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This article reviews laser-spectroscopic studies of the structure, energetics, and dynamics of
processes involving small polyatomic molecules, particularly acetylene (ethyne, C,H,). The
linear, centrosymmetric structure of C,H, is deceptively simple, given that aspects of its optical
spectra and dynamics have proved to be unusually complicated. The article focuses on the
ground electronic state of C,H,, where rovibrational eigenstates are only approximately
described in normal-mode terms, because intramolecular processes (such as anharmonic
mixing, {-type resonances, and Coriolis coupling) introduce extensive global and local
perturbations. These tend to spoil quantum numbers and symmetries that are well-defined
in low-order basis states. Such effects within the rovibrational energy states of C,H, are
systematically characterized, together with dynamical descriptions in terms of polyad models
and insight into photochemical or photophysical processes that may occur at high vibrational
energies, without direct electronic excitation. Time-resolved optical double-resonance spectro-
scopy, probed by ultraviolet-laser-induced fluorescence and pumped by either infrared
absorption or coherent Raman excitation, has proved particularly useful in exploring such
effects in gas-phase C,H,; techniques of this type are discussed in detail, together with other
laser-spectroscopic methods that provide complementary mechanistic information. A closely
related topic concerns the area of optothermal molecular-beam spectroscopy, with particular
emphasis on research by the late Roger E. Miller to whose memory this article is dedicated. Key
publications by Miller and coworkers, in many of which C,H, and its isotopomers play a
central role, are reviewed. These cover the following themes: structure of molecular complexes
and clusters, infrared predissociation spectra, rotational and vibrational energy transfer,
differential scattering, photofragmentation of oriented complexes, superfluid-helium nano-
droplet spectroscopy, aerosols formed in low-temperature diffusion cells, surface scattering
experiments, optically selected mass spectrometry, and characterization of biomolecules.
A unifying issue that links the assorted topics of this article is the role that intramolecular
perturbations can play to enhance (and sometimes suppress) the efficiency of rovibrational
energy transfer in colliding molecules or in molecular complexes and clusters; C,H, and its
isotopomers have been a rich source of insight in this regard, although they continue to pose
challenges to our understanding.
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1. Introduction

Let me start on a sad personal note. This article is occasioned by the untimely death in
November 2005 of Roger Ervin Miller — one of the most talented, skilful, insightful and
determined scientists with whom I have been privileged to share research interests,
heightened by the thrill of facing intellectual and technological challenges that
inevitably occur at the frontiers of molecular physics.

Roger Miller and I first met in mid-1980 when I made a brief visit to the University of
Waterloo, Ontario in his native Canada. It happened to be the day on which the
research group of Giacinto Scoles and Terry Gough was celebrating the completion of
Roger’s PhD thesis. He was already viewed as very special — both as a scientist and as a
person — and he went on to fulfil those early expectations of him. I came to know Roger
better during his highly productive postdoctoral period (1980-1985) with Bob Watts
at the Australian National University, Canberra. During that time, Roger had regular
collaborative interactions with my research group at the University of New South
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Wales in Sydney, 300 km away, before he moved in 1985 to the University of North
Carolina at Chapel Hill where he pursued a remarkable 20-year scientific career [1, 2].

Roger also spent a month or so in Sydney with my research group in 1992, by which
time I had moved to Macquarie University; this resulted eventually in our only joint
paper, on optical double-resonance spectroscopy of the acetylene—argon van der Waals
complex [3]. During his time in Sydney, Roger and I had adjacent offices which
facilitated frequent enthusiastic discussions of his evolving ideas on intermolecular
vibrational energy transfer in photodissociation of van der Waals and H-bonded
complexes [4], his emerging interest in observing pendular states to orient such
complexes [5] and determine their photofragment distributions [6-8], and his plans for
further initiatives in spectroscopy of aerosols in low-temperature diffusion cells [9-13].
Our subsequent encounters were occasional and all too few, alas! I vividly recall a sunny
lunchtime in mid-1995 at the Max-Planck Institut (MPI) fiir Stromungsforschung,
Gottingen, when Roger excitedly explained his key breakthrough with Peter Toennies’s
group that had just unravelled the rotational spectroscopy of molecules in liquid helium
clusters [14, 15]. These were mere glimpses of Roger Miller’s scientific creativity and
imagination. It never occurred to me that there could be a premature end to such
stimulating interchanges, to his wry sense of humour, and to the warmth of his big,
broad smile.

This article, which is intended as a tribute to Roger Miller, reviews an area of
chemical physics in which our respective research interests have run parallel courses: the
use of various forms of laser spectroscopy to study the structure, energetics, and
dynamics of processes involving small polyatomic molecules. The molecule of central
interest in this review is acetylene (ethyne, C,H,) and its isotopomers. Approximately
~15% of the ~200 papers published by Miller and coworkers had acetylene as their
subject [3, 9, 16-49]. Over the last 15 years, acetylene has also been central within
my research group, to many investigations on state-selected collision-induced energy
transfer, optical double-resonance spectroscopy, and related laser instrumentation
[3, 50-69]. This review covers (far from comprehensively) some of the accompanying
research context that provides fascinating insights into molecular processes.

Acetylene is a remarkable molecule, not only because of its pivotal role in carbon
chemistry and the linear, centrosymmetric geometry, H-C=C-H, of its X 'S+ electronic
ground state. This structure of C,H, is deceptively simple, for aspects of its optical
spectra and dynamics have proved to be outstandingly complicated. Various examples
of such complexity will be discussed in this article, as will assorted pathfinding
molecular physics investigations that have focused on C,H, and its isotopomers.

2. The occurrence of acetylene: connections and coincidences

In view of its chemical reactivity, C,H, does not occur naturally on Earth. Since the
early Voyager 1 space mission, it has been known from infrared (IR) spectra to occur at
trace levels (~0.1 ppmv) in some of the Solar System’s outer planets such as Uranus and
Neptune [70]. The recent Cassini-Huygens mission has shown that the atmosphere of
Titan (one of Saturn’s moons) contains ~3 ppmv of C>H, [71], which is understood to
be generated photochemically from a continuous supply of methane that is episodically
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outgassed from Titan’s icy surface [72]. Very recently, the Spitzer Space Telescope has
discovered C,H,, via its cis-bending IR emission band at 13.7 um, in the protoplanetary
disc of a low-mass star at a distance of ~125 pc (~410 light years) [73]; C,H, occurs as a
relatively hot gas (~700 K) along with other molecules (HCN and CO,) that are known
to be precursors for formation of proteins and the DNA purine base, adenine, thereby
suggesting possible origins of life elsewhere.

The original discovery of C,H, is attributed [74] to Edmund Davy (a cousin of the
famous Humphry Davy) in 1836 and its rediscovery in 1860 to P. E. M. Berthelot, who
first named the gas acétylene. C-H» is most readily prepared by the action of water on
calcium carbide (CaC,), which was itself first prepared in 1862 when Friedrich Wéhler
[74] heated an alloy of calcium and zinc with carbon. However, efficient technical
production of CaC,, and hence C,H,, was not realized until 1892, with the independent
use of electric-arc furnaces by a Canadian electrical engineer, Thomas Leopold Willson
[75],7 and French Nobel Laureate, Henri Moissan.i By the turn of the last century,
commercial production of C,H, from CaC, and water had proved superior for lighting,
relative to coal gas and incandescent electric lamps (until durable tungsten-filament
lamps became available in ~1910). C,H, remains useful for illumination in portable,
electricity-free lamps (e.g. in underground mines and caves) and is vital to oxyacetylene
welding, invented in 1903; moreover, catalytic hydrogenation of C,H, is a key process
in the modern petrochemical industry.

As it happened, Willson’s technique for producing CaC, was fortuitous [75]: at the
time of his discovery, he intended to make calcium metal by electrothermal reduction
of lime with anthracite, as part of a new way to produce aluminium, but this yielded
instead an unknown solid substance that reacted with water to generate a flammable
gas. This work was done in Spray, North Carolina within the Willson Aluminium
Company, which ultimately grew into the Union Carbide Company. Willson’s partner
in this venture was James Turner Morehead, whose cotton mill at Spray supplied the
electrical power needed to operate the furnace. Scientific confirmation of the identity
of the unknown solid product and the resulting gas, as CaC, and C,H, respectively,
was provided by Francis P. Venable. Willson, Morehead, and Venable were assisted by
Morchead’s recently graduated son, John Motley Morehead III, and two under-
graduate students, William Rand Kenan Jr. and Thomas Clarke. These are familiar
names within the Department of Chemistry at the University of North Carolina (UNC)
in Chapel Hill, where Venable pursued an illustrious 50-year carcer (including the
Presidency of UNC, 1900-1914) and Morehead and Kenan later became substantial
benefactors.§ Indeed, the three principal Chemistry Department structures at UNC are
named Venable Hall, Kenan Laboratories, and Morehead Building.

It is a coincidence that Roger Miller’s carcer (both at UNC and elsewhere) seems
inextricably connected to earlier events that figure prominently in the scientific and
industrial history of one of his favourite molecules, C,H,. For instance, Chapel Hill, the
site of UNC, is approximately 100 km south-east of Spray (now Eden) — where Willson
and the Moreheads discovered their efficient, cost-effective way to produce CaC,.

tSee also Dictionary of Canadian Biography Online: <http://www.biographi.ca/EN/ShowBio.asp?
Biold=41897>.

iSee <http://nobelprize.org/chemistry/laureates/1906/moissan-bio.html>.

§See <http://www.chem.unc.edu/home_page/history.html>.
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Moreover, Venable’s term at UNC saw its Department of Chemistry rise to a
status that was sufficient to provide facilities and to attract high-quality faculty such as
Miller et al.§

It is also coincidental that, after selling his American patents on CaC, production
in 1893, Willson returned to his native Canada in 1895, to pursue fresh commercial
ventures. He had a mansion, known as Chateau ‘Carbide’ Willson, constructed that
year in Woodstock, Ontario — approximately 50 km south-west of the twin towns of
Kitchener (named Berlin until World War I) and Waterloo, now the site of Roger
Miller’s alma mater, The University of Waterloo (established in 1960).

A final ironical connection underlies Roger Miller’s close association with Gottingen
(e.g. where he undertook his six-month Humboldt Fellowship period in 1995 with
Toennies et al. and developed his interests in liquid helium clusters [14, 15]). It was also
in Gottingen that Friedrich Wohler was Professor from 1836 until 1882 and performed
much significant work, including the preparation of urea from inorganic reagents
(thereby helping demolish the misguided concept of vitalism, which purported to divide
chemistry into separate inorganic and organic regimes) and the first synthesis of CaC,
as a source of C,H,. Roger would have been familiar with the imposing statue of
Wohler, the Wohler-Denkmal, on a direct path between the MPI laboratories in
Bunsenstrasse and the town centre.

3. Spectroscopic complexities of acetylene

3.1. Vibrational levels in the X electronic ground state

In this article, we are primarily concerned with physical processes involving the
electronic ground-state X 'S} manifold of C,H, or of corresponding X manifolds of its
isotopomers: '?C,HD ('=7) *C,H, (IE‘g*), and '*C,D, ('Z{). Herman, Liévin, Vander
Auwera, et al. [76-78] and others [79-81] have compiled an extensive body of
rovibrational spectroscopic information on this subject, including a comprehensive pre-
1998 bibliography on pages 340-364 of [76]. The linear, tetratomic (N =4) structure of
acetylene gives rise to (3N — 5) =7 normal modes of vibration, with fundamental term
energies G, as shown in table 1 for 2C,H,, ¥C,H, and 2C,D, [77]. Corresponding
modes and term energies for 2C,HD are: CH stretch, v, (o), 3335.6lcm™'; CC
stretch, v, (07), 1853.78 cm™'; CD stretch, v; (o), 2583.60cm™"; CCD bend, vy (7),
519.37cm™"; CCH bend, vs (), 678.79 cm ™" [82].

Each of the bending modes (v4 and vs) is doubly degenerate, with respective
vibrational angular momentum quantum numbers, ¢4 and ¢5 (which may have positive
or negative signs). Zero-order basis states for vibrational levels can be labelled as
(V1 Vo V3 VEVE),, where V; designates vibrational quanta in each of the normal
modes (i=1-5) and ¢ is the resultant vibrational angular momentum quantum number,
£ =1{4+ {5 (alternatively designated as k in some of the literature). Moreover, values of
£4 and £5 also need to be explicitly specified whenever V4 and V5 are non-zero. In cases
where ¢4=—{s5 (i.e. £=0), it is also necessary to have a +/— symmetry label
(corresponding to =F/X states, according to an agreed phase convention that follows
the sign of £4) [76, 77].
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Table 1. Vibrational normal modes and fundamental term energies G, (cm™") in the electronic ground

states X ' of ?CyH,, PCoH,, and °C,D, [77).°
Normal mode of vibration 2C,H, 3C,H, 12C,D,
Symmetric CH/D stretch, v, (ang)Jr 3372.85 3347.68 2705.16
CC stretch, v, (ag) 1974.32 1910.67 1764.80
Antisymmetric CH/D stretch, v; (o)) 3294.84 3279.48 2439.24
Symmetric trans CCH/D bend, vy (7r5) 612.87 603.89 511.53
Antisymmetric cis CCH/D bend, vs () 730.33 728.35 538.64

“Elsewhere in this article, isotopic labels are omitted from chemical symbols for most-abundant isotopic
species, such as '2C or 'H.

As internal molecular energy increases, the X manifold of C,H, becomes congested
and rovibrational eigenstates are increasingly affected by vibrational and rotational
perturbations via anharmonic mixing, ¢-resonance effects and Coriolis coupling [76].
Simple normal-mode descriptions are therefore approximate only, as global (homo-
geneous) intramolecular perturbations invariably lead to contributions from other
zero-order basis states, while local perturbations cause more abrupt disturbances at
particular values of rotational quantum number J. Such effects have been taken
into account in systematic compilations of the rovibrational energy states of acetylene
[76, 77], together with advanced dynamical descriptions in terms of polyad models
[83-93] and insight into photochemical or photophysical processes (e.g. isomerization
of C,H, to vinylidene, H,C=C:, for which the barrier exceeds 15000cm ™" [89, 94-98])
that may occur at relatively high, ‘chemically significant’ vibrational energies, even
without direct electronic excitation.

Upper vibrational levels for prominent features of IR absorption spectra are said
to be ‘IR bright’. Other vibrational levels that are not directly detected in IR spectra
(or are much less prominent, e.g. only via local perturbations) are said to be ‘IR dark’;
likewise, levels that are prominent in ultraviolet (UV) spectra are said to be ‘UV bright’.
While IR absorption spectroscopy is often unable by itself to provide information on
IR-dark states, complementary techniques can provide alternative views of states with
various degrees of IR darkness and UV brightness in rovibrational manifolds of C,H,.
One such approach is illustrated schematically in figure 1: time-resolved IR-UV double
resonance (IR-UV DR) spectroscopy with laser-induced fluorescence (LIF) detection
[3, 51, 55, 57, 60-69]. 1t is evident that the Franck—Condon factors associated with
the UV PROBE excitation step tend to project out signals from IR-dark/UV-bright
rovibrational states (V, J, K) that have been prepared by the IR PUMP step. Several
other versatile Franck—Condon-assisted detection techniques, including stimulated
emission pumping (SEP) [99-102] and rovibronic dispersed LIF [85-88, 103—105], are
also useful in elucidating the rovibrational manifolds of Co,H,. All of these aspects will
be considered in more detail later in section 5 below.

At this stage, we preview the hierarchy of intramolecular perturbations that can be
characterized in congested (but still discrete) rovibrational manifolds of a small
polyatomic molecule such as C,H,. For the purpose of this article, these levels of
perturbation are arranged in classes, designated A, B, C,...as shown in table 2 for
rovibrational levels in the X lEg electronic ground state of '>C,H,. Class A comprises
the primitive normal-mode description, as discussed above, where the label
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Figure 1. [Colour online] Excitation scheme for time-resolved IR-UV double resonance (IR-UV DR)
spectroscopy of gas-phase C,H, and its isotopomers. A narrowband IR PUMP laser pulse prepares
rovibrational states (V, J, K) (some IR-bright/UV-dark, denoted by a horizontal solid line, others IR-dark/
UV-bright, denoted by a horizontal dashed line) and a narrowband UV PROBE laser pulse interrogates the
rovibrational manifold, with laser-induced fluorescence (LIF) detection.

(Vi Va V3 VE VE)L specifies quantum numbers that are all well-defined or ‘good’. This
description typically includes diagonal anharmonicities (e.g. as represented by a set of
Morse oscillators) and serves as a basis for more highly perturbed classes. In Class B,
off-diagonal anharmonic perturbations (e.g. Fermi-type and Darling—Dennison
coupling, also ¢-resonances that are diagonal in ¢) combine to spoil Vi, Vo, Vi, Vg,
L4, Vs, and £5 as good quantum numbers; this results in a {ng, 1, £, g/ut, +/—} polyad-
model description [76, 77, 83-93], as explained more fully in section 3.2 below. Entries
in the six right-hand columns of table 2 are identical for both Class A and Class B; these
show correlations between rotational quantum number J (even or odd), point-group
symmetry label (g/u), vibrational angular momentum quantum number ¢, +/— or ¢/f
parity labels, a/s nuclear-spin symmetry labels, and corresponding statistical weights.
It should be noted that the +/— label applies only to X7/X states (for which £=0),
whereas the corresponding e/f labels apply to £-doubled I1, A, @,...states (for which
£=1,2,3,...) [106]; in the £=0 limit, e levels are thus equivalent to " and f levels
to X7. Note also that nuclear-spin statistical weights vary as s/a=i/(i+ 1) for
pairwise interchange of identical fermions with half-integer i (e.g. s/a=1/3 for '*C,H,
with i=1/2) or as s/a=(i+1)/i for pairwise interchange of identical bosons with



16: 09 21 January 2011

Downl oaded At:

662 B. J. Orr

Table 2. Good quantum numbers in the presence of various classes of intramolecular perturbation for
rovibrational levels in the X IE‘g" electronic ground state of 2C,H,.

Class of perturbation and level description® J° g/u® s +/=°¢ alst we

Class A: Normal-mode description; Even glu =0 + sla 1/3
N V2 VRV, Even glu =0 - als 3/1
V1, Vo, Va, Vi, Ly, Vs, £s are all good) Odd glu £=0 + als 3/1
AND Odd glu =0 - s/a 1/3

Class B: Anharmonic coupling + class A; Even glu £>0 e sla 1/3
{ng, Nyes, £, glu, +/—} (polyad model; Even glu £>0 f als 3/1
Vi, Va, Vi, Vy, Ly, Vs, L5 are spoiled Odd glu £>0 e als 3/1
as good quantum numbers) Odd glu >0 f sla 1/3

Class C: Off-diagonal ¢-resonance + class B; Even glu > e sla 1/3
{ N, Nres, glu, +/—} (€ is spoiled) Even glu o f als 3/1
AND

Class D: Coriolis coupling + class C; Odd glu > e als 3/1
{Nres, glu, +/—} (ng and £ are spoiled) Odd glu o f sla 1/3

“Each class of intramolecular perturbation (designated A, B, C, ..., for the purpose of this article) is listed

together with some descriptive comments, specifying which quantum numbers are spoiled and which
remain well-defined. See text for additional explanation.

"Table entries are arranged according to whether the rotational quantum number J is odd or even.

“Table entries are arranged according to the point-group symmetry of the vibrational state: gerade (g) or
ungerade (u).

9Entries depend on whether the vibrational angular momentum quantum number ¢ is zero (i.e. ¥ states, for
which £=0) or non-zero (i.e. I1, A, ®,...states, for which £=1,2,3,...). A double asterisk (**) indicates
that ¢ is not well defined.

°The +/— parity label applies only to £/X~ vibrational states (for which £ =0), whereas the corresponding
e/f parity labels apply to ¢-doubled I1, A, &, ...states (for which £=1,2,3,...) [106].

The rotational eigenfunction is either symmetric (s) or antisymmetric () to pairwise interchange of identical
H nuclei. The corresponding values of total nuclear-spin quantum number for '>CoH, are /=0 and /=1,
respectively.

ENuclear-spin statistical weights for '?C,H, are in the ratio s:a = 1:3; weights may differ for other symmetric
isotopomers.

integer i (e.g. s/a=2/1 for '?C,D, with i=1). The corresponding total nuclear spins of
2C,H, are I=1 (a) and I=0 (s); for '?C,D», they are I=2 (s), I=1 (a), and I=0 (s).
Such effects lead to the well-known alternation of intensity with J in IR spectra
of >C,H, and '>C,D,, associated with the ortho and para nuclear-spin forms of such
molecules.

Likewise, Class C and Class D perturbations yield identical entries in the six right-
hand columns of table 2. Off-diagonal ¢-resonance and Coriolis perturbations spoil £ as
a good quantum number, with A¢ =42 in the former case (Class C) and A¢ ==+1 in the
latter case (Class D). The polyad pseudo-quantum number 7 is also spoiled by Coriolis
coupling (Class D), so that the only remaining well-defined properties in the case of
Class D are n,., J, M, g/u point-group symmetry, +/— (or e/f) parity, I, and a/s
nuclear-spin symmetry. Such aspects are discussed in more detail in sections 3.3 and
3.4 below.

Finally, quasi-resonant Stark-effect mixing in an applied electric field can cause
further quantum numbers (namely, J as well as g/u, +/—, and e¢/f symmetries) to be
spoiled, so that only n.s, M, I, and a/s nuclear-spin symmetry remain well-defined.
Such perturbations, not specified in table 2, are addressed in section 3.5 below.
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3.2. Anharmonic perturbations in the 4vcy vibrational manifold of C,H,

As an example of some of the rovibrational complexity at high energy in the X manifold
of C,H,, we may consider a region that has vibrational energy G, ~ 12700cm~". This
region, which corresponds to excitation of 4 CH stretching quanta (v; and/or v3) and is
therefore designated as ‘4vcy’, comprises a congested assembly of rovibrational levels
that are strongly perturbed relative to the set of rotating-oscillator zero-order basis
states from which they are derived. The IR absorption band that carries most of the
oscillator strength of the 4vcy manifold is the combination band with the (v; + 3v3)
zero-order label [82, 107-111]. The upper vibrational eigenstate of this band is derived
from the (1 0 3 0° 00)3 > normal-mode basis state, which is estimated [63, 77, 90, 92] at
J=0 to make a major (~71%) contribution with a minor (~21%) contribution from
the (301 0° OO)gEj normal-mode basis state, while other T basis states such as
(0132°0%% and (2112°0%% account for the 8% remainder. This information can
be summarized, together with details of the accompanying (3v; + v3) eigenstate [77, 90],
as follows:

CoHa(vi +303) 25 Gy = 12675.68cm™"; 71%(1 03 0° 0°)¢
+21%3010°0%9% +--- atJ=0. (1)

CHo(3vy +13)Ef; Gy = 13033.29cm™"; 76%(3 0 1 0° 0%)),
+22%(1030°0%% +--- atJ = 0. )

High-energy vibrational properties of C,H, can be equivalently described in either
a normal-mode or a local-mode representation, with local-mode behaviour well
characterized for large-amplitude stretching dynamics [112-116]. The local-mode
designation of the above-mentioned 4vc/(vi + 3v3)/(1030°0%% ¢ sub-manifold
is [0 4 —]. The J=0 level of this IR-bright component of the 4vcy manifold,
(1030° 00)3/[0 4 —]=F, is at 12675.68 em~! (experimental [108]) or 12674.96cm™"
(calculated [90, 92]).

Vibrational states of interest in Co,H, can also be classified in terms of polyads
(alternatively referred to as clusters in some of the literature), using a model introduced
by Kellman et al. [83, 84] who identified a constant of motion based on the approximate
5:3:5:1:1 frequency ratio of the five zero-order normal modes of '*C,H,. The polyad
model can be used globally to describe the vibrational energy pattern of C,H,; this
approach has been extensively implemented by groups such as those of Herman [76, 77,
85, 90, 91, 93] and Field [85-88, 104, 105]. For 2C,H, (and also BC,H,, as it happens
[117]), vibrational manifolds are allocated three pseudo-quantum numbers:
ne=V,+Vo+ V3 Npes=5V1+3Vo+5V3+Va+ Vs, £=4£4+Ls. The functional form
of n. for >C,H, reflects the accidental coincidences in energy between particular
lincar combinations of the three stretching quanta (77, V>, V3) that facilitate
anharmonic coupling resonances throughout its vibrational manifold. For example,
the 12675.68cm ™" (1030°0°)% /[04 —]=} state of '*C,H,, as in equation (1), has n,=4,
s =20, and ¢=1 (with polyad label {ng,n.s, ¢, g/u, +/—}=1{4,20,0,u,+}).
Similar effects arise in other states of the 4vcy manifold, such as that in equation
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Table 3. Term energies G, (cm™") for vibrational states in the electronic ground state X I'sF of 'C,H, that
are assigned to the {4, 20, 0} polyad at 12630-12750 cm™": spectroscopically observed, anharmonic
prediction, and harmonic-oscillator estimate [77, 89].

Polyad label G, (obs.)* G, (anharm.)® G, (harm.)® Predominant
{ng, Nres, £, glu, +/—} /cm’l Jem ™! /cm’l basis states? %¢
{4, 20,0, u, —} - 12631.8 12917.7 04071 1H 85
4,20, 0, g, —} - 12640.1 13035.2 0406°27%° 34
{4, 20,0, u, +} - 12657.9 12895.0 0316°0%° 58
{4, 20,0, g, +} 12671.61 12671.2 13335.4 2020°0%° 52
13179.4 0040°0%° 35
{4, 20,0, u, +} 12675.68 12 674.96 13257.4 (1030°0%° 71
13412.8 (3010°0%° 21
4,20, 0, g, =} - 12684.1 13035.2 040622%° 77
{4, 20,0, g, +} 12710.91 12 685.6 - >4 minor states <25
{4, 20, 0, u, +} - 12709.58 - >5 minor states <20
{4,20,0, g, +} - 12723.9 12973.0 (1306°0%° 50
{4, 20,0, u, +} 12732.79 12728.22 13152.6 0405'37H 28
{4,20,0, g, +} - 12738.8 13035.2 0406 2%° 45
13035.2 0406°27%)° 38
4,20, 0, g, +} - 12747.8 13012.5 0315 17H 34
13162.6 (1122°0%° 32

4Observed values, G, (obs.), are derived from band origins of infrared absorption spectra cited in [77] and [89].

*Predicted values, Gy(anharm.), are based on a global polyad-model fit, incorporating anharmonic
perturbations [77, 89].

¢Zero-order harmonic-oscillator values, G, (harm.), are derived by summing fundamental G, values from
table 1.

dpredominant normal-mode basis state(s) (V1 V> V3 Va™ Vs®)¢ contributing to the polyad-model eigen-
function [77, 89]; details are not given if no basis state exceeds 25% of the polyad-model eigenfunction.

“Percentage of the predominant normal-mode basis state(s) (¥, V5 V3 V4% Vs®)¢ in the polyad eigen-
function [77, 89].

(2), that are IR-bright upper levels for prominent features of the IR absorption spectra
in this region. In the context of table 2, the eigenstates described in equations (1) and (2)
therefore correspond to Class B perturbations.

Table 3 compares G, values for vibrational sub-manifolds of 12C,H, that are assigned
to any (g/u, +/—) component of the {4, 20, 0} polyad with its /=0 level in the range
12630-12750 cm ™" [77, 90]. Where available, the predominant zero-order normal-mode
basis states (V Va V3 Vi V’gS)fE (i.e. Class A, as in table 2) contributing to the polyad-
model cigenstate (i.e. Class B, as in table 2) are tabulated for each entry in table 3, with
their corresponding fractional (%) contribution and three values of term energy G,
(cm_l): spectroscopically observed values of G,; predicted G, values, based on the
polyad model; harmonic-oscillator estimates, based on fundamental G, values from
table 1 [77, 90]. The polyad-model predictions of G, (anharm.) generally agree with
spectroscopically determined G, (obs.) values to within 1 cm™~'. Moreover, values of G,
(anharm.) are typically 200-750 cm ™" less than their G, (harm.) counterparts, estimated
from a relatively crude harmonic-oscillator model (neglecting anharmonic
perturbations).

These homogeneous anharmonic vibrational resonances in '?C,H, apply effectively
in the rovibrational limit of J=0. However, the polyad model [77, 90] also predicts
rotational constants B, estimates of which are in the range 1.150-1.165cm™" for the
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Table 4. Rotational constants B, (em™") and a, (em™") for the fundamental levels V;=1 (i=1-5) in the
X 12;' electronic ground state of '?C,H, [77, 89].

Normal mode of vibration Gy (cm™h B, (cm™) 10° a (cm™")
Symmetric CH/D stretch, v, (a;r) 3372.85 1.1698 6.904
CC stretch, v, (ag) 1974.32 1.1705 6.181
Antisymmetric CH/D stretch, v; (o)) 3294.84 1.1723 5.882
Symmetric trans CCH/D bend, vy (7r5) 612.87 1.1779 —1.3535
Antisymmetric cis CCH/D bend, vs () 730.33 1.1787 —2.2321

states in table 3, so that higher-J levels can also be predicted approximately (provided
that they are not affected by J-dependent local perturbations, as discussed below).
There is a correlation between B, for a given polyad level and the relative amounts of
stretching and bending character in the corresponding basis states: CH or CC stretching
modes tend to yield lower B, than CCH bending modes, for which the relevant
rotation—vibration constants «; (i =1-5) are positive and negative, respectively. Such
effects are illustrated in table 4 for the fundamental levels V;=1 of 'C,H,.

The vibrational energy pattern in '*C,D, can also be organized in terms of a polyad
model [77, 118]. However, the relative magnitudes of fundamental frequencies v;
(i=1-5; see table 1) of C,D, are now significantly distinct from those in 2C,H, and
13C,H.,, so that the pseudo-quantum number 7, equals (V4 + V), with no involvement
of stretching resonances. For C,HD, however, the vibrational energy pattern is much
less extensively perturbed because of the wide energetic separations between zero-order
vibrational levels that could be coupled by the strongest anharmonic interactions,
at least for term energies G, up to ~15000cm ™" [82, 119, 120]. This distinguishes C,HD
from other acetylene isotopomers (such as 2C,H, ¥C,H,, and *C,D,) and provides a
useful, minimally perturbed test bed for rovibrational models that may be subsequently
applicable to complicated dynamics in more highly perturbed molecules [82].

3.3. Local J-dependent anharmonic and (-resonance perturbations

Apart from the homogeneous anharmonic vibrational resonances discussed above,
there may also be local perturbations that become pronounced where rovibrational
sub-manifolds with different rotational constants B, effectively ‘tune’ in and out of
resonance at particular values of J. For the 4vcy manifold of C,H,, such J-dependent
perturbations are evident in its IR absorption spectra [76, 77, 92, 107-111, 121], in
the form of locally perturbed multiplet splittings [92, 107, 108, 110] and anomalously
large collision-induced lineshifts [98, 99] (but not, it seems, pressure broadening
[109, 111, 121] or line intensities [109, 121]). They also yield large cross-sections in
vibrationally mediated photodissociation action spectra [121].

A relatively straightforward example of such J-dependent local perturbations is
provided by simple two-level analysis of the ‘(v3/v, +v4+ vs)’ Fermi-type dyad in the
‘v’ manifold of C,H,, centred at ~3288cm™' [58, 59, 123]. This focuses on two
anharmonically coupled 7 levels with G,=3294.84cm™' and G,=3281.90cm ',
which is labelled (v3/v,+vs+vs); and (v3/v,+ vy + vs)yp, respectively; at J=0, the
perturbed dyad splitting is 12.94cm ™. In the context of table 2, these eigenstates arise
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from Class B perturbations. Deperturbation analysis shows that the zero-order energies
of the relevant (00 10° 0% and (010 1' 171" basis states (i.e. Class A, as in table 2)
with J=0 are 3288.58cm ' and 3288.16cm™!, respectively; this corresponds to a
very small zero-order splitting A =0.42cm ™", a Fermi-type off-diagonal anharmonic-
coupling matrix element Wnparm = 6.47 cm ™", and a mixing parameter (2 Wonharm/A) =
31 [58, 59, 123]. The outcome of the above preliminary approximate two-level
analysis for the (v3/v, 4+ v4 + v5) Fermi-type dyad of CoH, can be summarized as follows
[58, 59, 123]:

CoHa(v3/va + vg 4+ vs) ZF; Gy = 3294.84cm™;

51%(0010° 0% +49%0 101" 17H% + atJ=0; (3)

CoHa(v3/va + vg 4+ vs) 5 Gy = 3281.90em™';

49%(0010°09% +51%0 101" 17)% + atJ=0. )

This situation for C,H, is in marked contrast to the classic case of Fermi resonance

[124] in the ‘(v1/2v,)” dyad of CO, at ~1337cm ™", for which a similar simple two-level
deperturbation analysis yields A =—7.9 em ™!, Weepmi=—51.2cm ™", (2 Wiermi/A) = 13,
resulting in a dyad splitting of 102.78cm™" [58, 59, 125, 126]. The corresponding
summary outcome of the approximate two-level analysis for the (v;/2v,) Fermi dyad of
CO» is as follows [58, 59, 125, 126]:

COy(v1/2v), Zf: Gy =1388.19em™"; 47%(1 0° 0°) +53%(02' 07)} at J =0; (5)

COy(v/2v0) 37 : Gy =1285.41cm™"; 53%(10° 00)) +46%(02° 07) at J = 0. (6)

(Incidentally, it should be noted that the more prominent, upper member of the

v1/2v, Fermi dyad of CO, at G,=1388.19cm ™" actually contains slightly more OCO
bending character than CO symmetric-stretching character; this was conclusively
verified by the Raman intensity measurements of Howard-Lock and Stoicheff [125],
who review earlier suggestions of this seemingly perverse effect.)

The (v3/v2+v4+ vs) Fermi-type dyad of C,H, at J=0, as in equations (3) and (4)
above, corresponds to its {1,5,0,u,+} polyad (i.e. Class B, as in table 2) [77, 90, 105].
(Indeed, the above-mentioned close coincidence of the (00 10° 00)3 and
(0101"171H%5F J=0 basis states of C,H,, together with a substantial Fermi-type
anharmonic stretch-bend interaction parameter K345 =—18.0 em ' [90] or —18.3cm ™!
[105], is a prominent feature of the polyad model itself and intrinsic to the definition
of the pseudo-quantum number 7..) However, the above two-level deperturbation
treatment is oversimplified because there are other vibrational eigenstates with u point-
group symmetry in the same energy region, arising from the following two polyad
components [77, 90, 105]: {1,5,0,u,—} at 3300.64 cm™ !, which is virtually pure
(01017" 12, and {1,5,2,u,e/f} at 3307.71cm™", comprising e- and f-symmetry
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components of the (0 10 1' 1')* A, basis states (recalling that, in the £ =0 limit, e levels
are equivalent to X" and the flevels to £~ [106]).

Complications therefore arise if J>0, because additional contributions from
¢-resonance effects cause (010 1! ll)fg> basis states with £=2 and e-parity to be
mixed perturbatively into the (vs3/v, + v4 4+ vs); and (v3/v, + vg + vs)pp eigenstates [123].
As foreshadowed in Class C of table 2, this effectively spoils ¢ as a good quantum
number and adds a small proportion of A character to the predominantly =
symmetry of the eigenstates; the corresponding mixed-¢ polyad label is therefore {1, 5,
0/2, u, e}. As J increases, the effect on B, of the different stretch/bend character of the
(0010°0%% and (010 1' 17") basis states (e.g. as in table 4) causes their zero-order
energies to cross at J~ 11 and results in an avoided crossing due to a J-dependent local
perturbation [123]. The zero-order splittings in this level-crossing region are 0.03,
—0.05, and —0.13cm™" for J=10, 11, and 12, respectively. Corresponding rovibra-
tional eigenfunctions for /=10 and J= 12, including ¢-resonance effects, are as follows
[58, 59, 123]:

|(v3/vatvatvs);; J = 10,u,e) = 0.7081(0 0 1 0° 0 =15 7 = 10, € =0)
+0.7045 [0 1 01" 17H) =5 T =10, £ =0)

—0.0465((0 10 1" 1), AY; T =10, £ =2); (N

|(v3/v2+va+tvs)s J = 10,u,e) = 0.706](0 0 1 0° 0°)° =75 J = 10)
+0.708|(0 1 01' 17 =5 7 =10, € =0)

—0.018(0 101" 1), AV 7 =10, € =2); ®)

u

|(v3/vatvatvs); J = 12,u,¢) = 0.7041(0 0 1 0° 0 =15 7 = 12, £ =0)
+0.707s [0 101" 17H) = T =12, £=0)

—0.0655|(010 1" 1), ALY J=12, £=2); ©)

u

|(v3/V2+va+vs); J = 12,u,e) = 0.7101(0 0 1 0° 0°)° =+ 7 =12, £ =0)

+“u>

+0.704s [0 101" 171 B T =12, £=0)

+0.0255[(010 1" 1), AV T =12, £ =2). (10)

It should be noted that, with the relative phase convention of the ‘I’ eigenfunctions
chosen as in equations (7) and (9), the relative phase of the ‘II’ eigenfunctions changes
sign between J=10 and J=12 as shown in equations (8) and (10). This has significant
implications for the dynamics of collision-induced energy transfer, as will be discussed
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in section 5.2.2 below. Similar J-dependent ¢-spoiling effects arise in the context
of the (v;/2v,) Fermi dyad of CO, [58, 59, 125, 126], as approximated in equations (5)
and (6).

Another explicit example of the effect of rovibrational anharmonic mixing is
provided [127, 128] by the ‘(3v3/2v; + v3)” Fermi-type dyad in the ‘3vcy’ region of C,H,,
corresponding to its {3, 15, 0, u, +} polyad (i.e. Class B, as in table 2) [77, 90, 105, 127].
Eigenstates for the two IR-bright I levels with G,=9639.85 em™! and
G, =9835.16cm ™", respectively labelled (3v3/2v; + v3); and (3vs3/2v; + v3)y, are derived
by Darling-Dennison anharmonic coupling of (003 0°0%° and (201 0° 0% zero-
order basis states (i.e. Class A, as in table 2) [77, 90, 127], as follows:

CoHa(3v3/2v1 +v3) 255 Gy = 9639.85cm ™5 62%(0 03 0° 09)%

+28%(2010°0%% at J = 0; (11)

CoHa(3v3/2v1 +v3) 25 Gy = 9835.16em™"; 68%(2 0 1 0° 0°)

+30%(0030°0%% at J = 0. (12)

Further coupling [128] mixes in other basis states such as (1 11 2° 00)1(21' ) at
G,=9668.13cm™" and (11122 0°),(A¢) at G,=9664.42cm™", spoiling ¢ as a good
quantum number and yielding a mixed-¢ polyad label of {3, 15, 0/2, u, e¢}; in the context
of table 2, this corresponds to Class C perturbations. The J-dependence of these
perturbations gives rise to a local avoided crossing at J~ 30 [128] and to a ‘forbidden’
A©) — %) band (v; + v, + 3+ 2vy) centred at 9664.42 cem” L

Incidentally, a particularly dramatic example of a local rovibrational perturbation
has been illustrated (without detailed analysis) in the Q branch of the 5611.21 cm™'
v+ v4) Y — £F band of C,HD, where an avoided crossing causes a pronounced
gap in the rotational structure of the spectrum at J~ 30 [82].

3.4. Local J-dependent heterogeneous Coriolis-coupling perturbations

A further extension of the rovibrational model for C,H, is needed to incorporate
resonant Coriolis-type interactions that can couple polyad components differing by
Ang==+1 and A¢ ==1. The outcome is that both n; and ¢ are spoiled as good quantum
numbers and only one of the original three pseudo-quantum numbers survives, namely,
Anges. Such ng-changing perturbations are said to be ‘heterogeneous’, whereas less
extensive forms of mixing (including ¢-resonance effects that are off-diagonal in £, even
if they are locally confined to a small range of J-values) are said to be ‘homogeneous’
[128]. The three first-order Coriolis-coupling constants for C,H, (or its symmetric
isotopomers C,D, and 13C,H,) are ¢4, {4, and &35 [76], such that the pairs of Coriolis-
coupled normal modes have IT, as the product of their symmetry species. This
corresponds to the species of a rotation about the transverse molecular axes x or y,
consistent with Jahn’s rule. However, all of these normal-mode pairs are widely
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separated in energy (by >1200cm™"), so that there is little scope for them to have
resonant interactions via first-order Coriolis coupling in C,H, and its isotopomers. The
other possible Jahn’s rule symmetry product for Coriolis coupling in C;H, is X,
corresponding to a rotation about the molecular figure axis z; this can resonantly mix
the e and f components of a I1, A, ®,...state (for which £=1,2,3,...) and thereby
contribute to £-type doubling.

Of particular interest to us here is the effect in C,H, of several types of third-order
Coriolis-type coupling, namely, interactions that are labelled 2/455 (with changes either
in £4 alone or in both ¢4 and ¢s), 2/444, 22/35, and 22/14 [76, 128-130]; respectively,
these are quasi-resonant on the basis of the following approximate equalities:
VR (Vg4 + 2vs5) R 3vy, 205~ (V34 vs5)~ (V1 +1y), as in table 1. For instance, higher-
order Coriolis-type interactions between £} and IT, zero-order basis states are able to
form rovibrational eigenstates that serve as upper levels in IR absorption spectra
originating in the (0 0 0 0° 0°)° & 4 X vibrational ground state of C,H,. Such coupling is
expected to be weak (with couphng constants <1072 ' [128]), but close resonances
can allow strong rovibrational mixing and establish a network of Coriolis interactions
between the contributing basis states of the eigenstates involved.

One such instance was considered by Abbouti Temsamani and Herman [128] in the
context of IR-UV double-resonance (DR) spectroscopic experiments (see section 5.2.3)
by Crim and coworkers [131] that reveal extra IR-dark/UV-bright rovibrational
features in the 9639.85cm™" (3v3/2v,4+v3) band in the 3vey region of C,H,,
corresponding to its {3, 15, 0, u, +} polyad (i.e. Class B, as in table 2). The following
four vibrationally excited basis states were proposed [128] to be implicated in a network
of third-order Coriolis coupling interactions between the following Class A levels: 21%
©01011! 11) (A‘e)) at ~9624.6cm™'; 31% (1009' 1- 1) (=F) at ~9630.4cm™"; 14%
00182 )(1 +15% (©1011"1! )(1 (both A®) at ~9632.5cm™"', and 44%
(11061~ 1)@ (M¥) at ~9634.7cm™'; in terms of table 2, these entail Class B, C,
and D perturbations. Hoshina et al. [105] have subsequently revised and extended
analysis of the {1, 15, 0/2, u, e} mixed-¢ polyad to which the first four of the above five
basis states belong, with levels identified in the G,-value range 9590-9690 cm ™!, as
follows: (010 113 172)7,(AY) at 9597.6ecm™"; (001 10° 00)+(2+) at 9629.1cm™';
O 10111 17 (AY) at  ~9637. 4cm—1, ©O1011"17H%(z) at 9681.5cm™;
(100931~ ‘)(F (A©) at 9682.1cm™'. An even wider range of possible IR-dark/UV-
bright basis states has been 1nv0ked by Utz et al. in interpreting their results [131].
The high CCH bending-mode content of these IR-dark basis states causes them to have
much larger rotational constants B, than the principal basis states, (0 0 3 0° 0°)° + and
2010° OO)Jr of the IR-bright (3v3/2v; + v3); eigenstate. This enables IR-dark states
to tune in and out of resonance with the IR-bright level over a very small range of J,
consistent with the strong local, heterogencous perturbations observed in the range
J=15-211128, 131].

Milce et al. [55, 60, 62, 63] have also used IR-UV DR spectroscopy (see section 5.2.4)
to observe similar effects in the 11600-cm™' (vec+ 3vey) manifold of C,Hs,
corresponding to its {4,18,0,u,+} and {4,18,2,u,e} polyad components (i.e. each
Class B, as in table 2) [76, 77, 90]. The principal IR-bright (v,+3v;) X} vibrational
eigenstate in this region is accompanied by two other eigenstates; this trio of
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homogeneously perturbed vibrationally eigenstates can be characterized [63] in the
low-J limit as follows:

11599.81 cm™" [(1,+3v3)T5; J =0, € =0,u,e) = 0.68(0 1 30°0%))
0 0
+0.45((1212°0%%) +0.43 (1 120°0°°)
—1y0 3230 .
+0.27 (1303 17H)%) +0.221(00403° 37))) + -

(13)
~11605.0cm™" |(4vy+3v4+3v5)AY;
J=2,0=2ue)=054|040337"))
+0.48 1(0403" 37 ) +0.47 [(121270°,)
+0.27 (04 03" 379)0) +0.23 (03122 2% ) + - (14)

11586.36 cm™" [(4v24+3v4+3v5) 25 J =0, € = 0,u,¢) = 0.55](04 03" 37H)))
+0.511(0403%37%)%) —0.351(0 1 30°0%)°%)
+0.341(1212°0%%) —0.34]2 1 10°0%%)
+0.231(03122272)0) +---. (15)

These three cigenstates are linked by anharmonic and £-resonance coupling, via Class
C perturbations as in table 2. The outcome of such perturbations has been satisfactorily
characterized over a range of J from 0 to 30 [63]. In particular, the first and second
states display an avoided crossing centred at J~14. As J increases, A, and X
character appear in the [(v2+3v3)X!) and [(4vy + 3vs+ 3vs)A§f)) rovibrational
eigenstates, respectively. This effect is marginal at J=12, were the (013 0° Oo)i
character of the |(v, +3v3)E]) eigenstate has diminished from ~46% at low J to
~41%; the corresponding (0 130°0°% character of the [(4vy + 3vs+3v5)AY)
eigenstate increases from zero at low J to 4% at J=12. At J=18, however, the
[(v2 + 3v3)X) eigenstate has a basis-state composition very similar to that of the
|(4v + 3vg + 3v5)AY) eigenstate, with (0 13 0° 0°)% character converging to ~17% in
both eigenstates.

In addition, IR absorption spectra [107, 132] and IR-UV DR experiments [55, 60,
62, 63] (see section 5.2.4) reveal several marked local perturbations in this 11600 cm™'
(vec + 3ven) manifold of CoH,. In the range J=3-5, the IR-bright (v, + 3v3)E])
rovibrational states (e.g. for J=35, observed at 11634.67cm™', calculated at
11634.61 cm™") still have ~46% (0 13 0° 0°)) character as for J=0 in equation (13);
these have a {4, 18,0/2, u, ¢} polyad label (where ¢ is spoiled as a good quantum number
by ¢-resonance coupling, as in Class C of table 2). In addition, such states are
locally perturbed via a set of 2/455 and 22/35 Coriolis coupling interactions with
|(2vy + v3 4 Svy + 2v5)I1) states (e.g. for J=35, observed at 11634.91cm ™, calculated
at 11634.60cm™") that are IR-dark with ny=13 (rather than ng=4) and a {3, 18, 1, u, ¢}
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polyad label. The relevant J=35 [(v2+3v3)E}) and [(2v2 + v3 + Svg + 2vs)[19)
rovibrational eigenstates [63], which are amenable to further Class D mixing
(as defined in table 2), can be characterized as follows:

l(1n+3v3)8); =5, € =0/2,u,e) =0.68(0 130°0%7%) +0.48((2110°0))
+0.39((1212°09)) +0.29((1303" 17)7,) +0.211(0403° 37 H) +--+;  (16)

|Qua4v345044+20)TTY; J =5, £=1,u,e) =0.39(02 1 5" 27%) )
+0.33](1 113" 2%,) —0.27[(1022° 1))
—0.27)(00 3 1" 2%)(,)) + 0.25[(0 30 6 37)(,)) + -+ .
17

The nearby J = 6 |(v, + 3v3)X]) rovibrational state (observed at 11648.53 cem ™!,

calculated at 11648.45cm™") is also locally perturbed [63]. In contrast to the J=3-5
eigenstates, there is no evidence of mixed-in IT (¢ =1) character, so that the as-yet-
unidentified dominant perturbing state must be dissimilar to that for J=5 in
equation (17). One possibility is that the J=6 |(v> + 3v3)Z) rovibrational eigenstate
is affected by an additional, more abrupt crossing with an IR-dark n,=1, J=6,
A =2) or ®(¢ = 3) state with {1,18,2/3,u,e} polyad label; any such series of
states would be expected to have more bending character and a substantially greater
rotational constant B, than that of the |(v2 + 3v3)Z;}) series (1.153 cm™ '), so that the
two series could be coincident in energy (and therefore locally perturbed) at just a single
value of J.

3.5. Local Stark field perturbations in electric fields

In section 3.1, it was briefly foreshadowed that further quantum numbers can be spoiled
in C,H, by quasi-resonant Stark-effect mixing in an applied electric field. We now
consider this in greater detail. The Stark effect, induced by application of a uniform
electric field F, has long been a useful tool in atomic and molecular physics [143].
The effect is relatively small in atoms and centro-symmetric molecules (such as C,H»)
that lack an electric dipole moment, except in cases where two zero-field eigenstates
of opposite parity are very close in energy. Such degenerate situations yield new
F-dependent eigenstates of mixed parity and result in a Stark effect of observable
magnitude. The hydrogen atom (with its degenerate s, p, d, ... orbitals for a particular
principal quantum number 7) provides the classic example of a first-order Stark effect in
a centro-symmetric species [133, 134]. This manifests itself by remarkably strong line-
broadening in the Balmer and Lyman spectroscopic series of H atoms or H-like ions,
notably in plasmas where the perturbing field F depends on impact with electrons and
ions [135-137]. Plasma-induced Stark broadening is of current astrophysical interest
in situations ranging from interstellar molecular clouds to neutron star atmospheres
(neiher of which can be simulated adequately in laboratory plasmas) [138, 139].
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In Stark effect studies of C,H,, Gough and coworkers have measured electric-field-
induced perturbation effects in its 12700-cm ™" 4vcy [140] and 11600-cm ™" vee + 3ven
[141] rovibrational manifolds. These experiments used an optothermal molecular beam
apparatus [142] with Stark electrodes that could achieve uniform electric field strengths
as high as ~300kVcm ™" and with an optical build-up cavity [143].

The initial Stark perturbation measurements by Gough and coworkers [140] in the
12700-cm ™" 4vcy rovibrational manifold of C,H, explored electric-field-induced
coupling between J-levels of its IR- brlght (1030° 00)0 /[0 4 —] = vibrational state
and its adjacent IR-dark (2 02 0° 00) /104 +] E* vibrational state; this description is
as defined in section 3.2 above, in terms of primitive Class A normal-mode (as in
table 2) and local-mode labels. A strong applied electric field can couple such states of
opposite parity with AJ==1, following allowed electric-dipole transition selection
rules; this induces g/u mixing and enables observation of IR overtone transitions to the
(2020°0%%/[04 +] %} sub-manifold that are forbidden in zero field. In terms of a
polyad-model description (i.e. Class B, as in table 2), the respective anharmonically
perturbed sub-manifolds are {4,20,0,u,4+} and {4,20,0,g,+}, with observed term
energies G, of 12675.68cm™" and 12671.61cm™" [77, 89] as summarized in table 3.
This yields an energy separation at J=0 of AE=4.07cm™'; other estimates of AE
are available from Stark spectroscopy (4.133+£0.016cm™' [140]), from rovibrational
dispersed LIF  spectroscopy (4.05240.001cm™" [144]), from local-mode
calculations (3.9cm™" [109]), and from polyad-model calculations (ranging from
3.52cm™! [63] to 4.7cm ™' [61]). The relevant eigenfunctions [63], consistent with
equation (1) and table 3, are:

12675.68cm™" |(vj4+3v3)2F; J =0, £ =0,u,e)

=0.84/(1030°0"%) +0.46/(30 1 0°0")%) +---; (18)

12671.61em ™" |(2u142v3)E]; J =0, £=0.g.¢)

=0.721(2020°0%%) +0.59((0 04 0° 0%)%) +0.18 40 0 0°0")%) +---. (19)

The maximum Stark effect in the 4vcy manifold arises through Stark mixing of the
J=1 level of the (v; + 3v3)E/{4,20,0,u,+} sub-manifold and the J=2 level of the
Qv + 2v3)2+/{4 20, 0, g, +} sub-manifold. These two levels are known [61, 108, 140]
to have a zero-field energy splitting of AE=—0.47cm™", which yields an unusually
large Stark effect. Such Stark field-induced perturbations, in which g/u point-group
symmetry is mixed by the Stark field and £ = 0 remains well-defined, spoil the rotational
quantum number J as a good quantum number (in addition to vibrational quantum
numbers such as V; and V3), although its quantized component M in the direction of
the field is well-defined [133, 140].

Comparable, but more complicated, Stark effects arise in the 11600-cm
(vee + 3ven) manifold of CoH,, for which zero-field characteristics were discussed in
section 3.4 in the context of equations (13)—(17). Here, field-induced coupling occurs
between J-levels of its IR-bright (v, +3v3)E} vibrational sub-manifold and its

—1
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adjacent IR-dark (vi + vy + 2v3)E] vibrational state, of which the (1120 00)32:;
normal-mode state comprises more than 85% at J=0 [63]. These two vibrational
states of opposite g/u point-group symmetry are implicated in a pronounced Stark
effect [141, 145], arising from near-coincidences at zero field between four rovibrational
eigenstates [63, 146], with fitted zero-field energies as follows:

11634.61 cm™" [(1n+3v3)St: J =5, £ =0,u,¢), with ng = 4; (20)

u’

11634.89cm™" |(vj4+124203)SF; J =4, £=0,g.f), withng = 4; 2D
11634.60 c ™! |(2v2+v3+5v4+2v5) Hff); J=5 ¢=1ue), withns=3; (22)

11635.31 cm™" |(3va4-5v4+4vs) ng>; J=15,0=1,gf), withng = 3. (23)

The third (l'lﬁf)) state has been described by equation (17) in section 3.4, where its
Coriolis coupling to the first (£) state was discussed; it is also found to account
for IT (¢ =1) character observed in UV-scanned IR-UV DR spectra (see section 5.2.4)
[55, 60, 63]. At finite electric field, the second (E;) and fourth (I'I(gf)) of the above states
are connected to the others in equations (20)—(23), via Stark mixing effects that depend
on electric dipole moments associated with CH stretching and bending vibrations,
respectively. The nuclear-spin interchange symmetry of each of these states is s (para-
C,H,; I=0); the T1/? states have additional (f/e)-parity doublet partners of symmetry a
(ortho-CyH,; I=1). The polyads to which these states belong share a common value of
nes = 18, but they have different values of ng (3 or 4), £ (0 or 1), J (4 or 5), g/u point-
group symmetry, and e/f parity. Comparable results apply in the vicinity of the
(v,+3v3) J=4 and 6 levels. Such polyad-model predictions are consistent with
observed IR-UV DR spectra (see section 5.2.4) [55, 60, 63], as well as with Stark spectra
[145, 146].

For example, examination of the basis-state compositions [63] of the nearly
degenerate pair of TI¥ and MY states with J=5 and n,=3, as in equations (22)
and (23), reveals three possible paths for Stark-induced g/u interaction by either
CH-stretch resonances with AV =—AV3;=41 and |AJ|=1 or bending resonances
with AV4=—AVs==+1 and AJ=0 or |AJ]=1. It should be noted that the IT (¢=1)
character of this pair of states enables AJ=0 Stark mixing (in which J remains well-
defined), in addition to |AJ| =1 Stark mixing (in which J is spoiled as a good quantum
number, and only M, remains well-defined). As in the case of the 12700-cm™" 4vcy
rovibrational manifold of C,H,, discussed in the context of equations (18) and (19)
above, these Stark-effect results for the 11600-cm™' (vee+ 3vey) manifold reveal
significant mixing of g/u point-group symmetry by the Stark field; here, however, ¢ is
not well-defined owing to local Coriolis coupling as discussed in the context of
equations (16) and (17). The following values of electric transition dipole moment
provide an adequate global fit [146] to the Stark spectra: pcy sweteh (|AJ]=1)=0.06 D,
MUbend (|AJ]=1)=0.29D, and ppena (AJ=0)=0.825D (where 1D=1 Debye
unit=3.3356 x 1073 Cm). Effective Coriolis matrix elements between the IR-bright
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J=4-6 (v2 4+ 3v3)Z{ rovibrational states of C;H, and the perturbing states with which
they interact have been estimated by modelling laser Stark spectra to be 0.0047 cm™",
0.0069 cm™", and 0.0016 cm ™", respectively [63, 146]. Such matrix elements are expected
to increase as J2, if the effects arise from the same perturbation, but the /J=4—-06
(v2 + 3v3) X rovibrational state does not fit this trend. It has already been noted in the
context of equations (16) and (17) in section 3.4 above that the behaviour of the /=06
state contrasts with that of /=4 and 5 states, as is further borne out by IR-UV DR
spectra (see section 5.2.4) [63].

Stark field-induced mixing effects such as those outlined above offer useful insight
into the transition from normal-mode to local-mode behaviour in the bending dynamics
of C,H, [63]. In this regard, Jacobson et al. [147] used an effective Hamiltonian to
assign eigenfunctions in terms of quantum numbers representing excitation along ‘local
bend’ and ‘counter-rotation’ coordinates. In pure bending polyads, lower-energy
eigenstates were found to be mostly trans-bend states while higher-energy eigenstates
were found to be mostly cis-bend. The same has been observed to hold for polyads
that also contain stretching quanta, so that eigenstates of most interest to us lie at the
low-energy end of their respective polyads [63]. Local bend states are therefore expected
to appear as nearly degenerate (g/f, u/e) pairs. Such pairwise zero-field near-
degeneracies, as in equations (15) and (16) and equations (17) and (18) above, account
for observed Stark effects [140, 141, 145, 146], as well as irregularities in IR-UV DR
spectra [63]. For many of the perturbed ng,=2,3, and 4 ungerade rovibrational states
examined, a nearly degenerate gerade counterpart state is predicted, differing by
|[AJ]=0 or 1 and thus amenable to Stark field-induced mixing [63].

Stark effects in congested rovibrational manifolds of C,H, may also manifest
themselves dynamically in the guise of unusual collision-induced state-to-state transfer
processes that can be observed by time-resolved IR-UV DR spectroscopy, as will be
discussed in section 5.2.4 and 5.2.5 [63, 64].

3.6. Electronically excited states of C,H,

This article deals primarily with processes in the electronic ground-state X E+ manifold
of C,H, or of corresponding X manifolds of its isotopomers. However, it 1s topical to
mention briefly the rich store of knowledge concerning electronically excited manifolds
of C,H,, with particular attention to aspects that can be used (e.g. in IR-UV DR and
other Franck—Condon-assisted techniques) to elucidate rovibrational complexities in
the X electronic ground-state manifold.

For more than 50 years, excited electronic states of C,H, have been of central interest
in spectroscopic studies aimed at developing and testing molecular theory. C,H, was the
first polyatomic molecule in which a change of geometry upon electronic excitation was
characterized. The first excited singlet state of C,H, is labelled A Ay, reflecting its
nonlinear, frans-bent equilibrium geometry (Cp,), which contrasts with its linear (Docn)
X IEg electronic ground state. Early difficulties in analysing the A-X absorption
band system of C,H, in the region of 240-210nm [148] were finally overcome
independently in 1953 by Ingold and King [149] and by Innes [150]. In its A electronic
state, CoH, behaves as a near-prolate asymmetric rotor with rotational constants
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A, > B, ~ C,. The 0-0 band origin of the A—X system is at 42197.57cm™", with
predominant progressions of form nv; (n=0-6) and v, + mv; (n=0-5); these involve
the a, bending mode (v;=1386.9 em™!) and the a, C=C stretching mode
vy =1047.5 em™ ') [151, 152]. There are also hot bands involving the 7, trans-bending
mode of the X state (v4=612.9cm™", as in table 1). The most prominent rovibronic
sub-bands are of type AK==+1 (where K is identified with the vibrational angular
momentum quantum number £ in the linear X state and with the asymmetric-rotor
quantum number K, in the upper A state). For example, (v, +my — mvi sub-bands are
labelled 2} 32 4% K1 (or 2} ¥ Kf*!, in a widely used shorthand). The prevalence
of such UV absorption progressions is consistent with Franck—Condon factors that are
expected for a transition between linear and frans-bent electronic states. _

Additional rovibronic sub-bands with AK=0 or +2 that are observed in the A-X
band system of C,H, [151] led Hougen and Watson [153] to recognize that C,H,
provides the classic example of ‘axis switching’. This effect can arise when, as in this
case, an electronic transition is accompanied by a large change of geometry, provided
that there is little common symmetry between the two electronic configurations.
Extended spherical-tensor formulations of axis-switching theory have more recently
been presented [154, 155]. It is non-trivial [153] to distinguish axis switching from
Coriolis coupling in the upper A electronic state. It should be noted that axis switching
in C,H, is more pronounced and monotonic above J~ 10 than, for instance, in the
lower-J situations that have been examined in the above contexts of equations (16)
and (17) in section 3.4 and of equations (20)-(23) in section 3.5; instead, these
equations specify local perturbation mechanisms implicating quasi-resonant Coriolis
coupling in the lower X electronic state [63].

Laser-induced fluorescence (LIF) from A vibronic levels of C,H, is well
characterized, in terms of spectral emission properties [156, 157], collisional quenching
rates [68, 157-162], and mass-transport loss effects [57, 62, 68, 163—166]. Moreover, the
influence of Franck—Condon factors on luminescence quantum yields for LIF is useful
in assorted Franck—Condon-assisted spectroscopic detection techniques, such as time-
resolved, LIF-detected IR-UV DR [3, 51, 55, 57, 60—69] and Raman-UV DR [50-54,
161, 162, 167-170], as well as stimulated emission pumping (SEP) [99-102] and
rovibronic dispersed LIF [85-88, 103-105]. Some of these approaches have been
outlined briefly in section 3.1 and are considered in more detail in section 5.

This concise survey of processes in electronically excited states of C,H, is less
extensive and comprehensive than might be desired by some readers. However, we have
chosen to focus on aspects that have some relevance to investigations of processes in
the electronic ground-state X manifold of C,H, and its isotopomers, consistent with the
particular contexts of research by Roger Miller and ourselves.

The topology of the ground-state potential-energy surface of acetylene has been
calculated [76, 171]. It exhibits high-energy minima that represent nonlinear isomers.
Of these, vinylidene (H,C=C:) has the lowest energy, with a barrier for conversion from
C,H, exceeding 15000 cm™! [89, 94-98, 172-179]. This effectively defines a threshold
for vibrational excitation of chemically significant processes that have potential to
break symmetries (e.g. a/s nuclear-spin exchange that would interconvert ortho and
para modifications of C,H»). The threshold for direct electronic dissociation of C,H> is
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at least three times higher in energy, with a dissociation limit Dy=46074cm™" [180]
corresponding to the lowest-energy channel that yields ethynyl radicals, C,H (X 2£%),
and H atoms [180-185]. The A 'A,, electronic state of C,H, correlates adiabatically with
CH (Azl'l) + H, but predissociation via the ground-state products, C,H ()~( 2y )+ H,
can be observed either as a sudden decrease in LIF quantum yield [186, 187] or by
measuring the translational energy of fragment H atoms [180—185].

There is an extensive body of literature — both experimental [183, 185, 188-195] and
theoretical [196—199] — on singlet-triplet interactions in CoH,, with intersystem crossing
from triplet (S = 1) states yielding channels for A-state C,H, to predissociate into CH
(X 2% +H. Two pairs of cis- and trans-bent isomers have been identified: a B, and b
B, and ¢ *A, and d *A,, in order of increasing energy. These lie above 28 500 cm ™'
[197, 198] and are therefore inaccessible to either one- or two-photon excitation within
the S, linear X 12; electronic ground state of C,H, by IR PUMP radiation used in
IR-UV DR experiments that as discussed in section 5.2.4 and 5.2.5 below. There is also
evidence that a higher-energy trans-bent triplet state (& *B,) of C,H, may overlap and
interact perturbatively with the rrans-bent A 'A, electronic singlet state. For example,
Mishra et al. [195] have recently characterized the details of intersystem crossing
between specific rovibronic levels of the & B, triplet state and the V; =3 A'A,
manifold at ~45300cm™" (still below the 46074-cm™' dissociation limit [180] and
the onset of predissociation).

While many of the key experiments devised to address the structure and energetics
of C,H, are purely spectroscopic (i.e. with input and output light), another useful
approach that is applicable when C,H; is excited above its dissociation limit is to detect
H-atom fragments by multiphoton ionization spectroscopy and to estimate their
translational energy from the Doppler width of features in the spectrum. Several such
studies of H-atom action spectroscopy have already been cited [122, 180-185].
Of particular interest in this article are vibrationally mediated photodissociation
experiments based on H-atom action spectroscopy with IR-UV DR excitation, in which
individual rovibrational states of C,H, or its isotopomers are resolved [122, 181, 185,
193, 200-209]. These will be further discussed in section 5.3 below.

4. Acetylene as a mechanistic probe: part of the Miller legacy

Over the years, it has appeared to many investigators that CoH, — with its ready
availability, its industrial and astrophysical relevance, its well-documented spectro-
scopic properties, and its supposedly simple ‘stick-like’ structure — should be an ideal
molecule with which to probe the mechanisms of various processes in chemical physics.
Such processes have included collision-induced energy transfer, inelastic scattering,
photodissociation, chemical reactivity, isomerization, possible symmetry-breaking, and
formation of molecular complexes or clusters. However, this expectation at the outset
of investigations, that CoH, should be an ideally straightforward mechanistic probe
molecule, has often not been realized, owing to assorted structural and dynamical
complexities such as those outlined in section 3 above.

We first address this issue by reviewing a number of specific research projects
undertaken by Roger Miller and coworkers [3, 9, 16-49], in which C,H, or one of its
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isotopomers has played a central role. It seems that most (if not, all) of these
investigations were prompted by the versatility and anticipated simplicity of CoH, as a
molecule that could usefully probe mechanisms of major interest. For instance, Co;H»
was chosen as the molecule for Miller’s initial investigation [9] of aerosols formed
in low-temperature diffusion cells [9-13, 210-218]. In introducing their first paper on
aerosols, Dunder and Miller [9] viewed C,H» as ‘an appropriate test case...in view of
the large body of solid state data which already exists.” They also recognized that
‘acetylene aerosols are of considerable interest in a number of planetary atmospheres’
[219, 220] — a subject of great topical interest to this day [71, 72]. Miller and coworkers
subsequently performed assorted scattering experiments in which acetylene was either
an adsorbed target species (e.g. He atoms scattered off C;H» adsorbed on NaCl surfaces
[32, 34]) or a molecular projectile (e.g. CoH, or CoHD scattered off LiF surfaces [35,
40]). The diffusion-cell experiments on aerosols also paved the way for Miller to
establish an extensive collaboration on time-of-flight mass spectrometry of laser-
irradiated aerosols with Tomas Baer and coworkers [222-234].

However, most of Miller’s interest in acetylene fell within the context of his
outstanding 30-year programme of research on various applications of optothermal
molecular-beam spectroscopy, which have been reviewed periodically [18, 20, 24, 26, 30,
41, 43, 46, 49, 235-242]. This evolved from his PhD research with Scoles and Gough
at Waterloo [243, 244] and developed further in his six-year postdoctoral period with
Watts at the Australian National University in Canberra, during which a new
optothermal molecular beam apparatus was constructed [245], generating a series of
innovative studies on molecular complexes, IR predissociation spectra, rotational
energy transfer, and differential scattering [16, 17, 245-256]. Roger Miller’s research
on optothermal spectroscopy reached maturity during his 20 years at the University of
North Carolina, Chapel Hill. Some aspects of that research, with particular relevance to
C,H, and its isotopomers, are surveyed in below.

4.1. Optothermal spectroscopy of complexes and clusters containing C,H,

The optothermal approach to molecular beam spectroscopy, of which Roger Miller was
a key pioneer [18, 20, 24, 26, 30, 41, 43, 46, 236-240], is a highly effective source of finely
resolved IR absorption spectra for weakly bound complexes and clusters, as well as
determining their dynamical and structural properties. Molecular species of interest in
a skimmed molecular beam pass through an irradiation zone, where they may absorb
transversely propagating narrowband IR laser radiation, and thence to an ultra-
sensitive, liquid-helium-cooled bolometer detector [257]. In virtually all of their
optothermal molecular beam spectroscopy experiments, Miller and coworkers have
used cw F-centre lasers that operate in the near-IR region and are continuously tunable
on a single longitudinal mode (SLM). If the IR laser is tuned into resonance with a sub-
Doppler absorption feature of a stable molecule (e.g. a monomer unit of a complex or
cluster), then rovibrationally excited molecules, with sufficiently long (typical) IR
fluorescence lifetimes, raise the temperature of the bolometer because they release their
vibrational energy when they reach the detector. An achievable minimum detectable
power is ~107"* W Hz "2, for molecules excited at 3000cm ™!, this corresponds to
~2 x 10®molecules s~' [26]. If the IR laser is tuned off resonance, a different bolometer
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temperature is registered: effectively a baseline level corresponding to the translational
energy that the unexcited molecular beam imparts to the detector element. On the other
hand, if weakly bound molecular complexes or clusters are in resonance with the IR
laser, then they become rovibrationally excited and will usually undergo vibrational
predissociation during their flight between the irradiation zone and the bolometer;
the resulting recoil process causes them to miss the detector (set at 0°, directly in
line with the skimmed molecular beam) and to yield a spectroscopic signal that is
opposite in sign to that for IR-excited undissociated species (e.g. stable monomers).
Moreover, the full-width-half-maximum (FWHM) Lorentzian linewidth Av of features
in the spectrum allows vibrational predissociative lifetimes t of the complex or cluster
to be estimated, since Av=(2 7t)”'. A more elaborate configuration of the molecular
beam apparatus, in which the bolometer detector may be rotated away from 0°, may be
used to measure either differential scattering cross-sections for stable-molecule
collisions or photofragment angular distributions (e.g. arising from vibrational
predissociation of weakly bound complexes and clusters). Miller and coworkers
have performed many optothermally detected spectroscopic experiments of this type.
Those in which C,H, and/or its isotopomers were of central interest are summarized
in table 5.

Early optothermally detected molecular-beam studies by Miller, Watts and
co-workers in Canberra [16, 17] yielded IR spectra of (C,H,), with n>2 (i.e. dimers,
trimers and possibly larger complexes of C,H»), indicating the possibility of more than
one stable structure. There is also evidence [16] that spectra of the dimer, (C>H»),,
display Fermi-type dyad features, derived from the (v3/v,+vs+vs); and
(v3/v2 + vy + vs) eigenstates of the C,H, monomer, as specified in equations (3) and
(4) and designated vy and vy; in table 5, respectively. A fascinating variety of vibrational
predissociative lifetimes t is associated with the FWHM Lorentzian linewidths Av of
these spectra. Likewise, IR spectral features attributed to larger clusters, (C,oH»),
(n>2), have frequencies that approach those in solid C,H, as n increases [17].

After his move to Chapel Hill, Roger Miller’s first optothermally detected molecular-
beam experiments, published in 1986 and 1987, concerned IR absorption spectra of the
dimers (HF), [258] and (CO,), [259] as well as the binary complexes Ar—HF [260],
N>—HF [261], OC-HF [262]. These were soon followed by similar studies of acetylenic
complexes, namely, C,H,—HF [19, 21, 26], C,H,—CO, [22], C,H,HCN and
C,H,—NCH [23], as well as CoH,~HX and C,H,-DX (X =ClI, Br, I) [25] (see table 5).

Spectral linewidths Av and corresponding vibrational predissociative lifetimes t
obtained from spectra of the above HF-containing complexes provide interesting
structural correlations [20], associated with the contrasting geometries and binding
energies of those complexes. Such effects are evident in table 5, as are red shifts of
features of the complex relative to those of the C,;H, monomer. Mode-specific effects
should be noted in vibrational predissociative lifetimes of C;H,—HF depending on
whether the HF-stretching mode v, (t=0.8 ns) [19] or the antisymmetric CH-stretching
mode v; (t=3.6ns) [21] of the CoH,—HF complex is excited. Likewise, large mode-
specific differences (by a factor of >100) are evident in the vibrational predissociative
lifetimes 7 of both the C,H,—~HCN and C,H,—~NCH complexes [23]. Moreover, the
lifetimes 7 of C,H,~HCI and C,H,-DCI differ by an order of magnitude [25].
The longer-r, narrower-Av spectra in the latter case enable C,H,-D*Cl and
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C,H,-D¥'Cl isotopomers to be spectroscopically distinguished, with significantly
different lifetimes (r=3.0 and 5.0 ns, respectively) [25].

Assorted structural geometries are reflected in the rotational structure of IR spectra
for the above range of complexes. For instance, the symmetry of T-shaped complexes
enables the nuclear-spin intensity alternation with J in spectra of C;H,; monomer (as
explained in section 3.1) to be maintained in rovibrational spectra of T-shaped (C,)
complexes such as CH,~HX (X =F, Cl, Br, I) [19, 21, 25, 26] and CoH,—HCN [23].
This intensity alternation is lost in rovibrational spectra of complexes with other
symmeties, such as side-by-side (C»,) CoH,—CO, [22] and linear (Cy.y) CoH>,—NCH [23].
IR spectra of the HF-stretching mode v; in the OC-HF complex [262] provide evidence
of intramolecular anharmonic or Coriolis rovibrational perturbations (e.g. as in section
3 above) that are absent in corresponding spectra of the HF monomer.

A prevailing theme in much of the Miller group’s IR spectroscopy of acetylenic
complexes concerns the persistence (or otherwise) of Fermi-type dyad structure in the
complex, relative to the (v3/v,+ vg4+ vs); and (vs/v, + v4+ vs)pp eigenstates of the CoH»
monomer, as in equations (3) and (4). It is shown in table 5 that separate dyad
frequencies v and vy occur for weakly bound complexes of C,H,, such as CoH,—CO,
[22], C,H»—Ar [28], and C,H,—Ne [33, 36], as they probably do for the dimer, (C,H>),
[16, 17]. However, no such Fermi-type dyad structure is observed in H-bonded
complexes of C,H,, such as CoH,—HF [19, 21, 26], C,;H,~HCN [23], and C,H,~HX or
C,H,—DX (X =ClI, Br, I) [25]; in these cases, a single band centred at vcy (as defined
in table 5) is observed and its red shift relative to the C,H, monomer is referred to the
deperturbed antisymmetric CH stretching frequency of C,H, (3288.58cm™'), as
discussed in the vicinity of equations (3) and (4) above. Such Fermi-type coupling
effects are absent in complexes containing C,HD, rather than C,H»: for instance, the
complexes of C,;HD with N, or CO are found [42] to have linear structures HC,D-N,
or HC,D—-CO, respectively, in which the CH-stretching vibration is decoupled from
the intermolecular degrees of freedom.

Fermi dyads also occur in the classic case of CO, [123-125], as discussed in the
context of equations (5) and (6) in section 3.3 above, and these provide interesting
contrasts with the above cases of C;H; and its complexes. In early optothermally
detected molecular-beam experiments [244, 251, 259, 263-265], Miller and coworkers
showed that their narrowband F-centre lasers could be tuned through two Fermi-
coupled =} — Zg IR combination bands of CO, and its complexes: (vi + v3/2v, + v3);
and (v; + v3/2v, 4 v3);. The corresponding upper vibrational levels of CO, monomer
have term energies G, =3714.78cm~! and G, =3612.84cm™", respectively, for which
a simple two-level deperturbation analysis yields A =—2.1 em ™!, Weemi=—51.0cm™!
[266]. These parameters result in a substantially larger value of mixing parameter,
(2 Weermi/A) =48, relative to those outlined in the context of equations (3)—(6) in
section 3.3 for the (v3/v, + v4+ vs) Fermi-type dyad of C,H, [58, 59, 123] and for the
(v1/2v,) Fermi dyad of CO, [58, 59, 125, 126]. Such Fermi-dyad features are found to
persist in (CO,), dimer [244, 251, 259, 264], (CO,); trimer [265], and larger clusters
(CO»), [244, 251, 259], and also in the CO,—Ar binary complex [267-269], for which IR
spectra of the CO, moiety have been measured. The (v; + v3/2v,+v3); and (v + v3/
2v, + v3)pp term energies G, for the (CO,), dimer are 3713.93 cem !and 3611.55cm ™!,
respectively [264]. Red shifts, relative to the C,H, monomer, are 0.85cm™' and
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1.29cm™", indicating a small dependence of the van der Waals binding energy on the
Fermi-coupled vibrations of the monomer [244, 251, 264]; corresponding shifts in solid
CO, are 3 and 13cm™' [264]. The respective (v; + v3/2v2 4+ v3); and (v; + v3/2v; + V)i
Fermi-dyad components of the CO,~Ar complex have been measured by Fraser et al.
[267], with comparable term energies (3713.84cm™" and 3611.75cm™") and red shifts
(0.94cm™" and 1.09cm™"); these also indicate that the Fermi perturbation is only
weakly affected by the potential energy surface of the CO,—Ar complex. Likewise, the
(vi +v3/2v,+v3); and (v +v3/2v, +v3);; Fermi-dyad components of the CO,—Kr
complex [267], yield slightly smaller red shifts of 0.91cm™" and 0.68 cm ™", respectively,
while the CO,~Ne complex displays blue shifts of —1.05cm™" and —1.44cm™", which
are poorly understood [267]. Moreover, for the CO>—Ar complex, it is also found [267]
that the higher-energy (v; + v3/2v, 4 v3); rovibrational manifold is strongly perturbed
by local Coriolis interactions, whereas the lower-energy (v 4+ v3/2v, + v3);; rovibrational
manifold is not perturbed. Such anharmonically coupled bands in C,H,- and
CO»-containing complexes provide interesting connections with the role of intra-
molecular perturbations in collision-induced state-to-state molecular energy transfer,
as will be further discussed in section 5 below.

Another feature of table 5 concerns the challenge of characterizing wide-amplitude
motion in a number of molecular complexes containing C,H, or its isotopomers. Block
et al. [27] interpreted near-IR optothermal spectra of the C,H,—~OH, complex in terms
of a quasi-planar H-bonded, end-to-end structure with a shallow double-minimum
potential for out-of-plane motion; this provides interesting contrasts with the H,O-CO,
complex, for which they measured the energy splitting due to internal rotational
tunnelling. Several complexes of acetylene with rare gas atoms (Rg) have been studied
in detail by Bemish ez al.: Co,H,—Ar [28] and C;HD-Ar [33] have T-shaped, semi-rigid
structures, whereas CoH,—Ne and Co,HD-Ne [36] are nearly free internal rotors. The
near-IR optothermal spectra of C;HD-Ar and C;HD-Ne are sharp and well resolved
compared to those of CoH>,—Ar and C,H,—Ne, which are substantially broadened by
vibrational predissociation and understood to be affected by Fermi-type coupling to
‘doorway’ states [28, 33, 36]. A two-dimensional intermolecular potential surface
corresponding to the CH-stretch excited vibrational state of C,H,—Ar has been
constructed in terms of a Hartree-Fock plus damped dispersion (HFD) model and SCF-
based repulsive contributions [28]. The dispersion interaction was distributed over the
length of the C,H, moiety via a multicentre interaction model. Dispersion parameters
of this C,H,—Ar potential were also found [31] to be transferable to a distributed-
interaction model of the intermolecular potential surface for the complex of Ar with
diacetylene (C4H,, H-C=C—C=C-H). Detailed information about C,H,—Ar potential
surfaces from microwave [270], IR [28,271], and electronic [272] spectra was needed to
interpret and model the IR-UV DR fluorescence depletion measurements of C,H,—Ar
by Milce et al. [3], as will be further discussed in section 5.2.6 below.

4.2. PHOFAD: photofragmentation of oviented C,H-containing complexes

Acetylene has played a key role in studies by Miller and coworkers of dynamics
and energy disposal in photofragmentation of molecular complexes.
Spectroscopic inferences, drawn from homogeneous linewidths Av and associated
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lifetimes 7, concerning vibrational predissociation have already been outlined in
section 4.1 above; these are summarized in the fifth and sixth columns of table 5. In this
section, we are concerned with more advanced experiments in which a CoH,-containing
molecular complex, prepared in a particular initial state by IR radiation, undergoes
photodissociation and at least one of the resulting photofragments is analysed in terms
of its nascent quantum states and their angular distributions. In this context, Oudejans
et al. have performed an experimental four de force on the T-shaped complexes of form
C,H,—HX, with X =F [38, 41, 43] and X =Cl[39, 43] in a collimated molecular beam.
A cw-IR pump-and-probe technique (originally developed by Bohac and Miller [4] to
investigate intermolecular V=V transfer in No—HF and CO,—HF) uses two narrowband
cw near-IR SLM-tunable F-centre lasers, each with a set of multipass mirrors: the
complex is photodissociated by the first (PUMP) laser and the internal rovibrational-
state distributions of the monomer fragments are then detected optothermally at an
adjustable scattering angle 6 by the second (PROBE) laser. Such molecular-beam
PHOFAD (photodissociation angular distribution) experiments provide insight into
channels of energy disposal into the photofragments.

An essential element of PHOFAD experiments by Miller and coworkers is spatial
orientation of the complex in a high electric field. This generates so-called pendular
states, in which the Stark energy —pu - F exceeds the rotational energy, such that zero-
field J-states of the complex are strongly mixed and M is the only good rotational
quantum number. Miller and coworkers have investigated pendular-state studies of
linear complexes such as (HCN); [5] and N,-HF [6-8]; asymmetric rotors such as
C,H,—HF have also been analysed in detail [37]. PHOFAD experiments take advantage
of pendular-state orientation of a molecular complex (e.g. No—HF [7, 8, 43, 238] or
C,H,—HF [38, 41, 43]) by applying a high electric field to a collimated molecular beam
in the PUMP zone. The complex is thereby oriented when it undergoes vibrational
predissociation and this enables product angular distributions for the two photofrag-
ment molecules to be separated spatially (i.e. N, or C,H, scattered on one side of the
incident molecular beam direction and HF on the other) and identified more reliably
than is possible in zero field. Comparable PHOFAD studies of electrically oriented
complexes have also been performed in the cases of CO,—HF [43, 273], CO,—HCI [274],
C,H,-HCI [39, 43], OC-HF [43, 275], and HCN-HF [43, 276]. Oudejans and Miller
have provided a critical tabular summary of complex dissociation energies Dy,
experimentally determined in molecular beams by various forms of translational
spectroscopy including PHOFAD [43].

The outcome of PHOFAD measurements of this variety of oriented complex is that
‘the diversity of nonstatistical behavior...illustrates that the interactions responsible
for the associated energy transfer processes are . . . quite different from system to system’
[43]. Underlying qualitative principles can be understood semi-classically, in terms of
rotational state distributions that arise from the two photofragment molecules being
pushed apart impulsively. There are close parallels between these ‘half-collision’
processes and rovibrational energy transfer that is induced by ‘full’ collisions in the gas
phase (e.g. as considered in section 5 below). Such parallels have been discussed in the
context of the PHOFAD of the linear CO,—HF complex [273]; in this case, the HF
fragment appears at high values of rotational quantum number ; and there is
preferential population of vibrational modes that are parallel to the molecular axis
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(including the v; symmetric stretching mode of CO,, which has no transition-dipole
coupling) [43, 273].

In the case of PHOFAD measurements of the T-shaped C,H,-HF complex
[38, 41, 43], either the v HF stretching mode or the v; antisymmetric CH stretching
mode can be excited by the PUMP laser and the final state distributions of both HF and
C,H, photofragments can be characterized by the PROBE laser. The C,H,-HF
complex is moderately strongly bound (Dy= 1088 cm™'), so that more than two-thirds
of the excitation energy is available for energy disposal into the rovibrational degrees of
freedom of the HF and C,H, photofragments. PUMP excitation of the complex’s v; HF
stretching mode produces HF photofragments with j=11 predominant, p/us a small
proportion in j=10. These two j-states of HF correlate with excitation of the ground
vibrational state of the C,H, photofragment in low-j states (with very little residual
energy taken up by translational energy). In addition to such intramolecular vibration-
to-rotation (V—R) energy transfer within the HF moiety, there are competing
intermolecular vibration-to-vibration (V—V) channels that populate v4 and vs bending
levels of the C,H, photofragments (which appear at laboratory angles in the range
|6] =5-15°) and correlate with j=9 rotational excitation of HF. When the PUMP
is tuned to excite the complex’s v; antisymmetric CH stretching mode, the C,H,
photofragment is observed exclusively in its v, symmetric C=C stretching mode via
an intramolecular V=V channel and the HF is produced primarily in j=2. These
observations are considered to be consistent with an impulsive dissociation mechanism
for the T-shaped C,H,—HF complex [38, 41, 43].

PHOFAD experiments have also been performed on the T-shaped C,H,—HCI
complex [39, 43], with PUMP excitation of the v, HCI stretching mode. The
interpretation of the results for C,H,—HCI is similar to that for CoH,—HF, except
that the intermolecular V~J channel (involving photofragmentation into vibrationally
excited HCI) is found to be closed. The absence of this intermolecular channel is
contrary to previous findings [277] and is inferred from the higher dissociation energy
(Do =830cm™") determined by Oudejans and Miller [39, 43]. This work also prompted
re-examination of strikingly different line-broadening effects observed [25] in
C,H,—HCI and C,H,—DCI (see table 5).

This highly selective survey of the substantial contributions of the Miller group in the
area of PHOFAD spectroscopy has focused on aspects that are related to our own
interests in gas-phase collision-induced molecular energy transfer, as will be further
discussed in section 5 below.

4.3. Liquid helium nanodroplets incorporating CyH; and its complexes

One of the highlights of Roger Miller’s unfortunately truncated career was his
prestigious Spiers Memorial Lecture at the 2001 Faraday Discussion on ‘Cluster
Dynamics’ [46]. It is significant that, apart from his perceptive introductory
observations on the general theme of that meeting, Miller’s presentation [46]
concentrated on the rapidly emerging field of molecular complexes in nanoscale
clusters, particularly those in liquid helium droplets. The concluding remarks by
Lineberger [278] refer to Miller’s ‘emphasis upon the unique role of helium clusters as a
medium for the assembly of clusters within them,” as well as his ability ‘to stabilize
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amazingly small clusters in very shallow minima in the cluster potential energy surface’
and to readily produce ‘species that are not seen under any other conditions’. A major
review article on this subject was also submitted by Miller and coworkers a few days
after his death [49].

Superfluid helium droplet spectroscopy (SHEDS) [46] was first reported in 1992 by
Scoles and coworkers [279]. Their 1992 spectroscopic study of sulfur hexafluoride (SFy)
in He nanodroplets, using a line-tunable CO, laser, was refined within the next two
years by Toennies, Vilesov, and coworkers [14, 15, 280], using a continuously tunable
diode laser. Roger Miller was involved in analysing the resulting rotationally resolved
spectra to show that, in He nanodroplets at 7~ 0.37 K, SF¢ retains its characteristics as
a spherical rotor but with its rotational constant reduced from B=2.73GHz
(0.0911cm™") in free SFs to B=1.02GHz (0.0340cm™") in SF¢Hen (N~ 4000)
[14, 15]. Such a reduction in rotational constant by a factor of 2-3 is typical of other
‘heavy’ molecules (e.g. those with B less than 7.5 GHz or 0.25cm ™' [46]) when they are
incorporated in He nanodroplets [15, 46, 49, 281, 282]. Likewise, the frequency of the
v; vibrational mode of gas-phase SFg (947.976cm™") is red-shifted by 1.415cm™" in
SFs—Hey [14]. These findings are consistent with the rigid attachment of ~8 He atoms
to the SF¢ molecule, thereby hindering its rotation within the overall superfluid
He nanodroplet environment. Alternatively, it is possible that the He atoms
surrounding the SFg¢ molecule are delocalized and that they shift cooperatively to
accommodate its rotational motion in the He nanodroplet. An adiabatic following
model [283] has been formulated to represent the behaviour of such heavy molecules in
He droplets. As a further example of this, Nauta and Miller [284] showed that CO,
and N,O respectively display a reduction in B by factors of 2.5 and 5.8 upon solvation
in He, together with vibrational origin red shifts of +0.42cm™" and —1.2cm™"' and
a strong dependence on droplet size; these are taken to indicate markedly
different interactions with the superfluid He solvent from one solute molecule to
another.

A contrasting situation arises in lighter molecules (e.g. hydrides such as HF
[285, 286], H,O [287, 288], NH; [289], CH,4 [290], HCN [291, 292], DCN [292], or
C,H, [44]) with rotational constants B exceeding 7.5GHz (0.25cm™") [46, 49]:
their effective rotational constants in the He nanodroplet environment are typically
reduced by only ~5% relative to the free molecule [46, 49, 277, 282]. This indicates
that such lighter molecules rotate too rapidly in the nanodroplet to allow He atoms
to follow them adiabatically, so that B differs comparatively little from its gas-phase
value.

In keeping with the general theme of this article, table 6 summarizes SHEDS results
for He nanodroplets incorporating C,H,, or its isotopomers and its complexes [44—48].
It is evident, from the fourth and fifth columns of table 6, that the complexes
C,H,—HCN [45], CoH,—NCH [45], and C,H,—HF [47] in He droplets behave as heavy
molecules, in terms of the values of their rotational constants B or (B + C)/2 which drop
by a factor of 2-3 upon solvation by He. However, their large 4 rotational constants
(all ~lem™") are less affected in the He droplet environment, indicating relatively
unhindered rotation about the «-axis of each complex [45, 48]. Not surprisingly,
the rotational constant B of the C,H, monomer is reduced by ~10% upon He
solvation [44], consistent with light-molecule behaviour.
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Table 6. Structural and spectroscopic properties of He nanodroplets incorporating C,H,, its isotopomers,

and its complexes, as determined by R. E. Miller and coworkers [44-49].

Vibrational frequencies (cm™P

Rotational constants (cm™')°

Monomer or complex® Gas phase He nanodroplet Gas phase® He nanodroplet
12C,H,9 [44] vy =3294.84 vy =3294.97 B=1.1745 1.0422

v =3281.90 v =3282.03 B=1.1746 1.0408
13C,H,° [44] vy =3294.84 v =3279.50 B=1.1168 0.987
BC2CH,! [44] R(0)=3286.47 R(0)=3286.17 - -
12C,HD' [44] R(0)=13337.57 R(0)=13337.27 — -
C,H,-HCN [45] v, =3277.54 v, =3277.80 A, =1.2038 A, =0.980
T-shaped isomer® (B.C), =0.0665" -

vy =3264.55 v =3261.65 A,=12014 -

(B,C); =0.0666" (B, C);=0.0212"
C,H,-NCH [45] vien = 3310.25 ven = 3309.99 Bren=0.0542 Bren=0.0186
linear isomer' (HCN CH) (HCN CH)

VCoH2 = 3263.91
(acetylenic CH)

VC2H2 = 3262.40
(acetylenic CH)

Beonn =0.0541

Bconn=0.0185

C,H,-HF [47] v =3794.36 vy =3787.50 Ay =1.1311 A;=0.9638
T-shaped, B;=0.1588 B;=0.0743
HF stretch’ C,=0.1396 C;=0.0648
C,H,-HF [47] v, =3276.29 v, =3276.37 A, =1.1288 A, =0.9679
T-shaped, B, =0.1574 B, =0.0715
CH stretch! C,=0.1382 C, =0.0664
C,H,-Mg [47] - ven = 3277.92 - A=1.027
T-shaped* (B, C)=0.0306 "
C,H,-Mg, [47] Planar Mg,?: ~3274.4Mg; and/or - -
(n=2,3)¢ linear Mg,?: ~3270.3 - -

4The structure and connectivity of the complex is indicated qualitatively, with relevant references.

®Observed vibrational band origin (cm™') for the complex in the gas phase and incorporated in a He
nanodroplet. Entries are acetylenic CH stretching frequencies unless otherwise indicated. Upper- and lower-
frequency components of Fermi-type dyads are respectively designated vy and vyy, as in equations (3) and (4).

°Observed rotational constants (cm~') for the complex in the gas phase and incorporated in a He
nanodroplet. These are averaged over upper and lower vibrational states: A =(A4"+ A4”)/2, B=(B'+ B")/2,
C=(C"4+C")2.

dUpper- and lower-frequency components of Fermi-type dyads are respectively designated v; and vy, as
in equations (3) and (4).

°Only the upper-frequency component vy of the Fermi-type dyad is reported for '*C,H, in He nanodroplets.

fBand origins and rotational constants are not reported for *C'2CH, or '>C,HD in He nanodroplets — R(0)
frequencies are listed.

¢Both L and || rovibrational bands of the T-shaped isomer of C;H,~HCN are observed in the gas phase and in
He nanodroplets.

?‘(B, O)=(B+ ()/2, neglecting the difference between rotational constants B and C for an asymmetric rotor.

'The linear isomer of the CoH>,~NCH complex in the gas phase and in He nanodroplets has two free CH
stretching frequencies: vyen, the CH stretching frequency of the HCN moiety, and veopo, the acetylenic CH

~ stretching frequency.

JTwo rovibrational bands of the T-shaped C,H,~HF complex are observed in the gas phase and in He
nanodroplets: a || band at the HF stretching frequency vy and a L band at the antisymmetric CH stretching
frequency vey of the C,H, moiety.

“The binary complex C,H,~Mg is observed in He nanodroplets, but not in the gas phase. There is also
spectroscopic evidence of C,H,~Mg,, (n=2, 3) in He nanodroplets.

Accompanying the relatively free rotation of light molecules in He nanodroplets,
homogeneous linewidths are often broad (e.g. Av=043cm~' FWHM for the
3998.3-cm*1R(0) transition of HF-Hen; Av=1.9cm~! FWHM for the 3800.7-cm ™!
20> < 1¢; transition of H,O-Hey [288]); these are attributed generally to fast rotational
relaxation, consistent [288] with a model based on the multi-phonon spectrum of
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superfluid He [293]. Much narrower linewidths are observed in cases where the
predominant relaxation mechanism is cascading intramolecular V'—J energy transfer via
the low-frequency modes of a polyatomic molecule (e.g. Av~0.007cm~' FWHM for
the 3313.56-cm™"' R(0) transition of HCN-Hey [46, 291]). Linewidths for CH, in He
droplets range from 0.2cm™' to I.lem™' [290], depending on the rotational and
vibrational relaxation channels that are available to states with different nuclear-spin
symmetries (A4, E, F). Likewise, measured linewidths Av for 2C,H,, ’C3CH,, *C,H,,
and '?C,HD in He droplets vary within the range 0.01-0.3 cm ™' and can be rationalized
in terms of available rotational and vibrational relaxation channels, nuclear-spin
symmetry constraints, and droplet-size effects [44]. At one extreme, the
3337.57-cm™' R(0) transition of 12C,HD-Hey with N> 5000 yields Av~0.012¢cm™!
FWHM and inhomogencously broadened lineshapes attributed to the He droplet
environment; there is a pronounced dependence on droplet size, with Av increasing to
~0.3cm™' as N decreases to ~700. At the other extreme, the 3286.58-cm™' R(1)
transition of '"*C,H,—Heyx with N> 5000 yields a homogeneously broadened Lorentzian
fit with Av=0.145cm~" FWHM; this is consistent with relatively rapid intramolecular
V-V energy transfer that is facilitated by anharmonic coupling within the (v3/v, + v4 + vs)
manifold of '?C,H,, such as are outlined in the context of equations (3) and (4) in section
3.3 above. Miller’s final words on this subject are as follows [49]. ‘As the Fermi resonance
is detuned, the vibrational lifetimes increase, suggesting that low-frequency modes of the
molecule of the molecule to which the high-frequency v; mode is coupled are relaxed
more easily to the helium excitations. The implication is that the most important aspect of
anharmonic resonances in determining the relaxation rates is the characteristics of the
modes involved and how efficiently each member of the resonance polyad is coupled to
the bath of helium excitations.’

Miller and coworkers have conducted extensive experiments (most of them by
optothermally detected SHEDS) on lighter hydride molecules and their complexes in
He nanodroplets [46, 49]. For example, an assortment of effects induced by electric
fields have been studied in He nanodroplets containing dipolar species: molecules (e.g.
HCN [291-295] and HCCCN [295]), dimers (e.g. of HCN [296] and HF [297]), binary
complexes (e.g. C;H,~HCN [45], OC-HF [298], No—HF [298], C,H,—HF [47], and two
isomers of HF—HCN [299, 300]), polymeric structures (e.g. HCN chains with n=3-8
[294, 301]; HF cyclic polymers with n =4-6 [302]), and adsorbate-metal complexes (e.g.
HCN-Mg, with n=1-4 [303]; C,H,—Mg, with n=2, 3 [48]). In particular, application
of a high electric field to a He-droplet molecular beam offers a number of key
capabilities: orientation of dipolar molecules and complexes in He nanodroplets [294];
creation of pendular states with simplified spectra and field-induced selection rules
[291, 296]; measurement of electric dipole moments of solvated species [295]; dynamics
of complexes in superfluid He droplets [45-47, 296-298, 304]; photo-induced
isomerization [299, 300]; assembly of linear [294, 298] and cyclic [302] polymers.
SHEDS investigations of C,H,—NHC (linear) and C,H,—HCN (T-shaped) in He
droplets [45] indicate that the linear isomer is favoured over the T-shaped isomer; this is
the opposite of what is observed in the absence of He solvation [23, 24, 41]. Likewise,
a bent isomer of CoH,—HF has been predicted [47] but only the T-shaped isomer
is observed, either in He droplets or in the gas phase and with vibrational excitation of
either CH stretching or HF stretching modes.
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A further recently developed area of interest to Miller and coworkers has been
electron-impact ionization of He nanodroplets as a means of actively cooling molecular
ions [305, 306], with prospects for significant innovations in mass spectrometry [49].

Finally, it should be noted that the area of biochemistry provides an exciting frontier
for SHEDS research. Miller and coworkers have made several important investigations
of biomolecules, using high electric fields to create pendular states with characteristic
vibrational transition moment angles [49]. Such approaches have been applied to He
nanodroplets containing DNA bases [307], four isomers of the uracil-water complex
[308], and three tautomers of cytosine [309]. The Miller group has laid firm foundations
upon which exciting bioscientific developments may be anticipated.

5. Time-resolved optical double-resonance spectroscopy of acetylene

In this section, we continue to survey specific spectroscopic and dynamical properties
of acetylene (i.e. C,H, and its isotopomers), as in previous sections. Our focus is on
rotationally selected, collision-induced energy transfer processes that are revealed by
time-resolved optical double-resonance techniques, with particular emphasis on the role
of intramolecular rovibrational perturbations (such as have been introduced in above)
on state-to-state energy transfer. Some of these parallel processes observed in the ‘half-
collision’ view of photofragmentation of binary molecular complexes in molecular
beams, as discussed in section 4.2. Other relevant factors that have already been
discussed include spectroscopic and structural characteristics of weakly bound
molecular complexes (section 4.1), the influence of external electric fields (sections
3.5,4.2, and 4.3), and properties of excited electronic states of C,H, and its isotopomers
(section 3.5) that facilitate the sensitivity, selectivity, and information content of
optical double-resonance methods, augmenting other spectroscopic, gas-kinetic, and
molecular-beam techniques.

Double-resonance (DR) spectroscopy is a well-established way [310] to simplify and
assign molecular spectra. The inherent state specificity of DR techniques also enables
studies of state-to-state energy transfer processes [310-314]. Time-resolved optical DR
approaches use a sequence of PUMP and PROBE light pulses, with their temporal
separation providing a time scale for measurements of energy transfer from an initially
selected molecular state to other states monitored at appropriate PROBE wavelengths.
This approach is prevalent in the case where IR absorption is used to prepare the
molecular rovibrational state, as in our early series of IR-UV DR studies of
spectroscopy and energy transfer in formaldehyde-d, (D,CO) [315] and in subsequent
IR-UV DR investigations of C,H» and its isotopomers [51, 55, 57, 60—69].

The generic excitation scheme for IR-UV DR spectroscopy of C,H, with detection
by laser-induced fluorescence (LIF) has been depicted in figure 1 and mentioned in
section 3.1 above. A complementary rovibrational state-preparation technique is
coherent Raman excitation, which accesses Raman-active modes of a molecule.
Figure 2 portrays the LIF-detected Raman-UV DR scheme that has been applied to
C,H, and its isotopomers [50, 52, 53, 54, 57]. More detailed consideration of the LIF-
detected Raman-UV DR and IR-UV DR techniques is presented in sections 5.1 and
5.2, respectively. These two complementary experimental approaches are particularly
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Figure 2. [Colour online] Excitation scheme for time-resolved Raman-UV double resonance (Raman-UV
DR) spectroscopy of gas-phase C,H, and its isotopomers. Two narrowband visible laser pulses (PUMP and
STOKES) prepare a Raman-active rovibrational state (7, J, K) by coherent Raman excitation and a
narrowband UV PROBE laser pulse interrogates the rovibrational manifold, with laser-induced fluorescence
(LIF) detection.

advantageous ways to characterize rotationally resolved spectra and collision-induced
energy-transfer pathways for centrosymmetric molecules such as C,H,, where the
mutual exclusion principle governs IR- and Raman-activity of different vibrational
modes.

5.1. Raman-ultraviolet double-resonance spectroscopy of acetylene

Coherent Raman excitation is an efficient way to prepare significant molecular
populations in specific rovibrational states [314]. The feasibility of such an approach
was indicated by the initial stimulated Raman spectroscopic experiments of DeMartini
and Ducuing [316], the use of IR fluorescence to detect Raman excitation [317, 318],
optical saturation effects in coherent Raman spectroscopy [319], and the efficacy of
photoacoustic Raman spectroscopy (PARS) [320, 321]. Double-resonance schemes
using tunable lasers to monitor coherent Raman excitation of specific molecular
rovibrational states were first reported in 1983, with two variants based, respectively, on
detection by LIF in D,CO vapour [322] and multiphoton ionization (MPI) in NO
gas [323]. Subsequent early LIF-detected Raman-UV DR experiments studied glyoxal
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(C,H»05) [324, 325], H, and D; [326], C,H, [50, 52, 53, 54, 57, 161, 162, 167-170],
C,HD and C,D, [52], and stilbene [327]. Corresponding early MPI-detected Raman-
UV DR experiments examined H, [328-330], benzene and other aromatics [331-335],
HCI [336], and N, [337].

Figure 2 depicts the scheme for Raman-UV DR spectroscopic experiments on gas-
phase C,H,, C,HD, and C,D, [50, 52, 53, 54, 57]. It depends on a two-step time-
resolved sequence of laser pulses that comprises coherent Raman excitation, followed
by UV LIF detection. Rotationally resolved coherent Raman excitation (V, J, K) <
(V"=0, J”, K”) is achieved in the gas phase by the combination of two temporally and
spatially overlapped laser pulses (each with ~10-15ns duration): PUMP (from a
frequency-doubled Nd:YAG laser at fixed wavelength Apypp =532 nm) and STOKES
(from a narrowband tunable dye laser with its output wavelength Agtokgs variable in
the vicinity of ~590nm). The corresponding PUMP-STOKES difference frequency is
tuned to match Raman-active rovibrational transitions in the v, (C=C stretching) band
of C,H,, CoHD, or C,D, (with Agtokgs~ 594 nm, 590 nm, or 587 nm, respectively).
Pulsed, tunable UV probe radiation (from an excimer-pumped, frequency-doubled dye
laser system with output wavelength Ayy in the range 230-250 nm) is used to monitor
Raman-induced population changes via appropriately chosen rovibronic transitions
V', J, K) < (V,J, K) in the A-X absorption system. Broadband UV LIF (detected
undispersed in the range 300—400nm) provides a convenient way to monitor the
resulting sequence of Raman (PUMP-STOKES) and UV probe excitation. Minimizing
the Raman-UV time delay 7 between the pair of Raman excitation pulses and the UV
probe pulse allows insufficient time for collisions during the excitation sequence, so that
the resulting spectra are effectively collision-free and characteristic of the directly
excited rovibrational states (V, J, K). Increasing the Raman-UV delay ¢ introduces
collision-induced energy transfer processes such as rotational relaxation or V-V
transfer; the resulting Raman-UV DR spectra then exhibit collision-induced satellite
structure which, apart from its intrinsic interest, can assist spectroscopic assignment.
Raman-UV DR spectra are usually displayed as difference spectra, with the thermal-
equilibrium background signal electronically suppressed to show only the Raman-
induced DR signal.

The A—X rovibronic absorption bands of C,H, chosen for UV probe purposes in
these Raman-UV DR experiments are of form 29 37 K{' (where the most prominent sub-
bands have AK=/¢'=1, as explained in section 3.6 above). Raman-UV DR spectro-
scopy by Chadwick et al. [50, 52, 57] has succeeded in recording such bands with n=1,
2, or 3 quanta of the electronically excited bending mode v; (a,). Hot bands such as
these are not observed in regular absorption spectra, owing to the very small thermal-
equilibrium population in the ¥, =1 level of C,H,; however, dispersed emission spectra
[157] had previously shown that progressions involving quanta of v, combined with the
symmetric bending modes vy in the X X state and vj in the A 1~Au state are Franck—
Condon allowed. As J increases beyond ~10, additional A — X 29 37 KY rovibronic
sub-bands of C,H, are observed with AK=¢'=0 and 2, owing to axis switching
[151-155]. With AgtokEs tuned to specific rovibrational features in the v, Raman band
of C,H,, Raman-UV DR spectroscopy yields single-J axis-switching sub-bands to be
projected out of the UV-scanned spectrum, providing a unique view of axis
switching [52]. By tuning Astoxgs to the (v, + vq — v4 rovibrational Raman hot band
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of C,H,, Chadwick et al. also measured UV-scanned Raman-UV DR spectra of form
203849 K (or 20 V7 KY) with € =0 or 2 and n=1 or 2 [52, 54, 57].

Apart from providing spectroscopic information as above, Raman-UV DR spectro-
scopy can be used to investigate rovibrationally resolved, collision-induced energy
transfer in gas-phase C,H,. This is achieved by controlling the Raman-UV delay ¢
which, together with the sample pressure P, defines a collision number z which is often
referred arbitrarily to an agreed Lennard-Jones collisional rate constant ky 5. (For CoH»/
C,H, self-collisions at 300K [338], values of z are referred to ky;=16.4ps"
torr ' =5.10 x 107'%cm® molecule's™'.) If the Raman-UV delay ¢ is increased at
constant P, collision-induced satellite features appear in either UV-scanned or
IR-scanned Raman-UV DR spectra as a result of pure rotational energy transfer
(RET) and/or V=V energy transfer [50, 52, 57-59].

Chadwick et al. [52] observed state-to-state RET via self-collisions in C,H, gas, with
even-AJ satellites growing in as z was increased stepwise from 0.08, to 0.65, to 1.3; this
is consistent with conservation of the a/s symmetry associated with the ortho and para
nuclear-spin modifications of a centrosymmetic hydride such as C,H,. The rotational
self-relaxation kinetics of the rovibrational level V>, =1, J=19 were also measured [57]
to have a ‘state-to-field’ efficiency of 1.6 £0.2, referred to &y [57]. More comprehensive
UV-scanned Raman-UV DR spectroscopic studies of this type have been performed
by Zacharias and coworkers [161, 162, 167], examining the RET propensities for
even-AJ population changes and fitting the associated rate constants to a model
based on the energy-corrected sudden approximation and a power-gap scaling law.
Zacharias and coworkers have extended their Raman-UV DR experiments
investigations to investigate M ;-changing self-collisions in C,H, gas, together with a
microscopic model for the resulting effects on molecular alignment and orientation
[168-170].

LIF-detected Raman-UV DR spectroscopy has also been used by Chadwick ez al.
[52, 54] to measure rotationally resolved intermolecular V-V energy transfer processes
in C,H, gas, of the following form:

CHy(Va =1, Va = 15 Jui, €= Lou,e/f)+ CaHa(V = 0; {J})

— CHa(Va = 15 Jiat, €= 0,g, f/e) + CoHao(Vy = 1; {J')). (24)

Here, the state-selected molecule is designated in boldface type, with initial and final
rotational quantum numbers (Jini, Jfinal) having common a/s nuclear-spin symmetry,
while {J} and {J'} represent the ensemble of collision-partner rovibrational states that
are available to participate most efficiently. Other ¢-, (g/u)-, and (e/f)-type labels in
equation (24) are as already explained in section 3.1 above. These experiments have
been carried out by tuning Astokgs to the (v, + vy — vy) rovibrational Raman hot band
of C,H,, thereby preparing the state-selected molecule (e.g. with J;,; spanning the range
0-15) as shown on the left-hand side of equation (24), and tuning Ayy to probe
rovibronic features in the A—X 2 30 K} band at ~242 nm, thereby monitoring the final
state(s) of the C,H, molecule that had initially been state-selected as shown on the right-
hand side of equation (24). Raman-UV DR kinetic measurements are made by fixing
ApuMmpP> AsTOkEs, and Ayy on the above characteristic spectroscopic features while
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scanning the Raman-UV delay ¢ (and hence, at constant sample pressure P=4.5torr,
the collision number z). Such measurements show that the process in equation (24) has
a ‘field-to-state’ efficiency £, = 0.10 +0.02, referred to kpy [54]. The efficiency of
this intermolecular collision-induced V-V transfer process is remarkably high and
comparable to those for some intramolecular rovibrational energy transfer processes
that have been studied in C,H,/C,H,, C,H,/Ar, C,D,/C>,D», and C,D,/Ar collisions
[51, 5864, 66—69]; such relatively facile intermolecular V=V transfer is attributable to a
combination of small energy defect (as is possible for particular combinations of J;;,
Jenan, {J}, and {]’}) and of the moderate amount of vibrational energy (~613cm™",
which corresponds to a room-temperature thermal energy of ~3 kgT; see table 1) that
needs to be transferred in C,H,/C,H, self-collisions. y

Finally, Barth et al. [53] used LIF to measure UV-scanned A-X 2¢ 3} K} Raman-UV
DR spectra for specific single J-states of C>H» in a skimmed molecular beam, rather
than the gas phase, but this promising extension of LIF-detected Raman-UV DR
spectroscopy was pursued no further.

5.2. Infrared-ultraviolet double-resonance spectroscopy of acetylene

Time-resolved, LIF-detected Raman-UV DR spectroscopy of C,H, and its isotopomers
(as discussed in section 5.1) has been confined to rovibrational excitation in the v, (C=C
stretching) fundamental and its hot bands, but its IR-excited counterpart has proved
more versatile. Relevant IR-UV DR spectroscopic experiments range from low-energy
bending levels of C,D, [51, 57] and C,HD [57], through the fundamental CH-stretching
(ven) region of C,H, [339-344], and on to higher-energy overtone and combination
levels of CoH, [55, 60-69, 131, 165, 338, 345-350)].

Figure 1, introduced briefly in sections 3.1 and 3.6, is a generic excitation scheme for
time-resolved, LIF-detected IR-UV DR spectroscopy of C,H,. It comprises a two-step
sequence of IR PUMP and UV PROBE laser pulses tuned respectively to rovibrational
transitions (V, J, K) < (V' =0, J’, K”) and A — X rovibronic transitions (V/, J/, K') <
(V, J, K). As in the above Raman-UV DR studies (section 5.1 and figure 2), an excimer-
pumped, frequency-doubled tunable dye laser system typically generates the pulsed UV
PROBE radiation required to monitor excitation of the rovibrational levels (V, J, K)
that are of interest. Broadband UV LIF can then be detected undispersed in the range
300—400 nm, to monitor the resulting sequence of IR PUMP and UV PROBE excitation
and intervening collision-induced energy transfer that may occur between rovibrational
states during the IR-UV delay interval ¢ between the laser pulses. The source of
coherent pulsed IR PUMP radiation and the UV PROBE wavelength Ayvy progg vary
markedly from one IR-UV DR experiment to another, depending on the energetics of
the rovibrational levels (V, J, K) that are of interest and the particular A-X vibronic
absorption band chosen to monitor them.

Within this context of time-resolved, LIF-detected IR-UV DR spectroscopy, there
are three key experimental control factors: the IR PUMP wavelength A1r pump, the UV
PROBE wavelength Ayv proge, and the IR-UV delay interval ¢ between the IR PUMP
and UV PROBE pulses. As explained in section 5.1 above, this third factor can be used
to control the effective collision number z (typically referred to Lennard-Jones
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collisional rate constants kp; [338]) for a given gas-phase sample pressure P and
temperature 7. This results in three forms of IR-UV DR experiment, each with one of
the above three experimental control factors continuously varied while the other two
are held fixed:

® [R-scanned IR-UV DR spectra, with )\IR PUMP tuned while )\UV PROBE and ¢
(and z) are held fixed;

o UV-scanned IR-UV DR spectra, with Ayv progg tuned while Ajgr pump and ¢
(and z) are held fixed;

e [R-UV DR kinetic scans, with t (and z) varied continuously while Ajr pump
and Ayv progg are held fixed.

Increasing the IR-UV delay 7 introduces collision-induced energy transfer processes
such as rotational relaxation or V-V transfer, so that IR-scanned or UV-scanned
IR-UV DR spectra exhibit collision-induced satellite structure which, apart from its
intrinsic interest, can assist spectroscopic assignment. With small values of IR-UV delay
t (and hence collision number z, for a particular sample pressure P), the resulting
IR-UV DR detection conditions correspond to direct, collision-free excitation of the
following form:

Direct excitation: (V',J,K) < UV —(V,J,K) < IR — (V, J, K), (25)

with 1”7 =0, as depicted schematically in figure 1; the ‘<" arrows denote spectroscopic
transitions (stimulated by IR PUMP or UV PROBE radiation). When values of ¢ (and
hence z) are sufficiently large to enable collision-induced state-to-state energy transfer
during the IR-UV delay interval, the outcome is an indirect, collision-induced
excitation scheme of form:

Indirect transfer:  (V',J,K') < UV — (V,J, K)gna < transfer

:(VaJaK)inil <—IR—(V’J’K), (26)

where Jhh,.=1 and the ‘<<’ arrow denotes collision-induced transfer (e.g. J-resolved
V-V transfer or RET). IR-UV DR spectra are often displayed as difference spectra,
with the thermal-equilibrium background signal electronically suppressed to show only
the IR-induced DR signal.

5.2.1. IR-UV DR studies of low-energy bending levels of acetylene. Chadwick et al.
[51, 57] have used a line-tunable pulsed CO, laser as the IR PUMP source for time-
resolved, LIF-detected IR-UV DR investigations of collision-induced rovibrational
energy transfer transfer within low-energy bending levels of C,D, and C,HD [57].
The former case provides a useful illustration of the types of information that can be
gained from time-resolved IR-UV DR, along with some cautionary insight. Here, the
1073.3-cm™" 9 R(12) CO,-laser line excites the R(17) transition in the (vs+ vs)
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combination band of C,D,, thereby initiating the following form of intramolecular
process [51, 57, 58]:

C2D2(V4 =1,Vs=1;Jnireven, £=0,u, 6’) +M— C2D2(V4 =2; Jfina 0dd, £ = 0,g, e) +M,
(27)

where M denotes a foreign-gas collision partner (e.g. Ar in a 40:1 Ar:C,D, gas
mixture), except where C,D,/C,D, self-collisions are explicitly mentioned. The process
in equation (27) is quasi-elastic, with a low-J exothermic energy deficit of only
16.75:m*l (~0.08 kg T, with T=300K). It is monitored by tuning Ayv progg through
the A—X 3} 43 K} rovibronic band of C,D, at ~237.5nm [51]. Characterization of the
initially prepared even-Ji,;; molecular states (originating via rapid even-AJ RET-type
rotational relaxation from the J;,;; = 18 level excited by the CO, laser) is complicated
by the appearance under effectively collision-free conditions (z=0.16 or 0.32), as in
equation (25), of several UV-scanned IR-UV DR spectra (at ~244nm, ~242nm,
~239nm, ~237nm, ~236 nm, and ~234 nm), of which only the third and fifth spectra
can be directly attributed to excitation of the (V4=1, Vs=1) level, probed in the
A—X 4950 6} and 3} 4 59 6} (or V1 59 6}) vibronic bands, centred at 41 830cm ™" and
42650cm™', respectively. The other bands are tentatively assigned to two-step IR
excitation (i.e. via a novel IR-IR-UV triple resonance scheme) [57].

The kinetics of the process in equation (27) has been characterized by comparing
collision-induced UV-scanned IR-UV DR spectra of the A-X 3049 band with
M =C,D, (z=80) and M = Ar (z=86) accompanied by RET, as in equation (26); this
effectively equilibrates the population within the (V4=2; Juna odd, £=0, g, ¢)
rovibrational manifold. In the case of C,D,/Ar foreign-gas collisions (i.e. with M = Ar),
kinetic analysis yields a remarkably high intra molecular state-to-field efficiency for
equation (27), namely, P . =0.013 £0.002 referred to kry for C;D,/Ar collisions
[51, 57]. Such kinetics is associated with a vibrational ‘bottleneck’ effect within the
(V4+Vs=2) bending manifold of C,D, that is tightly grouped around
Gy~10404+30cm™"; this bottleneck causes quasi-elastic equilibration of the
(V44 Vs=2) bending manifold to precede V-V transfer to other vibrational states.
In the case of C,D,/C,D, self-collisions (i.e. with M =C,D,), major competing
channels are quasi-elastic intermolecular processes such as the following:

CoD2(Vy =1, Vs = 1; Juig even, £=0,u,e)+CoDo(Vy = 1; {J}, £=1,g,¢/f)

— C2Dy(Va = 2; Jgina 0dd, £ =0,g,¢) + CoDa(Vs = 1; (T}, £ = Lue/f), (28)

C2Dy(Vy =1, Vs = 1; Jing even, £=0,u,e) + CoDo(Vs = 1; {J}, £ = 1,u,e/f)

— CDy(Vs = 2; Jpinar 0dd, £=0,g,¢) + C:Do(Va = 1;{J}, £=1,g.¢/f), (29

where the notation is similar to that in equation (24).
The corresponding intermolecular state-to-field efficiencies are estimated to be
P =P =0.03 +0.02, referred to kyy for C,D,/C,D; self-collisions [51, 57].

y_1A28) _1A29)
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Other key accompanying intermolecular process that help to relieve the (V44 Vs=2)
bottleneck include:

CoD2(Vy =1, Vs = 1; Juig even, £=0,u,e) + CoDo(V = 0; {J}, £=0,g,¢/f)
— CoDy(Vy = 1; Jipa 0dd, €= 1,g,¢) + CoDy(Vs = 1; {J}, £=1Lu,e/f), (30)

CDy(Va =1, Vs = 1; Jinic even, £=0,u,e) + CoDo(Vs = 15 {J}, €= 1,u,e/f)
— CoDy(Vs = 1; Jrar even, €= Lu,e) + CoDy(Vy = 1; {J}, £=1,g,¢/f), (3)

with estimated intermolecular efficiencies of Pp_pu) = Py_pey = (5£3) x 1074,
referred to kyy for C,D,/C,D, self-collisions [S1, 57]. The anticipated £-changing
counterpart of equation (29) that would generate C>D» (V4 =2; Jna 0dd, £=2, g, €) is
not observed in these IR-UV DR experiments [51], so that the vibrational angular
momentum quantum number ¢ appears to be conserved in such intramolecular V-V
transfer, contrary to expectations based on known anharmonic and ¢-resonance
perturbations (i.e. Class B and Class C, respectively, as classified in table 2) [58].

In the other case of IR-UV DR spectroscopy of low-energy bending levels, Chadwick
et al. [57] have used the 1052.2-cm™" 9 P(14) line of a pulsed CO; laser as IR PUMP to
excite the R(8) transition of C,HD in its 2v,4 first-overtone band. The resulting
rovibrational excitation is monitored by pulsed UV PROBE radiation at ~229.6 nm via
the A-X 2} 3} 49K} (or 2} ¥} K}) rovibronic sub-band of C,HD, with its origin at
45561.5cm™". Under effectively collision-free conditions (z < 0.40), as in equation (25),
the observed UV-scanned IR-UV DR spectrum comprises three features R(9), Q(9),
P(9) that correspond to the initially prepared Ji,;; =9 rovibrational level. RET-type
rotational relaxation satellites grow in as the collision number z is increased (by varying
the IR-UV delay ¢, with P=0.3torr) to higher values in the range 2.5-4.0, as in
equation (26) with V'=1". Contrary to the cases of CoH, and C,D, (where even-AJ
RET prevails, owing to conservation of a/s or ortho/para nuclear-spin symmetry), RET
with both even AJ and odd AJ is observed in the non-centrosymmetric C;HD molecule.
Nevertheless, the IR-UV DR spectra recorded with z~ 2.9 display a marginal intensity
alternation that slightly favours even-AJ RET over odd-AJ RET. Similar effects occur
in other ‘nearly symmetric’ molecules; they are explained theoretically [351] in terms of
interference between scattering from opposite ends of a non-centrosymmetric linear
molecule such that the anisotropy of the intermolecular potential energy diminishes the
cross-section for odd-AJ RET.

5.2.2. IR-UV DR studies in the vcy manifold of C;H,. IR-UV DR spectroscopy
of rovibrational energy transfer in the vcy manifold of C,H,, centred at ~3288 cm ™!
[58, 60, 123], has been highly productive for Smith, Frost, and coworkers [339—344].
Frost’s early UV-scanned, LIF-detected IR-UV DR experiments [340] have yielded
insight into ways in which intramolecular perturbations, such as the Fermi-type
coupling in the (v3/v, + v4 + vs) dyad of C,H, (as introduced in section 3.3 above), can
influence rotationally resolved propensities and cross-sections for collision-induced
intramolecular V=V transfer between the (v3/v,+vs+vs); and (v3/vs+ Va4 vs)i
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sub-manifolds, compared to RET within either of the dyad components. It may be
supposed simplistically [58, 59, 360] that the collision-induced efficiency Pipi— fina for
collision-induced energy transfer as in equation (26) (between initial and final molecular
eigenstates |init) and |final), respectively) is proportional to |(init| Veg|final)|>. Here, Ve
is an effective dynamical operator that represents the relevant interactions between the
molecule of interest and its collision partner(s). Rovibrational eigenfunctions such as
those in equations (7)—(10) of section 3.3 can then be used to estimate the relative
magnitudes of two distinct types of process measured by Frost [340]:

RET:  Prer o [{((v3/v2 + va + v5)ys Jinie| Verr|(v3/v2 + va + v Jana) I, (32)

Intra — dyad V-V transfer:
Pr_ver [((v3/v2 4 v + V)i Jinit[ Verr [(v3/v2 + va 4 v5)i: Jina) P2 (33)

where we use suffixes I and II that follow spectroscopic convention [58, 59, 360], rather
than the opposite labels used by Frost. In the measurements of interest [340], a fixed-
wavelength IR PUMP pulse was used to prepare C>H, in the Ji,;; =12 level of its
(v3/v2 + V4 + vs); manifold with G, =3294.84cm™'; as explained in section 3.3, this is
close to the isoenergetic crossing point of that rovibrational manifold. With
eigenfunctions as exemplified by equations (7)—(10), (init|Vy|final) for even-AJ RET
processes within a single dyad component as in equation (32) are predominated by sums
of the matrix elements ((0010°0%%|Verl(0010°0%%) and (0101' 171"
[Verr|(0 10 11 1*1)3) that are diagonal in the Class A basis-states. On the other hand,
(init|Veg|final) for even-AJ intra-dyad V=V transfer processes as in equation (33) are
predominated by differences of the same diagonal matrix elements. Such differences
are inevitable in intra-dyad V-V transfer, given that the vibrational basis states are
necessarily orthogonal, so that the extent of any destructive interference (or
cancellation) will depend on the relative magnitudes of relevant diagonal vibrational
basis-state matrix elements. Frost’s state-to-state rate constants for RET and intra-dyad
V-V transfer are in the (relatively small) ratios of 4.3 for AJ=—-2 and 6.7 for AJ=+2
[340]. Corresponding ratios of collisional efficiencies (Pret/P— 1) were interpreted [58]
in terms of a proposition that the following ratio R of diagonal vibrational basis-state
matrix elements differs markedly from 1:

_(1o1 1Y Verl(0 10 11 171
((0010°0%] [Vesrl (0010°0%)

(34)

This initial interpretation [58] was qualitatively correct, but it has been treated more
rigorously by Henton et al. [343, 344]. They extended Frost’s original RET and intra-
dyad V-V transfer measurements by J-resolved IR-UV DR studies with an IR PUMP
pulse exciting the Ji,;;=10 level of its (v3/v,+vs+ vs);; manifold of C,H, with
G,=3281.90cm™". Taking account of detailed-balance and J-state dependences [344],
they deduced that the ratio R is either 0.37 or 2.7; the larger value (R=2.7) is
tentatively preferred [344] on the basis of its consistency with the observed skewing of
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V-V transfer efficiencies in favour of AJ<0. The two possible values of R are solutions
of the quadratic relationship:

(yRET) =475~ (1+R)*/(1 — R)
Py_y

_LO 101 IS a0 10 11 17HT) + (0.0 10° 0°) [ Verrl(0 0 1 0° 007
[O 1018 1D Verr|(0 10 11 1-1)%) — (00 100 09)% [ Vere|(0 0 100 09))*
(35)

A useful mechanistic background to the effect of intramolecular perturbations on
collision-induced V-V transfer has been provided by earlier studies of D,CO and CO,
[58, 59, 315, 360]. CO,-laser-excited IR-UV DR experiments on D,CO [58, 59, 315,
352-365] had revealed that rovibrational energy transfer in the Coriolis coupled (v4/ve)
manifold of D,CO is significantly enhanced by constructive interference between
contributions from the perturbatively mixed V,;=1 (out-of-plane CD, bend,
G,=938.0cm™ !, by) and V¢=1 (in-plane CD, wag, G, =989.25 cm™ !, b,) rovibrational
levels with different values of the rotational quantum number K, [58, 59, 315, 357-365].
On the other hand, markedly contrasting results emerge from a comparable analysis of
collision-induced V-V transfer within the classic (v/2v;) Fermi dyad of CO, at
~1337cm™!, where intramolecular anharmonic and ¢-resonance perturbations
are predicted to have a very small effect, owing to destructive interference effects [58,
59, 360]. Eigenfunctions for the 2; (v1/2v5); and (v{/2v,);; manifolds of CO, (with
Gy,=1388.19cm™" and 1285.41cm™', respectively) are discussed in the context of
equations (5) and (6) of section 3.3 above [58, 59, 125, 126]. The effective transition
matrix element (init|Veg|final) for intra-dyad V-V transfer is then predominated by
the difference  between matrix  elements  ((02° 0)%|Verrl(02°0%)°)  and
(10 0)% | Verrl(1 0° 0)) that are diagonal in the Class A basis-states [58, 59, 360].
Estimates of such vibrational basis-state matrix elements indicate that they cancel to
less than 0.1% [58, 59, 360, 366, 367]; this is consistent with the low efficiency of
J-resolved V-V transfer kinetics within the 1337-cm™" (v,/2v,) Fermi dyad of CO,,
as measured in IR-IR double-resonance experiments [58, 59, 360, 368], but contrary to
earlier interpretations apparently guided by intuitive expectations that strong Fermi
resonance (or other forms of intramolecular coupling) would necessarily enhance V-1
transfer.

The foregoing results for rovibrational manifolds of C,H,, D,CO and CO, all
implicate strong intramolecular perturbations (e.g. Fermi-type resonance or Coriolis
coupling). They demonstrate that there is no general rule to predict whether J-resolved
V-V transfer kinetics will be enhanced or suppressed by perturbative mixing of
vibrational or rovibrational basis states, given the subtlety of interferences between
diagonal matrix elements of those basis states [58, 59, 315, 360]. This contradicts the
widely held intuition that intramolecular perturbations tend to enhance V-V transfer
[312-314, 369], or the more specific statement [370] that ‘a greatly enhanced energy
transfer is invariably found’ in the presence of perturbative mixing of vibrational
basis states.
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Smith and coworkers have performed numerous other IR-UV DR experiments on
intramolecular and intermolecular V-V transfer within the vcy manifold of C,H, at
~3288cm™', both in self-collisions [339-344] and with foreign-gas collision partners
(notably He, Ar, H,, and N») [339, 343, 344]. They have also made parallel studies of
the (v3 4 va/vs + 2v4 + vs) Fermi-type dyad of C,H, at ~3890cm ™" [343, 344].

5.2.3. IR-UV DR studies in nvcy manifolds of C,H, above ~6500cm~!. The
CH-stretching overtone and combination bands, above ~6500cm ™! in the near-IR
absorption spectrum of C,H,, entail excitation in the X manifold to congested
assemblies of rovibrational levels, many of which are strongly perturbed relative to the
set of basis states from which they are derived. Crim and coworkers [131, 165, 338, 345-
350, 371, 372] are the principal pioneers of LIF-detected IR-UV DR spectroscopy in the
ngven (ns=2-5) regions of C,H», which correspond to excitation of ng CH stretching
quanta (v; and/or v3). The upper vibrational IR absorption levels that carry the
oscillator strength in these n,vcy rovibrational manifolds of C,H, are as follows [76, 77,
90]: for ng=2, (v, + v3) at G, =6556.46 cm ™", primarily (1 0 1 0° 0°)%; for ny=3, 3v; at
G, =939.85cm™", primarily (0 0 3 0° 0°)%; for ny=4, (v, + 3v3) at Gy = 12675.68cm™",
primarily (1 03 0°0%° for ny=5, Sv3 at G, =15948.52cm™", primarily (0 0 5 0° 0°)%..

As explained in sections 3.1 and 3.2, the basic symmetry of these IR-bright ngvcy
levels is =, their corresponding polyad labels are {ng, 5ng, 0, u, +}, and their local-
mode labels are [0 ny, —]. A more detailed explanation of the 4vcy/(vi+ 3v3)/
(1030°0%%/{4, 20, 0, u, +}/[0 4 —] = sub-manifold has been given in section 3.2,
with further complexities discussed in section 3.5. Likewise, section 3.3 has addressed
features of the 3vcy/{3, 15, 0, u, +} polyad, including anharmonic Darling—Dennison
coupling between the 3v3/(0030°0%% and (2v;+v3)/(2010°0°° components of
its (3v3/2v;+v3) dyad [77, 90, 127]; perturbations by the (vi+vs+ v3+2vy)
T/ 112°09% and  (vi+vatvi+2vy) AQ/1112°00 levels (with G =
9668.13cm ™" and G, =9664.42cm ™", respectively) also yield {3, 15, 0/2, u, e} mixed-
¢ polyad character [128]. Additional effects of Coriolis coupling on the (3v3/2v; 4 v3)
upper dyad component have been discussed in section 3.4 [105, 128, 131].

In their LIF-detected IR-UV DR investigations, Crim and coworkers have
systematically addressed issues concerning the structure, energetics, and dynamics in
the X manifold of C,H, at high vibrational energies (above 6500 cm™'). These include:
J-resolved state-to-field relaxation kinetics of the ngwey (ns =2—4) manifolds, both via
C,H,/C>H, self-collisions and with rare-gas collision partners (He, Ar, or Xe) [165, 338,
345, 371, 372]; even-AJ state-to-state RET within the 3vcy manifold via collisions with
C,H, [338, 346, 371, 372] or Ar [338, 372]; J-resolved state-to-state intra-polyad V-V
transfer within the 3vcy manifold vie C,H,/C,H, self-collisions [346, 350, 372];
assignment and characterization of rovibronic structure in the A 'A, excited electronic
state of C,H,, using reduced term-value plots [347, 348, 371, 372] and normal-mode
analysis [349, 371, 372]; an exposition of the complementary roles of IR-bright/
UV-dark and IR-dark/UV-bright rovibrational states in IR-UV DR spectra of C,H,
[131, 371, 372].

The J-resolved V-V processes measured in the IR-UV DR experiments of
Tobiason et al. [346, 350] comprise collision-induced state-to-state transfer within the
{3, 15, 0, u, +} T polyad of CoH,, from various Ji,; levels of the (3vs/2v; + v3); dyad
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component — which has predominant 3v;/(0 0 3 0° 00)3 character — to the almost
isoenergetic Jina =4 level of the (v, 4 v, 4+ v3+2v4)/(1 11 2° OO)OJr sub-manifold. These
two vibrational states are coupled by a combination of anharmonic Darling-Dennison
and Fermi-type resonances; their corresponding local-mode labels are [0 3 —] and [0 1
2 —] (2 0), respectively. The Jupa =4 (vi+v2+v3+2uy)/(1 11 20 00)1 rovibrational
level is unusually UV-bright, presumably owing to an as-yet unidentified local
perturbation (e.g. Coriolis coupling) similar to those discussed elsewhere in this article.
By analogy with intra-dyad V-V transfer within the (v3/v,+ v4+ vs) manifold [340],
it is argued [350] that ‘the Fermi resonance of 3v; and (v 4 v, + v3 + 2vy4), £ =0 appears
to enhance collisional transfer between the pair by a factor of 10 or more over that
for uncoupled levels.” However, details of such perturbative coupling in the 3vcy
manifold of C>H» remain uncertain [105, 128, 131], giving scope for further systematic
studies, similar to those described below for the 4vcy and (vec+ 3ven) manifolds
Of‘(:2}12.

5.2.4. IR-UV DR studies in the (vce + 3vey) manifold of C,H, at ~11600cm ™!, Milce
et al. have undertaken an extensive series of IR-UV DR spectroscopic experiments in
the (vee + 3ven) region at ~11600cm ™" in the X manifold of C,H, [55, 60, 62, 63, 373].
Following the lead of Crim and coworkers in the 3vcy region [131], these studies of the
(vec+ 3ven) region have established the complicated pattern of global and local
perturbations that affect the {4, 18, 0/2, u, e} mixed-£ polyad components, as outlined in
the context of equations (13)—(17) in section 3.4 above. In this region, only a few of the
known rovibrational levels have appreciable Franck—Condon factors to accessible
excited rovibronic levels, as is needed for LIF-detected IR-UV DR spectroscopy:
IR-bright levels tend to be UV-dark and vice versa. The only rovibrational states in the
(vec + 3ven) manifold with detectable IR-UV DR signal strengths are as follows:
(U2 + 3U3) Elt J= 3*6, (U2 +v3+ 81)4 + 21)5) Aff), J= 18, (4])2 + 3U4+ 3\)5) Elt’ J=12.
These rovibrational states are all strongly perturbed by anharmonic and/or Coriolis
coupling, such that IR-bright/UV-dark vibrational basis states are mixed to other
IR-dark/UV-bright states with more favourable Franck—Condon factors. The situation
is analogous in some respects to that considered by Crim and coworkers in the 3vcy
region [131]. Following their lead, Milce et al. have established the complicated pattern
of global and local perturbations that affect the {4, 18, 0/2, u, ¢} mixed-£ polyad
components, as outlined in the context of equations (13)—(17) in section 3.4 [55, 60, 62,
63, 373].

Such perturbed rovibrational states (and their associated dynamical properties) have
been characterized by using all three forms of IR-UV DR spectroscopy (IR-scanned,
UV-scanned, and kinetic-scan) as listed earlier in section 5.2. In a novel IR-UV DR
spectroscopic variant, the UV PROBE and IR PUMP Ilaser frequencies were
simultaneously scanned in opposite directions with their sum frequency held constant,
facilitating identification of doublet structure arising via local perturbations [60, 373].
These approaches reveal channels of J-changing RET and inter-mode V-V transfer,
enabling characterization of previously unidentified rovibrational states. For instance,
a prominent IR- and UV-bright doublet level, labelled *J=12/12*" at 11767.12cm™"
(J=12) and 11766.95cm™" (J=12*) is observed in both IR absorption spectra and
IR-scanned IR-UV DR spectra of C,H, [55, 60, 62, 63]. The significance of this
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J=12/12* doublet was discovered by accident [55, 60, 373] in the form of remarkably
efficient collision-induced V-V transfer, as in equation (26), with the UV PROBE
monitoring the 11634.67-cm™" (v, + 3v3) X J=5 level, as specified in the context of
equation (16) above. The main J =12 level of this doublet is assigned primarily to the
(4v2+3v4+3vs) EF (n,=4) sub-manifold of equation (15) [60, 62, 63, 373], although
it was originally falsely assigned to the (v; +3v,+ 3vs+vs) T sub-manifold [55], and
its J = 12* perturber level is proposed [63] to arise via an extensive network of Coriolis
perturbations that link three Class B J=12 rovibrational basis states; these are
calculated as follows: (4va+3v4+3vs) EF (ny=4, €=0) at 11766.9 cem ™!,
(Qvy + v3+ Svg+2v5) TIO (ng=3, £=1) at 11767.2cm™", and (v, + v3+ 8vy +2vs) ALY
(ns=2, £=2) at 11765.1cm™". Rotational structure observed in UV-scanned IR-UV
DR spectra rules out the 11767.2-cm ™" M level as a primary perturber [63]. These
intramolecular local perturbations link the {4, 18, 0, u, +}, {3, 18, 1, u, ¢}, and {4, 18, 2,
u, e} polyad components with a common value of n,.;= 18 and mixed ng- and ¢-values;
they satisfactorily explain many features of the observed IR-UV DR spectra, including
the UV-brightness that would arise from the strong vy (frans-bend) character in the
basis states.

Odd-AJ V-V transfer between the 11767-cm™' (4vs+4 3v4+ 3vs) zh J=12/12*
doublet and the 11 635-cm™" (V54 3v3) X J=5 level is one of many processes that lead
to unexpected odd-AJ collision-induced features of IR-UV DR spectra in the
(vee + 3ven) region of CoH, [55, 60, 62, 63, 373]. For rovibrational levels with £ =0,
such odd-AJ transfer is forbidden, owing to conservation of a/s nuclear-spin symmetry
and the extreme difficulty of interconverting the ortho (I=1,a) and para (I=0,s)
nuclear-spin forms of C,H, (as discussed in section 3.1 above). At the outset [60, 373],
Milce et al. inferred that such apparent odd-AJ collision-induced features might arise
from drastic symmetry-breaking effects, spoiling quantum numbers (e.g. J and /) that
are usually well-defined (or ‘good’) in C,H,. Several possible mechanisms were
considered to explain such puzzling observations: dynamical breaking of g/u point-
group symmetry, via Coriolis coupling that might cause strong rovibrational
perturbations by basis states with dominant bending character; unusually facile
interconversion of ortho- and para-C,H, by a combination of Coriolis coupling and
nuclear hyperfine interaction; the (energetically unlikely) possibility of intramolecular
state-mixing involving the vinylidene isomer (H,C=C:) [89, 94-98], which destroys the
central symmetry of the molecule. However, early understanding of this problem was
inconclusive [60, 373].

These apparent ‘symmetry-breaking” odd-AJ collision-induced IR-UV DR features
in the (vee + 3vep) region of C,H, have subsequently been included by Milce et al. [62]
in a phenomenological rate-equation model, together with the more readily understood
even-AJ features. This detailed kinetic model incorporates collision-induced channels of
J-changing RET and inter-mode V-V transfer, measured by the above-mentioned
IR-UV DR kinetic-scan approach in which the second-order state-to-state kinetics is
measured by continuously varying the IR-UV delay ¢ (and hence, at constant P, the
collision number z) while holding Ajr pump and Ayv proge fixed [55, 62, 373]. Empirical
exponential-gap fitting laws are used to describe even-AJ channels of RET and V-V
transfer that are measured by IR-UV DR kinetic scans with the UV PROBE set to
monitor the IR- and UV-bright 11 767-cm ™! (4va+3vs+3vs) T J=12/12* doublet
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[55, 60, 62, 373] as identified in equations (15) and discussed above. Even-AJ RET is
observed within the (4v,+3vs+ 3vs) T sub-manifold itself, while observed even-AJ
V-V transfer originates in rovibrational levels of the (v, +3v3) £} and (4vy + 3v4+ 3vs)
A©) sub-manifolds as identified in equations (13) and (14), respectively. At the same
time, the detailed kinetic model provides an adequate phenomenological fit to the key
symmetry-breaking channel that comprises remarkably efficient V'~V transfer from the
11635-cm™", (v2+3v3) BF J=35 level — as defined with its (2v, 4 v3 + Svy+2vs) 1
J=5 perturber in equations (16) and (17) — to the 11767-cm™'J=12/12*
(4v2+3v4+3vs) T doublet.

By using a detailed J-resolved polyad model, Milce et al. [63] have attained an
ultimate understanding of rovibrational anomalies in the (vee + 3vey) region of CoHo,
resulting in systematic analysis and re-assignment of features of IR-UV DR spectra that
had been reported in preceding papers [55, 60, 62, 373]. All of the information presented
above, including that in the contexts of equations (13)—(17) in section 3.4 and of
equations (20)—(23) in section 3.5, is consistent with these outcomes [63]. In particular,
likely perturber states involved in odd-AJ collision-induced energy transfer have been
identified and the dynamics of relevant mechanisms have been characterized. It is now
postulated that such unexpected effects are due to resonant Stark mixing induced by
electric fields arising in either molecular collisions or the infrared excitation pulse itself.
Coincident rovibronic transitions, within the finite optical bandwidth (~0.2cm™") of
the UV PROBE radiation, from ¢-doublet levels of opposite e/f parity also contribute
to the observed odd-AJ energy transfer. Such interpretations do not need to invoke
breaking of a/s nuclear-spin symmetry that would entail interconversion of ortho
(I=1, a) and para-C,H, and para (I =0, s) nuclear-spin modifications of C,H,, which is
unlikely to occur on the time scale of these IR-UV DR experiments.

More explicitly, Stark spectroscopy in C,H, molecular beams [141, 145] has played
a significant role in interpreting odd-AJ energy transfer from the (v, + 3v;) Z levels
with J=4, 5, and 6 [63, 146]. As discussed in the context of equations (20)—(23) in
section 3.5, the (v, +3v3) T J=35 (ny=4) level and its virtually isoenergetic Coriolis-
coupled (2v5 + v3 + 5v4+2vs) T1® J =5 (n, = 3) perturber are coupled in a finite electric
field to (v + v, +2v3) Zg J=4 (ng=4) and 3v,+ Svs+4vs) H(gf) J=15 (ng=3) levels, so
that they acquire mixed e/f parity and g/u point-group symmetry, as well as hybrid J=5
and J=4 character.

The source of Stark fields responsible for odd-AJ mixing of this type is the remaining
question. Stark resonances observed [141, 145] in the (vce + 3ven) manifold of CoH,
occur over a range of electric field strengths up to ~175kVem™', and in some cases
(e.g. J=5) less than 50kVem™'. Field strengths of this magnitude can be attained
during the close approach of two C,H, molecules, even though such molecules have
a zero permanent electric dipole moment. Using accepted values of the electric
quadrupole moment [374], polarizabilities, and other tensor properties [375, 376] for
C,H,, it is estimated [63] that the axial electric field at a distance of 1 nm (~3 molecular
lengths) from the centre of mass of a C;H, molecule is as big as 550 kV cm~ ! even at
a distance of 1.65nm (~5 molecular lengths), an axial field of 75kV cm ™" is predicted.
Milce et al. have therefore postulated that it is possible to simulate the effective (long-
range) part of the intermolecular potential in terms of an electric field that perturbs the
molecules of interest. For pairs of C,H, molecules in the gas phase, collisional
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trajectories can cause the strength of this intermolecular electric field to be swept
through a range of values, traversing Stark resonances that induce symmetry-breaking
effects in a rovibrationally excited C,H, molecule as indicated qualitatively above.
Moreover, there is one instance (in figure 10 of [63], where an IR PUMP pulse with
energy ~15mJ and duration ~8ns is focused to a beam diameter of ~0.4 mm, thereby
creating a peak optical field strength of ~100kVem™") in which the optical field of
the IR PUMP radiation appears to be implicated in odd-AJ energy transfer from
the (v2+3v;) IF J=5 level of CoH, under effectively collision-free conditions
(z=0.016).

5.2.5. IR-UV DR studies in the 4vcyy manifold of C,H, at ~12700cm™".  Following on
from the research described in section 5.2.4, Payne et al. have made wide-ranging
IR-UV DR spectroscopic investigations in the 4vcy region at ~12700cm ™' in the
X manifold of C,H, [61, 64-69, 377]. The principal IR-bright rovibrational sub-
manifold in this region is labelled (v, +3v;) £, as explained in the contexts of equation
(1) in section 3.2 and equation (18) in section 3.5. Preliminary IR-UV DR
measurements in the 4vcy region by Tobiason et al. [165, 372] found that (v + 3v3)
X rovibrational levels were particularly amenable to investigation by IR-UV DR
methods; in that work, UV-scanned IR-UV DR spectra were recorded for selected
(v +3v3) =F J-levels in the 299-nm A — X 19 3} 5} rovibronic absorption band [372]
and total collision-induced relaxation rates were measured for the J=0, 4, 10, and 18
levels [165, 372]. The IR-UV DR studies of Payne et al. in this region have extended that
earlier work, by examining many more J-levels (up to J=22) of the (v; +3v;) =}
sub-manifold and by investigating state-to-state collision-induced rovibrational energy
transfer [61, 64-69, 377].

Payne et al. were prompted to initiate their IR-UV DR studies of the 4vcyy region
of C,H, [61, 377] in view of the series of high-resolution laser Stark spectra measured by
Gough and coworkers [140, 145] in a molecular beam of C,H,, for the low-J portion
of the (v; 4+ 3v;) T rovibrational manifold of C,H,. This has been previewed in the
context of equations (18) and (19) in section 3.5. At the outset, it appeared likely that
anomalously large Stark perturbations found in the J=0 and J=1 levels of the
(vi +3v3) £} sub-manifold might lead to pronounced collision-induced rovibrational
mixing [63, 140, 377]. Strong collision-free IR-UV DR signals, as in equation (25),
were observed by probing the (v;+3v;) X J=0 rovibrational level but these are
complicated by interferences from an underlying IR-dark, UV-bright state, making the
J=0 level unsuitable for systematic IR-UV DR studies [66, 377]. The J=1
rovibrational level of the (v;+3v;) £} sub-manifold is found to be more amenable
to unambiguous characterization and has yielded insight concerning even- and odd-AJ
collision-induced rovibrational energy transfer and associated mechanisms [63, 66, 377].
It has been hypothesized that such rovibrational states are susceptible to mixing in an
applied or collisional electric field, in view of the ease with which the relative phase of
the two local CH oscillators of C,H, can be switched; such a process has been suggested
to be facile for transitions between some ‘+° and ‘—’ local-mode states [378], thereby
mixing g/u point-group symmetry. In the case of the 4vcy manifold at ~12700cm™",
field-induced perturbations of this form are therefore considered likely to occur between



16: 09 21 January 2011

Downl oaded At:

Spectroscopy and energetics of the acetylene molecule 703

J-levels of the (10300)}/[0 4 —] =f and (20200)}/[0 4 +] % vibrational
sub-manifolds.

Pulsed IR PUMP excitation of C,H, to its (v; +3v3) X J=1 level can be monitored
by pulsed UV PROBE-excited LIF via the carefully characterized 299.105-nm R(1)
transition in its A — X 19 3} 5} K} rovibronic absorption band [61, 377]. IR-scanned
IR-UV DR spectra with a C,H, sample pressure P=0.20torr provide a spectacular
demonstration of the time-resolved IR-UV DR technique [61, 64, 66, 377]. When
the IR-UV delay ¢ is small (e.g. t=10ns, collision number z=0.033), the resulting
detection conditions yield a simple two-line IR-UV DR spectrum, with the R(0) and
P(2) rovibrational features (at 12677.98cm™' and 12670.92cm™!, respectively)
projected cleanly out of the 12676-cm™' (v; + 3v3) PIRES E+ combination band of
C,H>; this is consistent with a direct, collision-free excnatlon scheme of form, as in
equation (25) and figure 1. When ¢ is increased (e.g. t=200ns, collision number
z=0.66), a much more congested IR-scanned IR-UV DR spectrum is obtained, with a
prominent series of R(Jna — 1) and P(Jgna + 1) rovibrational features corresponding to
0dd-Jpna peaks in the 12 676-cm™" (v; + 3vs3) Ej—Zg combination band of C,H5; this is
consistent with the expected even-AJ RET satellite via an indirect, collision-induced
excitation scheme, as in equation (26).

Accompanying these regular even-AJ collision-induced IR-UV DR features is an
almost equally prominent series of odd-AJ IR-UV DR features that are much more
difficult to understand, in the same sense as in section 5.2.4 above [61, 64, 66, 377].
Much of this odd-AJ structure is centred around the R(11) and P(13) rovibrational
features (at 12699.89cm™' and 12641.09cm™', respectively) in the 12676-cm™'
(v1+3v3) EFE7 combination band of C;H,. It is consistent with unusually facile
odd-AJ collision-induced ‘Ji; =12 to Jgua =1 transfer from the IR PUMP-prepared
(v1 +3v3) F Jgna =1 level of CoH, to another rovibrational level with Ji,; = 12 in the
4vcy manifold. This relatively efficient energy transfer channel corresponds to
AJ = (Jgnal — Jini) = — 11, which is unusual both in terms of its magnitude and its
being an odd number. Another less prominent channel of odd-AJ transfer appears via
the R(17) rovibrational feature in the (v;+3v;)-band IR-UV DR spectrum,
corresponds to AJ = (Jgnal — Jini) = —15.

Similar (but not identical) odd-AJ transfer arises when a different rovibronic band is
used for UV PROBE interrogation (vy 4 3v;) T Jna =1 level of CoH,. It was initially
reported [64] that little change is discernible in IR-scanned IR-UV DR spectra obtained
if the UV PROBE is moved from 299.105nm, accessing the (v + v5) upper vibronic
state, to 296.032 nm, which then excites the R(1) transition in the A—X 19 2} 3 5} K}
rovibronic absorption band of C,H, and accesses its (1, 4 v5) upper v1bromc state
[64, 66, 377]. A subsequent more quantitative comparison based on IR-UV DR kinetic
curves indicates that ‘Ji,; =12 to Jupa =1 odd-AJ transfer contains a fast kinetic
component that is more prominent when the UV PROBE is at 299.105 nm than when it
is at 296.032 nm [66]. There is evidence [64, 66] that more than just a single discrete set
of (v; +3v;) T J-states contributes to IR-UV DR spectra and kinetics of the 4vcy
manifold, particularly when the UV PROBE is set at 299.105nm to monitor the
(v§ 4 v5) upper state. It appears that a highly efficient J-resolved V'~) transfer ‘gateway’
channel is observable if the UV PROBE wavelength is set at 299.105 nm to excite LIF
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via the (V5+ ;) upper state, whereas that channel is not readily monitored at
296.032 nm via (V5 + v5).

IR-UV DR kinetic curves (recorded by varying ¢ and z continuously while A;g pump
and Ayv prope are held fixed) show that the IR-UV DR kinetic efficiency of the
*Jinit=12 to Jgna = 1" 0dd-AJ transfer channel is remarkably high — comparable to that
for regular |[AJ| =2 and |AJ] =4 RET channels [61, 66-69, 377] and consistent with the
above-mentioned IR-scanned IR-UV DR spectra [61, 64, 66, 377]. Other odd-AJ RET
features fall away monotonically from the kinetic curve for Ji,;; =12, as if from a
secondary parent peak, including the two J=18 doublet components associated with
the locally perturbed R(17) feature at ~12709.3cm ™" that is known from IR absorption
spectra [92, 107-110]. Such kinetic studies of individual collision-induced IR-UV DR
features therefore reveal apparent symmetry-breaking IR-UV DR signals originating
from even-Ji,; levels of the (v;+3v;) I sub-manifold (notably Ji,;=12) when
the (v1 +3v3) =F Jna =1 level is probed. This extensive body of IR-UV DR Kkinetic
results can be satisfactorily simulated by a phenomenological master-equation model
[67-69, 377].

A significant result in the context of “Jin; =12 to Jpa =17 odd-AJ RET in C,H, has
been obtained by using Ar as a foreign-gas collision partner [61, 66, 67, 377]. Comparison
of energy-transfer kinetics for C,H,/Ar collisions with those for C,H,/C,H, self-
collisions helps to discriminate between state-to-state intermolecular and intramolecular
energy transfer processes. At low vibrational excitation (as in the > =1 manifolds of
C,H, [57] and C,D5 [51]), this approach shows that intermolecular V=V transfer between
ortho and para nuclear-spin modifications of C,H, or C,D, through self-collisions can
yield odd-AJ features in IR-UV DR or Raman-UV DR spectra. An opportunity for such
collisional exchange of ortho/para character is absent in C,;H,/Ar (or C,D,/Ar) collisions,
where any collision-induced V-V transfer is necessarily intramolecular. We note also
previous studies of the effect of C,H,/Ar collisions on rovibrational energy transfer in
the vey and 3vey regions (as discussed in sections 5.2.3 [340, 343] and 5.2.3 [338],
respectively). Likewise, the rovibrational LIF experiments of Halonen and coworkers
[144] yield odd-AJ features that are attributable to intermolecular ‘step-down’ V-V
transfer between ortho and para modifications of C,H,.

In high-overtone vibrational manifolds of C,H,, such as (vce + 3ven) [60, 62, 63] or
4vey [61, 64-69], it is considered improbable that self-collisional state-to-state
intermolecular V=V transfer will make appreciable contributions to IR-UV DR signals,
because four specific vibrational (CH- and/or CC-stretching) quanta would need to be
destroyed in one C>H, molecule and re-established in the other, while exchanging more
than 11000 cm™" of rovibrational energy between the state-selected C,H, molecule and
its collision partner. It is therefore possible to rule out a relatively trivial possible
explanation of apparent odd-AJ RET and consequent collision-induced ‘scrambling’
of ortho (I=1, a) and para (I=0, s) nuclear-spin modifications of C,H,. This premise
[60, 62, 63] has been confirmed experimentally [61, 66] by comparing IR-UV DR
kinetics for neat CoH, with a 1:10 mixture of C,H, in Ar. It is remarkable that the rate
of “Jinit=12 to Jina =1 odd-AJ transfer is approximately gas-kinetic, in C,H,/Ar
collisions as well as in C,H,/C>H> collisions. This is consistent with an intramolecular
process, in which state-selected C,H, molecules (prepared by the IR PUMP) remain
vibrationally excited (and monitored by the UV PROBE).
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The most remarkable (but nevertheless puzzling!) feature of IR-UV DR spectroscopic
studies by Payne ef al. in the 4vcy rovibrational manifold of C,H, is an unusual
collision-induced quasi-continuous background (CIQCB) [64—69, 377] that is appar-
ently ubiquitous, accompanying regular even-AJ rovibrational energy transfer. The
CIQCB accounts for much of the observed collision-induced odd-AJ satellite structure,
such as that with Ayv prope=296.032nm used to excite LIF via the (v, 4 v§) upper
state. There is evidence that apparently discrete IR-UV DR signals also contain an
underlying contribution from CIQCB effects. Such CIQCB effects have been
satisfactorily accommodated in the phenomenological master-equation model of
collision-induced kinetics in the 4vcy rovibrational manifold of C,H,, as observed by
time-resolved IR-UV DR spectroscopy [67-69, 377].

The primary mechanism of the CIQCB is postulated [69] to be collision-induced
energy transfer after IR PUMP excitation to a congested array of IR-dark/UV-bright
rovibrational states in the X 12* ground electronic state, followed by LIF-detected UV
PROBE A-X rov1bromc absorpt1on Many approximately isoenergetic rovibrational
states above 12700 cm™' may contribute to the CIQCB. It is estimated that the effective
density of available IR-dark/UV-bright rovibrational states in the CIQCB exceeds 10
states per cm ™!, on the basis of all 1, = 20 vibrational levels with ¢ =0-3 (=, 10, A,
and @), both gerade and ungerade, enhanced by 1 - 2 orders of magnitude via collision-
induced RET. The UV PROBE optical bandwidths employed (typically ~0.25cm™")
then yield an effectively quasi-continuous distribution of rovibrational states, consistent
with the observed CIQCB effects. Significantly, the ¢>0 (I1, A, ®,...) character of
rovibrational states contributing to the CIQCB causes J-states to occur in ¢-type
doublets with e- and f-symmetry components [106]. This allows collision-induced
rovibrational transfer (e <> f) with odd AJ as well as even AJ, without needing to
invoke a/s nuclear-spin symmetry breaking and consequent interconversion of ortho
and para nuclear-spin modifications of C,H, [64, 66].

The collision-induced IR-UV DR kinetic studies by Payne er al. in the 4vcy
rovibrational manifold of C,H, also indicates the importance of J-specific energy-
transfer gateways. IR-UV DR mechanisms for C,H, in its 12 700-cm™! 4vey
rovibrational manifold are understood to involve discrete IR-dark/UV-bright rovibra-
tional gateway states that are nearly isoenergetic with the discrete IR-bright
rovibrational states and the CIQCB bath states. The most prominent of these
rovibrational states, (v, +3v;) £ J=12, has been recognized as a primary gateway
for unusually complicated odd- AJ (Vi +3v3) ZF Jimie t0 Jpna =1 transfer kinetics
[64, 66—69, 377]. In addition to relaxation to the CIQCB bath, this primary J;,;; =12
gateway channel is associated with V=) transfer to an IR-dark vibrational level that is
tentatively assigned by a rovibrational polyad model [63] as (3vy+ 10vy+vs)/
(vi +2v3+4vy+vs), with 19 (£=1) symmetry, n,e=20, and mixed vibrational
basis-state parentage [63, 64, 66, 69, 377]. Less prominent secondary gateway channels,
such as the main and perturber rovibrational states of the (v, +3v;) T doublets with
Jiniv=18 and 17, are also recognized [67-69, 92, 377]. Such J-specific gateway channels
have been included in the phenomenological master-equation model of collision-
induced kinetics in the 4vcy rovibrational manifold of C,H, [67-69, 377].

Measurement and detailed characterization of the CIQCB effect [64-69, 377] has
been facilitated by higher-than-usual IR-UV DR detection sensitivity and the highly
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symmetric structure and spectroscopic amenability of the C,H, molecule. Such
observations are peculiar to the IR-UV DR experimental approach, relying on the
UV PROBE to project UV-bright states out of a highly perturbed rovibrational
manifold with low Franck—Condon factors. The anomalously large Stark effect [141]
of the low-J portion of the (v; 4 3v;) X manifold of C,H, initially encouraged the
interest of Payne e al. in IR-UV DR studies of that region [61], but the currently
favoured CIQCB-based mechanism [64, 6669, 377] does not depend on Stark-type g/u
mixing. It is an irony that collision-induced Stark-type g/u mixing remains an essential
feature of mechanisms for odd-AJ RET in the (vee + 3ven) manifold of C,H, [63, 141,
145, 146], but not in the case of the 4vcy manifold.

CIQCB-type effects may yet be discovered in larger molecules with structure that is
less simple than that of C,H,. In the meantime, the CIQCB phenomenon should
probably be regarded as a significant dynamical possibility that might underlie physical
and chemical processes in other polyatomic molecules, rather than a mere mechanistic
curiosity confined to the 4vcy manifold of C,H, alone.

5.2.6. IR-UV DR rovibrational spectroscopy of the C,H,-Ar van der Waals
complex. LIF-detected time-resolved IR-UV DR spectroscopy has proved advanta-
geous for investigations of structure, energetics, and dynamics of processes involving
the C,H, molecule in the gas phase, as explained in sections 5.2.1 and 5.2.5 above. Milce
et al. therefore considered the possibility that a similar technique might be employed to
measure molecular complexes of CoH, in a molecular-beam environment. The outcome
was a collaborative project between Roger Miller and the group at Macquarie
University, Sydney, in which the IR-UV DR spectrum of the C;H,—Ar van der Waals
complex was measured [3].

A complication associated with using a UV PROBE pulse for LIF-based detection
of C,H,—Ar, together with some form of rovibrational state selection by an IR PUMP
pulse, is that the electronically excited C,H,—Ar complex has a very short lifetime.
It therefore dissociates in a time interval much shorter than the fluorescence lifetime
(~100ns [379]), so that IR-UV DR measurements needed to adopt a fluorescence-
depletion approach [3]. The IR-UV DR excitation scheme entails tuning the pulsed UV
PROBE wavelength Ayy prope to a rovibronic transition frequency in the 216-nm
A-X ‘33’ band of the CoH>—Ar complex in a pulsed supersonic free jet, thereby
exciting four frans-bending quanta (V5 in terms of the normal-mode labels of the C,H,
monomer in its electronically excited A 1Au manifold); the lifetime ¢ of C,H,—Ar at
this level of electronic excitation is only 12 ps [380], but it can be detected by broadband
fluorescence at 300-400 nm from the A-state C,H, monomer photofragments. Dai and
coworkers have shown that the electronically excited C,H,—Ar complex exists in two
isomeric forms: one with an out-of-plane geometry and the other planar [272, 379, 380].
A high-resolution rovibronic spectrum has been published and assigned [272]. When the
IR PUMP wavelength Ajg pump 1S tuned to a transition in the first-overtone region
(2vcn) at ~1 525 nm in the IR absorption spectrum of C,H,—Ar, complex molecules are
removed from the V" =0 vibrational ground state and excited to the complex’s
‘(vi +v3) level (i.e. VT V51, in terms of the normal-mode labels of the C,H, monomer in
its X IZg electronic ground state manifold); the photodissociative fluorescence signal
is then depleted. Under the experimental conditions employed, a maximum
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fractional depletion of ~ 25% is realized, sufficient to record the complex’s (v + v3)
rovibrational absorption spectrum with an instrument-limited optical bandwidth of
~0.1cm™!' [3].

The resulting IR-scanned IR-UV DR spectrum of CoH,—Ar has been assigned and
modelled by analogy with its corresponding vy (or ‘v3’) fundamental absorption band
at ~3035nm, recorded optothermally by Bemish er al. [28] (see also table 5).
A satisfactory asymmetric-rotor fit to the observed spectrum is obtained by adjusting
the band origin vy (2vcy) and the rotational constant 4° for the upper vibrational state,
while other rotational constants (4”, B, C”, B', and (') are set to values derived from
radiofrequency spectra [270] and the fundamental vcy IR absorption band [28]. The
results [3] for the CoH,—Ar complex are: vy (2vey) =6555.45em™"'=1.990 vy (ven):
A’ =1.44cm~"'=0.908 4”. The red-shift of vy (2vcy) of the CoHy~Ar complex relative
to the C,H, monomer is 1.015cm™", significantly greater than the corresponding
red-shift of 0.36cm™" for vy (vey). Lineshape analysis of the IR-scanned IR-UV DR
spectrum indicates that the rovibrational predissociation lifetime of C,H,—Ar in
the 2vcy region is ~10ns, but this is poorly determined because it is comparable to
the laser-pulse durations and the IR-UV-delay 1.

These exploratory measurements [3] provided an early demonstration of the
experimental feasibility of using pulsed tunable lasers and LIF-detected IR-UV DR
spectroscopy to record a previously inaccessible rovibrational spectrum of a simple van
der Waals complex such as CoH,—Ar.

5.3. Techniques that complement IR-UV DR spectroscopy of acetylene

Time-resolved, LIF-detected Raman-UV DR spectroscopy of C,H, and its isotopomers
(as discussed in section 5.1) has been confined to rovibrational excitation in the v, (C=C
stretching) fundamental and its hot bands, but its IR-excited counterpart has proved
more versatile. Relevant IR-UV DR spectroscopic experiments range from low-energy
bending levels of C,D, [51, 57] and C,HD [57], through the fundamental CH-stretching
(ven) region of C,H, [339-344], and on to higher-energy overtone and combination
levels of CoH; [55, 60-69, 131, 165, 338, 345-350].

The time-resolved, LIF-detected IR-UV DR techniques that have been used for
investigations of collision-induced state-to-state energy transfer in C,H, gas belong to a
large family of experimental approaches that afford insights into dynamical processes
occurring primarily within rovibrational levels of the linear X 12; electronic ground
state of C,H, (e.g. in the 4vcy region at ~12 700 cm™ !, as in section 5.2.5). As part of
this family, directly observed infrared absorption spectra have yielded an extensive
vibrational-spectroscopic data base [76-81, 85, 90, 127, 128] and have enabled a global
fit of the vibrational energy pattern to available spectroscopic data up to ~19 000 cm ™
in terms of a polyad model.

Likewise, dispersed rovibronic LIF from the frans-bent A} 'A, electronic state can be
measured by UV PROBE laser excitation of a single low-J A—X transition (either under
gas-phase conditions that allow collisional relaxation or collision-free in a molecular
beam). Combined with elegant numerical pattern-recognition methods, this also
provides an alternative direct spectroscopic view of vibrational states of CoH, at high
energies (typically 6000-20000cm™") [85-88, 95, 96, 103—-105]. The complementary
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stimulated emission pumping (SEP) spectroscopic technique [99—-102] has also been
applied extensively to high-energy vibrational states of C,H, [99, 101, 189].
Spectroscopic databases derived in these ways include many important homogeneous
vibrational perturbations (e.g. anharmonic mixing and vibrational ¢-type doubling)
that can be characterized in the low-J limit. However, local J-dependent perturbations
(e.g. rotational £-resonance and Coriolis coupling) tend to be treated on a case-by-case
basis [63, 67, 92, 101, 128].

Another relevant direct spectroscopic technique is that of Halonen and coworkers
[144, 381, 382], who have made dispersed rovibrational LIF measurements of C,H,
excited in the 12700-cm™' 4vcy and 11600-cm™! (vec + 3vep) regions, paralleling
IR-UV DR experiments by Milce and coworkers [53-58, 60-69]. Their observed odd-
AJ collision-induced satellite features [144] are attributed to intermolecular vibrational
step-down processes that scramble the ortho and para nuclear-spin modifications of
C,H,, but without needing to break the strongly conserved a/s nuclear-spin symmetry.
It is significant that there is no sign in these dispersed rovibrational LIF measurements
[144] of unexpected CIQCB and/or odd-AJ energy transfer phenomena that
are observed in IR-UV DR experiments detected by rovibronic LIF [53-58, 60—69].
This may be attributable to the low sensitivity of rovibrational LIF relative to
rovibronic LIF.

Investigations by Milce and coworkers [61, 63, 64-69] of the 4vcy rovibrational
manifold of C,H, at ~12700cm~' by time-resolved, LIF-detected IR-UV DR
spectroscopy are complemented by several other indirect spectroscopic techniques
that entail assorted forms of molecular action, generally more complicated than simple
absorption or emission of radiation. Such indirect spectroscopic techniques, addressing
processes in the C,H, 4vcy rovibrational manifold, include optothermally detected
molecular-beam laser-Stark spectroscopy [140, 141, 143], and pulsed two-step IR-UV
excitation of dissociative H-atom action spectroscopy [122]. Such direct and indirect
spectroscopic methods enable interesting local rovibrational perturbations to be viewed
from several aspects and compared with the IR-UV DR results. However, a number of
distinctive phenomena (e.g. CIQCB and/or odd-AJ energy transfer effects) observed by
the IR-UV DR technique are not found by these other experimental methods (including
collision-induced dispersed rovibrational LIF [144]). Such differences may be attributed
to the relatively high sensitivity and state-specificity that derives advantageously from
the temporal sequence of IR PUMP, UV PROBE, and UV LIF detection that is
employed in time-resolved IR-UV DR spectroscopy.

In particular, Payne et al. [67] have examined possible links between intramolecular
perturbations and anomalous collision-induced rovibrational energy transfer within the
4vcy manifold of C,H,, by measuring time-resolved, LIF-detected IR-UV DR spectra
with the IR PUMP preparing either of the (v, +3v;) £} J=17 and J= 18 levels. These
are known to appear as locally perturbed doublets in IR-absorption spectra [92, 107,
108, 110], in IR-UV DR spectra [61, 64-69, 372, 377] and in vibrationally mediated
photodissociation action spectra [144]. The same levels also have anomalously large
collision-induced lineshifts [110, 111] and photodissociation cross-sections [144].
Advantage has been taken of a recently published assignment [92] of the local
perturbation that causes doublet splitting of the /=17 and J=18 levels, in terms of a
crossing between the Coriolis-coupled zero-order levels of the IR-bright, UV-dark



16: 09 21 January 2011

Downl oaded At:

Spectroscopy and energetics of the acetylene molecule 709

(vi +3v3) =F sub-manifold and of the IR-dark, UV-bright (5v;+4v,+vs) T1¥ sub-
manifold.

In the case of the main and perturber (v;+3v;) T J=18 rovibrational levels,
relative TR-UV DR efficiencies for several dynamical processes (UV-brightness,
collision-induced RET and V-V transfer, and vibrationally mediated photodissocia-
tion) in C,H, are found [67] to be significantly different from relative doublet intensities
observed in IR absorption spectra [67, 92, 107, 108, 110]. Moreover, the two (v; + 3v3)
= J=18 eigenstates have virtually indistinguishable UV-scanned IR-UV DR spectra,
despite their 0.33-cm ™' energy separation. It has therefore not been feasible to measure
collision-induced AJ =0 energy transfer within the /= 18 doublet and to test how that
is affected by the intramolecular perturbations [67].

6. Concluding remarks

In this article, we have considered a variety of spectroscopic techniques and physical
processes that are relevant to detailed investigations of the C,H, molecule and its
isotopomers. It is remarkable that a supposedly simple polyatomic molecule such as
C,H, — with its linear, non-dipolar, tetratomic, centro-symmetric structure — can give
rise to a highly complicated variety of dynamical processes, even at internal energies in
its ground electronic state that are too low to be regarded as chemically significant.
C,H, proves to be not so simple after all, for it is particularly susceptible to apparent
‘symmetry-breaking’ processes and to substantial dynamical effects that arise from
intramolecular perturbations, as well as Stark effects in applied or collisional electric
fields. Opportunities to identify departures from what might have been expected on
intuitive grounds are more prevalent in C,H, than in counterpart molecules of lower
symmetry and/or more complicated structure, where such departures tend to be either
trivially allowed or masked by spectroscopic complexity.

Supposed anomalies in the rovibrational manifolds of C,H, and its isotopomers are
amenable to investigation by time-resolved optical double-resonance spectroscopy,
probed by ultraviolet-laser-induced fluorescence and pumped by either infrared
absorption (as in figure 1) or coherent Raman excitation (as in figure 2). Techniques
of this type have proved particularly useful in exploring such effects in gas-phase C,H,
and are surveyed in section 5, together with other laser-spectroscopic methods that yield
complementary mechanistic insight. Preceding that, section 3 compiles information
concerning ways to buld up detailed molecular rovibrational eigenstates of C,H, from
more primitive basis states, with an ad hoc classification in table 2 of the hierarchy of
relevant intramolecular perturbative effects. This provides a foundation for insight into
assorted state-to-state energy transfer processes, particularly those induced by collisions
in the gas phase. Such effects within the rovibrational energy states of C,H, are
systematically characterized in section 5, together with dynamical descriptions in terms
of polyad models and consideration of photochemical or photophysical processes that
may occur at high vibrational energies.

Utz et al. [131] have succinctly explained this approach, in terms of the relationship
between complex molecular eigenstates and dynamical processes that are most
readily understood in terms of low-order basis functions, as follows: ‘One usually
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selects zero-order states, such as bond stretching and bending vibrations, about which
one has chemical intuition, because it is often convenient to think of dynamics that
would occur if one were to prepare a zero-order state. The interactions in the molecule
are the key to understanding the intramolecular dynamics, and their determination is an
important goal of detailed spectroscopy of energized molecules. There are examples of
anharmonic (Fermi resonance) interactions...and Coriolis interactions...providing
the essential coupling in highly vibrationally excited molecules.” This type of philosophy
applies equally well to state-to-state intramolecular processes, whether they are
collision-induced or collision-free. In particular, it underlies many of the IR-UV DR or
Raman-UV DR spectroscopic studies of gas-phase collision-induced energy transfer
that are surveyed in section 5 above.

A comparable approach has persistently been adopted by Miller and and coworkers
in the context of optothermal molecular-beam spectroscopy, in which C,H, and its
isotopomers have frequently played a key role. In that regard, the following themes
have been surveyed in section 4 (including tables 5 and 6): structure of molecular
complexes and clusters, infrared predissociation spectra, rotational and vibrational
energy transfer, differential scattering, photofragmentation of oriented complexes,
superfluid-helium nanodroplet spectroscopy, aerosols formed in low-temperature
diffusion cells, surface scattering experiments, optically selected mass spectrometry,
and characterization of biomolecules.

A unifying issue that links the assorted topics of this article is the influence of
intramolecular perturbations — such as anharmonic resonance, £-type resonance, or
Coriolis coupling — that successively spoil quantum numbers and symmetries that are
well-defined in low-order basis states. These can enhance (and sometimes suppress)
the efficiency of rovibrational energy transfer in colliding molecules or in molecular
complexes and clusters. C,H, and its isotopomers have been a rich source of insight in
this regard, although they continue to pose challenges to our understanding. Roger
Miller, to whose memory this article is dedicated, retained a long-standing interest
in such issues, as is evident in the quotation in section 4.3 from his final major review
article [49].
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