514(1)
C 0.9750(1) 0.9717(1) 0.96861(3) 0.9679(1) 0.96416(4) 0.9609(1)

Di x 106 2.30(7) 2.44(7) 1.98(4) 2.6(1) 2.04(4) 2.00(2)
DJK X 105 9(2) 7(1) 5(3) 28(9)

DK 0.004(3) 0.013(2)
rms error 0.021 0.026 0.016 0.017 0.015 0.024

c~1



Table 7.2: Rovibrational parameters of the Si trans conformer of 13C 2H2 . Units are
all in cm- 1 . Numbers in the parentheses are 1- uncertainties.

Ae = 12.44(15) Be 1.064(1) Ce = 0.9806(3)
a- - 0.23(9) a4 = 0.0088(6) cec = 0.0075(2)

aA = -0.96(6) ac = -0.0009(4) ac = 0.0034(1)

7.3 Rotational and Vibrational Analysis

As can be seen from Table 7.1, the A and C rotational constants depend linearly

on the number of quanta in V3, with the largest changes occurring in the values of

the A constant. This is consistent with the fact that as the trans-bending v/'s levels

are excited, the molecule becomes quasi-linear, with a rapidly increasing A rotational

constant. [174] It should be noted that the values of the B constant deviate from the

expected linear trend, in particular for the v' progression involving one quantum of

v2'. This might be caused by Fermi resonances or some J-dependent Coriolis-type

perturbation. A similar effect has been observed in '2 C2 H2 [1741 and 12 C 2D 2 [74J.

The rovibrational parameters can be determined from the rotational constants by

the relation
1 1

RV = Re - a (V2 +) - a(v 3 +-), (7.3)
2 3 2

where R can be either A, B, or C, and v2 and v3 stand for the number of quanta

of those two modes in each vibrational level. The results are presented in Table 7.2.

The R, obtained here can only be considered effective values, since not all of the a's

can be determined from the available data. Note that the rovibrational parameters

for the A and B rotational constants are not as well-determined as those for the C

rotational constant. This can be explained by the fact that the A rotational constants

determined for each vibrational level have larger uncertainties associated with them,

because of the smaller number of axis-switching lines observed than normal HI - E

lines. The larger uncertainties on the rovibrational parameters for the B constant are

caused by the deviation from the linear trend discussed earlier.

With the inclusion of the new 13C 2H 2 rotational constants, the geometrical param-
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Figure 7-1: Geometry of trans acetylene (adapted from ref [73]). ri and r 2 are
the rcc and rcH bond lengths respectively. a is the supplement to ZCCH (a =
1800 - ZCCH). o- is the angle between the principal axis system and the body-fixed
x, y, z-coordinate system, with the y-axis being out of plane. Note that a is used in
our calculation, for consistency with the notation used by ref [73].

eters of the trans conformer of S1 acetylene can be updated. Assuming the validity of

the Born-Oppenheimer approximation, the equilibrium structure of a molecule should

be isotope-independent. For trans Si acetylene, the principal moments of inertia are

given by the expressions [731

1 = r(M + m2 )sin2 o. + m2r sin2 (. - a) + m2rir2sin(o- - a)sin- (7.4)

2 4

, 0=4 (Ml + m 2 ) + m 2r + M 2rir2cos a (7.5)2 0 4

m 2r sin 2a + m2rir2sin a
tan 2o- = (7.6)

(Mi + m2 )r2 + m 2 r2cos 2a + m 2rir2cos a

where nil and n 2 are the masses of the appropriate isotopes of carbon and hydrogen

atoms, respectively. In this study, geometrical parameters are fitted to I, and I, of
1 2 C 2 H 2 , [174] 1 2 C 2 D 2 , [73, 74] 1 and "C 2H 2 . The rotational constants from the ground

'In this work, we use A0 and Co of Si C2 D 2 as reported in ref [73]. Note that in ref [73],
the extended v3' progression (v = 1 - 5) observed in ref [74] was used to extrapolate the A and
C rotational constants of S1 C2D 2 to the ground vibrational state. The uncertainties of the two
extrapolated values, however, were not reported. In this work, the uncertainty on A0 is estimated
to be 0.1 cm- 1 and that on Co to be 0.0004 cm- 1, by extrapolating the relevant values reported
in ref [74] to the ground vibrational state from the v1 = 2 - 5 progression. We were unable to
locate the relevant values for the v' = 1 level, so the estimated uncertainties on A0 and Co might
be a little larger than their actual uncertainties. We choose to use the values of A0 and Co as
reported in ref [73], instead of those obtained from our extrapolation, because with the inclusion of
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vibrational state are used, instead of equilibrium rotational constants, primarily be-

cause not all of the cz, parameters are known for all three isotopologues. It should

be noted that attempts have been made to include Ib in the fit as well. However,

the fit residuals become larger when I is included, possibly due to the presence of

a positive inertial defect, observed to be A = Ic - I, - b ~ 0.06 u A2 for all three

isotopologues. 2 Since a planar geometry is assumed in Eq.(7.4)-(7.6) (and thus I, =

'a + Ib), the fit gets worse when all three moments of inertia are simultaneously fitted.

The observed inertial defect, which occurs mainly due to the vibrational motion of

the molecule, is consistent with the typical value for the ground vibrational state of

a "well-behaved" planar molecule. [91] Here, the inertial defect is effectively set to be

zero during the structural determination. From the fit, we obtain

rcc = 1.374(1) A rCH =1.098(1) A LCCH = 122.80(7)'.

The updated structure is not very different from the result obtained by Huet et al. [731

The most noticeable change is a slight increase (+0.32') in the CCH bond angle.

However, compared to the previous result, [73j our geometrical parameters are more

accurate and precise, because we not only include one additional set of isotopologue

information ( 13C 2 H2 from this work), but we also obtain smaller fit residuals.

From the band origins of the six vibrational levels, harmonic frequencies and

anharmonicities can be obtained. However, as no global fit is possible, the results

should be treated with care, especially for the harmonic frequencies and Te (which

does not include the zero-point energy) in Eq. (7.7). The six levels are fitted to the

model

G(v 2, v3)= Te + (w 2 + 2x 22)(v 2 + 1/2) + W3 (u 3 + 1/2) + x33 (v3 + 1/2)2

+ x 23 (v 2 + 1/2)(v 3 + 1/2). (7.7)

It should be mentioned that the x22 term itself cannot be fitted in our model, because

the additional v' = 1 level, the extrapolated values of A 0 and Co are expected to be more accurately
determined. Our values also differ by <0.1% from the values reported in ref [73], and using a slightly
larger uncertainties should have negligible effects on the fitting process.

2"U" is the unified atomic unit and 1 A = 10-10 m.
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Table 7.3: Vibrational parameters of the Si trans conformer of 13C2 H 2. Units are all
in cm-. Numbers in the parentheses are 1o uncertainties.

Te 41021.7(2)

w 2 +2x 2 2  1337.1(2)
bJ3 1052.9(2)
X33 -8.60(8)
X23 -0.15(10)

we need at least one additional level with v 2 > 2 to determine its value. As a result,

in Eq. (7.7), we have (w2 +2x 2 2 ), which is fitted as a single term. The result is shown

in Table 7.3. Note that we follow the convention in spectroscopy that the harmonic

frequencies listed have units of cm- 1 , even though strictly speaking, cm- 1 is a unit

of wavenumber. This convention is followed throughout this paper. It should be re-

emphasized that the "harmonic frequencies" obtained here are not genuine harmonic

frequencies, since no global fit is possible. Thus, the treatment introduced in the next

section is still necessary to obtain more accurate harmonic frequencies. The values of

x2 3 and x 33, however, are accurate.

7.4 Harmonic Force-Field Determination

With the inclusion of several updated fundamental frequencies, notably vi of 12 C 2 H 2 [155]

and v 2 and v 3 of 13C 2H2 from the present work, as well as a complete set of 12C2H2

xij anharmonicities, [12, 14, 107, 154, 155, 160] a new harmonic force-field analysis

of S1 acetylene, based on a larger and more accurate set of harmonic frequencies, can

now be completed. In the harmonic force field analysis of Tobiason et al., [161] only

the diagonal anharmoncities, xii, were included and all of the off-diagonal xij were

neglected. However, recent work on Si 12C 2 H 2 , both experimental and ab initio, has

shown that several off-diagonal anharmonicities are much larger than, or at least com-

parable to, the diagonal ones, most notably X15 =-158.57 cm- 1 and X36 =-33.45

cm- 1 (ref [14]). An almost complete list of anharmonicities of Si 1 2C 2 H 2 can be found

in ref [14], which does not include two newly obtained values: X56 =-8.98 cm-1 and
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X = -16.81 cm- 1 (ref 19]). Only those xij associated with v'i and v5 have not

been experimentally determined because doing so would require observation of very

high-lying vibrational levels. However, given the excellent agreement of the ab initio

fundamental frequencies of those two modes with the experimental values, [14] we

use the ab initio values of X11 , X55 , and X15 in our calculation of harmonic frequencies.

Anharmonicity constants for the other isotopologues of S1 acetylene are very sparsely

available and most of them are not very well-determined. An empirical relation [65]

is used instead to infer those values from "C 2 H 2 anharmonicities

i WiWk i, (7.8)
WiWk

where an asterisk indicates the corresponding value for an isotopologue. Since the

relation involves ratios of harmonic frequencies, but not all of them are available

for various isotopologues (only those of 1 2C 2 H 2 can be determined), ab initio har-

monic frequencies are used to obtain the anharmonicities of the other isotopologues.

Ab initio harmonic frequencies of the isotopologues are generated based on the re-

sults of ref [141 and [10]. The harmonic frequencies are related to the fundamental

frequencies and the anharmonicities via the relation

Wi= - 2 xii - ~ 3Xik (7.9)
k#i

where vi is an observed fundamental frequency (e.g. the difference between the band

origin of vj=1 and vj=0), while harmonic frequencies are related to the second deriva-

tive of the potential energy surface along a normal mode direction. For harmonic

force constant calculations, harmonic frequencies must be used, and the values we

obtain are listed in Table 7.4.

As can be seen, due to the inclusion of off-diagonal xij anharmonicities (all of

them are negative) in Eq. (7.9), harmonic frequencies obtained in this work are at

least 10 cm- 1 higher than the ones used by Tobiason et al., [1611 with our w5 value

of 12 C 2 H 2 almost 120 cm- higher than the value previously used. 1161] Most of our
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Table 7.4: Experimental, ab initio, and fit harmonic frequencies. Units are all in
cm

Ab initio w Exp. a I Fit W b Exp. v c Fit v
3052.2
1421.0
1098.1
787.7

3031.1
800.8

2262.3
1378.0
874.0
578.4

2225.6
588.0

3041.8
1398.2
1022.7
691.0

2244.2
659.5

3042.3
1369.5
1085.0
785.4

3022.0
798.4

2880.1 [155]
1386.9 [174]
1047.6 [174]
764.9 [1681

2857.4 [160]
768.3 [168]
2209.2 [74]
1305.8 [74]
845.3 [74]

3053.5
1424.6
1106.1
757.9

3033.4
780.6

2262.6
1385.1
877.8
556.5

2227.2
573.2

3043.6
1403.7
1026.1
664.8

2245.2
644.4

3043.7
1372.4
1093.5
755.6

3024.4
778.3

2880.1
1387.0
1047.7
764.9
2856.1
767.5

2168.0
1348.5
843.8
564.6

2130.6
568.7

2893.5
1366.6
981.7
672.4
2131.3
634.7
2871.4
1337.6
1035.5
763.0

2848.2
765.5

a Harmonic frequencies
in the GF analysis.

obtained via Eq. (7.9). Numbers in asterisks are not included

b Predicted harmonic frequencies based on the force constants obtained in the GF
analysis.
C Observed fundamental frequencies.
d Predicted fundamental frequencies based on values in column Fit w and the experi-
mental anharmonicities.
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2C 2 H 2

12C2 HD

3052.1
1420.9
1098.0
787.7

3032.4
801.6

2303.5*
1335.3*

875.5

1399.0
1021.8

660.5

1368.9
1085.1

1367.4 [171]
980.8 [171]

635.7 [171]

1336.9
1035.6

5
6



Table 7.5: Teller-Redlich product rule ratio for mode 1, 2 and 3. The number in the
parenthesis is 1o- uncertainty.

Calc. A b initiob Exp.
12C2H2/12C2D2 1.748 1.749 1.768(13) C
12C2H2/13C2H2 1.054 1.054

a Calculated value of the RHS of Eq. (7.10).
b Ratio of products of ab inRitio harmonic frequencies by using the LHS of Eq. (7.10).
C Ratio of products of experimental harmonic frequencies of 1 2 C2 H 2 and 1 2 C 2 D 2 listed
in Table 7.4.

harmonic frequencies, even those of the other isotopologues, agree excellently with

ab iritio harmonic frequencies. This justifies the use of the empirical relation Eq.

(7.8).

The discrepancies for mode 4 and mode 6 can mostly be explained by the choice

of coordinate system. 1141 In the VPT2 calculations, a rectilinear coordinate system

is used, which tends to yield more accurate results for stretching modes and less

accurate ones for bending and especially torsional modes. [141 When a curvilinear

system is used, a much better agreement with the experiment can be achieved for

those two modes. It should be noted that the agreement with the ab initio w, and

w 2 for 1 2 C2 D 2 is significantly poorer than for other harmonic frequencies. This casts

doubt on the accuracy of the fundamental frequencies of the two modes, [74] since the

stretching mode should be very accurately determined in the ab initio calculation, as

is the case for other isotopologues. Using the Teller-Redlich product rule, [651 which

relates the product of the harmonic frequencies of a given symmetry of two different

isotopologues to the mass and geometrical structure of the molecule, we have for

modes 1, 2, and 3 of 1 2 C2 H 2 and 12C 2 D 2

_____3 m4gm& Ic
3HC I(7.10)

1 * 3 MHmIC c

where an asterisk indicates the relevant value for an isotopologue. This product

rule, which holds rigorously within the Born-Oppenheimer approximation, 165] can
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Figure 7-2: Internal coordinates of the S1 trans conformer of acetylene. Note that
the torsional coordinate, T, is not shown, being out of plane.

be used to check whether the harmonic frequencies of 1 2C 2 D 2 listed in Table 7.4

are correct (assuming those of 12 C 2H 2 are accurate, given good agreement with the

ab initio values), by comparing the ratio of products of experimentally-determined

harmonic frequencies with the RHS of Eq. (7.10). The product rule can also be used

to confirm the accuracy of the ab initio harmonic frequencies of 12 C2 H2 , 13C 2 H 2 , and

1 2C 2 D 2 by performing similar comparisons. Note that Eq. (7.10) does not apply to

1 2C 2HD, because it has a lower symmetry (C, point group). The results are shown in

Table 7.5. It is evident that ab initio calculation essentially yields the same ratio as

the one calculated from the RHS of Eq. (7.10), but the agreement with experimental

harmonic frequencies is worse for 1 2C2 D 2 . In comparison, if we use the experimental

W2 and w3 values of 13 C2 H 2 and the calculated ratio from the RHS of Eq. (7.10) to

extrapolate to its w, value, we get wi=3043(19) cm-1, which is very close to the

ab initio value. Furthermore, in the original paper on 12 C2 D 2 , the V2 fundamental

was not directly observed; the V2 fundamental frequency seems to be determined from

a combination band with vi, and the position of the vi fundamental also might not be

securely determined. Considering all of these difficulties, the vi and v 2 fundamentals

of 12 C 2 D 2 are not included in the harmonic force-field fit. In fact, inclusion of the two

corresponding 12 C2 D 2 harmonic frequencies makes the fit residual much larger than

otherwise. The assignment of the v3 fundamental [74] of 1 2C 2 D 2 should be secure,

since a long progression of this Franck-Condon active mode was observed in the study.

Using the experimental harmonic frequencies listed in Table 7.4, harmonic force

constants of the trans conformer of the Si state of acetylene can be determined

by the GF matrix method. This is a well-developed method to obtain harmonic

force constants, and has been discussed in great detail in ref [178]. Here, only a
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brief theoretical background is provided. In the internal coordinate system, harmonic

frequencies can be obtained from the secular equation

I F - G- 1A 1= 0, (7.11)

where F is the force constant matrix expressed in internal coordinates, G-1 is the

inverse of the matrix G, which contains geometrical and mass information of the

molecule, and the A are proportional to the squares of the harmonic frequencies

(A = 47rw2 ). The internal coordinates of acetylene are shown in Fig. 7-2. Details of

obtaining the G matrix, as well as the specific form of the F matrix, can be found in

the Supplemental Information. Note that the elements of G are isotope-dependent

and thus different for each isotopologue, but F is not isotope-dependent within the

Born-Oppenheimer approximation. The square-roots of the eigenvalues of each GF

matrix are fitted to the experimental harmonic frequencies listed in Table 7.4. An

uncertainty of 2 cm- 1 is estimated for all 12C 2H 2 harmonic frequencies to account

for the inclusion of either ab initio anharmonicities (X 11 , X5 5 , and X1 5 ) or two less

well-determined anharmonicities, X36 and X3 4 , in the calculation of 12 C 2 H2 harmonic

frequencies. 3 An uncertainty of 5 cm- is estimated for the harmonic frequencies of

the other three isotopologues, since an empirical relation (Eq. 7.8) is used to obtain

the anharmonicities for those three isotopologues.

To increase the accuracy of the fit, we also fit to the observed a-axis Coriolis

constant Q6 = 0.707 0.006. 11681 Details of obtaining 46 from the GF procedure

are described in the literature. [103, 161, 1661

We encounter fitting problems similar to the ones noted by Tobiason et al. 11611

When we try to fit all ten parameters, large relative uncertainties are found in Fr

and F,,O, as well as in F,,r. The first two were constrained to be zero in ref [1611.

Indeed, those three force constants are much smaller than the others, as obtained from

the ab initio calculation. [14] We also tried constraining the first two parameters to
3 An uncertainty of 2 cm-1 is used for the harmonic frequency of mode 2 as well, even though

its harmonic frequency can certainly be determined to a better precision, given that all the relevant
anharmonicities of mode 2 were experimentally available and were well-determined.
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Table 7.6: Force constants of the trans conformer of Si acetylene. Numbers in the
parentheses are l- uncertainties.

a UConstrain IV Constrain II Ab initio [14] Tobiason [161]

Frr 5.07(1) 5.055(5) 5.08 4.78(3)
FrR 0.089(18) 0 0.086 0
Frr' 0.043(8) 0.029(6) 0.041 0.138(25)
Fro 0.219(47) 0.188(43) 0.212 0.188(40)
Fr/O 0.032(6) 0 0.031 0
FRR 7.71(2) 7.74(2) 7.75 7.63(2)
FRO 0.434(50) 0.434(49) 0.417 0.583(21)
Foo 0.545(6) 0.543(6) 0.536 0.541(4)
FOO, 0.114(6) 0.112(6) 0.128 0.127(4)
FTT 0.145(1) 0.145(1) 0.136 0.137(4)

rms d 0.7 1.1 9.0

a Units of the force constants are: mdyn/A for Frr, FRR, FrR, and Frr'; mdynxA for
Foo, Foo, and FTT; and mdyn for FO, Fr/,0 and FRO. Note that 1 mdyn = 1X10-8 N.
b Constrain FrR and F,,o to have their ab iritio ratios with respect to F,,O.
c Constrain FrR and F,,o to be zero.
d Root-mean-square of the fit residuals, (Exp. w -Fit w).

be zero, and reasonable parameter uncertainties are obtained. In addition, given the

accuracy of the ab initio calculation, we also tried constraining FrR and F,,, to have

their ab initio ratio with respect to FO. The results are presented in Table 7.6.

The fitted harmonic frequencies (Fit w) shown in Table 7.4 are based on the ratio-

constrained set (values from the column Constrain I in Table 7.6).

As can be seen, both approaches give similar force constants, with the ratio-

constrained set matching almost perfectly with the ab initio results. We are also able

to obtain much smaller root-mean-square values of the fit residuals4 than Tobiason

et al. [161]. Our force constants give accurate Coriolis constants, [168] Q6= 0.7073
4Note that for both approaches, the reduced chi-square, x, ~ 0.1 < 1, which indicates that we

have overestimated the uncertainties on the experimental harmonic frequencies. [18] Using another
set of uncertainties that optimizes Xy slightly changes the values of the force constants, with the
greatest change occurring for Fro and FRO, which have large uncertainties associated with them, but
all of the values fall within one standard deviation of the force constants listed in Table 7.6.
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and (6 = -0.7069, which obey the sum rule 11741

In addition, using our force constants as well as our updated molecular geometry, we

are able to derive the equilibrium quartic centrifugal distortion constant of S 1 12C2H2,

D= 2.37 x 10-6 cm-1 (based on the ratio-constrained set in Table 7.6). Note that

Do= 2.3(1) x 10-6 cm- 1 for the vibrational ground state of S1 
1 2 C2 H 2 [1741 and the

value of D' is in general expected to be close that of D'. [50, 591 Details of calculating

D' from the harmonic force constants can be found in the literature. [50, 59]

We want to re-emphasize that we have made several important improvements over

Tobiason's previous work [161] on the accuracy of the input harmonic frequencies to

the GF analysis. We remove the effects of both diagonal and off-diagonal xij anhar-

monicities in the determination of harmonic frequencies of four different isotopologues

of acetylene, and we are able to obtain a set of harmonic frequencies that agrees well

with ab initio calculations. Due to large values of several off-diagonal xij anhar-

monicities, which were neglected in Tobiason's previous study, [1611 our harmonic

frequencies are quite different from those that Tobiason et al. used in their analysis.

In addition, we have included three additional harmonic frequencies in our GF anal-

ysis, and abandoned two questionable harmonic frequencies of 12C 2 D 2 , which were

used in Tobiason's analysis. [1611 The inclusion of those two harmonic frequencies

might be the source of a much larger rms of the fit residuals in their work than in the

present work.

In terms of the harmonic force constants that we obtain, one of the most obvious

and easily understandable changes in our force constants compared with Tobiason's

force constants [161] is an increase in Fr, as the harmonic frequency of the CH asym-

metric stretching mode, V, of 12 C2 H 2 used in this work is significantly larger. A

similar argument applies to the torsional force constant. Using our harmonic force

constants, both the harmonic and fundamental frequencies can be predicted for all

six vibrational modes of all isotopologues (see Table 7.4). As can be seen, for the
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vibrational modes included in our GF calculation, the predicted harmonic and fun-

damental frequencies agree excellently with the experimental values; for those not

included as inputs to the GF analysis (e.g. w, and W5 of 13C2 H 2 ), their predicted har-

monic frequencies also agree well with the ab initio values. The agreement is worse for

w4 and W6 , for the reason discussed earlier regarding the choice of coordinate system

in the ab initio calculation. Based on our discussion earlier, it is also not surprising

that the predicted fundamental frequencies of vi and v2 of 1 2 C 2D 2 are quite different

from the values proposed in ref [74].

Considering all the improvements we have made in terms of the accuracy of the

input harmonic frequencies, as well as excellent agreement of our force constants and

predicted harmonic and fundamental frequencies with ab initio and/or experimental

results, our set of force constants should be more accurate and reliable than Tobiason's

previous result. [161]

7.5 Conclusion

We have assigned and fit the rotational and vibrational structures of six Franck-

Condon bright vibrational levels of doubly-substituted 13C acetylene. Rovibrational

parameters, as well as harmonic frequencies and anharmonicities, associated with

v/ and v3 of 13C2H 2, are determined. We then derived a refined geometry of the

trans conformer of S1 acetylene, based on the rotational constants of 12 C2H2 [1741,
1 2 C 2 D 2 [74], as well as those of 13 C2 H2 from this work. By allowing for the effects

of both the diagonal and off-diagonal xij anharmonicities, we obtain harmonic fre-

quencies of four isotopologues (the aforementioned three isotopologues and 12 C 2HD)

of S1 acetylene, which agree well with ab initio calculations. The GF matrix method

is then applied to obtain harmonic force constants of S1 acetylene, which also agree

well with the calculations and experimental data. This updated set of harmonic

force constants is used, together with our new molecular geometry, to refine the S i-So

Franck-Condon calculation.
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Chapter 8

The Rotation-Vibration Structure of

the SO 2 C1B 2 State Explained by a

New Internal Coordinate Force Field

Abstract

A new quartic force field for the SO 2 C 1B 2 state has been derived, based on high
resolution data from S1602 and S180 2 . Included are nine b2 symmetry vibrational
levels of S1602 reported in the first paper of this series [G. B. Park, J. Jiang, C. A.
Saladrigas, and R. W. Field, J. Chem. Phys. 144. 144311 (2016)]. Many of the ex-
perimental observables not included in the fit, such as the Franck-Condon intensities
and the Coriolis-perturbed effective C rotational constants of highly anharmonic C
state vibrational levels, are well reproduced using our force field. Because the two
stretching modes of the C state are strongly coupled via Fermi-133 interaction, the vi-
brational structure of the C state is analyzed in a Fermi-system basis set, constructed
explicitly in this work via partial diagonalization of the vibrational Hamiltonian. The
physical significance of the Fermi-system basis is discussed in terms of semiclassical
dynamics, based on study of Fermi-resonance systems by Kellman and coworkers [M.
E. Kellman and L. Xiao, J. Chem. Phys. 93, 5821 (1990)]. By diagonalizing the
vibrational Hamiltonian in the Fermi-system basis, the vibrational characters of all
vibrational levels can be determined unambiguously. It is shown that the bending
mode cannot be treated separately from the coupled stretching modes, particularly
at vibrational energies of more than 2000 cm- 1. Based on our force field, the strue-
ture of the Coriolis interactions in the C state of S02 is also discussed. We identify
the origin of the alternating patterns in the effective C rotational constants of levels
in the vibrational progressions of the symmetry-breaking mode, v3 (which correlates
with the antisymmetric stretching mode in our assignment scheme).
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The results in this chapter have been published in the Journal of Chemical Physics [791.

8.1 Introduction

Pioneering work by Hoy and Brand [22, 70], based on earlier analysis by Coon and

coworkers [36, 801, established the presence of a double-well structure in the anti-

symmetric stretching coordinate on the potential energy surface (PES) of the SO 2

C1B2 state. That is, the minimum geometry of the C state has nonequivalent S-0

bond lengths. A strong Fermi interaction between the symmetric and anti-symmetric

stretching modes was inferred from the anomalously intense transition into the first

overtone of the anti-symmetric stretching mode. Using a reduced-dimension model

that excludes terms containing q2, Hoy and Brand 170] derived an internal coordinate

force field of the C state.

The presence of a double well in the q3 coordinate and a strong Fermi interaction

between v, and 1/3 was validated in subsequent studies of the C state [20, 51, 62, 83,

118, 136, 139, 181, 182]. In a series of papers published in the late 90's [139, 182], Ya-

manouchi et al. experimentally determined an additional 33 vibrational term values of

al vibrational symmetry levels [1821. Normal-mode assignments were given for some

of the observed levels in their first paper [1821, although those assignments were later

found to be inaccurate, given the large Fermi interactions. In the second paper [139],

Sako et al. inspected the shapes of the C state vibrational wavefunctions (obtained

from the derived normal-mode force field) in the qi - q3 plane after integrating the 3D

wavefunctions along the q2 coordinate. The nodal patterns of the integrated wave-

functions were found to be characteristic of Fermi resonance systems [85-87, 97, 1801.

The vibrational levels were assigned by a generalized vibrational assignment scheme,

based on visual inspection of the nodal patterns. In Sako's work, the stretch-bend

interactions were assumed to be less important than the stretch-stretch interactions

for the C state vibrational levels (and their assignments), and the effects from the

stretch-bend interactions were effectively averaged out after the 3D wavefunctions

were integrated along q2. However, given that some of the derived stretch-bend in-
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teraction constants have non-negligible magnitudes (e.g. q0233 =-44 cm-) [139], the

assumption of near-complete separability of V2 from the other two strongly interacting

modes is expected to break down for levels with higher quanta of excitation, although

Sako et al. did not discuss when and how the breakdown occurs.

In addition to extensive anharmonic interactions, the majority of the C state vi-

brational levels exhibit c-axis Coriolis perturbations [22, 62, 70, 131, 182]. Since the

effects of Coriolis interactions are sensitive to the energy spacings between levels, a

double-well structure on the PES, which gives rise to vibrational level-staggerings,

is expected to cause staggering-related anomalies in the rotational structure of the

C state, especially in the vibrational levels that involve the symmetry-breaking mode.

However, rotational information for levels with odd quanta of excitation in the symmetry-

breaking mode had not been available until our recent direct observations of b2 vibra-

tional symmetry levels, reported in the first paper of this series [1311 and in Ref [1331.

With those crucial pieces of information on the rotational structure of the C state,

we can now validate and interpret the rotational anomalies caused by the double-well

structure on the PES. However, correct identification and detailed understanding of

the anomalies require knowledge of the molecular force field.

With direct high resolution measurements of the first eight b2 symmetry vibra-

tional levels [1311, and an additional b2 level at 2754 cm- 1 [133], we can now determine

a more physical and accurate force field for the S02 C 1B 2 state. The accuracy of Hoy

and Brand's force field is limited by the reduced-dimension nature of their fit, and the

fact that the v3 fundamental level, the position of which was estimated from the in-

ferred position of the (0,1,1) level [70], was the only b2 symmetry level included in the

fit. Somewhat fortuitously, their estimated V3 fundamental frequency was extremely

accurate [131]. Yamanouchi et al. [139, 182] extended Hoy and Brand's Hamiltonian

to three-dimensions. However, all the parameters associated with the double-well

structure were fixed to the values derived from the Hoy and Brand 2D fit, and no b2

symmetry levels were included in the fit. In addition, none of the available rotational

and isotopologue information was used as inputs to the fit.

In this paper, we derive an internal coordinate force field of the C state of
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SO 2 , which incorporates vibrational and rotational information of two isotopologues,

3 2 S 16 0 2 and 32 S1 80 2 . Our methods for calculating and fitting rovibrational informa-

tion of the C state of S02, e.g. vibrational band-origins, rotational constants, and

Coriolis matrix elements, are described in Section 8.2. In Section 8.3, we present the

result from a reduced-dimension fit, similar to the fit model developed by Hoy and

Brand [70]. The reduced-dimension model provides insight into the unique effects of

stretch-stretch Fermi resonance on the vibrational dynamics in the C state. A scheme

for assigning the 2D wavefunctions of the C state is also discussed, based on semiclas-

sical work by Kellman and coworkers [85-87, 97, 180]. In Section 8.4, our 3D internal

coordinate force field is reported. We demonstrate the accuracy and predictive power

of our 3D force field by comparing the values of the experimental observables that are

not directly used as inputs to our fit to the calculated values from our force field. In

particular, the Franck-Condon intensities and the strongly perturbed effective C rota-

tional constants of highly anharmonic C state vibrational levels are well reproduced.

A two-step diagonalization procedure of the vibrational Hamiltonian is developed in

Section 8.4.1. The two-step diagonalization allows assignments and characterization

of an unprecedented number of C state vibrational levels in a new Fermi-system basis

(the Kellman basis), constructed explicitly in this work via partial diagonalization of

the Hamiltonian. We investigate the breakdown of the separability of V2 from the

other two strongly Fermi-interacting modes for levels >2000 cm' above the C state

zero-point level. Based on our force field, the structure of the Coriolis interactions

in the C state is discussed in Section 8.4.4. We are able to identify and explain the

alternating patterns in the effective C rotational constants for levels in the vibrational

progressions of the symmetry-breaking mode.
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8.2 Methods

A vibrational Hamiltonian of the following form is used to fit the vibrational band

origins of the SO 2 C state:

1 1 2 1 2
H/hc -wi(q3 + I -w 2 (q2 + p) + - 03(q , + p) 2 2 2

1 31, 1 21 21, 1 3
+ I ig +1 11q 2 qq2 + +10122q1q + #1332 q -2 +233q2q32 + 0222323

64 1q +2 1 24 13 24qq 2 6 21 1 2 + 1 41 q 1
+ q1  i 4 122qJiq2 + 4 11 33qgq3 + #2222 + #232 + 2433

1 1 12
+ 6 1222qlq 2 + 6 0112qIq2 + 2 01233q1q2q3 + C1 exp (-C2qi), (8.1)

where

C1 b exp (p) ,(8.2)
exp (p) - p - V

C2 = w3[exp (p) - p - 1]/2b, (8.3)

and the q's and p's are dimensionless normal-mode coordinates and the conjugate

momenta, respectively. Eq. (8.1) is an expansion around C 2, geometry through quar-

tic terms of the pure vibrational part of the molecular Hamiltonian, with a Gaussian

hump in the antisymmetric stretch q3 direction to account for non-equivalent S-0

bond-lengths. The Gaussian hump in the PES is defined by three parameters, b,

w3 , and p [36]. The parameter, b, characterizes the height of the barrier along the q3

direction (with qi = q2 = 0), and the parameter, p, gives information about the curva-

tures at the two minima of the PES along q3. More detailed discussions regarding the

parameters involved in the Gaussian hump can be found in Ref [36]. Through quartic

terms, there are a total of eighteen normal-mode force constants. The eigenvalues

and eigenvectors of the vibrational Hamiltonian are obtained from diagonalization of

the Hamiltonian in the normal-mode basis. Details regarding the construction of the

Hamiltonian matrices are given in Appendix B.1.

Since normal-mode coordinates depend on the atomic masses, the normal-mode

force constants, w's and O's, are isotopologue-dependent [126]. However, the observed

vibrational levels of both 3 2 S 1602 and 32 S1 80 2 can be fit using one set of isotopologue-
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independent internal force constants (the superscript on 32S will be dropped from

here on). A transformation from normal-mode force constants to internal force con-

stants is employed. This nonlinear transformation was worked out by Hoy, Mills, and

Strey [71], and is summarized in Ref [126]. We therefore omit discussion of details of

the transformation.

Given that the q3 coordinate is in a symmetry species of its own, the isotope

dependence of the two remaining parameters defining the Gaussian hump, b and p,

can be determined by considering the ID cross-section of the PES at qi = q2 =

0. We constrain b, which characterizes the barrier height along this cross-section,

to be isotopologue-independent. The saddle point energy, C1, should also remain

unchanged with isotopic substitution, so we also constrain p to be isotopologue-

independent.

Another benefit of using internal force constants is that they enable us to calculate

and incorporate rotational information - such as the rotational constants, centrifugal

distortion coefficients, and Coriolis matrix elements - into the fit. However, the very

strong q3 anharmonicity and the large Fermi-133 resonance interaction necessitate a

special treatment of the rotational information. We have adopted Hoy and Brand's

treatment of the quartic centrifugal distortion constants for the zero-point vibrational

level of both isotopologues [70]. The treatments of the rotational constants and the

Coriolis matrix elements are summarized below, with additional information included

in the Supplementary Material (see Appendix B.3).

The rotational constant, RV, of a vibrational level of the C state of SO 2 is calcu-

lated by

RV = c2vZ, (8.4)
n

where R. is the rotational constant of a normal-mode basis state, and c,, is the

coefficient of that basis state in the eigenvector that results from diagonalizing the

Hamiltonian (Eq. (8.1)). Note that the symbol, R, is used to generalize the notations

for A, B, and C rotational constants. The rotational constant of a normal-mode basis
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state is given by the conventional expression

Rn= R, - Ea' (vi + 1/2), (8.5)

where Re is the rotational constant at the equilibrium geometry, vi is the number

of quanta in a specific normal-mode, and a, is the rotation-vibration constant for

that mode. The rotation-vibration constants are functions of the cubic normal-mode

force constants. Some of the rotation-vibration constants also contain information

about the Coriolis interactions in the molecule. For those reasons, the experimentally

derived aF constants provide constraints on the derived force field. The general forms

of rotation-vibration constants (see Supplementary Material) are derived by Mills via

perturbation theory [109, 110]. Specific forms applicable to SO 2 are also available in

Ref [114]. One advantage provided by Eq. (8.4) is that the rotational constants of a

vibrational eigenstate can be calculated independent of the vibrational assignment of

the eigenstate, which can be ambiguous due to anharmonic interactions, even in our

assignment scheme discussed in Section 8.4.1. The effects from the double-well and

the resonant interactions on the rotational constants of a vibrational eigenstate are

contained in the basis state expansion coefficients of the eigenstate.

In the C state of SO 2 , the C rotational constants are strongly perturbed by c-axis

Coriolis interactions [22, 62, 70, 182]. The A and B rotational constants, however,

are unaffected by Coriolis interactions up to second-order of perturbation theory. In

cases where non-degenerate perturbation theory is valid, Coriolis contributions to

rotational constants can be included in the ai parameter, and Eq. (8.4) can be used

to calculate rotational constants of the perturbed levels. However, this approach fails

for all of the C rotational constants of the C state of SO 2 (even those which are not

severely perturbed by Coriolis interactions), due to the presence of the double-well on

the PES. Using second-order perturbation theory, the Coriolis contributions (Ccor)

to the C constant of a vibrational level of the C state must instead be calculated by
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the general expression

Ccor = (v| h Iv') (v'j h V) / (E, - Ev ), (8.6)

where

h - 2Ce6 3 3  q 2P3 -- 1 q3P2 . (8.7)
.3 [W2 yW3 _

In Eq. (8.6), the eigenvalues and eigenvectors of the vibrational Hamiltonian in

Eq. (8.1) are used for both |v) and the intermediate state jv')'s. The operator, h,

defined in Eq. (8.7), is part of the Coriolis term, hJc, in the molecular Hamilto-

nian [109]. If we exclude the Coriolis contributions to the rotation-vibration constants,

the rotational constants calculated using Eqs. (8.4)-(8.5) correspond to the Coriolis-

deperturbed rotational constants from the experiments. The perturbed value of the

C rotational constant of a vibrational level, Cp, is then the sum of the deperturbed

C constant, Cdp, and COor, or Cp = Cp + Cc,,.

In our fit, the A and B constants of the three fundamental levels, as well as

those of the zero-point vibrational level, are included. This helps to ensure a physical

determination of both the equilibrium geometry and the cubic force parameters. The

experimental C constants are used to validate the goodness of our internal coordinate

force field by comparing their values to the C constants calculated from our force field.

Coriolis matrix elements between a1 and b2 symmetry vibrational levels of the C

state of SO 2 derived from fits to the observed energy levels [1311 are not included

directly in the fit. However, the Coriolis matrix elements can be calculated using the

derived force field and the calculated values may be compared to the experimentally

derived values. The Coriolis matrix element, t1 , between vibrational eigenstates Iv)

and Iv') is defined as
1

t - (v\ h Iv'). (8.8)
2

The eigenvectors, Iv) and Iv'), are calculated from the force field. In this work, Coriolis

interactions between modes v, and V3 are neglected, since the vi and v3 frequencies

are very different, and (3 is about three times smaller than (3.
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To summarize our fit procedure, internal force constants through quartic terms

expanded about the C 2, geometry are used as parameters in our force field fit of the

C state of SO 2 . From those parameters, we derive the isotopologue-specific normal-

mode force constants used in Eq. (8.1) for both S"O 2 and S 1802 . The Hamiltonian

(Eq. (8.1)) for each isotopologue is diagonalized to obtain eigenvalues and eigenvec-

tors. The eigenvalues are fit to the observed vibrational band origins. The isotope

shift of the zero-point level between the two isotopologues is also calculated and fit-

ted to observed value. From the internal coordinate force field and the equilibrium

geometry, we derive the rotational constants of each vibrational eigenstate, using

Eqs. (8.4)-(8.5). The derived A and B rotational constants of the fundamental levels,

and those of the zero-point vibrational level, are fitted to the experimental values for

both isotopologues. All five quartic centrifugal distortion coefficients of the zero-point

vibrational level for each isotopologue are also calculated from the internal force field

and included in the fit. A nonlinear least-square fit is carried out to derive the internal

coordinate force constants.

Because we include vibrational and rotational information of two isotopologues,

the number of data in our fit far exceeds that of all previous force field fits on the

C state of SO 2 [139, 181, 1821. We have therefore chosen to use 23 fit parameters

(one of which is constrained), compared with 17 in Yamanouchi's normal-mode force

constants fit. [139]1

To validate our internal coordinate force field, the C rotational constants and

Coriolis matrix elements are calculated from the force field. The calculated values

are compared to the experimentally determined values. In addition, Franck-Condon

factors between the X state zero-point vibrational level and the C state vibrational

levels are calculated. The vibrational overlap integrals with the harmonic basis states

of the C state are calculated by the method of Sharp and Rosenstock [1401, using the

X state geometry and quadratic force field parameters from Ref [110]. Anharmonic

Franck-Condon factors for the C state vibrational eigenstates are then calculated from

'Note that there are 15 parameters in total in their vibrational Hamiltonian. For their Franck-
Condon calculation, they also need equilibrium geometry, which are presumably obtained from Hoy
and Brand's 2D fit. This means effectively, they are using 17 parameters in their fit and calculation.
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Table 8.1: Internal force constants of the C state of SO 2 obtained from a two-
dimensional fit, and normal-mode force constants of S 1602. Internal and normal-
mode force constants derived by Hoy and Brand [701 are included for comparison. All
normal-mode force constants have units of cm-1. The mdyn-A unit system is used for
the internal force constants, e.g. [frr]=Md
where 1 mdyn=10- 8 N and 1 A=10-10 m.

yn/ A, [fro]=mdyn, [frr,]=mdyn/A 2 , etc.,

Internal This work H&B Normal This work H&B
frr 4.1623(859) 4.1736 Wi 929.57 935.2
frr' 1.8138(1022) 1.9128 W3  635.32 623.3
fro 0.215(177) 0.3746 011 -274.65 -322.5
foo 1.1203(144) 1.1616 0133 -283.85 -305.8
frrr -32.698(1281) -36.261 03333 98.44 122.4
frrr -4.988(928) -7.015 #133 59.28 72.0
frro -2.784(1332) -3.340 #1111 27.54 32.2
frr/o -0.301(662) -0.918 W 2  377.17 384.9
froo -3.467(1008) -3.593 0122 -33.11 -29.9
fooo -3.306(466) -3.755 #12 -29.31 -38.5
frrrr 138.26(745) 165.66 0222 -78.86 -79.6

#233 -49.80 -44.4
b/cm-' 102.86(439) 117.5

p 0.3485(197) 0.4
Oe/deg. 103.80(3) 103.75
re/A 1.5557(3) 1.5525

the harmonic basis expansion coefficients.

8.3 Reduced-dimension fit

Before we present the results from a complete 3D fit using Eq. (8.1), we first discuss

the result obtained from a 2D fit model (excluding V2 bending) originally developed

by Hoy and Brand for the C state of SO 2 [701. We follow their treatment, but we also

include isotopologue information and rotational constants, as described in Section

8.2. The reason for the success of a reduced-dimension 2D fit model is that, although

the v, and v3 modes interact strongly, the V2 mode remains approximately isolated

below 2000 cm 1 [22, 70, 182]. The fit result is presented in Table 8.1, along with

the Hoy and Brand result [70]. The force field (from a 2D fit) derived in this work
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Table 8.2: Experimental (Obs.) and calculated (Cal.) vibrational term energies of
states included in the 2D fit. For both isotopologues, the energy of the zero-point
level has been subtracted from each term value. The observed [62] and calculated
isotope shift between the zero-point vibrational levels of the C state of S 602 and
S1802 are -26.3 cm- 1 and -28.0 cm- 1 , respectively. The asterisks indicate a mixing
of wavefunctions between those of the nearest neighbor energy levels. The notations
used in the vibrational assignments are explained in Section 8.3.1. Units in cm- 1 .

Assig. Obs. Cal. Assig. Obs. Cal.
S 16 0 2  (0,0,0), 0 0 S 160 2  (0,0,1)r 212.6 212.3

a, sym. (0,0,2)r 561.2 560.7 b2 sym. (0,0,3), 890.9 891.1
(1,0,0), 960.0 960.5 (1,,1)1 1261.4 1262.2
(0,0,4),r 1245.4 1247.4 (0,0,5)r 1595.8 1596.9
(1,0,2)r 1653.7 1650.8 (1,0,3)r 1996.7
(2,0,0)1* 1917.5 1916.7 (0,0,7),* 2315.2
(0,0,6),r* 1964.9 1963.7 (2,o,1)1* 2338.7
(1,0,4), 2371.7 (1,0,5)r 2729.4
(0,0,8)r* 2680.3 2680.0
(2,0,2),* 2727.7
(3,0,0)1 2920.6 2921.9

S 1802  (0,0,2)r 535.1 534.7 S 180 2  (0,0,1)r 200.4
a, sym. (1,0,0), 920.9a 921.1 b2 sym. (0,0,3)r 852.2

(1,0,2)r 1582.3a 1580.5 (1,o,1)l 1206.4
(2,0,0)1* 1840.0a 1838.0 (0,0,5)r 1531.6
(0,o,6)1* 1880.2a 1884.8
(3,,0)1 2798.4a 2799.6

a Low resolution measurement [70].

is qualitatively similar to the one obtained by Hoy and Brand [70]. Also listed are

normal-mode force constants of S1602 derived from the internal coordinate force field.

The measured and calculated vibrational term values are included in Table 8.2. The

quantum numbers and the subscript, r or 1, used in our vibrational assignments in

Table 8.2, are related to the nodal patterns and the general shapes of the vibrational

wavefunctions respectively, which are explained in detail in Section 8.3.1.

Table 8.3 shows the C, equilibrium bond lengths obtained from our internal co-

ordinate force field of the C state of SO 2 . The barrier on the PES is relatively low,

but it is sufficient to produce a significant depression of the antisymmetric stretch

fundamental frequency. The v3 fundamental frequency, which is usually the highest
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Table 8.3: C, equilibrium geometry of the C state of SO 2.

This work H&B [70]
ri/A 1.642 1.639
r2/A 1.494 1.491

E/cm-1

3000

2

2000

q3 0

-10

1000 
C 

=
-2

=0 a
0 500

q1

Figure 8-1: Two-dimensional potential energy surface obtained from the 2D fit, along
with the approximate geometries of the molecule at four different points on the PES.
The two oxygen atoms are labelled and color-coded differently for clarity in the text.
The red solid curve and the blue dashed curve on the PES are related to the nodal
patterns of the wavefunctions, discussed in detail in Section 8.3.1.

among the three fundamental frequencies of symmetric triatomic molecules, is the

lowest in the C state of SO 2 . The parameter, p, characterizes the curvatures at the

two minima of the PES. The bottoms of the two wells on the PES would be nearly

parabolic if p = 1.5 (in the absence of cubic and higher-order anharmonicities) [36].

For p < 1.5, which is true for the C state of SO 2 (see Table 8.1), starting from a

minimum of the PES and moving along q3, the potential should rise more steeply in

the direction away from the barrier than in the direction towards the barrier. This is

indeed the case for the C state, as can be seen from the PES in Fig. 8-1.
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8.3.1 Fermi Resonance in the C state of SO 2 and Vibrational

Assignments

Due to the presence of a Gaussian hump along the q3 coordinate, the antisymmetric

stretch is grossly anharmonic and is poorly described by the harmonic basis set used

to construct the vibrational Hamiltonian. Therefore, we use a set of anharmonic

basis states, Jv, v2 , V3)a, obtained from a first-order perturbation theory treatment

of the vibrational Hamiltonian, where all terms other than the harmonic oscillator

terms are treated as perturbations. Below 1000 cm- 1, the energies of the anharmonic

states, i.e. the diagonal matrix elements of the vibrational Hamiltonian, are much

closer to the observed eigenenergies than the energies of the harmonic basis states.

For example, the energy of the anharmonic 10, 0, 1)ah basis state (317 cm-1) is much

closer than that of the harmonic basis state 10, 0, 1) (635 cm-1) to the observed v3

eigenenergy (212 cm-1).

Due to the depression of the v3 frequency, the 10, 0, 2)a energy is close to that

of the 1, 0, 0)a state, with an energy separation of 200 cm-. Given the large 0 13 3

constant (-284 cm-1), anti-symmetric and symmetric stretching modes are mixed via

Fermi resonance. This strong mixing was first noted by Hoy and Brand [22, 70],

and recognized by others in more recent studies [20, 62, 139, 181, 182]. A large 0133

force constant is not unusual in symmetric triatomic molecules. Consider, for exam-

ple, values for the ground electronic state of H 2 0 (-1785 cm- 1) [110], or SO 2 (-319

cm-1) [114]. However, strong Fermi interaction between symmetric and antisymmet-

ric triatomic stretching modes is unusual, because the harmonic stretching frequencies

are not typically in 1:2 resonance.

The effects of Fermi resonance on the semiclassical dynamics of molecules have

been studied by Kellman and coworkers [85-87, 97, 180]. The standard procedure

of labeling vibrational levels by normal-mode quantum numbers is inadequate and

misleading for Fermi resonance systems. Kellman and coworkers provide an alterna-

tive assignment scheme based on the semiclassical dynamics [87, 180j. An especially

important feature of Kellman's assignment scheme is that one can make semiclassi-
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cal vibrational assignments based on the nodal patterns of the wavefunction. This

is particularly useful in the C state of SO 2 , because clear nodal patterns persist in

many of the wavefunctions (available from Discrete Variable Representation calcula-

tions (DVR)), despite the fact that strong anharmonic effects prevent assignment of

a dominant harmonic basis state, even at low vibrational energy. In Fig. 8-2, some of

the a, vibrational symmetry wavefunctions of S1602 obtained from our 2D fit are plot-

ted, with assignments from Kellman's scheme discussed below. Additional discussion

on the semiclassical dynamics of the C state of SO 2 can be found in Appendix B.2.

The shapes of the wavefunctions in Fig. 8-2 are distorted from the shapes of

normal-mode wavefunctions. Some of the wavefunction shapes are curved so that

the nodal patterns extend along the red solid curve shown in Fig. 8-1, while others

extend along the blue dashed curve, perpendicular to the red curve. Wavefunctions

with nodes organized along the red curve are given an 'r' subscript in their assign-

ment (indicating the wavefunctions "open to the right"), e.g. (0, 0, 6)r, while those

with nodes organized along the blue curve are given an '1' subscript (indicating the

wavefunctions "open to the left"), e.g. (3, 0, 0)1.

The three quantum numbers used in our assignment scheme, (vQ, v 2, Vp), are re-

lated to the nodal pattern of the wavefunctions. The second number, v 2 , gives the

number of bending quanta, which are uncoupled from stretching quanta in our 2D

model. All vibrational levels displayed in this section and used in the 2D fit have

V2= 0. The first and last quantum numbers describe the nodal pattern of the wave-

function in the 2D stretching plane. Using the wavefunction of the assigned (2,0,4),

state in Fig. 8-2 as an example, the first number, vQ, refers to the number of parallel

red solid nodal curves that one can draw on the wavefunction, and the third number,

vf3, is the number of blue dashed nodal lines, that cross the red solid nodal curves.

The v, mode, with a, vibrational symmetry, correlates to the symmetric stretching

mode, v1 , in the normal mode basis, and the v, mode, with b2 vibrational symmetry,

correlates to the anti-symmetric stretching mode, v3.

Using our assignment scheme, the wavefunctions can be grouped according to the

polyad number, P = v, + iv,. There are (P + 1) levels that belong to a given
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Figure 8-2: a, vibrational symmetry wavefunctions of S 1602 from the 2D fit. The
semiclassical assignment (in parentheses) is given below each wavefunction, along
with the calculated relative Franck-Condon factor (fc) for a transition from the zero-
point level of the SO 2 X state. The black dot on each figure is the approximate

(center) location of the zero-point wavefunction of the S 102 X state. The vibrational
wavefunction of the (2,0,4), state in the P=4 polyad is plotted separately to illustrate
how nodes in the eigenstates determine the (va, 0, v3)r assignments. Within a given
polyad (designated by polyad number, P = vc, + lvfl), the energy increases for sub-
figures from left to right.
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Figure 8-3: Linear combinations of the (2,0,0)1 and (0,0,6), eigenstate wavefunctions
(as in Fig. 8-2). The wavefunction on the left results from 0.93 (2, 0, 0) - 0.37 (0, 0, 6)r
and the one on the right comes from 0.37 (2, 0, 0), + 0.93 (0, 0, 6)r.

polyad with polyad number P. A polyad consists of a group of systematically near-

degenerate interacting zero-order states. For example, the three levels with polyad

number P = 2 result predominantly from three strongly anharmonically interacting

zero-order wavefunctions 10, 0, 4)a, 11, 0, 2)a, and 12, 0,0)a-

The polyad number P is not strictly conserved in the C state of SO 2 . Note

that the (2,0,0)1 and (0,0,6)r wavefunctions in Fig. 8-2 appear to deviate from the

expected shape of Kellman's Fermi resonance wavefunctions (e.g. there should not

be a local maximum at qi = 0, q3 = 0 for the (2,0,0)1 wavefunction). However, if one

takes a specific linear combination of (2,0,0)1 and (0,0,6)r wavefunctions (see Fig. 8-

3), the zero-order wavefunctions are restored, which indicates an interaction between

the zero-order basis states. The 01133 term, which has a magnitude of 60 cm- 1, is

primarily responsible for the interaction. This Darling-Dennison interaction breaks

the strict conservation of the polyad number, P. Similar interaction occurs between

the zero-order (2,0,2)r and (0,0,8), states (not shown in Fig. 8-2). The inter-polyad

interaction that we see here is not an artifact of the 2D nature of the fit, since it is

observed in the wavefunctions obtained from the 3D fit as well (Section 8.4.1).

The peculiar shapes of the wavefunctions in Fig. 8-2 have their origins in the

shape of the PES. The PES has a kidney-bean shape (Fig. 8-1), as a result of the

large Fermi #133 term. In the absence of strong Fermi-133 interaction, a double-well
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structure in the q3 direction will cause a staggered energy pattern in the normal-mode

(0, 0, v3 ) progression. The Fermi-133 resonance mixes the normal-modes to create

Kellman-type modes, but the nodal coordinate along which the (0,0, v,), Kellman-

type progression is organized-the red solid curve in Fig. 8-1-also passes through

both minima of the PES. As a result, levels in the (0, 0, v,), progression, which

extends along the new nodal coordinate, also exhibit staggering from the double-well

minimum. The staggered energy pattern is obvious in Fig. 1 of the third paper of

this series [130].

8.3.2 Effects of Fermi Resonance on the Dynamics of C state

of SO 2

The r- and i-type wavefunctions encode two different types of classical motions. As

illustrated in Fig. 8-1, molecules with the r-type motion pass through the C2v geome-

try with a shorter S-O bond length (see configuration T) than those with the 1-type

motion (see @). In the pure r-type motion, starting from ®, where the S-O, bond

is stretched while the other bond is at approximately the bond length of the C2v con-

figuration (1) (R1 ), S-0, contracts to R1. Then, while the S-O, bond remains at the

bond length of T, the S-Ob bond elongates until the molecule reaches configuration

T. S-Oa continues to stay at R1, and S-Ob contracts back to R1. The molecule then

returns to g by locally stretching the S-Oa bond. The motion repeats itself. In the

pure i-type motion, starting from P, where the S-Ob bond is contracted while the

other bond is at approximately the bond-length of C 2 , configuration @ (R3), bS-O

stretches to R3. Then, while the S-Ob bond remains at R3, the S-Oa bond contracts

until the molecule reaches configuration @. S-Ob remains at R3, while S- 0 , contracts

back to R3. The molecule then returns to ® by locally contracting the S-Ob bond.

The motion then repeats itself. We emphasize that the semiclassical motion that

results from the Fermi-133 resonance in the C state is similar to but qualitatively

different from the local stretching motion caused by the Darling-Dennison resonance

at high excitation, e.g. in water.
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Sako et al. [139] first noted this behavior of the wavefunctions for the C state of

SO 2 , although they did not give an explicit interpretation of the semiclassical mo-

tions encoded in the wavefunctions. In the same work [139], it was noted that above

the predissociation threshold, r-type levels dissociate more rapidly than i-type levels.

They argue that the r-type wavefunctions, with intensity along the S-0 dissociation

coordinate, have better overlap with the dissociation continuum of the ground elec-

tronic surface, while the i-type wavefunctions have less overlap with the ground state

continuum. The level-dependence of the predissociation rates of the C state vibra-

tional levels can also be understood in light of the semiclassical motions encoded in

the wavefunctions. In the r-type motion, the stretching momentum is always localized

in the S-0 bond that is instantaneously longer, whereas the momentum is localized

in the instantaneously shorter S-O bond in the i-type motion. As a result, vibrational

levels with r-type semiclassical motion couple better to the reaction coordinate, while

those with 'l'-type motion waste their energy by visiting configuration @ in Fig. 8-1.

8.3.3 Franck-Condon Factors of the SO 2 C-X transition

Also given in Fig. 8-2 are calculated relative Franck-Condon factors (fc) from the zero-

point level of the X state of SO 2 . The ground electronic state of SO 2 has a shorter

equilibrium S-0 bond length than the C state. As a result, the symmetric stretching

mode is Franck-Condon active. Ordinarily, one would not expect Franck-Condon

activity in the antisymmetric stretching mode of a symmetric triatomic molecule.

However, as shown in Fig. 8-2, for polyads with P > 1, the highest energy member of

the polyad, which correlates with a pure symmetric stretching zero-order state, does

not have the largest Franck-Condon factor. The Franck-Condon intensities migrate

toward lower polyad members as the polyad number increases, in agreement with the

trend observed experimentally [182]. This can be understood in terms of the effect

of the Fermi-133 resonance on the shapes of the wavefunctions. The black dot on

each subfigure in Fig. 8-2 indicates the approximate center location (at qi = -3.2)

of the X state zero-point level wavefunction in the q-q3 plane. Below 3000 cm- 1, the

highest energy states of a given polyad all have i-type wavefunctions, which open up
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toward the negative qi direction and have almost no intensity at the Franck-Condon

point, while lower members of a given polyad are r-type, which are curved toward the

Franck-Condon active area. As a result, the highest member loses its Franck-Condon

activity, while lower members gain significant intensity.

8.4 Three-dimensional fit

The internal coordinate force field obtained from our 3D fit is presented in Table 8.4,

along with the normal-mode force constants derived for S1602, for comparison with

values derived by Yamanouchi [139]. In our 3D fit, despite inclusion of rotational and

isotopologue information, all three parameters that characterize the Gaussian hump

in Eq. (8.2) and (8.3), b, W3 (which in our internal coordinate force field is determined

by fr, and fr,,), and p are strongly correlated (>0.95 correlation parameters among

them). To break this correlation, additional b2 vibrational symmetry levels, especially

the (0,0,1), levels of different isotopologues, must be measured and included in the fit.

In the absence of those isotopologue data, we have fixed the value of p to 0.35, which

is the value we obtained from our two-dimensional fit. The value of p was better

determined in the 2D fit, due to constraints made to obtain the force field (although

we cannot guarantee the accuracy of p obtained from the 2D fit). By constraining the

value of p, the correlation among B, f,,, and f,,, is much reduced (<0.5). We must

emphasize that the uncertainties of the fit parameters listed in Table 8.4 are only

statistical uncertainties of the fit, which do not take into account correlation effects.

The actual uncertainties in some of the parameters might realistically be 5 to 10 times

larger [110]. Information from other isotopologues would certainly reduce correlation.

Alternatively, high-level quantum calculations might provide better constraints on

some of the fit parameters, which would allow us to obtain a more physical and

accurate internal coordinate force field fit. In Tables 8.5-8.10, the measured and

calculated values of the observables from our 3D calculation are listed.

For all of the vibrational term values included in the fit, the difference between

experiment and fit is less than 1.9 cm- 1 and the rms error is 0.9 cm- 1 . The observed
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Table 8.4: Internal force constants of the C state of SO 2 obtained from a three-
dimensional fit, along with normal-mode force constants of S 1602. Normal-mode
force constants derived by Yamanouchi [139] are included for comparison. All of the
normal-mode force constants have units of cm- 1 . Internal force constants are given
in the mdyn-A unit system.

Internal This work Normal This work Yamanouchi [139]
frr 3.9326(353) W1  938.03 942.6
frr' 2.0185(476) W 2  392.28 389.13
fro 0.093(58) W 3  573.56 589.6
foo 1.2250(97) 0111 -283.72 -306.0
frrr -32.080(1044) # 1 3 3  -300.21 -288.6
frrr -5.763(924) #112 -46.143 -22.16
frrO -1.702(432) 0122 0.381 16.26
frro -0.354(176) #222 -85.375 -65.538
froo -2.156(217) #233 -48.584 -43.48
fooo -3.521(64) 011 57.321 33.12
frrrr 149.89(1049) #133 52.237 53.52
frrrr' -4.226(8783) #3333 223.05 177.36
frr'r' 29.60(1034) 01122 -0.458 -21.52
frroo 12.21(226) 02222 8.276
frroo 7.26(210) 02233 -8.827
foooo 9.88(169) 01222 8.110
frrrO 5.78(379) 01112 0.086
frrro -5.15(478) 01233 10.294
frooo 3.90(272)

b/cm' 90.39(180) 117.5a

p 0.356 b0.4a

6e/deg. 103.80(2) 103.75a
re/_ 1.5557(3) 1.5525a

a Constrained to the 2D fit value of Ref [701.
b Constrained.
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level at 2224.9 cm-' [182] is not included in our fit. Based on the energy, the only

possible assignment is (0,6,0),, which, according to our derived force field, is predicted

at 2208 cm' (see Table 8.5). However, the 2224.9 cm- level seems unlikely to

correspond to the (0,6,0), state. The A rotational constant of (0,6,0), is predicted

to be around 1.27 cm', given the large positive a' constant (0.02 cm- 1 ). The

experimentally derived A rotational constant of the 2224.9 cm-1 level is, however,

only 1.1226(159) cm-1 [182], which is significantly smaller than any of the A constants

of the C state of SO 2. In addition, the observed and calculated trend in the Franck-

Condon factors suggests that the (0,6,0), level should be too weak to be observed in

the spectrum. Using our force field, it is also clear that the 2224.9 cm- 1 level is not

due to a hot-band transition; nor can it be a level from 31SO2, which has about 5%

natural abundance. We believe that the 2224.9 cm- 1 level may be an interloper from

another electronic state that borrows transition intensity from the C-state. Further

characterizations of this level (e.g. fluorescence lifetime and magnetic field response

measurements) are necessary to confirm its identity. Considering all the uncertainties

pertaining to this level, we have excluded it from our fit model.

For the rotational constants included in the fit (Table 8.7), the calculated val-

ues fall within (or very close to) the 2- uncertainties of the experimentally derived

values, except for the A and B constants of the (1,0,0)1 level of S160 2 . The (1,0,0)1

level is Coriolis-coupled to the close-lying (0,2,1).. Due to lack of high-J data points

for (0,2,1)r, which are crucial to deperturbation of the Coriolis interactions, the de-

rived rotational constants of (1,0,0)1 [131], especially the B and C constants, are

likely not fully deperturbed. In addition, the total error (0.073 cm-') of the fit to

the Coriolis-interacting tetrad containing (1,0,0)1 and (0,2,1), is significantly larger

than the calibration error (0.02 cm'), and not all parameters are fit simultaneously.

Therefore, the real uncertainties on the derived rotational constants of (1,0,0)1 can

be significantly larger than the the statistical uncertainties. Overall, the fit to the

centrifugal distortion coefficients given in Table 8.9 is quite good, although some of

the centrifugal distortion coefficients included in the fit (e.g. AK of both isotopo-

logues) fall outside of the 3- uncertainties of the experimentally derived values [62].
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Table 8.5: Experimental (Obs.) and calculated (Cal.) vibrational term energies of
a, symmetry states of S 16 0 2 , along with their vibrational assignments. The energy
of the C-state origin has been subtracted from each term value. Unless otherwise
stated, the experimental term values are from Ref [182]. Units in cm- 1. Levels
are labeled according to the degree of perturbation in the Kellman basis (explained
in Section 8.4.1). Levels with a single Kellman basis state coefficient greater than
0.9 are considered minimally perturbed (no label); '*' indicates a coefficient of 0.8-
0.9; 't' indicates a coefficient of 0.7-0.8; '$' indicates coefficients <0.7 (no nominal
assignment possible). Superscript numbers after the assignments indicate eigenstates
that result from the same set of interacting Kellman basis states,
(0,0,6), interact to yield the eigenstates at 1958 cm- 1 and 1965
superscript 1).

e.g. (0,2,4), and
cm- 1 (both with

Assig. Obs. Cal. Assig. Obs. Cal. Assig. Obs. Cal.

(0,0,0)r 0 0 (0,2,4)r*' 1958.2 (0,0,8)r 2680.3 2681.2
(0,l,0)r 377.5 377.3 (0,0,6)r*' 1964.9 1965.4 t8 2729.3
(0,0,2)r 561.2 561.2 (1,1,2),r 2018.9 2019.8 (0,6,2)rt6  2739.5
(0,2,0)r 751.5 751.0 (0,4,2)r*2 2024.8 t8 2743.0',c 2744.7
(0,l,2)r 932.0 930.9 (1,3,0), 2084.3 2084.6 $8 2762.1 2763.6
(1,0,0), 960.0 960.8 (0,6,0),r*3 2207.3 (1,5,0)1 2817.5
(0,3,0)T 1122.0 1121.1 (2,1,0)i 2285.3 2284.4 (0,8,0)r* 2910.1
(0,0,4)r 1245.4 1246.6 (0,3,4)rt4 2308.7 2310.0 (3,0,0)i 2920.6 2921.5
(0,2,2)r 1300.0 1298.1 (0,1,6)rt4 2321.8 2320.8 $ 3118.6a 3119.8
(1,1,0)1 1337.9 1338.5 (1,2,2)r*5 2 37 0a,' 2378.3 (1,0,6),t 3136.4a 3141.0
(0,4,0), 1487.2 (0,5,2)r*3 2383.8 (3,1,0)1 3281.8a 3283.9
(0,1,4)r 1604.3 1604.9 (1,0,4)r*5 2394.3 2393.8 $ 3494.8a 3500.4
(1,0,2)r 1653.7 1653.9 (1,4,0)1 2452.6 2452.8 (2,0,4)r 3526.0a 3528.8
(0,3,2)r 1662.8 (0,7,0),r*6 2560.9 (3,2,0)i 3640.5a 3643.9
(1,2,0), 1712.7 1713.1 f7 2644.3 2643.7 (3,0,2)> 3763.9a 3762.3
(0,5,0)r2 1849.3 $7 2663.5 2662.8 $ 3887.7a 3898.5
(2,0,0) 1917.5 1916.3 $7 2673.4 (3,3,0)1 3996.8a 4001.2

a Not included in the fit.
b Low resolution measurement [511.
c MODR result [1331.
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Table 8.6: Experimental (Obs.) and calculated (Cal.) vibrational term energies of
b2 symmetry levels of S1 602, as well as both a 1 and b 2 levels of S 8 02 . The energy
of the zero-point level has been subtracted from each term value. The observed [62]
and calculated isotope shift between the zero-point vibrational levels of the C state
of S 1602 and S 1802 are -26.3 cm 1 and -27.7 cm-, respectively. See the caption of
Table 8.5 and Section 8.4.1 for details regarding the meaning of the notations in the
assignments.

Assg. Obs. Cal. Assig. Obs. Cal.
S 1602  (0,,1), 212.6 212.8 S 1802  (O,1,O)r 359.5 359.6

b2 sym. (0,1,1), 582.2 583.2 a1 sym. (0,0,2)r 535.1 534.5
(0,0,3)r 891.0 891.1 (0,2,0) 715.2a 715.9
(0,2,1)r 949.1 950.4 (1,,0), 920.9a 922.3

(0,1,3)r*1 1252.3 1251.8 (1,,2)r 1 58 2 .3ab 1581.9
(1,0,1),*1 1261.3 1259.7 (2,,0), 18 4 0 .0ab 1838.3
(0,3,1) 1313.2 1314.3 (0,O,6)r 18 8 0 .2ab 1882.6
(0,O,5)r 1595.8 1595.5 (3,,0), 2 79 8 .4ab 2798.7

(0,2,3)r*2 1612.0 b2 sym. (0,0,1)r 200.6
(1,1,1),*2 1628.4 (0,1,1)r 553.8
(1,0,5),r 2754.7 2752.8

a Based on low resolution band-head measurement.
b Not included in the fit.
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The treatments of the centrifugal distortion coefficients used in this work follow the

treatments developed by Hoy and Brand [70], which take into account the effect of

the double-well on the centrifugal distortion coeffcients, but neglect other smaller an-

harmonic effects. This is likely the source of discrepancies between the observed and

calculated values of some of the centrifugal distortion coefficients.

Table 8.7: Experimental and calculated rotational constants of S 1602. The experi-

mentally derived rotational constants are given below the calculated values. Numbers

below the vibrational assignments are the vibrational energy of that level. Values in

bold face are included in our fit. Units in cm 1 . 2- uncertainties are given for ex-

perimentally derived rotational constants. The meanings of Cdp, Ccor, and C, are

defined in Section 8.2.

Assig. A B Cdp CCor Cp

(0,0,0)r 1.1505 0.3475 0.2658 0.0000 0.2658

0 1.1505(1) 0.3475(1) 0.2654(1)

(0,0,1)r 1.1466 0.3447 0.2631 -0.0015 0.2616

213 1.1474(16) 0.3444(5) 0.2614(4)

(0,1,0)r 1.1705 0.3460 0.2650 0.0013 0.2663

378 1.1705(1) 0.3459(1) 0.2658(1)

(0,0,2)r 1.1447 0.3427 0.2614 -0.0168 0.2445

561 1.1443(4) 0.3429(1) 0.2615(1) 0.2457(1)

(0,1,1), 1.1672 0.3432 0.2623 0.0136 0.2759

582 1.1695(11) 0.3382(2) 0.2596(4) 0.2743(7)

(0,2,0), 1.1905 0.3443 0.2641 0.0025 0.2666

752 1.1914(1) 0.3443(1) 0.2657(1)

(0,0,3), 1.1424 0.3403 0.2594 -0.0105 0.2488

891 1.1432(19) 0.3405(5) 0.2595(10) 0.2498(4)

(0,1,2), 1.1659 0.3413 0.2607 -0.0290 0.2317

932 1.1627(3) 0.3359(3) 0.2574(5) 0.242(4)

Continued on next page
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Table 8.7- continued from previous page

Assig. A B Cdp CCor Cp

(0,2,1), 1.1877 0.3416 0.2615 0.0334 0.2949

949 1.1908(17) 0.3430(6) 0.2625(13) 0.2906(6)

(1,0,0), 1.1485 0.3444 0.2637 0.0008 0.2645

961 1.1480(2) 0.3456(1) 0.2643(2) 0.266(16)

(0,3,0)r 1.211 0.3426 0.2632 0.0034 0.2666

1122 1.209(12) 0.3419(24) 0.2650(21)

(0,0,4)r 1.1412 0.3383 0.2578 -0.0856 0.1722

1245 1.1389(16) 0.3398(5) 0.2586(9) 0.2008(18)

(0,1,3)r 1.1581 0.3395 0.2592 0.0655 0.3246

1252 1.1670(30) 0.3404(6) 0.2601(11) 0.2926(20)

(1,0,1), 1.1488 0.3404 0.2597 -0.0031 0.2566

1261 1.1462(12) 0.3420(3) 0.2558(2)

(0,2,2)r 1.187 0.3399 0.2601 -0.0530 0.2071

1300 1.1861(98) 0.3365(11) 0.2580(22) 0.2069(23)

(0,3,1), 1.2084 0.3400 0.2607 0.0643 0.3250

1313 1.2140(25) 0.3390(9) 0.2604(17) 0.3188(14)

(1,1,0), 1.169 0.3428 0.2628 0.0047 0.2675

1338 1.182(26) 0.3433(24) 0.2685(10)

(0,0,5)r 1.1414 0.3361 0.2561 -0.0425 0.2137

1596 1.1399(27) 0.3384(8) 0.2574(17) 0.2128(10)

(0,1,4), 1.163 0.3368 0.2571 -0.1147 0.1444

1604 1.161(26) 0.3400(25) 0.2588(50) 0.1795(11)

(0,2,3)r 1.1815 0.3377 0.2582 0.1269 0.3851

1612 a 1.1879' 0.3388' 0.2600'
a Not directly observed. Band-origin calculated from the fit.
b Constrained in the rotational fit 1131].
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Table 8.8: Observed [62] and calculated rotational constants of S180 2 . 2a- Uncertain-
ties are given for the experimentally derived values.

Assig. A B C
(0,0,0)r 1.0862 0.3089 0.2396

1.0863(2) 0.3089(1) 0.2392(1)a
(0,1,0),r 1.1039 0.3076 0.2399

1.1038(1) 0.3077(1) 0.2391(1)a

a Not included in the fit.

Table 8.9: Observed [62] and calculated quartic centrifugal distortion coefficients
for the zero-point levels of S 160 2 and S 1802 , using Watson's A reduction in the F
representation. 3a- uncertainties are given for the experimentally derived values. Units
in cm-'.

S16 02 S18 02
Obs. Cal. Obs. Cal.

107i 4.98(77) 4.44 4.07(11) 3.55
107AJK 129.2(60) 136.0 113.7(23) 115.8
107AK 73.8(103) 55.8 75.0(125) 55.7
1076 1.60(52) 1.53 1.40(9) 1.18
1076K 84.0(26) 92.8 78.4(30) 79.1

As in the 2D fit, the C, equilibrium geometry is determined (Table 8.11). The C,

geometry agrees well with ab initio values [118]. Recall that we constrained only the

barrier height, b, and the shape parameter, p, to be isotopologue-independent. Even

though we did not constrain the isotopologue independence of the absolute minimum

geometry, the calculated minimum geometries given in Table 8.11 for S1602 and S18 02

agree well with each other, which attests to the isotopologue independence of the PES.

Note that the barrier height derived from our 3D fit differs by more than 10% from

the 2D value (compare the values of b in Table 8.1 and 8.4). Without the ability to

vary the shape parameter, p, the value of which is highly correlated with the barrier

height, it is difficult to evaluate the accuracy of our derived barrier height.

Experimental observables not included in the fit are well reproduced using our

force field (see Tables 8.5, 8.7, and 8.10). For the nine vibrational levels in the

3000-4000 cm-- region, which we do not include in our fit, the rms error between
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Table 8.10: Calculated and experimentally-determined [131] c-axis Coriolis matrix
elements, t1 (in cm-1 units). The harmonic predictions (reproduced from Table X of
Ref [131]) are also listed for comparison. Values in parentheses are the 2 a uncertainty
of the final significant digitis.

(0,
(0,
(0,
(0,
(0,
(0,
(0,
(0,

1, 1)r-(0,

0, 3)r-(0,
2, 1)r-(0,
1, 3)r-(0,
1, 3)r-(0,
3, 1)r-(0,
0, 5)r-(0,
2, 3)r-(0,

0, 2),r
1, 2),r
1,2),
0,4),r
2, 2),
2,2),
1,4),
1, 4)r

Expt.
0.2978(7)

0.3250(89)
0.3532(44)
0.3463(14)
0.4528(99)
0.4764(42)
0.2957(35)
0.5187(75)

Cal.
0.3040
0.3216
0.4357
0.3211
0.3961
0.5373
0.3134
0.5161

Harmonic
0.3819
0.4677
0.5401
0.5401
0.6614
0.6614
0.6038
0.7638

Table 8.11: C, equilibrium geometry obtained in the 3D fit. The number in paren-
theses after the 0 value reflects the difference between the derived value of 0 at the
minima of the PES of the two isotopologues used in this study. The geometry derived
from our 2D fit is reproduced here for comparison.

3D fit ab initio 1118] 2D fit
r1 /A 1.639 1.633 1.642
r2/A 1.494 1.488 1.494
0/deg 103.95(1) 103.3 103.80
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Absorption

Franck-Condon
Calculation

.L.. 1 1. .L.
220 218 216 214 212 210 208

Wavelenth/nm

Figure 8-4: Comparison of anharmonic Franck-Condon factors, calculated from the
internal coordinate force field, with the low-resolution absorption spectrum (jet-cooled
condition) in the 208-221 nm region. The experimental spectrum is adapted and
reproduced with permission from Chem. Phys. Lett. 294, 571 (1998). Copyright
1998 Elsevier. Even though none of the levels in the region with wavelength shorter
than 220 nm are included directly in our fit, the calculated Franck-Condon intensities
in this energy region agree well with the observed intensity pattern.
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Figure 8-5: Projections of the wavefunction of the 2394 cm state onto the q-q3
plane at different values of q2. The wavefunction is obtained directly from DVR

calculations, using the force constants derived from the 3D fit.

the calculated and the observed terms is 5 cm 1 (rms=3.5 cm 1 I if we exclude the

3887.7 cm 1 level). The Franck-Condon factors calculated from our force field also

agree well with the observed intensity pattern in the absorption [52, 137, 1391 and

LIF [1821 spectra. As shown in Fig. 8-4, despite the fact that we have not input

to the fit any of the vibrational term energies of levels with transition wavelength

shorter than 220 nm (corresponding to levels >3000 cm-1 above the C state zero-

point level), the calculated Franck-Condon intensities in this energy region agree well

with the observed intensity patterns. The rotational constants that are not included

in the fit (Table 8.7) and the Coriolis matrix elements between highly anharmonic C

state vibrational levels (Table 8.10) are also well reproduced from our force field (see

detailed discussions in Section 8.4.4).

8.4.1 Vibrational Assignment Scheme

How are the eigenstates from the 3D fit assigned? In the 2D case, Kellman-type vibra-

tional assignments can be made easily based on visual inspection of the wavefunction,

but visual assignment of the three-dimensional eigenstates is more challenging. Fig-

ure 8-5 illustrates the projections of the wavefunction of the 2394 cm - 1 state onto the

ql-q3 plane at different values of q2. If the v2 bending mode is rigorously separable

from the stretching modes, the projection of the wavefunction should be independent

of the value of q2 (although the relative amplitude of each projection will depend on

q2, e.g. it will be small when the value of q2 is near a node of the wavefunction along
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q2 direction). This is, however, obviously not the case, as can be seen in Fig. 8-5.

Depending on which projection of the wavefunction we choose to look at, different

Kellman-type vibrational assignments can be made. If we only consider basis states

that are close in energy to the observed eigenstate, at q2 = 1.1, the wavefunction

could be assigned as (1,0,4),, which is predicted by our 2D model to occur at 2372

cm-'. However, at q2=2.7, the nodal pattern of the projection suggests v,=1 and

v=2, consistent with an assignment (1,2,2),. The eigenstate in Fig. 8-5 most likely

contains contributions from both Kellman-type basis states. Therefore, we conclude

that the separability of V2 is not rigorous above 2000 cm- 1 , and assignment schemes

based on visual inspection of the 3D wavefunctions will be impractical.

To quantify the contributions from different Kellman-type basis states to each

vibrational eigenstate, we transform our complete normal-mode Hamiltonian defined

in Eq. (8.1) into a Hamiltonian in a new Kellman basis. The new basis takes into

account the two most prominent vibrational features of the C state, i.e. strong in-

teractions between vi and v3 and a double-well in the q3 coordinate. The bending

mode V2 is completely separable from the two stretching modes in the Kellman basis.

In this work, the Kellman basis states are constructed via partial diagonalization of

the original normal-mode Hamiltonian. Specifically, all the terms in Table 8.4 that

involve interaction between v2 and the other two modes are set to zero (e.g. # 2 33,

0122, #2233 etc.), which results in a new Hamiltonian, Ht. A basis transformation,

Vt, between the harmonic basis states and our Kellman basis states is obtained by

diagonalizing Ht. The transformed Hamiltonian in the Kellman basis, HK, is given

by

HK Vt 1 HVt, (8.9)

where H is the original Hamiltonian expressed in the harmonic basis. The 0222

and 02222 terms are not set to zero in Ht, thus the intra-mode anharmonicity in

V2 is partially accounted for in our new basis set. Since v2 is rigorously uncoupled

from the other modes in this basis, we can easily assign definite quantum numbers,

(va, v2 , VO)/r, similarly defined as in Section 8.3.1, to the new basis states by visual
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inspection of each basis state wavefunction. Projections of the Kellman basis state

wavefunctions onto the qi-q3 plane are qualitatively similar to those shown in Fig. 8-

2, and the quantum number, v 2 , is obtained by counting the number of nodes along

the q2 coordinate. By diagonalizing the transformed Hamiltonian, we obtain the

composition of each eigenstate as a linear combination of Kellman basis states.

Using this two-step diagonalization method, the 2394 cm- state has the following

basis composition

12394 cm 1 ) = {0.811,0,4), + 0.2 11,4),

- {-0.05 1, 1. 2)r + 0.411, 2, 2)r + 0.2 1, 3, 2)r}

+ 0.210,1,16),r+0.1I2,11, 0)1+--- (8.10)

Equation (8.10) shows that the 2394 cm- 1 state consists primarily of the Kellman

11, 0, 4)r state, with an additional contribution from 11, 2, 2)r, in agreement with the

result of visual deperturbation described earlier. Throughout this work, we use quan-

tum numbers enclosed in parentheses, i.e. (va, V 2 , V3)r/,, to denote the vibrational as-

signment of an eigenstate (based on the dominant vibrational character of the state),

and we reserve kets, i.e. |V,, v2 , 'Vf)r/,, to denote basis states. Occasionally, as in

Eq. (8.10), kets with the vibrational term energy of the state are also used to describe

eigenstates. The presence of the 1, 1, 4), and 11, 3, 2), basis states in the compo-

sition of the 2394 cm 1 eigenstate indicates large intra-mode anharmonicity in v2 .

Recall that intra-mode anharmonicity in v2 has already been partially accounted for

in our Kellman basis by the inclusion of # 2 2 2 and 02 2 2 2 terms in Ht. However, ad-

ditional contributions to v2 anharmonicity arise from other terms omitted from Ht,

such as $112, 0233, etc. The basis states enclosed within each pair of curly brack-

ets in Eq. (8.10) can be considered collectively as an anharmonic Kellman state,

(e.g. 0.8 11, 0, 4)r + 0.211, 1, 4), as an anharmonic 11, 0, 4), state, which we label as

A 11, 0, 4)r, and -0.05 11, 1, 2), + 0.411, 2, 2), + 0.211, 3, 2), as A 11, 2, 2),), just as a

Morse-oscillator eigenstate can be expressed as a linear combination of normal-mode

basis states. Therefore, the 2394 cm- 1 state is largely a linear combination of an-
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harmonic All, 0, 4), and Al1, 2, 2), states, with some small contributions from two

other states from the second line of Eq. (8.10). The projections of A ll, 0, 4), onto

the q-q3 plane clearly remain unchanged from those of the original Kellman 11, 0, 4),

basis, since they only involve contributions from progressions in v2. In addition, for

A 1,0, 4)r the original Kellman basis states within each pair of curly brackets have

the correct relative phases and magnitudes such that the number of nodes along the

q2 direction is zero, despite contribution from 1, 1, 4),. This can be verified by in-

specting the wavefunction of the anharmonic state. A similar argument applies to

Al1, 2,2),. Thus, in AlVa, V2, V,3),, v2 should be taken as an anharmonic quantum

number, while the meanings of v, and v, remain unchanged from those of the orig-

inal Kellman basis. Intra-mode anharmonicity becomes larger for states with more

quanta of excitation in v 2 (compare the partitioning of states in the first and second

pair of curly brackets in Eq. (8.10)). This is not surprising given that the size of

the 112 and 0233 matrix elements, which connect different Kellman basis states that

differ by one quantum of v2 , increase as the quantum number increases.

We must also point out that for the 2394 cm- 1 state, the direct interaction matrix

element between the 11,0, 4), and 11, 2, 2)r states in the transformed Hamiltonian is

small (1 cm- 1 ) compared to the energy difference of the two basis states (~13 cm 1 ).

This means, in order to obtain the mixing coefficients in Eq. (8.10), there must

be an additional strong indirect interaction path between the 11, 0, 4), and 1, 2, 2),

states. In fact, 11, 1, 4)r and 1, 3, 2)r states act as the dominant intermediate states

of the indirect coupling. For example, anharmonicity in v2 connects 1, 0, 4)r with

11, 1, 4),. The matrix element between 11, 1, 4), and 11, 2, 2)r, 44 cm 1 , has appreciable

magnitude. As a result, the 11, 0, 4), and 11, 2, 2)r states interact indirectly via 1, 1, 4),

and similarly via 1, 3, 2)r, or to put it in another way, the anharmonic A 1, 0, 4)r and

A 11, 2, 2), states, which have a larger effective matrix element, interact directly to

give rise to the eigenstate at 2394 cm-1.

Figure 8-6 displays the basis state distributions of the eigenstate at 2394 cm-1

in both normal-mode and Kellman-mode representations. In the normal-mode repre-

sentation shown on the left, basis states within each color-coded cluster belong to one
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Figure 8-6: Basis state distribution of the eigenstate at 2394 cm-' in normal-mode
(left panel) and Kellman-mode (right panel) representations. The vertical axis repre-
sents the squares of the coefficient of a specific basis state. (See text for an explanation
of the ordering of states in the normal-mode representations.)

value of v 2 (color-coded accordingly), and within each cluster, basis states are ordered

according to quantum number v, followed by v3. That means the first cluster con-

tains harmonic basis states with v 2 = 0 arranged in the order of (10, 0, 0) ,I0, 0, 2) ... ),

(11,0,0), 11,0,2) ... ), (12,0,0) ,12, 0,2) ... ). It is clear that the eigenstate character is

more broadly distributed among basis states in the normal-mode representation than

in the Kellman-mode representation. While it is impossible to identify a dominant

basis state in the normal-mode representation, using the Kellman-mode representa-

tion, we are immediately able to identify the presence of two dominant basis states

in the composition of the eigenstate.

In Ref [139], the vibrational eigenstates of the C state were assigned based on

visual inspection of the nodal patterns of the integrated 3D vibrational wavefunctions

in the qi - q3 plane. The effects from the stretch-bend couplings were averaged

over q2 in their assignment scheme. The 2394 cm- 1 state was assigned as a pure

Kellman-type (1,0,4), state (translated into our notation). While this assignment

is nominally correct, our analysis clearly shows that the 2394 cm 1 state also has

appreciable 11, 2, 2)r character. Vibrational assignment based on visual inspection

205

0.7 -0.12



Table 8.12: Estimated vibrational term energies and Franck-Condon factors (fc),
relative to the (0,0) transition, for three states near 2750 cm- 1 , calculated from the
2D internal force field.

Assig. E/cm- 1 fc
(2,O,2)r 2728 26
(1,1,4)r 2750 41
(1,3,2)r 2785 10

of the integrated wavefunction is flawed due to anharmonic interactions involving

v2. In contrast, we must emphasize that the vibrational character of each eigenstate

can be unambiguously identified in our work from the eigenstate composition of the

transformed Hamiltonian in the Kellman basis.

8.4.2 Franck-Condon Interference Effects

Our 2D internal force field, discussed in Section 8.3, provides the first evidence of

Franck-Condon interference effects in the C state of SO 2 . Before presenting a more

quantitative demonstration of the interference effects based on our 3D force field, we

first give a brief discussion of the result from our 2D model. Using a constant W2

frequency of 378 cm- 1 , our 2D force field predicts three states, (1,1,4),, (2,0,2), and

(1,3,2),, near 2750 cm-1, based on the calculated vibrational term energies of the

corresponding states with V 2 = 0 in Table 8.2, e.g. (1,0,2), is predicted at 1651 cm- 1,

which puts (1,3,2)r at 2785 cm- 1 . Given the calculated Franck-Condon intensities

into the three corresponding v2 = 0 levels from the 2D force field (see Fig. 8-2)

and the observed (0, v 2 , 0) Franck-Condon progression 152, 137, 1821, relative Franck-

Condon factors can be estimated for (1,1,4)r, (2,0,2), and (1,3,2),. As can be seen

from Table 8.12, all of the three close-lying levels obtained from the model have large

Franck-Condon factors. However, there is only one strong transtion observed in this

energy region at 2762 cm- 1 [1821. Our Franck-Condon calculation, based on our 3D

force field, also predicts only one strong transition in this energy region, along with

two other much weaker transitions. Therefore, there must be interactions among the
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three Kellman-type levels. The interactions are capable of mixing levels that have

different quanta of excitation in V2, and they are sufficiently strong to cause nearly

complete annihilation of the Franck-Condon intensities to two of the three states.

Using our transformed Hamiltonian in the Kellman basis, the interference effect

can be analyzed in more detail based on our 3D internal force field. The three

eigenstates of interest have the following Kellman basis composition:

12729 cm-1) = {-0.211, 0, 4), + 0.5|1, 1, 4)r + 0.311, 2, 4)}

+ {0.412, 0, 2)r + 0.112, 1, 2)r}

- {-0.311, 2,2)r + 0.411, 3, 2)r + 0.2 1,4,2)} +--

12744 cm- 1) = {-0.06 11,0, 4)r + 0.211, 1, 4)r + 0.0111, 2, 4)r}

+ {0.612, 0, 2)r + 0.212,1, 2)}

+ {-0.2 11,2, 2)r + 0.511, 3, 2)r + 0.3 11,4, 2)} +-

12762 cm- 1) {-0.2 1, 0, 4), + 0.61,1,4)r + 0. 2 11, 2 , 4)}

- {0.612,0, 2)r + 0.112, 1, 2)}

+{-0.0211,2,2),+0.311,3,2)r+0.211,4,2),}+ - (8.11)

As in Eq. (8.10), basis states enclosed in each pair of curly brackets can be consid-

ered collectively as an anharmonic state. The anharmonic A 11, 1, 4)r, A 12,0, 2)r,

and A 11, 3, 2), states account for about 90% of the total composition of the three

eigenstates in Eq. (8.11). Note that basis states in each pair of curly brackets have

consistent relative phases and approximately consistent amplitudes such that the

anharmonic 1/2 quantum number is meaningful. Given that the 2762 cm- 1 state

predominantly consists of Kellman basis states with v2 = 0 or 1, the widely-adopted

assignment of the 2762 cm- 1 state as a normal-mode (1,3,2) level [20, 181, 1821,

based on an apparent (1, n, 2) progression, is incorrect, even when we interpret the

assignment as Kellman (1,3,2),.

To demonstrate the interference effect on the Franck-Condon intensities of the

three eigenstates in Eq. (8.11), we consider only the three anharmonic states, A 11, 1, 4)r
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Table 8.13: Franck-Condon factors, relative to that of the (0,0) transition, calcu-
lated from the three-state interaction model described in the text. The contributions
from each anharmonic Kellman state to the vibrational overlap integral of the three
eigenstate wavefunctions with the X state zero-point level are calculated using the
three-state model, and the results are listed in columns 2-4. Vibrational overlap
integrals and Franck-Condon factors of the three 'eigenstates' in the three-state in-
teraction model are then calculated and listed respectively in the overlap and fc model

column. Franck-Condon factors for the actual eigenstates calculated from a full 3D
calculation are listed in the fc column for comparison. Note that, experimentally,
transitions into the 2762 cm- 1 level are about 200-300 times stronger than transi-
tions into the 2743 cm' level (see Fig. 5 in Ref [133]). The 2730 cm- 1 level has not
been experimentally observed.

A11,1,4),r A 2,0,2), A|1,3,2)r overlap fcmodel fc
12730 cm- 1) 3.1 -2.1 -0.8 0.2 0.04 0.5
12743 cm- 1) -0.4 3.4 -1.6 1.4 1.9 0.4
12762 cm- 1) 3.3 2.6 1.2 7.1 50 82

A 2, 0, 2)r, and A 1, 3, 2)r. The contribution from each anharmonic Kellman state

to the vibrational overlap integral of an eigenstate in Eq. (8.11) with the X state

zero-point wavefunction is calculated, using the basis transformation matrix, Vt, in

Eq. (8.9). Franck-Condon factors for each 'eigenstate' in the three-state interaction

model can then be calculated and these are summarized in Table 8.13. Our three-

state model indeed reproduces the experimental observation that there is only one

strong transition at 2762 cm-. Vibrational overlap integrals of the three anharmonic

states combine constructively for the 2762 cm- eigenstate, but almost perfectly can-

cel for the other two eigenstates. This causes near-annihilation of Franck-Condon

intensity in two of the three states and an enhancement for the third state. Such

Franck-Condon interference effects are prevalent for vibrational levels above 2500

cm- 1 . This indicates a serious breakdown of the assumption of separability of the

bending motion from the other two strongly interacting motions, especially for states

above 2500 cm- 1. The Kellman basis states are no longer sufficient to describe the

dynamics in this energy region. Interference effects like these suggest the emergence

of a new class of zero-order state. Decoding the new dynamics poses an interesting

challenge for future work. In Tables 8.5 and 8.6, we label the eigenstates according to

208



the degree of interaction in the Kellman basis. For some of the levels, no vibrational

assignment can be given, since none of the anharmonic Kellman basis states has

greater than 50% of the character of the eigenstate.

8.4.3 Rotational Information and Vibrational Assignments

Many of our vibrational assignments are confirmed by the magnitude of the exper-

imental rotational constants, especially the A rotational constants. The A constant

increases by -0.02 cm' per quantum of excitation of the bending mode, compared to

-0.003 cm- 1 for v, and v3. Thus, the number of quanta in V2 can be estimated qual-

itatively from v 2 ~ (A, - Ao)/(0.02 cm-'), where Ao=1.1505 cm-' is the A constant

of the C state (0,0,0), level. Here, we demonstrate the use of rotational information

to provide an additional check on the vibrational assignment of the 2762 cm 1 level,

which is discussed in Section 8.4.2.

The level at 2762 cm-' is rotationally perturbed by strong c-axis Coriolis interac-

tions with nearby b2 vibrational levels, leading to large uncertainties in the effective

rotational constants. For example, the effective A constant of the 2762 cm- 1 level

is 1.186 0.044 cm-' (2- uncertainty). This uncertainty is sufficiently large that it

precludes determination of the number of quanta of excitation in V2 . Recently, we

implemented a coherence-converted population transfer in a sensitive, background-

free scheme for millimeter-wave optical double resonance (CCPT-MODR) 1133, 165]

to probe the vibrational levels near the 2762 cm- 1 state, including one dark b2 sym-

metry level, which borrows intensity via the Coriolis interaction. We assigned 16

rotational levels of the dark b2 symmetry level (as well as many additional rotational

levels of the 2762 cm' state and 4 rotational levels of an a, symmetry level at 2743

cm-1). This allowed us to deperturb the Coriolis interactions among the three ob-

served vibrational states. The deperturbed A rotational constant of the 2762 cm-1

level is 1.169(7) cm- 1, which indicates that this level effectively has approximately

one quantum of excitation in V2 , in agreement with our analysis in Section 8.4.2 in-

dicating that the 2762 cm- 1 level is predominatly a linear combination of A 11, 1, 4),

and A |2, 0, 2)r, with a smaller contribution from A 11, 3, 2),. The magnitude of the
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newly derived A constant helps us to rule out the original vibrational assignment of

this state as (1,3,2) [20, 181, 182], which should have an A constant close to 1.20

cm-.

We can compare the rotational constants of the three states studied in the CCPT-

MODR experiments to our calculated rotational constants (see Table 8.14). Note that

the three states are labeled according to the notations used in our CCPT-MODR pa-

per on the C state [133], where the label 'B' is given for the Franck-Condon bright

state at 2762 cm-1 and 'P' for the two Franck-Condon dark perturbing eigenstates.

The subscripts indicate the vibrational symmetry of the levels. The calculated A con-

stant for the 2762 cm-1 (Bai) level in Table VII falls very close to the 2- uncertainty

of the experimentally derived value, which supports the accuracy of our eigenstate

expansion. The experimental and calculated A constants for the 2753 cm-' (Pb2 )

level suggest v2 =0, consistent with the vibrational assignment (1,0,5)r.

Note that only the first eight b2 vibrational symmetry levels have been experi-

mentally observed in the IR-UV double resonance experiment [1311. This means that

there is a large energy gap between the last observed b2 level at 1595 cm- 1 and this

level at 2753 cm-1. However, we believe that we match the eigenstate correctly be-

cause, according to our calculation, there are only four b2 symmetry levels between

2700 cm-1 and 2800 cm- 1, and only one of these has no excitation in V2. The other

three levels have at least two quanta in v 2. Using this eigenstate assignment, the

calculated Coriolis matrix element, t1 , between the Ba and Pb2 levels in Table 8.14

agrees with the experimental value. The assignment of the other a, level at 2743

cm- 1 is less certain, given that there are two calculated a, levels in the small energy

region, 2740-2745 cm-. In addition, only four rotational term energies belonging

to this level have been observed 11331, resulting in large uncertainty in its molecular

constants. However, the Pai level most likely corresponds to the calculated level at

2744.5 cm-- in Table 8.5 because, using this assignment, the calculated value of the

Coriolis matrix element is in better agreement with the experimental value. In addi-

tion, the experimental A rotational constant of the Pai level, although not precisely

determined, indicates moderate excitation in V2, allowing us to rule out the (0,6,2),
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Table 8.14: Calculated (A,) and experimentally derived (A.) rotational A constants
and Coriolis matrix elements of three states near 2762 cm- 1 observed in MODR study.
For convenience, each state is given the label assigned in Ref [133].

E/cm- 1  Assig. A/cm- 1 [132] Ac/cm- 1

Bai 2762 1.169(7) 1.159
Pb 2 2753 (1,0,5), 1.1410(10) 1.1388
Pai 2743 1.09(10) 1.18

Exp./cm- 1  Cal./cm-1
tl(Bai, Pb2 ) 0.43(4) 0.45
tl(Pb2 , Pa1 ) 0.15(4) 0.19

level predicted at 2741 cm- 1 (Table 8.5), which has substantial excitation in v2 . How-

ever, due to ambiguity in eigenstate assignment for the observed state at 2743 cm-1,

the observed Pa level in Table 8.14 is not included in our fit.

Above 3000 cm-', very few vibrational levels of the C state have been observed

in the high-resolution LIF study from Yamanouchi et al. [182], because of predisso-

ciation. Moreover, vibrational level density in the 3000-4000 cm-- region is twice

that between 2000-3000 cm-'. However, we believe that the vibrational assignments

that are listed for the nine observed levels between 3000-4000 cm-' (Table 8.5) are

correct, because the assigned v 2 quantum numbers of those levels are consistent with

the magnitudes of the experimental A rotational constants. We emphasize that the

assignment scheme developed in this work provides unambiguous vibrational assign-

ments to an unprecedented number of the C state levels, all consistent with available

rotational information.

8.4.4 The Coriolis Effects in the C state of SO 2

As recognized in earlier studies of the SO 2 C state [22, 62, 70, 182], the C rotational

constants are severely perturbed by c-axis Coriolis interactions between v2 and v 3

(more precisely, v,3, due to Fermi-133 resonance). However, accurate deperturbation

had been impossible until the recent direct observation of b 2 vibrational levels [131,

133]. In this section, we present level-specific Coriolis interaction strengths derived
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from our force field, and we analyze how the double-well structure of the PES leads

to specific diagnostic patterns of Coriolis interactions in the C state.

First, we discuss the calculated rotational constants in Table 8.7, in particular

the C rotational constants. The Coriolis contributions to the values of the Coriolis-

perturbed C rotational constants are listed in the CCor column of Table 8.7. It is

obvious that Coriolis contributions are significant (in some cases, 50% contribution) to

the values of the C constants of the majority of vibrational levels. In addition, the sign

of the Coriolis contribution indicates the relative locations of the interacting states [62,

70, 182]. A positive (negative) Coriolis contribution to the C constant indicates

that an interacting level lies below (above) the level of interest. The calculated C,

constants agree well with the experimentally derived ones, except in the case of a

few close-lying Coriolis-interacting pairs of levels. For example, the calculated C

constants for the (0,0,4)r, and (0,1,3)r levels, whose vibrational origins are separated

by only 7 cm- 1, differ from the experimentally derived values by 0.03 cm- 1. Note

that the Coriolis contribution to the C constants of these strongly perturbed levels

is about 30-40%. It is not surprising that our nondegenerate perturbation treatment

of the Coriolis interactions (Eq. (8.6)) fails for those close-lying levels.

The calculated A, B, and Cdp rotational constants, and the Coriolis matrix ele-

ments between vibrational levels calculated from Eq. (8.8) (Table 8.10), can be com-

pared directly with deperturbed rotational constants and Coriolis matrix elements

reported in the first paper of this series [1311. For some levels, deperturbed C con-

stants are not available from the experiment, because the Coriolis-interacting states

are distant in energy and Coriolis deperturbation is not possible without observa-

tions of high-J levels. The agreement between the experiment and our calculation

is good for most cases, considering that it is unclear whether the experimentally de-

rived values are fully deperturbed. (Due to lack of high- J data points for most of the

observed vibrational levels, approximations must be made in the Coriolis fit [131], in

order to reduce correlations among the fit parameters. However, the general agree-

ment between the experimental and calculated values supports the validity of these

approximations.) As can be seen in Table 8.10, the calculated and experimental Cori-
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olis matrix elements are both smaller than the harmonic predictions by ~20-50%. In

the first part of this series [131], this decrease in the effective Coriolis interactions

is explained in terms of anharmonic effects (Fermi-133 and Darling-Dennison-1133).

Our calculated Coriolis matrix elements, which explicitly take into account anhar-

monic effects in the C state vibrational levels, successfully reproduce this decrease in

the effective Coriolis interactions due to anharmonic interactions.

Just as Fermi-133 resonance is unusual in symmetric triatomic molecules, strong

Coriolis mixing between the bending (v2) and antisymmetric stretching (v3) modes is

also unusual, because the V2 and v3 modes are not typically close in frequency. These

resonances occur in the C state of S02 because the double-well dramatically depresses

the effective V3 frequency. To demonstrate the structure of Coriolis interactions in

the C state of SO 2 , the rotationless Coriolis mixing angles between the two states in

question, defined as I, where AE is the energy difference between the band-origins

of the two states, are displayed in Fig. 8-7. The mixing angles, which measure the

extent of Coriolis interactions, are taken to be positive and are color-coded in Fig. 8-

7. In the absence of indirect higher-order interaction, a, vibrational symmetry levels

interact only with b2 symmetry levels via Coriolis interaction.

In Fig. 8-7, Coriolis-interacting states are grouped together to indicate that they

form a Coriolis polyad (designated by a polyad label, P, where n = v 2 + v,). Vibra-

tional levels within each Coriolis polyad interact strongly, while inter-polyad interac-

tions are much weaker. Note that even if our assignments are based on Kellman's

semiclassical assignment scheme, the selection rule for Coriolis interactions appears

to be very similar in form to the harmonic selection rule. In the harmonic case, when

v2 and v3 have similar frequencies, (0, v 2 , v3 -1) and (0, v 2 + 1, v 3) are a pair of Coriolis

interacting states, while in our assignment scheme, (0, V2 , 'Vo - 1)r and (0, V 2 + 1, 'V/)r

are strongly Coriolis interacting (when vo > 1). For levels that lie below 1600 cm- 1

in the C state, where all of the a, and b2 symmetry levels have been experimentally

observed, this selection rule seems to be obeyed and the Coriolis polyads are formed

based on this selection rule, as is schematically displayed in Fig. 8-7.

Note that the mixing-angles of pairs of levels in the P1-P polyads in Fig. 8-
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P, P2  P3  P4  P5

(0,,1)r (0,0,2)r (0,0,3)r (0,0,4)r (0,0,5)r
212 cm-1  561 cm-1  891 cm-1  1245 cm-1  1596 cm-1

I I I I I
(0,1,0)r (0,1,1)r (0,1,2)r (0,1,3)r (0,1,4)r
378 cm-1  582 cm-1  932 cm-1  1252 cm-1  1604 cm-1

I I I I
(0,2,O)r (0,2,1)r (0,2,2)r (0,2,3)r
752 cm-1  949 cm-1  1300 cm 1  (1612 cm-1)

t1IAiE I I I
(0,3,0)r (0,3,1)r (0,3,2)r
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*0.03-0.05 1 I
(0,4,0)r (0,4,1)r
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Figure 8-7: Formation of Coriolis polyads. Note that energies of the vibrational states
increase from left to right and from top to bottom. The lines between different pairs
of states are drawn with different color and width, in order to depict the magnitude
of the rotationless Coriolis mixing angle. Strongly interacting states forming a polyad
(designated by the polyad number, P) are grouped together. The calculated vibra-
tional term energies are used for levels not observed experimentally and are enclosed
in parentheses.
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7 seem to develop an alternating pattern, e.g. the mixing angle of the (0, v 2 , O)-

(0, v 2 + 1, V, - 1) pair does not increase monotonically as v3 increases, and the mixing

angle between the a1 and b 2 symmetry levels within a P, polyad oscillates as one

moves down the P, column in Fig. 8-7. As is evident from Table 8.10, both the

experiment and the calculation based on our force field show that the Coriolis matrix

elements, ti, are similar in this energy region. Thus, the variation in the mixing

angles in Fig. 8-7 is mostly due to the variation of the energy difference between the

two states in question. The alternating pattern in the Coriolis mixing angle is in

fact a manifestation of the effects of the double-well on the PES on the rotational

structure of the molecule.

To see how the double-well structure leads to the alternating pattern, we define

the effective iu3 frequency of the (0, V 2 , V,3), level as the energy difference between the

(0, V 2 , vf), and (0, V 2 , V3 + 1), levels. Similarly, the effective v2 frequency of (0, V 2 , V,),

is the energy difference between (0, v 2 , v,), and (0, V2 + 1, VO),. The effective v2 fre-

quency is approximately a constant (~ 377 cm-'). Due to the double-well structure

of the PES, the magnitude of the effective v frequency alternates as a function of

o, as can be seen in Fig. 8-8. The effective v3 frequency of (0, v 2 , V3), is larger than

that of (0, du, vo + 1), if v,3 is odd, and it is smaller than that of (0, v, ,o3 + 1), if vo

is even. Given this alternating pattern in the effective V,3 frequency, the alternations

in the mixing angles down each of the P2-P polyad columns in Fig. 8-7 can be ex-

plained. Similar arguments are applicable to the oscillating patterns across each row

in Fig. 8-7. As shown here, the staggering in the vibrational energy spacings results

in an alternation in the degree of Coriolis interactions between levels in the P1-P

polyads.

8.4.5 The Zigzag Patterns in the C Rotational Constants

The alternating patterns in the Coriolis mixing angles shown in Fig. 8-7 are manifest

as zigzag patterns in the C, rotational constants (the Coriolis-perturbed C rotational

constants). In Fig. 8-9, values of the experimental effective C, constants [131, 182]

of levels in the (0, 0, v,3) and (0, 1, v,3) progressions are plotted as a function of v,3 .
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Figure 8-8: The effective v,3 frequency in the (0, 0, v,) and (0, 1, v6) progressions.
The dotted line at the top of the figure shows the approximate magnitude of the v 2

frequency.
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Figure 8-9: Values of the experimental perturbed C rotational constants [131, 182]
of levels in the (0, 0, v,3) and (0, 1, v3) progressions, with vf3 > 1. The dashed line

indicates the value of the C constant of the zero-point level, COOO=0.2654 cm- 1 .
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It is evident that the Cp rotational constants in both progressions follow a zigzag

trend. The C constant of the zero-point level (COOO) is used as a reference for the

CP constants in Fig. 8-9. Given that the Coriolis contribution to the C constants

outweighs the corrections from other contributions by an order of magnitude (with

the exception of the (0, 0, 1), level), the deviation of the Cp constant of a specific

vibrational level from COOO gives information about the mixing angle between that

level and its Coriolis-interacting levels.

The C, rotational constants of levels in the (0, 0, v,) progression (?, 5 5) are

all smaller than COOO, since all of the Coriolis-interacting partners of those levels lie

higher in energy. The zigzag pattern arises from oscillations in the magnitudes of the

Coriolis mixing angles between the (0, 0, v,) an (0, 1, v, - 1) levels as v, increases (see

Fig. 8-7). Note that the deviations of the C, constants from Cooo match the trend in

the mixing angles between the (0, 0, v1) and (0, 1, v1 -1) levels in Fig. 8-7, i.e. a larger

mixing angle leads to a larger deviation. The C, rotational constants of levels in the

(0, 1, v,) progression (vo < 4) oscillate around the value of COOO, because levels in this

progression are affected by two competing Coriolis interactions with (0, 0, v'3 + 1) and

(0, 2, v1 - 1) levels. The two resulting mixing angles are not equal and their relative

magnitudes alternate as v3 increases (see Fig. 8-7). Consequently, the Cp constants

of levels in the (0, 1, v,3 ) progression (vo < 4) oscillate around the value of Cooo, as o

increases.

We believe that a zigzag trend in the rotational constants of levels in a vibrational

progression is a signature of a double-well on the PES. Similar observations have been

made in other molecular systems with a small barrier on the PES [29, 47, 48j, although

in other molecules, the rotational constants that exhibit the zigzag pattern are not

strongly perturbed by Coriolis interactions, so the deviations of those rotational con-

stants from the usual linear trend is about two or three orders of magnitude smaller

than in the C rotational constants of the C state of SO 2 . Thus, Coriolis interactions

amplify the effect of a double-well structure on the rotational constants.
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8.5 Conclusion

In this work, an internal coordinate force field through quartic terms for the SO 2 C 1B 2

state has been derived. The force field fit incorporates vibrational and rotational in-

formation from two isotopologues of S02 (S1602 and S 802 ), and, in particular, it

includes nine recently measured b 2 symmetry levels of S 160 2 1131, 1331 . The good

agreement between the experimental and calculated values of observables, many of

which are not directly included in the fit, indicates that the force field is physical and

accurate. In particular, the Franck-Condon intensities and the Coriolis-perturbed

effective C rotational constants of highly anharmonic C state vibrational levels are

well reproduced using our force field. The force field, together with our recent direct

observations of b2 vibrational symmetry levels [131, 133], add crucial pieces of infor-

mation to our understanding of the SO 2 '1B 2 system. Key aspects of the dynamics

predicted by the new force field are analyzed.

The assumption of the separability of V2 from the other two strongly Fermi-

interacting modes breaks down for levels that lie >2000 cm- 1 above the C state

zero-point level. Franck-Condon interference effects, due to interactions among states

that have different numbers of quanta of excitation in V2, are found to be prevalent

among the C state vibrational levels above 2500 cm- 1. The presence of interference

effects in this energy region invalidates vibrational assignment based on apparent v 2

progressions. However, using a two-step diagonalization procedure of the vibrational

Hamiltonian, an unprecedented number of C state vibrational levels can now be as-

signed. The vibrational levels are characterized in the Kellman basis, constructed

explicitly via partial diagonalization of the Hamiltonian. Decoding the new classes of

dynamics exhibited by levels above 2500 cm- 1, which are highly mixed even in the

Kellman basis, poses an interesting challenge for future work.

The Coriolis interactions in the C state are modeled in this work using second-

order non-degenerate perturbation theory. Most importantly, we identify a rotational

signature indicating the presence of the double-well structure of the PES. The anoma-

lies in the C rotational constants result from the staggering in the vibrational energy
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spacings, due to the double-well structure.
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Chapter 9

Two-state Interaction Model of the

C2 C 1 9 State

Abstract

The rotation-vibration structure of the C 2 C7 9 state is modeled as results of homoge-
nous interaction between two electronic configurations: l lo222or172 17ri,3a2

and Ilo2- 2 2U217 3171u,17r1. By fitting to the experimental C-state term val-
ues of both C2 and 1 C 2 isotopogues (specifically, J= 1, 5, 10, 15, 20 levels of the
observed vibrational states), we obtain a fit model which quantitatively reproduces
all of the key C-state rotation-vibration features, i.e. rapid and early convergence
in the vibrational energy spacings and rotational constants, and curvatures in the
A 2F(J)/(J + 1/2) vs. (J + 1/2)2 plots. The model Hamiltonian is diagonalized in
both adiabatic and diabatic rovibronic basis sets. We show that the adiabatic basis
is a better representation of the C 2 CF1g system.

9.1 Introduction

The Deslandres-d'Azambujia band system (C1l79 - A1 HU) of the C 2 molecules were

first discovered more than a century ago from the condensed discharge of CO and

CO 2 [44]. Since then, observations of the CFIlg - A1J emissions have been made in

the lab in different experimental conditions, from shock-heating [371 and discharge [2,

46, 67, 108, 135] of various carbon-containing sources (e.g. acetylene), to three-

photon laser dissociation of acetylene, using 193 nm ArF excimer laser [101, 167]. The
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three-photon dissociation process of acetylene has also been shown to be resonantly

enhanced by the Si-S0 acetylene transition [79]. In most of the photochemical and

thermal processes where the C1F 9 - A'H, transitions are observed, the Swan band

emissions (dwg - a3 r) are also typically present. This is expected, because both the

upper and lower states of the two band systems have similar electronic configurations

(differing only in their spin alignments) [8, 27, 28, 115, 1471, and that C1Ig and its

triplet counterpart, d 3 rg, are similar in energy (differing by < 2 eV) [721.

Early spectroscopic analyses of the Deslandres-d'Azambujia band system [46, 67,

89] revealed that the vibrational energy spacings in the C1 Ug state decrease rapidly,

and the rotational constants follow a similar trend. An extrapolation by Herzberg

et. al. [671 led to a dissociation limit at 35900 cm- 1 above the lower A'LUs state (the

absolute position which was not known at that time). Almost immediately after the

publication of Herzberg's analysis, Gero and Schmid [57] questioned the validity of

Herzberg's result, on the basis that rotational levels belonging to the C'Hg state could

be observed several thousands wavenumber higher in energy than the extrapolated

dissociation energy. It was suggested that the presence of extensive homogenous

perturbations in the C 1r1 state could be the origin of the fast and early convergence.

The observation of a new vibrational level of C1 91 by Phillips [135] seemed to support

the hypothesis of Gero and Schmid, although the arguments of Phillips were based

on an incorrect vibrational assignment of the level (which was tentatively assigned as

v = 7, instead of v = 8, as our work suggests). With various accurate measurements

of the dissociation energy of C 2 [23, 90], and knowledge of absolute energies of its

low-lying singlet and triplet states [6, 7], it became obvious that the extrapolated

dissociation energy of C 2 from the C1H9 state by Herzberg was -0.8 eV lower than

the correct value. Ballik and Ramsay [8], drawing analogy to the C 2 d3 rg state,

hypothesized the presence of an avoided crossing between C119 and a higher-lying

illg state. In the absence of the avoided-crossing, the two zero-order 1flg states were

assumed to dissociate, respectively, into C(1 D)+C(1 D) and C( 3P)+C( 3 P) fragment

limits of C 2 . However, as in the analysis of Gero and Schmid [57], no quantitative

treatment of the interactions was provided.
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In the work by Messerle and Krauss 11081, rotational perturbations were observed

in the v = 3-8 levels of the C'17J state at relatively high rotational quantum number

(J > 20). The vibrational level origins and rotational constants of the perturbing

levels were derived, and the perturbers were assigned as the lowest six vibrational

levels of a nearby 1
9 state (denoted by the label, C', in their work), responsible

for the peculiar vibration and rotation structure of the C'I7J state. However, as

we discuss in detail in Section 9.6, the analysis of Messerle and Krauss was based on

incorrect interpretations of curvatures in the observed A 2F(J)/(J+1/2) vs. (J+1/2)2

plot (where A 2F(J) = F(J+1)-F(J-1) is the upper state combination difference of

the Deslandres-d'Azambujia band system). To our knowledge, errors in the analysis

of Messerle and Krauss have not been properly recognized in the literature, and the

incorrectly assigned transition between the C"Ig perturber state and the All7 state

is sometimes referred as the Messerle and Krauss band system of C 2 .

Detailed spectroscopic investigations of the C 2 Deslandres-D'Azambujia band sys-

tem largely came to an end after 1970s. However, as we have pointed out, there remain

a few unresolved problems regarding the upper electronic state of the band. More

recent ab initio calculations [27, 28, 147] confirm the hypothesis of Ballik and Ram-

say [8]. The C1I11 state consists primarily of the same two electronic configurations

that make up the d3w 9 state (see details in Section 9.2), and that the interaction

between the two configurations is strongest at an internuclear distance of -1.5 A.

However, none of the previous studies (both spectroscopic and ab initio) have treated

the two-state interaction model directly, which, we believe, is the key to fully un-

derstand the rotation-vibration structure of the C 2 C1119 state. In addition, the

two-state interaction model provides a framework for more accurate determinations

of the transition probabilities between C and A state rovibrational levels. This is

important in quantitative modelings of the C 2 C1I11 emissions, resulting from various

photochemical and/or thermal processes. Note that, throughout this work, the term,

CiHg, is used to label the upper electronic state of the C 2 Deslandres-D'Azambujia

band, even though the electronic state is more accurately described as a ' 1 1 coupled

system.
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9.2 Theory

The rotation-vibration structure in the upper electronic state of the Deslandres-

D'Azambujia band system is modeled as results of homogenous interactions be-

tween two close-lying single-configuration diabatic 'IHg-symmetry electronic states:

l- 2hr 2o-l 111302 (labeled as state di, with corresponding 14 electronic wave-

function) and lo- 1U222 17i,17I 3a' 171 (labeled as state d2 , with corresponding

(4d electronic wavefunction). The letter, d, in both the state labels and the wave-

functions, indicates diabatic wavefunctions. Both diabatic states are assumed to be

bound. Ab initio calculations of the C'11I state [28, 88, 147] suggest an additional

contribution from a third electronic configuration. In this work, interactions from

other states with either of the two diabatic states are assumed to be negligible. From

ab initio calculations [28, 116, 147], it is clear that the minimum of the di state is

lower in energy than that of the d2 state. The triplet counterpart of the d, state

(i.e. having the same electron configuration as the singlet di, but with parallel spin

alignment for the two unpaired electrons) is also known to have a shorter equilibrium

bond length than the triplet d2 state [8, 27, 28, 72, 116, 147]. In the singlet system

studied in this work, the d, state is assumed to lie lower in energy and have a shorter

equilibrium bond length than d 2.

The two single-configuration diabatic states are orthnormal, and they differ by two

electron-orbitals. As a result, both diagonal (due to the normalization condition) [961

and off-diagonal (due to the assumed electron configurations of the two states) 11421

matrix elements of the - operator (where R is the internuclear distance) are zero

for the two states, that is,

R I = 0 for both i=j andi#j, (9.1)

with the integration carried over the electronic coordinates, r. It must be emphasized

that vanishing off-diagonal matrix element of the 2 operator is the usual requirement

of diabatic states [55, 93, 96, 102, 142, 146]. The two single-configuration states in

this work automatically fulfill such requirement. The importance Eq. (9.1) will be
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discussed in Section 9.2.1 and 9.2.2.

Single-configuration diabatic states are, generally, not eigenstates of the electronic

Hamiltonian, He = Te + Ve (r, R), where Te is the electron kinetic energy and Ve is the

electrostatic potential energy for the nuclei and electrons. The two diabatic states

interact to form adiabatic electronic states, which are eigenstates of He1, via a two-

by-two matrix 193],
E d(R) H f(R) (

1 12 '-'-)(9.2)

He (R) E d(R)

where Ed = (DI He' 14d), and Hel = ('I Hel 1I)),. The diagonal terms of the

matrix, E d and E , are the crossing Born-Oppenheimer (BO) diabatic potential

curves. Both curves are assumed to have the functional form of a Morse potential,

Te + D,[1 - -(R-R,)]2, (9.3)

where Te, De, 3, and Re are the usual Morse potential parameters, characterizing,

respectively, the minimum energy, depth, curvature, and equilibrium bond distance

of the potential. Furthermore, the di and d2 states are assumed to dissociate, re-

spectively, into C('D)+C(D) and C(3P)+C( 3P) limits. In this work, experimental

dissociation energies 172, 84], 71396 cm-' for the C(1 D)+C( 1 D) limit, and 51011 cm-1

for the C( 3P)+C( 3P) limit 1, are used for the two diabatic BO potential curves in

Eq. (9.3). The d2 state is expected to have a relatively shallow well, given that the

electronic origin of the C 1I19 state is at -34000 cm-1, and that the minimum of the

d2 curve is expected to be higher than that of di.

Since the two diabatic states have single-configurations, the electronic coupling

matrix element, H'2 (R), is expected to depend only weakly on R [93]. In this work,

He2 is assumed to be a constant. The eigenvalues of the two-by-two matrix, Ea and

Ea, are the non-crossing BO adiabatic potential curves (the superscript, a, indicates

adiabatic wave functions). The adiabatic states are related to the diabatic states by

'The energy of the C( 3 P)+C( 3P) fragment limit is taken as the sum of the experimental Do value
(6.21 eV) of the 12C 2 X1 E state [72], and the energy of the zero-point level of the 12C 2 X state,
calculated from the molecular constants listed in Ref [72].
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a unitary transformation

I)(r, R) = a(R)I(r, R) + (R)4 (r, R)
1 1 2(9.4)

b(r, R) =3(R) 1 (r, R) - a(R)( (r, R).

The two adiabatic electronic wavefunctions are properly normalized with respect to

the electronic coordinates (i.e. a 2 + 02 = 1). The upper adiabatic state (higher in

energy at all values of R) is labeled as a, (with corresponding wavefunction ba) and

the lower one labeled as a2 (with corresponding wavefunction 'I ). The R-dependence

in the mixing coefficients of the adiabatic wave functions originates largely from the

R-dependence in the energy separation between the two BO diabatic potential curves.

Both diabatic and adiabatic electronic states are obtained within the framework

of BO approximation, which neglects the effect of the nuclear kinetic energy operator,

TN + = h2 [2 2 ,] pr2 [J(J + 1)- Q2] (9.5)

on the electronic wavefunctions. In Eq. (9.5), [1 is the nuclear reduced mass of the

molecule, and Q is the projection of the total angular momentum, J, on the internu-

clear axis. Since the electronic states involved have 1II-symmetry, Q2 = 1 and J > 1

(integer values) [24, 93]. Effects from nuclear spin statistics (which lead to missing

levels, but no level shifts) and A-type doubling (which causes small splittings between

e and f symmetry rotational levels within one vibrational state) are not included in

the calculations. The diagonal contributions of TN can be incorporated directly into

the BO potential curves in either diabatic or adiabatic representation by [24, 93]

Vi(R, J) = Et + ((i1T N i

h2 82 2 8 ~ 2
= 2E i p 8R2 r + 8R 2pR2[JJ+l) -- 1] (9.6)

r, 2 a2 h
=Ei -( ),+ [J(+1)-1],

2p 8R2  2pR2

where Ei and Di are, respectively, the BO potential curve and electronic wavefunction
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of state i in one representation. In Eq. (9.6), the diagonal matrix element of 0

vanishes in both adiabatic and diabatic bases, because both basis wavefunctions are

properly normalized with respect to r [96]. The new potential curve, 14, depending on

the nature of the BO electronic wavefunctions used in Eq. (9.6), can be interpreted

as the effective PEC of state i in that particular representation. The PECs given

by Eq. (9.6) are sometimes referred to as the "the best possible potential curves"

beyond BO approximation [241. For simplicity, adiabatic or diabatic PEC is used,

respectively, to refer to the effective PEC in either adiabatic or diabatic representation

in Eq. (9.6).

We must emphasize that the rovibrational levels of neither the diabatic nor the

adiabatic PEC exactly represent the observed levels. Interaction matrix elements

among zero-order levels must be added to reproduce the observed levels. Zero-order

levels in both representations can interact via the TN operator, due to R-dependence

in the electronic wavefunctions. The resulting off-diagonal matrix element between

the Ivi, J) level of V and the 1v2, J) level of V2 is given by 193]

-16.8576 D2  -2
HI v1,J;2 ,V 2 ,J(cm ) [6amu) (, JIi I 2 kID2)r (A ) V 2 J)AR

p(amu) aR2

-337152(JI ((i I aR D2)r ( ) I V2 J) (A )'p(amu) aR (d R

(9.7)

where 1 ,,) is a vibrational wavefunction from V4, normalized with respect to dR

(instead of R2 dR). Equation (9.7) is applicable in both adiabatic and diabatic repre-

sentations. Furthermore, because diabatic electronic states are not eigenstates of the

electronic Hamiltonian, Hel, diabatic levels from the two diabatic electronic states

also interact via H" (see Section 9.2.2). Treatments of each individual matrix ele-

ments in Eqs. (9.6)-(9.7) are subjects of the following two sections. In particular, we

focus on the approximations that are made in our calculations. Numerical details of

the calculations can be found in Appendix C.1.
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9.2.1 Adiabatic representation

Since the adiabatic electronic states, obtained by diagonalizing Eq. (9.2), are as-

sumed to be eigenstates of the electronic Hamiltonian, rovibrational levels of the two

adiabatic electronic states interact only via the TN operator. As can be seen from

Eqs. (9.6) and (9.7), both diagonal and off-diagonal matrix elements involve matrix el-

ements of the derivative operators (a 2 and ), which act on the adiabatic electronic

wavefunction (see in Eq. (9.4)) via R-dependence in the diabatic basis wavefunctions

and that in the mixing coefficients (a and /). For example, the diagonal matrix

element, (,pa I?2 I p), is given by

82 12

( R2  )r = (oa(R),I(r, R) + /(R)4@(r, R) DR2 a(R)1 (r, R) + #(R) (r, R) )

= (aj~ + O/3d I 'I(D + 2oz'(D' + Cet"l + /4"d + 2/1'Dd + oDl

-e 0z + /3/3 + a2 (IC(e'r 3 (~~4) + 2a/3 (dil

aa"e + /3/3",

(9.8)

where single and double prime indicate, respectively, the first and second derivative

of the preceding function with respect to R. Relationships given by Eq. (9.1) are

used to obtain the third line in Eq. (9.8). Without high-level ab initio calculations,

it is not possible to obtain physically meaningful R-dependent expressions for the

matrix elements of the second-derivative operator for the diabatic states, such as

(Dd 1 4"), [24]. However, as pointed by Lewis and Hougen [96], and demonstrated

in Appendix C.2 of the current work, contributions from the second-order derivative

matrix elements are expected to be at least an order of magnitude smaller than the

aa" + /3" term. From those reasons, we assume that

82
(4d 1R 2 02 )T = 0 for both i jand i #j, (9.9)

throughout our calculations in either adiabatic or diabatic representation (discussed

in Section 9.2.2). Other matrix elements relevant to the adiabatic representations are
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listed below without further proof:

a
(5' 1 11), a/3' - Oa (9.10)

OR

(@Il OR2 l@) ~ a3" - a"(9.11)

With the above relationships and the zero-order rovibrational levels in both the upper

and lower adiabatic PECs, eigenvalues of the full molecular Hamiltonian, H"' =

H el + TN, can be obtained.

9.2.2 Diabatic representation

Given Eq. (9.1) and the approximations in Eq. (9.9), both diagonal and off-diagonal

matrix elements of the TN operator vanish in the diabatic basis. However, since

diabatic states are not eigenstates of He", electronic coupling between zero-order

diabatic levels from each diabatic electronic state exists, and it is given by [93]

H1,i,J2,v 2 ,J ( I 1 J| Hv 12 I(D 2G~ (9.12)

He (V1JC2 J)R,

where I (<, J) is a rovibrational level from the diabatic electronic state, i, and He =

He is assumed to be a constant. Note that K$1 Jj$2J>d is the vibrational overlap

integral between two vibrational wavefunctions with total angular momentum, J.

Therefore, the diabatic states are coupled by electrostatic interactions, instead of

nuclear motions. As we have seen from Section 9.2.1, the exact opposite is true for

the adiabatic states.

9.3 Details of the Fit

The full molecular Hamiltonian, expressed in the adiabatic basis, is diagonalized, and

the eigenvalues are fitted to the experimental values. Our fit model involves a total

of seven parameters: three for each diabatic BO Morse potentials and He. Recent ab
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initio work by Sorensen and England [147] provides a reasonable initial guess of the

values of those fit parameters. In this work, J1, 5,10,15, 20 levels are calculated

for both 12C 2 and 13C 2. Since experimentally observed term values are subject to

A-type doubling and nuclear-spin statistics, both of which are not accounted for in

our model, term values obtained from an effective rotational fit to the observed levels

for each vibrational levels are used as inputs to the fit. The effective term values,

F,(J), are given by

Fv(J) = Tv + Bv[J(J + 1) - 1] - Dv[J(J + 1) - 1]2, (9.13)

where To, Be, and Dv are, respectively, the origin, rotational constant, and centrifugal

distortion constant, of the vibrational level, v. The number, 1, in the parentheses

after J(J + 1) reflects the electronic angular momentum of the state (see discussion

of Eq. (9.5)). The experimental term values used in the fit are considered the average

values of the two A-components. Deviations of the average term values from the

observed values are small (typically < 0.5 cm- 1 for J < 20). For 1 2C 2 , we assume

that all the levels reported in Refs [46, 108] belong to the homogenously-coupled

system studied in this work. The nine reported vibrational levels are assumed to be

the lowest nine vibrational levels of the coupled system. The v = 0 - 3 levels of the

13 C2 C'IIg state have also been experimentally observed [2]. However, there are slight

uncertainties in the term values of those levels, because the XE+ state of 1'C 2 have

not been experimentally observed (although v = 0 and 1 levels of the ' 3C 2 A1FI, state

have been observed [1, 2]). Isotopic relations [66] are used to obtain vibrational term

energies of the ' 3 C 2 X state, based on the molecular constants of 12 C2 [721. Isotopic

relations are expected to be quite accurate in reproducing the actual 1 3C 2 vibrational

term energies [661. In our fit, slightly smaller weights are placed on the 13 C2 C-state

term energies (2/3 of the weight of 12 C2 term energies).

The seven parameters obtained from the fit (in the adiabatic representation) are

then used as inputs to calculate J = 1 - 50 rotational levels of 12 C2 , in both adia-

batic and diabatic representations. The results are expected to the same in the two
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Table 9.1: Molecular parameters of the CIH9 coupled system of C 2 , obtained from
a fit using the adiabatic representation. Note that, the dissociation limits of both
diabatic states, given by Te + De, are fixed to the experimental values. Numbers in
the parantheses are la- uncertainties of last digits.

diabatic state Te / cm- 1  De / cm- 1  A- Re/A
di 36,846.1(28) 34550.3(28) 2.9397(18) 1.2444(4)
d2 45,539.7(668) 5471.3(668) 3.5090(327) 1.5839(33)

He / cm- 1  3451.0(605)

representations (within numerical errors of the calculations). The To, Bo, and D,

constants are derived, by Eq. (9.13), for each vibrational state from the calculated

term energies. Those values can be compared to the experimental effective constants

used to generate inputs to the fit. Unfortunately, in most of the earlier work on

the CII state, where effective rotational and centrigual constants of the first nine

vibrational levels were reported [46, 67, 108, 135], the uncertainties on those derived

constants were not included. To have meaningful comparisons between our fit and the

experiments, we re-derive those constants with fit uncertainties, using the available

observed experimental term values. 2 The J = 1 - 20 term values are included in the

fit (beyond which experimental values are not available for most vibrational levels).

The rederived values are not significantly different from the reported values.

9.4 Fit Results

The result of the fit, obtained in the adiabatic representation, is listed in Table 9.1.

The corresponding diabatic and adiabatic PEC's are shown in Fig 9-1. As expected

(see Section 9.2), the minimum of the d, state is lower than that of d2 . The equilibrium

bond lengths of the two states are also similar to the experimental bond lengths of

their respective triplet counterpart states [72], Re = 1.266 A for the triplet counterpart
2 The experimental values of the v = 7 level were not tabulated in Ref [108]. As a result, values of

the Bv and Dv constants of v = 7 derived in Ref [108] are used directly, and the average fit uncertainty
of each constant from all the other re-fitted levels in this work is taken as the fit uncertainty for the
v = 7 level.
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Figure 9-1: Diabatic PECs (dashed lines) and the resulting effective adiabatic PECs

(solid lines).

of dj, and Re = 1.535 A for the triplet counterpart of d2 .3 With a total of sixty-five

fitted energy levels, the average fit residual is -2.3 cm- 1. To further demonstrate

the quality of the fit, the Tv, Be, and Dv constants of the 12 C 2 isotopologues levels

are derived from the calculations, using fit parameters in Table 9.1, and they are

compared with the corresponding experimental values (Fig. 9-2). The quality of the

fit is equally good for the 13C2 levels, which are not shown for simplicity. In this work,

vibrational levels are labeled according to their energy-rank in the two-state coupled

system, i.e. the ith lowest energy vibrational eigenlevel is labeled as the v = i - 1

level. Quantitative agreements between the experiments and our fit demonstrate the

validity of our two-state interaction model.

However, there still seems to some small systematic discrepancy between the ex-

perimental and calculated Bv rotational constants, i.e. the calculation overestimates

Bv at low v, and underestimates Bv at high v (Fig. 9-2c). It is not immediately clear,

3Strictly speaking, the quoted triplet equilibrium bond lengths correspond to the experimental
equilibrium bond lengths of the d37Tg and e 3 

79 states, both of which are results of mixing between
the triplet d, and d2 states. However, as shown in Fig. 5 of Ref [8], the deperturbed diabatic
equilibrium bond lengths are expected to be close to those of the d 3 rg and e 3 7r states.
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which of the approximations that we have made in our fit model contributes the most

to the discrepancy, although we suspect that the systematic error possibly reflects

the limit of the two-state interaction model, i.e. contribution from a third electronic

configuration can be important at large R, as suggested by ab initio studies of the

C 2 C1l-[g state [27, 28, 1471. A successful fitting to a three-state interaction model

requires observations (which are not currently available) of higher-lying levels which

sample the region of crossing between the third electronic configuration and dj.

9.5 Adiabatic vs. Diabatic Representation

Using fit parameters obtained in the adiabatic representation, eigenvalues of the full

molecular Hamiltonian are also calculated in the diabatic representation. The calcu-

lated eigenvalues from the two representations agree with each other (within numerical

errors of the calculations), as shown in Appendix C.3. In this work, rovibrational lev-

els obtained directly from the effective PECs of a given representation are taken as

the zero-order levels of that representation. A specific representation is considered

better, if energy differences between the zero-order levels and the eigenlevels of the

full molecular Hamiltonian are smaller for the system studied. As shown in Fig. 9-3,

it is obvious that for the C 2 system studied in this work, the adiabatic representation

is a much better representation than the diabatic representation. In the diabatic

representation, even the lowest energy vibrational level is significantly perturbed by

higher-lying d2 levels (see Fig. 9-3c). Given that the magnitude of the electrostatic

interaction parameter, He, is greater than the C-state vibrational frequency, and that

the two diabatic curves cross at relatively low energy region of di (around the energy

of the d, v = 6 level), electrostatic interactions strongly perturb the entire set of vi-

brational levels of both diabatic electronic states. In fact, for v > 5 vibrational levels,

the eigenstates are highly mixed in the diabatic representation, and it is not possible

to pick out dominant diabatic basis states for those eigenstates. In comparison, the

lowest nine vibrational levels are minimally perturbed in the adiabatic representation

(Fig. 9-3b).
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Given that each observed C-state levels consists predominantly of a single a2

rovibrational basis state, many of the observed C-state rotation-vibration features

can be understood from the shape of the a 2 PEC (Fig 9-1). The d, - d2 electrostatic

interaction results in a hump on the a 2 PEC at R ~ 1.5 A, which lies well below the

energy of the first dissociation limit of C 2 . The hump mimics the situation in which

the molecule approaches the dissociation limit, and consequently leads to rapid and

early convergence of the vibrational energy spacings and rotational constants.

9.6 Curvatures in the A 2F(J) Plot

The combination difference, A2F(J), can be used to graphically determine the B,

and D, rotational constants of a vibrational level. For a non-rigid rotor given by

Eq. (9.13),

A 2F(J)/(J + 1/2) = (4B, + 2D,) - 8D,(J + 1/2)2. (9.14)

By plotting A 2F(J)/(J + 1/2) against (J + 1/2)2 (referred as the A2F(J) plot), one

obtains a straight line slightly inclined towards the horizontal axis [66]. D, can be

determined from the slope of the plot, and B, from the vertical-intercept, 4B, + 2D,.

' Higher-order corrections to Eq. (9.13) (e.g. Hv[J(J + 1)]3) are not excepted to

significantly alter the A2F(J) plot, given that Hv is typically 5-6 orders of magnitude

smaller than Dv. Significant deviations from a straight line in the A 2F(J) plot are

indications of perturbations, which were observed in the A 2F(J) plots of v = 3 - 8

levels of the C 2 C11g state, as shown specifically for the observed v = 5 level in

Fig. 9-4 (reproduced from Ref [108]).

In the work of Messerle and Krauss [1081, the first part of the A 2F(J) plot in

Fig. 9-4 (prior to the location of an apparent change of slope at around J = 35) was

assigned exclusively to the C-state v = 5 level, and the later part exclusively to the

perturbing C'-state v = 2 level. The assigned C-state level has different rotational

4 Equation (9.14) differs slightly from the usual expression of A 2 F(J)/(J + 1/2) = (4Bv - 6Dv) -
8Dv(J + 1/2)2, which is strictly valid only for a 1E state. The numbers, 1, in the rotational term
expression of a 11I state, given by Eq. (9.13), lead to the slight modification.
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constants than the perturbing C'-state level, because the two parts in the A 2F(J) plot

have different slopes and -vertical-intercepts (extrapolation was needed to determine

the vertical-intercept of the latter half of the plot). However, these assignments lead

to an unphysical situation where the vibronic characters of the observed rotational

levels change abruptly at the crossing point (J = 35) of the two interacting vibrational

states, which, for some reason, did not result in an avoided-crossing. In addition, each

of the C-state v = 3 - 8 levels interacts only locally with one closest-lying C'-state

level (v = 0 - 5), i.e. the C-state v = n level is perturbed only by the C'-state

v = n - 3 level (where n > 3), and the two interacting levels typically lie within 10

cm- 1 of each other. In order for the interaction to remain local, each pair of C - C'

level interactions must be small. However, small local interactions are not expected

to result in large and extensive perturbations, as observed in the C-state (e.g. rapid

and early convergence in the vibrational energy spacings, well below the dissociation

limit).

We believe that the analysis of Messerle and Krauss was based on incorrect in-

terpretations of the observed A 2F(J) plots, which are well reproduced from our fit

model (Fig. 9-5). For v = 0 - 2 levels, where no obvious perturbations were observed

experimentally, the calculated A 2F(J) plot (shown explicitly for the v = 0 level in

Fig. 9-5a) is close to a straight line. For higher-lying levels, where apparent changes of

slopes were observed in the experimental A 2F(J) plots, the calculated A 2F(J) plot

(shown explicitly for the v = 5 level in Fig. 9-5b, which can be compared to Fig. 9-4)

is curved. We must point out that there is not a clear and definitive turning point in

each of the calculated IA 2F(J) plot. A clear separation of the observed A 2F(J) plot

into two distinct sections in Ref [108] was most likely an artifact of limited resolution

and finite accuracy of the experimental measurements, i.e. the curved A 2F(J) plot

was interpreted as having two different slopes. Curvatures in the A 2F(J) plot corre-

spond to an apparent change in the value of Bv and D, as a function of J, which was

the basis of the deperturbation method in Ref [108].

Features in the A2F(J) plots can be understood in the diabatic representation,

based on perturbation theory. For example, the zero-order d, v = 5 level (vd = 5,
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highlighted in bold in Fig. 9-6a), which is the dominant basis state for the observed

v = 5 level, has no curvature in its A 2F(J) plot (Fig. 9-6b). All of the d 2 perturbing

levels of vd = 5 are higher in energy, and they also have much smaller B rotational

constants than vd = 5. The energy separations between v = 5 and its perturbers

decrease as J increases. Consequently, higher J levels of v = 5 are pushed down in

energy more than the lower J levels. The overall B rotational constant (related to

the vertical intercept of the A 2F(J) plot) of the observed v = 5 level becomes smaller

than that of vd = 5, and the A2F(J) plot of the observed v = 5 level is curved.

9.7 Conclusion

In this work, the rotation-vibration structure of the C 2 C1III state is modeled as

results of interactions between two diabatic electronic states. Our fit model success-

fully reproduces the experimental C-state rovibrational levels of 12 C 2 and "C 2 , using

both adiabatic and diabatic representations. We are able to show that, for the C2

system studied in this work, the energies of the zero-order adiabatic basis states are

much closer to the energies of the observed eigenstates, compared to the diabatic

basis states.

The peculiar rotation-vibration features of the C2 C-state can be understood in

our two-state interaction model. The rapid and premature convergence in the vibra-

tional energy spacings and rotational constants are both related to a hump on the

lower adiabatic PEC, which lies well below the energy of the lowest C2 dissociation

limit. The hump is a direct result of electrostatic interactions between the two cross-

ing diabatic electronic states. Curvatures in the A 2F(J) plot, which were interpreted

incorrectly by Messerle and Krauss [108], are reproduced in our calculations. A phys-

ical interpretation of those curvatures is provided in this work, based on perturbation

theory in the diabatic representation.

The small systematic discrepancy in reproducing the observed C-state B, rota-

tional constants from our fit model might be an indication of the limit of our two-state

model. As suggested by recent ab initio calculations of Sorensen and England [147]
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(see Fig. 3 of their work), strong interactions between d, and a third electronic con-

figuration result in a hump on the a, PEC, similar to the one on the lower a2 PEC.

The hump on the a, PEC occurs at around 3000 - 4000 cm-1 above the minimum

of the a, state, which means that vibrational energy spacings of the a, vibrational

levels converge even more rapidly than those of the a 2 levels (and the level spacings

are expected to increase above the hump, before decreasing again as the molecule

approaches the second C 2 dissociation limit). The a, rovibrational levels are also ex-

pected to be predissociated (given small but finite interactions with the surrounding

a 2 continuum levels). Fluorescence quantum yield from those levels are expected to

be low, which renders those states undetectable using fluorescence-based detection

scheme. (In the discussions above, it is assumed that non-adiabatic couplings among

the three adiabatic electronic states (in the three-state interaction picture) are small,

which means that the a, and a 2 rovibrational levels are nearly the eigenstates of the

system.)

We believe that our model provides a framework for more accurate determinations

of the transition probabilities between C'1J9 and A1 H ,, state rovibrational levels. It

is well known that strong electrostatic interactions between two electronic configura-

tions lead to significant R-dependent transition dipole moment between two adiabatic

electronic states, as have been shown specifically for the C 2 C - A transition in Ref

[28]. However, given J-dependence in the diabatic interactions (as discussed in Sec-

tion 9.6), the transition probabilities are also expected to be J-dependent, especially

for v > 2 levels. Accurate determinations of the C - A rovibrational transition prob-

abilities are important in quantitative modelings of the C - A emission spectrum of

C 2 , especially when the C 11 9 C2 molecules are generated with high rotational and

vibrational excitations [79, 101, 167]. High-level quantum chemical calculations of

the electronic transition dipole moments are also required, between the A-state and

each of the two electronic configurations of the C-state.
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Appendix A

Laser-Induced Fluorescence Study of

the S 1 State of Doubly-Substituted

13C Acetylene and Harmonic Force

Field Determination

A.1 The G and F matrix

The G matrix can be determined from

G = Bm-BT, (A.1)

where B transforms Cartesian displacement coordinates (x, y, z-coordinate system

defined in Fig. 7-1) to internal coordinates and m-' is a diagonal inverse mass matrix.

The B matrix, which is the same for all four isotopologues, is given by
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H1,y H1,x H1,2 C1,y C1,x C1,2 C2,y C2,x C2,2 H2,y H2,x H2,2

0 sinO cosO 0 -sinO -cosO 0 0 0 0 0 0 r

0 0 0 0 0 -1 0 0 1 0 0 0 R

B= 0 0 0 0 0 0 0 sinO cos6 0 -sinO -cosO r'

o cosO -sin" 0 -Q sinG 0 1 0 0 0 0 0
T2 r2 r2 rl

0 0 0 0 1 0 0 Q sinG 0 CO sin /
ri r2 r2 r2

1 0 1 0 0 .' 0 0 1 0 0 7-
r2sinG r2sinO T2sinG r2sinO

where Q = "' 1 . r, and r 2 are as defined in Fig. 7-1, and 0 = LCCH. Each row of B corresponds to the transformation
r2 ri

from the Cartesian displacement coordinates to the specific internal coordinate labeled in the last column. The G matrix can

also be directly obtained from a purely geometrical point of view described in 11781. Our refined geometry of the S 1 trans

conformer of acetylene is used in the determination of the G matrix for each isotopologue.The F matrix that should be used

with the G matrix obtained from the B matrix above has the form:



Frr FrR Frr' Fro Frol 0

FrR FRR FrR FRO FRO 0

F Frr' FrR Frr Fr0' Fro 0

Fro FRO Fro, Foo Fool 0

Fr o FRO Fro Fool Foo 0

0 0 0 0 0 Fu

There are no coupling terms between the torsional coordinate and the other internal

coordinates, because only the torsional coordinate includes an out-of-plane motion.

For the same reason, the G matrix is also block-diagonalized into an 1 x1 W4 block

and a 5x5 block.

Note that to obtain the Coriolis constant, g4, from the GF procedure described

in ref [161], the B matrix above needs to be transformed into the principal axis

form. Also, there is a typo in Eq. (4) of ref 1161]. The summation should be from

z = 1 - 4, since there are only four atoms in acetylene, and the superscript should

specify principal axes a, b, and c.
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A.2 Rotational Line Assignments of A-X transition

of 13 C2H2 .

Table A.1: Rotational Line Assignments for VO0.

J P Q R Q Q J R
0 42228.32 21 42232.70
1 42225.99 42230.27 22
2 42221.59 42225.51 42231.98 23 42228.88
3 42219.06 42224.81 42233.55 24 42226.59
4 42216.33 42223.87 a 42235.02 42212.45
5 42213.43 42222.56 42236.33a 42211.41
6 42210.41 42221.03 42237.35 42210.16
7 42207.18 42219.30 42238.25 42208.66
8 42203.79 42217.33 42239.00
9 42215.05 42239.58 42205.10

10 42212.64 42203.00
11 42209.85
12 42206.88
13 42203.60
14 42240.61
15 42239.50 42237.73
16 42238.82 42234.69
17 42237.99 42231.48
18 42237.01 42228.10
19 42224.63
20 42234.35 _1 1_

a Not included in the fit because of large residuals (-0.1 cm- 1).

246



Table A.2: Rotational Line Assignments for V

Hl-ZEE A-ZE fl-ZE
J P Q R Q P Q J R
0 43264.79 22 43267.54
1 43262.50 43266.72 23 43265.46
2 43258.07 43262.02 43268.49 24 43263.20
3 43255.56 43261.22 43270.03 25 43260.73
4 43252.81 43260.19 43271.46 43247.95 26
5 43249.95 43258.94 43272.77 a 27 43255.13
6 43246.86 43257.44 43273.89 43245.67 28
7 43243.70 43255.71 43274.77 43244.26 29 43248.46
8 43240.30 43253.64 43275.52 43242.49
9 43251.38 43276.08 43240.60 43273.15

10 43248.83 43268.97
11 43246.04 a

12 43243.00 a

13 43239.72 a

14 43250.46
15 43245.27
16 43275.42 43239.89
17 43274.58 43270.43
18 43273.61 43267.08
19 43272.34 43263.47
20 43270.90 43259.80
21 43269.29 43255.97

a Blended into a stronger peak nearby.



Table A.3: Rotational Line Assignments for V0

J P Q R Q J R Q Q
0 44284.40 21 44289.01 44222.28 44216.28
1 44282.08 44286.33 22 44287.16 44216.48 44210.93
2 44277.69 44281.57 44288.09 23 44285.16 44210.39 44205.28
3 44275.14 44280.80 44289.63 24 44204.00 44199.33
4 44272.38 44279.78 44291.07 25 44197.34 44193.07
5 44269.53 44278.48 44292.35 26 44190.39 44186.50
6 44266.46 44276.96 44293.49 44264.17 27 44183.15 44179.62
7 44263.26 44275.17 44294.40 28 44172.43
8 44259.88 44273.11 44260.93
9 44256.33 44270.82
10 44252.63 44268.23 44256.84
11 44248.75 44265.40 44254.42
12 44244.69 a 44251.80
13 44240.48 44258.94 44248.89
14 44236.09 a 44245.76
15 44231.52 44251.41 44242.36
16 44226.77 44247.22 44238.70
17 44221.84 44242.79 44234.78
18 44216.74 44238.08 44293.24 44230.55
19 44211.45 44233.10 44291.98 44226.10
20 44205.97 44227.84 44290.55 44221.32

a Doubling of lines observed, possibly due to perturbation. Q(12): 44262.26 and 44262.33; Q(14): 44255.24 and 44255.33.

00



Table A.4: Rotational Line Assignments for 2'1oo.

T -E E - E i - E
J P Q R Q _ R

43558.43
435555.83
43553.06
43550.09
43546.97
43543.66
43540.15
43536.51
43532.62
43528.57
43524.36
43519.94
43515.37
43510.52
43505.54

43562.83
43562.33
43561.52
43560.42
43559.14
43557.57
43555.72
43553.63
43551.25
43548.61
43545.70
43542.52
43539.07
43535.38
43531.34

43522.52
43517.70
43512.60
43507.20

43565.15
43567.07
43568.72
43570.24
43571.62
43572.79
43573.73

43574.46 a

43575.18

43575.45
43574.87

43573.25
43572.15
43570.80

43567.51

43548.13

43545.25
43543.43
43541.34

43533.81
43530.75
43527.48
43523.93
43520.10
43515.99
43511.60
43506.90
43501.95

21
22
23

43565.53
43563.35
43560.89

"Not included in the fit because of large residuals (-0.1 cm- 1).
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Table A.5: Rotational Line Assignments for 20V.

J P Q R Q J Q R Q
0 44601.55 21 44601.95 44531.54

1 44599.20 44603.42 22 44530.73 44599.72 44525.90

2 44594.84 44598.69 44605.13 23 44524.36 44597.35

3 44592.20 44597.91 44606.66 24 44517.72 44594.67 44513.63

4 44589.47 44596.86 44608.00 25 44510.75 44507.08

5 44586.48 44595.51 44609.16 26 44503.52
6 44583.37 44593.85 44610.14 44582.26 27 44495.97 44492.97

7 44580.05 44591.98 44610.94 44580.69
8 44576.54 44589.87 44611.54 44578.89
9 44572.87 44587.43 44611.99 44576.81
10 44569.03 44584.76 44574.49
11 44564.98 44581.76 44571.94
12 44560.74 44578.57
13 44556.33 44575.02 44611.81 44566.07
14 44551.71 44571.23
15 44546.92 44567.17 44610.58 44559.12
16 44541.91 44562.80 44609.66 44555.26
17 44558.17 44608.54 44551.10
18 44531.35 44553.28 44607.21 44546.66
19 44525.76 44548.07 44605.66
20 44519.95 44542.56 44603.90



Table A.6: Rotational Line Assignments for 20Vj.

J P Q R Q
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

45613.85
45611.20
45608.48
45605.46
45602.32
45599.00
45595.47
45591.79
45587.91
45583.83
45579.56
45575.08
45570.44
45565.58
45560.49
45555.26
45549.80

45618.23
45617.67
45616.87
45615.81
45614.42
45612.72
45610.83
45608.66
45606.16
45603.46
45600.38
45597.12
45593.53
45589.68
45585.49
45581.06
45576.33
45571.32
45566.01
45560.43
45554.48
45548.31

45620.55
45622.43
45624.10
45625.63
45626.95
45628.09
45629.10
45629.89
45630.45

45592.47

45586.98

45580.50
45576.87
45572.86
45568.67
45564.18
45559.32
45554.22
45548.79
45543.06
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Appendix B

The Rotation-Vibration Structure of

the SO 2 C 1B2 State Explained by a

New Internal Coordinate Force Field

B.1 Construction of the Matrix Hamiltonian

Given a set of normal-mode force constants and the three parameters that describe

a hump on the PES, a harmonic oscillator basis is used to construct a Hamiltonian

matrix for each isotopologue (in our study, S1602 and S1802. The (rotationless) vi-

brational Hamiltonian matrix, as given in Eq. (8.1), is block-diagonalized into a, and

a b2 symmetry blocks. For the purpose of fitting to the observed energy levels, a di-

mension of around 1800 basis states for each symmetry block is found to be sufficient

for convergence of the eigenvalues. Harmonic oscillator basis states that have diagonal

matrix elements smaller than 21,000 cm- 1 are included in the matrix. However, basis

states with more than 22 quanta in v2 are excluded from the matrix because they are

found to be unnecessary for eigenvalue convergence. Each Hamiltonian matrix (two

for each isotopologue) is then diagonalized to obtain both eigenvalues and eigenvec-

tors. Note that the matrix size necessary for eigenvalue convergence is large, despite

the fact that only the lowest 60 eigenstates of each Hamiltonian are studied in the
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current work. The large size of the basis set is required because the harmonic basis

set is not the most physical or efficient representation of the the C state molecular

system, primarily due to the presence of the double well structure of the PES.

B.2 Semiclassical Interpretations of the Wavefunc-

tions

Based on visual inspection of the wavefunction shapes, the polyads of interest in

Fig. 8-2 seem to exhibit semiclassical dynamics that correspond to the dynamics in

the Zone III on the catastrophe map used in Kellman's work [87, 180]. The wave-

function of the highest member of each polyad for the C state of S02 (see Fig. 8-2)

resembles the wavefunction assigned as 10,141111bc in the first subfigure of Fig. B-1 (al-

beit with opposite pointing direction), while wavefunctions of the lower members of

each polyad in Fig. 8-2 resemble the rest of the wavefunctions in Fig. B-1. Therefore,

the lower members of each Fermi polyad in the C state undergo what Kellman calls

a resonance collective motion. The wavefunctions of those levels open up completely

in the positive qi direction. The highest member of each polyad, (v,, 0, 0)1, is a mix-

ture of normal-mode and resonance collective mode states. The wavefunction of each

highest-energy polyad level has contributions both from resonant collective motions,

with the wavefunction opening up in the negative qi direction, and from normal-

modes, which prevents the wavefunction from completely opening up, in contrast to

the shapes of the wavefunctions of the lower polyad members.

Note that the majority of states within a given polyad in Zone III lie in region

a of the classical polyad phase sphere (hence the subscripts 'IIIa' in the assignments

of those states in Fig. B-1), where semiclassical trajectories of levels in this region

correspond to a resonant collective mode. In the molecular systems Kellman has

studied [871, the [0,141111bc level in Fig. B-1 spans both regions b and c. Trajectories

in region b correspond to a different resonant collective mode (the wavefunction opens

up in the direction opposite to the first resonant collective mode), while trajectories
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in region c correspond to normal stretching mode motion. As a result, the [0,14I111bc

wavefunction has characters of both resonant collective mode and normal-mode wave-

functions.

We emphasize that, while we are using Kellman's assignment scheme, our nota-

tions are slightly different. First, in Kellman's notation, the subscripts indicate both

the zone on the catastrophe map in which the polyad lies and the region on the polyad

phase sphere where the level in question is located. In our notation, this semiclas-

sical information is not included; instead, we give an r or 1 label, which indicates

the direction in which the wavefunction opens. Our intention is to help the reader

visualize the shape of the wavefunction. Second, our notations for the assignments

of the highest member of the polyad differ from Kellman's choice. In his notation,

the level we assign as (3,0,0)1 would be (0,0,6)111c. Aside from the difference in the

subscripts just discussed, the definitions of our quantum numbers differ from those

used by Kellman [871. In Kellman's choice, the quantum numbers for levels that span

both regions b and c are defined with respect to the fixed point b in the polyad phase

sphere shown in Fig. 8-2 1871, while in our choice, the quantum numbers for the same

state are defined with respect to the normal-mode fixed point c, which, in the specific

case of the C state of SO 2 , the fixed point c corresponds to the symmetric stretching

normal-mode. Those two notations should be equally valid, since trajectories in re-

gions b and c are degenerate, as long as one keeps in mind that semiclassically, the

(va, 0, 0), state is a mixture of states in both regions b and c.

B.3 Supplementary Information

B.3.1 Treatment of the rotational constants

Rotational constants of molecules are typically linear functions of vibrational quan-

tum numbers (see Eq. (5) of the paper). The proportionality factors, which are the
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rotation-vibration constants, are given by2 32 4

2B 3(a ) 2 +bi 2 + W F 1/2 2 ,rras I/2

(Si)

where aW = and ( is the Coriolis constant. The first contribution to Eq.

(Si) comes from the mean square displacement of nuclei as a result of vibration, the

second contribution is due to Coriolis interaction, and the last one is related to cubic

anharmonicities of the PES.

However, it is not sufficient to use Eq. (5) alone to calculate the rotational con-

stants of a vibrational level when resonant interactions occur among different modes

of the molecule. As pointed out by earlier studies on the C state of S012 , 7 resonant

interactions are pervasive in the C state. The effects of resonant interactions on the

rotational constants have been treated by Morino et al. 4 by taking a weighted linear

combination of the rotational constants of the interacting levels, where the rotational

constants of each level is derived using Eq. (5), and the weights are the squared coef-

ficients of each interacting basis state in the vibrational eigenstate. In addition, for a

molecule with a shallow double-well on its PES, the rotational constants are known to

follow irregular patterns along the progression of the symmetry-breaking vibrational

mode.31- 33 The irregular patterns could be reproduced by taking a vibration-average

of the rotational Hamiltonian along the symmetry-breaking mode, but in the treat-

ments of Refs [29, 47, 48], the effects from other sources of. anharmonicities were

neglected. In order to take into account both extreme anharmonicity in v3 and the

resonant interactions in the C state of SO 2 , it is necessary to use Eq. (4) to calculate

the rotational constants of a vibrational level of the C state.

B.3.2 The Coriolis contributions to the effective C rotational

constants

Using second-order perturbation theory, the correction to the rotational energy of a

vibrational level, jv), due to the Coriolis interaction term in the molecular Hamilto-
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nian, is given by the general expression of Eq. (6). This energy correction is sensitive

to the energy differences between the levels v and v', where (vj h2 1 v') ' 0. For the V2

fundamental level of the C state of SO 2 , for example, the largest contribution to the

correction of its rotational energy comes from the interaction of the V2 fundamental

level with the v3 fundamental. In the limit of a harmonic PES, where the Coriolis

contribution (second term) in Eq. (Si) is derived, the energy difference between the

two levels is simply given by W2 - W3 . Anharmonicity spoils the goodness of using

W2- w 3 as the energy difference between the two levels (as well as the validity of

using harmonic oscillator basis states to evaluate the matrix element of the h oper-

ator defined in Eq. (7)). The effects from anharmonicity can be taken into account

by using the weighted linear combination approach given in Eq. (4). This approach

works for both A and B rotational constants of the C state of SO 2 . However, for

rotational constants that are perturbed by Coriolis interactions (such as the C rota-

tional constants of the C state), this approach fails when the relative magnitude of

the harmonic frequencies (w) differ from that of the fundamental frequencies (v),

which occurs in the C state of SO 2 due to the presence of the double-well in the q3

direction on the PES. Note that for the harmonic frequencies derived from our force

field, W2 < W3, which would result in a positive Coriolis contribution to the value of

a2 according to Eq. (S1). However, for the actual observed fundamental frequen-

cies, v2 > v3, and the Coriolis contribution should actually be negative. To correctly

calculate the Coriolis contributions to the C rotational constants of the C state, it

is necessary to use the general expression given by Eq. (6) in Section II, where the

actual vibrational eigenenergies and eigenvectors are used. The relative magnitudes

of the harmonic frequencies are irrelevant in deriving both the first and third terms

in Eq. (S1). This is the reason that, for the C state of SO 2 , it is still valid to use the

rotation-vibration constants associated with the A and B rotational constants in Eq.

(4)-(5), despite the presence of a double well on the PES.
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Appendix C

Two-state Interaction Model of the

C2 CIH, State

C.1 Numerical Details of the Calculations

Eigenvalues and normalized eigenvectors of Eq. (9.2) are obtained by numerically

diagonalizing the matrix, at an evenly-spaced grid of R values, 0.8 A < R < 7 A,
with AR = 0.005 A. From the effective PECs, zero-order rovibrational energies and

wavefunctions are obtained numerically from Discrete Variable Representation (DVR)

calculations. The vibrational wavefunctions are normalized, and the first inner lobe

of the wavefunctions is taken to be positive. Depending on the representation, in-

teraction matrix elements among the zero-order levels can be calculated accordingly

(Section 9.2.1 or 9.2.2). In the adiabatic representation, methods of first and second

symmetric derivative are used to numerically evaluate, respectively, the first and sec-

ond derivative of the coefficients of the eigenvectors of the normalized eigenvectors of

Eq. (9.2) with respect to R.

Given a shallow d2 potential well, continuum levels of the d 2 state are relevant in

our calculations. In this work, a steep wall is positioned at the upper R = 7 A limit,

which effectively discretizes the continuum. In the diabatic representation, a total

of 50 vibrational states from the d, state and 500 states from d 2 are included in the

calculation. In the adiabatic representation, a total of 250 vibrational states from the
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Figure C-1: Comparison of the aa" + //" term with the diagonal matrix element of
F2

,R2 ' approximated by Eq. (C.2). The inset provides an zoomed-in view of the -2--
diagonal matrix element.

lower a 2 state and 30 states from the higher a, state are used. The vast majority of

d 2 and a 2 states are the "discretized" continuum states. The final results are found

to converge well, in both representations, with respect to the number of bound and

quasi-continuum states, and the range of R used in the calculations. For example, for

a given level included in the fit, the difference is < 1 cm- 1 between calculation carried

out with Rmax = 7 A and calculation with Rmax = 14 A. Note that the number of d2

states needed for convergence is much larger than that of a2 states. This difference in

the number of required basis states in the two representations is due to the fact that

the adiabatic representation is a better representation of the ' 1I system of C2 than

the diabatic representation, as we show in Section 9.5.

C.2 The Order of Magnitudes of (rDdl 92 <b1)

Lewis and Hougen [96] demonstrated that the matrix element, (Dl b2 kIV), is on the

order of magnitude of 1 A 2 , which corresponds to an overall contribution of ~2-3
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cm 1 to the system. In their work, the diabatic electronic wavefunctions were approx-

imated as Gaussian orbitals which are centered on the nuclei as R changes. A similar

(but slightly different) form of diabatic wavefunctions is used in this work, and the re-

sulting (I@' !2 1D) matrix elements are compared to the remaining aa" +3/" term

in Eq. (9.8). The approximated one-dimensional diabatic electronic wavefunction is

given by

1,Dd) - 1 -e2(z-R/22 + -a2(z+R/2)2 (C.1)

where the parameter, a, characterizes the size of each atomic orbital, z is the electron

coordinate along R, and C = (1+ -1" 2 R2 ). The diabatic wavefunction is properly

normalized with respect to z. The two Gaussian functions in Eq. (C.1) approximate

the two atomic orbitals centered at the nuclei. Given that the typical diameter of an

atom (taken as positions at which the density of the electronic wavefunction decreases

to 1/e of the maximum) is on the order of 1 A, the typical value of the a parameter

is ~ 1.5 A. The diagonal matrix element of the R operator is thus approximated

by
Dd 182 a2(_1 ea2 R2 a2 ea2 R2/2R2 a 2

OR2 r 4(1 + ea 2R 2 /2)2 4 (

which is on the order of 0.1 - 1 2 , in agreement with the result of Lewis and

Hougen [96]. The off-digonal matrix element is expected to have a similar order

of magnitude as the diagonal. In Fig. C-1, the magnitude of the aa" + 3/" term

(obtained from the fit) is compared with that of Eq. (C.2). The diabatic a
2 matrix

element is about two orders of magnitude smaller than the aa" + /3" term. In terms

of overall contributions to the energies of the system (by multiplying each term with

, see Eq. (9.6)), the former contribution is ~1-2 cm- 1, and the latter -50-100

cm-1. In the diabatic representation, the contribution of the 02 matrix element is8R2

also negligible, considering that the electronic coupling factor is >1000 cm-1. This

justifies the approximations given by (9.9), which is applied consistently throughout

the calculations in both representations.
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Figure C-2: Difference in the calculated energy levels using the adiabatic (Eadia) and
diabatic (Edia) representations.

C.3 Agreements between Calculations from the Adi-

abatic and Diabatic Representations

The eigenvalues of the full molecular Hamiltonian should be the same regardless of

representation used in the calculations. For the lowest nine vibrational levels of the

C 2 system, as can be seen from Fig. C-2, calculations based on the two representations

agree with each other within 0.5 cm-1, much less than the average fit residuals (2.3

cm-1). An increase in the R-grid density (AR = 0.005 A -+ AR = 0.0025 A) leads to

a better agreement (-50% reduction in the discrepancy) between calculations from

the two representations. This suggests that numerical errors are likely responsible for

the discrepancy. Calculations in the adiabatic representation, which involve numeri-

cal first and second derivatives (Eqs. (9.6)-(9.8), and (9.10)-(9.11)), are more subject

to the numerical errors, while calculations in the diabatic representation are found

to converge well with respect to AR. In Fig. C-3, the difference in one of the diago-

nal adiabatic matrix elements, ( (Da I4 _LD1), is shown, between calculations withnaladabaicmatixeleens,2pi 2 8aR22rI
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Figure C-3: Difference in !(b r<2D), between calculations with AR = 0.0025A

(E0 .002 5) and AR = 0.005 A (Eo.0 0 5 ), at common R values.

AR = 0.0025 A and AR = 0.005 A. As the R-grid density is doubled, the diagonal

contribution increases by -O.1 cm 1 , which is approximately the amount of improve-

ment in agreement (-0.2 cm-') between calculations from the two representations

for a specific level. In this work, AR = 0.005 A is used as a compromise between

convergence and efficiency of calculation (and fit).
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