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Abstract

The evolution of the high-resolution spectroscopic investigation of the
vibration-rotation energy states of acetylene in its ground electronic state
is presented, with focus on advances co-authored by the ULB group. The
emergence of a global picture accounting for all available spectroscopic
fingerprints, at their full accuracy, is highlighted. Contribution of this
research to various topics is illustrated, including instrumental
developments, local mode trends, quantum wvs. classical correspondence,

energy vs. time approaches and nucleation processes.
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1. Introduction

As reported by Miller in a book dedicated to acetylene [1], Edmund Davy

told the 1836 meeting of the British Association at Bristol that [2]

“in attempting to procure potassium by strongly heating a mixture of
calcined tartar and charcoal in a large iron bottle, I obtained a black
substance which readily decomposed water and yielded a gas which proved
to be a new compound of carbon and hydrogen. This gas burns in air with
a bright flame, denser and of greater splendour than even olefiant gas...In
contact with chlorine, instant explosion takes place, accompanied by a
large red flame and the deposition of much carbon...The new gas requires
for its complete combustion 2,5 volumes of oxygen gas, which are converted
into two volumes of carbonic acid and water, which are the only products of
its combustion... It is admirably adapted for the purposes of artificial light

if it can be procured at a cheap rate”

Edmund Davy identified this new gas as a "new (bi)carburet of hydrogen".
It was rediscovered in 1860 by French chemist Marcellin Berthelot, who

coined the name "acétylene."

As stated in an encyclopaedia: Acetylene (systematic name: ethyne) is

the simplest alkyne hydrocarbon, consisting of two hydrogen atoms and two

carbon atoms. Because it contains a triple bond, acetylene is an

URL: http://mc.manuscriptcentral.com/tandf/tmph
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unsaturated chemical compound. The carbon-carbon triple bond leaves the
carbon atoms with two sp hybrid orbitals for sigma bonding, placing all
four atoms in the same straight line, with CCH bond angles of 180°.
Acetylene indeed provides the simplest example of carbon-carbon
triple bond and, as such, is referenced for its prototype geometrical
structure in textbooks, with CH and CC bonds claimed to be 120 and 106
pm long. The latest equilibrium (r) and ground (r,) internuclear distances

in acetylene, from [3], are, in pm:

r,(CH)=106.138(35); r,(CC)=120.292(13)
r,(CH)=105.756(52); r,(CC)=120.830(20)

As such, they provide the most accurate values today available for the
basic CC triple bond and related CH distances. Interesting enough, these
bond lengths have not been optimally determined yet [4]. In addition, the
linear geometry refers to the ground electronic state and not to the first

and some additional excited electronic states.

The importance of acetylene in the ‘“real world” dealt with in
encyclopaedias arises mainly from its application in synthetic organic
chemistry. Numerous prototype reaction mechanisms are well known and
of daily use to academic and industrial chemists.

Even in such “ordinary” chemistry, however, the detailed reaction

path may involve geometrical isomers of acetylene, such as vinylidene, a
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still evanescent species apparently resisting definite experimental
evidence. Furthermore, acetylene is present on Earth and in various other
planetary and also in stellar atmospheres, as well as in the interstellar
medium. As such, it is also a key species in astrochemistry. However,
related reaction mechanisms can often hardly be unravelled by textbook
knowledge in organic chemistry given the most specific experimental
conditions ruling astrochemistry. Acetylene chemistry is thus far from
mastered. Figure 1 presents previously unpublished spectra from the
Atmospheric Chemistry Experiment (ACE) mission demonstrating the

presence of acetylene in the Earth atmosphere.

Insert figure 1

Pure acetylene is a colourless, highly flammable gas with an
agreeable ethereal (ether-like) odour but the odour of the commercial purity
grade is distinctively garlic-like.

Reference to acetylene as a single species is misleading since for the
symmetric isotopologues, including “C,H,, there are two nuclear spin
isomers, ortho and para that seem not to interconvert easily, if they can
ever be forced to do so one day. One should therefore rather mention two
independent, coexisting acetylene molecules, each long lived and with
close but distinct thermodynamical properties, possibly specific chemistry

and, who knows, different smells? The lack of the expected 1:3, para:ortho

URL: http://mc.manuscriptcentral.com/tandf/tmph
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intensity alternation in the v, fundamental vibration-rotation band in
C,H, observed in the spectrum of figure 2, at specific J-values is typically
the observation that “spin-diggers” are searching for. It turns out,
however, that this peculiar observation is rather to be attributed to a
succession of emission-absorption schemes, thus not requiring any spin

conversion process, as correctly interpreted at the time.

Insert figure 2

Because, acetylene is important and stable, it is a very well known
chemical object, with numerous well documented properties in organic and
physical chemistry. Because acetylene is light and simple, it is an ideal
target to produce high quality spectroscopic data and elaborate quantum
models. Furthermore, with 7 vibrational degrees of freedom including two
doubly degenerate ones, acetylene supports complex intramolecular
mechanisms of direct relevance to the understanding of larger species.
Acetylene thus appears as a prototype vehicle to unravel macroscopic
properties at the microscopic level, i.e. to melt its Dr Jekyll and Mr Hyde

natures that we just illustrated.

Indeed, acetylene became over the years a privileged ground to

build theoretical concepts and develop very high-performance

URL: http://mc.manuscriptcentral.com/tandf/tmph
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instrumental approaches, resulting in significant advances. At the same
time, the ever increasing amount and quality of data available kept
stimulating ever more powerful developments in a sort of catalytic process,
also feeding each time a giant virtual database. The set of high resolution
spectroscopy (HiReS) fingerprints on ground state acetylene presently
available in the literature is probably one of the largest in all spectroscopy,
amounting to several ten of thousands vibration-rotation line energies and
very many intensities and broadening coefficients, and covering a very
extended excitation range. This data set is of primary importance to a
number of topics more traditionally connected to HiReS, including space

observation and metrology.

Ground state (GS) acetylene thus generated strong emulation,
fruitful collaboration and competition, and became over the years one of
the favourite target species of a number of research groups all over the
world, such as those headed by, in alphabetic order, Profs/Drs G. Blanquet
(FUNDP, Namur), A. Campargue (UJF Grenoble, France), F.F. Crim (U
Madison, USA), G. Di Lonardo and L. Fusina (Universita di Bologna,
Italy), R.W. Field (MIT, USA), L. Halonen (U Helsinki, Finland), W.J.
Lafferty (NIST, USA), .M. Mills (Reading, UK), B.J. Orr (McQuarrie,
Sydney/Australia), V. Perevalov (Tomsk, USSR), J. Pliva (Penn state U.,
USA), K.N. Rao (Ohio State U., USA) and our group in Brussels, in
particular. Several hundreds of papers were published down the years,

including a number of reviews [8, 3, 9], giving birth to the “acetylene saga”

URL: http://mc.manuscriptcentral.com/tandf/tmph
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as the present paper is entitled. The reader is referred to these reviews for
a more exhaustive survey of the literature. In the present paper, only
some areas will be highlighted, from selected references corresponding to
matters in which the Brussels group has been more active. Our input was
actually initiated by the late Dr. Alec Douglas, from NRCC, Ottawa, who
provided in the mid-seventies Prof. Reg. Colin from ULB with original
spectroscopic plates recorded by Mr. Franz Alberti in the UV and far UV
on the high-performance Ottawa vacuum spectrograph. These data,
analyzed in collaboration with Prof. Ingvar Kopp, at the time at the
Physics Institute in Stockholm, brought information on Rydberg states
and Renner-Teller effects in various acetylene isotopologues [10, 11].
Later, new plates reached Brussels through the same connection, which
were this time of primary interest to Dr. Jim Watson, from Ottawa. He
was the one to unravel from these spectroscopic data several remaining
issues around the very peculiar A- X electronic transition [12-14], later
extended to additional isotopologues [15-19]. This study indirectly
highlighted perturbations in the bending vibrational ladder of states in GS
acetylene, isotopologue-specific [20-23]. These features in turn motivated

to a very large extent our present activity.

The present contribution thus focuses on the ULB contribution to the
acetylene saga, to respond precisely to the invitation. It is split into two
main sections, concerning vibrational clustering —section 2- and the global

approach —section 3-, each with several subsections. Various notations and

URL: http://mc.manuscriptcentral.com/tandf/tmph

Page 8 of 93



Page 9 of 93

©CoO~NOUTA,WNPE

Molecular Physics

conventions are recalled in subsections 2A and 3A. Final words are
provided in section 4. Various isotopologues will be considered in this
review, with the term isotopologue referring to a molecular entity that
differs only in isotopic composition, such as “CoHg and “C9D9. It is
interesting to notice that isotopomers also exist in acetylene, i.e. isomers

having the same number of each isotopic atom but differing in their

positions, such as H12¢13¢D and D12¢13CH.

2. Vibrational clustering

A. Normal modes, notations and conventions

Acetylene possesses 7 vibrational degrees of freedom giving rise to 5
normal modes of vibration represented in figure 3, for “CH,. The
conventional labelling is thus v, and v, for the symmetric and asymmetric
CH stretches, respectively, v, for the CC stretching vibration, and v,
(trans) and v, (cis) for the degenerate bends. Their symmetry is indicated
in figure 3, with the u/g label only valid for centro-symmetric

isotopologues. The same numbering is used for all isotopologues in the

literaturee.

Insert figure 3

URL: http://mc.manuscriptcentral.com/tandf/tmph
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In the text, we shall label the vibrational states, using

I Is
(v1v2v3v4v5) or (v1v2v3v4v5,l4ls) or (v1v2v3v4 Vs ) or (v1v2v3v4v5,k)

(2.1)

with v, the vibrational quantum number for mode i, /, the bending
vibrational angular momentum quantum number and k2 = /,+/,. On some
occasions, commas will separate the v’s in the labels. These different
notations are those in the various literature references from which the
figures selected for the present review originate. We shall on the other

hand strictly follow here the convention

K=k=1,+,>0 and 1,20 if k=0 (2.2)

Transitions will be labelled using various notations, as in the
literature. We shall sometimes detail the upper and then lower vibrational
quantum numbers of the states involved, such as, e.g. (01011)-(00000) or
(0101'17")-(0000°0°). We shall also use v,+v,+v.-GS, with GS for ground
state, or simply v,+v,+v, whenever the lower state is the ground state.
Thus, as an example, the band v,-v, refers to the transition between the

(0001'0% lower and (0000°1") upper states.

The vibrational frequencies in figure 3 correspond to @ values as

10
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determined from the following expansion:

G'w,)=Y @, +Y xvy, + g bly D YoV + D Vi Vil +

i=1,5 i<j b<b'=45 i<j<m i,b<h'

Z Zl]manV/vmvn + z Zz;ll V V l l + Z Zlblb,lb,,lbmlblb'lb"lb"'

i<j<m<n i<j.b<b' b<b'<h"<b™

(2.3)

Most of the terms in such expressions are not relevant for the remainder
of this paper. They are all defined in [28] and in the literature referred to

in that paper. Note that the g,, constants in Eq. (2.3), also used in our
initial reports (see [12-14]), strictly correspond to x,, in [28]. As a rule,

only the information on the theoretical models relevant to the discussion
will be provided in the text and the reader will be referred to the literature
for the full description of the vibration-rotation Hamiltonian [8]. The
values for the additional vibrational constants appearing in Eq.(2.3) are
listed in the references mentioned in Table 1, some of which are gathered

in [3].

We need to mention the vibrational [-type resonance in this

introductory subsection, given by the following matrix element

(LI [H |1, %20 £2) = Yoy [ (v, £1,) (v, F1,+2) (v FL ) (vs £ +2] (2.4)

As an example, the combined role of the g, and r,, constants,

11
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respectively defined in eqs. (2.3) and (2.4) is demonstrated in figure 4.

Insert figure 4

As far as conventions are concerned, it is also worth pointing out
that anharmonic resonances will be referred to in the text using the
corresponding coupling scheme, ij/kl or i/jkl or ii/jj, related to the coupling

or K

i/jkl

or K

parameters K, 4> meaning that the interacting vibrational

1j/kl
states are such that Av, =Av, =+1 and, simultaneously, Av, =Av, =F1; or
Av,=%1 and Av,=Av, =Av, =F1; or Av, =12 and Av, =72, respectively.

The anharmonic resonances relevant for acetylene include e.g. 14/35, 3/245
and 44/55, as discussed in the forthcoming subsections.

As an example, the matrix element related to the first of these couplings is

Lo
VisVysVs,V, Vs

(2.5)
with the content of the related coupling constants unravelled e.g. in [29].
In agreement with a previous statement, the other relevant resonance
matrix elements as well as higher order terms and additional constants
required in the model are not further defined here and can be found e.g. in
[28] and in the literature referred to in that paper. All constants and
spectroscopic term values in the text will be given in cm™', independently

of the label used.

12
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The 5 normal modes of vibration, accounting for vibrational
frequencies and anharmonicities, generate numerous states with
increasing vibrational excitation. The integrated number of states in “C,H,

is shown in figure 5 (top), counting each substate with |k| #0 for 2 in the

sum. A seventh order polynomial expansion was adjusted to the top curve
in figure 5, whose coefficients are listed in the figure. The resulting
vibrational density can be easily inferred from this expression. It is
extrapolated to higher energy and presented in figure 5 (bottom). The
energy origin is set at the bottom of the potential hypersurface in figure 5
(top) and at the ground vibrational state in figure 5 (bottom), the
difference between the two origins corresponding to the zero point energy
(ZPE ~ 5672 cm™' in “C,H,). Some oscillation, amounting to a few tens of
states, was demonstrated by Zhilinskii to occur in the integrated number

of states [30]. It will be further referred to, later in the text.

Insert figure 5

B. The stretching states

The CH harmonic stretching frequencies in the various
isotopologues scale in such a way that @, > ®;, with the first, symmetric

CH stretch frequency gaining importance from the contribution of the CC

stretch force constant (f,,), in a simple valence force field approximation (f,

13
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= 0). The corresponding pure CH stretch states can be labelled either
using the normal mode picture, as defined in eq.(2.1), or using the local

mode notation

[mon]. = Vel ). £[¥)| ¥, )] (2.6)

with m, n the number of quanta in each CH bond (see e.g. [31]). The local
mode character of the CH bond is known to increase upon vibrational
excitation and is often used to label the CH stretching states at higher
energy. It leads to interesting behaviour and was exploited in the
asymmetric "C,HD species to proceed to bond selected photodissociation

[32].

The intensity of vibrational CH overtone transitions, nv_, thus
between ground (GS) and v, = n states, have their transition moment given

by the following matrix element

2

2

R

nvg

(2.7)

v -

o

(2, |

in which the induced electric dipole moment operator can be developed as

a function of the undimensional normal vibrational coordinates g,

14
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; 0 o
Ma=Ma+Z( Maqu—F%Z(a ga quqs,—i-... (28)

aqs s<s' s ' Je

Thus, the well known pure vibrational matrix elements, see e.g. Table 7 in

[8], lead to the |Av,|=n selection rule, with the relative intensity in an

overtone series controlled by the following matrix element and coefficient,

squared:

n

o) 2.9)

s

(&) (el

Experimentally searching for successive overtone transitions

therefore requires more and more instrumental sensitivity since the

o'u,

electric dipole numerical factor (6 .
qs

j decreases with n. As shown in
e

figure 6 (top) for “C,HD, this decrease is over one order of magnitude for

each additional quantum in the overtone series, here for CH excitation.
Insert figure 6

In the transition moment one needs accounting for electric

anharmonicity, as just performed, but one can also account for the

15
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mechanical anharmonicity. Each wavefunction can be developed into a

weighted sum of harmonic contributions (‘P(V’X )
o=, ¥, (2.10)

As a result, various contributions can be distinguished in the
transition moment, depending on the order n of the electric dipole moment
derivative contribution, as defined in Eq.(2.9). These contributions were
unravelled by Liévin for “C,HD stretching overtones, matching ab initio
results and experimental transition moments. The role and sign of the
contribution of each order m to two (n = 3 and 4) of the observed overtone
transitions is shown in figure 6 (bottom). The amount and signs of the
various contributions appear to be different for different overtones bands
(here 3v, and 4v,) and actually, as shown in the referenced paper, also

between CH and CD excitation bands.

The intensity information in figure 6 is extracted from spectra
recorded at high resolution at ULB using Fourier transform spectroscopy
(FTS). Vibration-rotation bands were observed up to the visible range,
hence the denomination of “coloured” vibrations. The quality of the data is
illustrated in figure 7, which shows absorption to the 4" overtone of the
CH excitation (5 CH) in “C,H,. For this recording, acetylene pressure was

250 mbar, absorption pathlength was 49.2m using a White type multipass

16
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cell, and 6900 scans recorded during some 96 hours were co-added.

Insert figure 7

Laser based experiments allow sensitivity to be boosted (see e.g. figure 68
(p.254) in [8]). The highest energy CH overtone transition reported in the
literature lies in the blue range, close to 24000 cm™'! This 7 overtone (n =
8) was recorded using intracavity optoacoustic laser spectroscopy [36] and,
more recently by the Grenoble group using the newly developed “cavity
enhanced spectroscopy” [37]. Numerous other acetylene spectra
demonstrating even higher sensitivity were recorded, as further discussed

in section 2D.

As a final word to this subsection, one can focus on the so-called x-K
relations, here applied to the CH stretchings. According to the local mode
picture, the various basic vibrational parameters associated to the CH
stretchings in the symmetric isotopologues are related through these x-K
relations and thus expected to fulfil the following approximate rule (see

e.g. [38]):

X =Xy =YX =K (2.11)

with the 11/33 anharmonic resonance connecting CH stretching states,

those with Av, =—-Av, =+2. Acetylene data allow this relation to be

17
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successfully checked, as demonstrated in table 1. These relations are
actually also well fulfilled in “C"”CH, [39], but not in “C,HD [27] because
of the decoupling of the CH and CD vibrations. As a result of the 11/33
resonance, the zero order wavefunctions are mixed up and severe labelling
problems may occur. These are often encountered in spectroscopy and will
be highlighted on several other occasions in this review. It should be
noticed, however, that mixings between CH wavefunctions due to 11/33
are very limited, if not virtually non-existent in the case of “C,D,, due to
the large offset between the v, and v, fundamental frequencies (see figure

2).

Insert table 1

C. The bending states

The normal mode bending motions can be understood as
symmetrically and antisymmetrically coordinated variations of the two
HCC angles. A look at the numbers in figure 3 shows that the two related

harmonic frequencies, @, and &, are almost degenerate in “C,D,, as

further discussed below, while they are far apart in “C,HD. In the latter
case v, and v, actually appear to be almost localised CCD and CCH bends,
respectively. As a rule the trans-bending frequency is lower than the cis-
bending one. A closer look at the anharmonicity corrections shows that the
series of trans- and cis-bending states do cross at high excitation, since x,,

(>0) and x,, (<0) have opposite signs (see [40] for the latest values in

18
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"C,H,). This crossing occurs around v, = 23 in “C,H,. Since a Darling
Dennison type resonance (44/55) occurs among the bends, with related
matrix elements accounting for / values, the mixing is maximal at that
stage and the labelling most problematic. It would be interesting to figure
out the structural evolution along this series of bending overtones. This
problem could possibly be related to the acetylene-vinylidene
isomerization process already mentioned in the introduction. Along this
line of research, the stimulated emission pumping (SEP) and dispersed
laser induced fluorescence (DLIF) experimental techniques used by Field
(MIT) are most efficient (e.g. [41]). Both use a two-step absorption scheme,

going through the first excited electronic states as an intermediate.

Thanks to the trans-geometry of this A state and the role of Franck
Condon factors, transitions towards highly excited bent states in the
ground electronic state are favoured and observed up to high excitation, as
will be exemplified in the next subsection. These investigations, however,
did apparently not bring definite information on the isomerization process,

yet.

The two bend frequencies are quite close and the related v,-v,
difference band was recorded in the far-infrared range using F'TS by Johns
(NRC/Ottawa) and analysed in Bologna and Brussels for “C,H, [22, 42, 40]
and for “C,D, [23]. This closeness was examined by Zhilinskii and
Gaspard in terms of the related vibrational density and dynamics,

respectively [43]. The equilibrium vibrational frequencies in three

19
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symmetric isotopologues, reproduced from this reference, are provided in
Table 2, including the stretching vibrations for completeness. This Table

also lists the associated periods, calculated according to the relation

T =—— (2.12)
o

with # = 5308.84 fs cm™'. The analysis demonstrates that the bends, with
the slowest periodic orbits, have a major “bottleneck” contribution to the
vibrational dynamics in acetylene. In “C,D,, in particular, the two bends

are separated by less than 30 cm™' and recurrence times are T = 65, 130

and 190 fs, with

T ~n,T, =nJT, and (n4,n5)=(1,1);(2,2);(3,3) (2.13)

Insert Table 2

The major role of the bends in the internal vibrational dynamics was
demonstrated by Gaspard using vibrograms as presented in figure 8 for
”C,D,. In these graphs, the energy (abscise), defined from the bottom of
the potential well, runs from —4000 to +9000 cm ™', from left to right. The
integrated number of states is Fourier transformed over wide but
restricted energy windows, defining the time scale (see [43] for further
details). Translated to the energy picture, these time recurrences mean

20
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that all bend states, with their numerous /-components, accumulate in the
integrated number of states around multiples of the mean bend frequency,
i.e. about 500 cm™' in “C,D,. This phenomenon actually leads to a slight
variation of the number of states at related regular energy spacing in the
integrated count compared to the regular fitted curve and, hence to small
oscillations in this quantity, as already mentioned and presented in figure
8. In addition, because of this accidental near-degeneracy between the
bends, the Darling Dennison mixing is very efficient in “C,D, right from

the start of the bending vibrational ladder [23].

Insert figure 8

D. The stretch-bend states

In addition to the 11/33 and 44/55 Darling Dennison resonances,
several other anharmonic coupling schemes occur in acetylene.
Resonances can be spotted from spectra using the concept of so-called
bright and dark states, or rather bright and dark transitions leading to
intensity borrowing. It is demonstrated in the sequence of schemes
gathered in Eq. (2.14) and in figure 9. All labels are explained in this

figure.

21
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(5] u[Gs)| =0 (. = (s 095 ) ulGs) a?|(¥y|ulcs)
N = (2.14)
(b —a‘POD)‘u|GS>‘ b|(wh | Gs))

fwrlaiasf <0 |

Insert figure 9

Thus, intensity borrowing occurs, more or less efficiently depending
on the coupling and relative zero order energy schemes. This is illustrated
in figure 10, with the 1/255 resonance in “C,HD. All pairs of states
fulfilling the 1/255 coupling schemes interact, with intensity borrowing
from the zero order bright to dark transitions. The relevant pairs of states
can actually be systematically predicted from the full set of energies, as
shown in figure 11. In this figure, the energy difference (AE) between pairs
of states interacting through the selected resonance, here 1/255, is plotted
as a function of the state energy. Only one of the two interacting states is
identified on the figure, for clarity, using v,v,v,v,v,. All those pairs with
values of AE small enough and with one of the corresponding transitions
bright enough, can be expected to lead to intensity borrowing, as was

exemplified in figure 10, in a selected energy range.

Insert figures 10 and 11
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FT spectra, recorded over very broad ranges, such as those
displayed in figure 10, played a crucial role in highlighting anharmonic
resonances in acetylene. Additional resonances are usually accounted for
in the final vibrational fits, to improve the final residuals, provided they
do not affect the polyad or cluster structure that will be defined in section
3. Most of the acetylene FT spectra were recorded at ULB or in Bologna.
The “intracavity laser absorption spectroscopy (ICLAS)” data from
Grenoble (e.g. [44-50], recently based on VeCSEL lasers [50], as well as
other laser-based methods such as the optoacoustic technique (e.g. [51,
52]), NIR diode laser investigations (e.g. [53]), and Raman-type
investigations (e.g. [564, 55]) also provided a great deal of information on

the stretch-bend states up to high vibrational excitation.

In addition to relative intensities, absolute intensity measurements
provide even more refined insight into intramolecular coupling schemes,
as demonstrated in [56]. Furthermore, absolute intensities are of course
closely associated to the quantitative exploitation of spectral fingerprints
in the atmospheric and astrophysical contexts (e.g. [40]). There again FT
data proved to be most relevant, not only in the lower infrared region, but
also in the overtone range (e.g. [67]). The comparison with the FT data in
the paper just referred to stimulated the development at ULB of so-called
2T-FT-ICLAS experiments [58]. This technique was recently demonstrated

to provide accuracy better than 10% on absolute intensity measurements
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in the overtone range [59]. Figure 12 highlights the power of the 2T-FT-
ICLAS instrumental combination, thus merging the sensitivity of
intracavity absorption in a Ti:Sa laser and the broad spectral coverage of
high resolution FTS. The efficiency of the set-up, first developed at low
spectral resolution in Madrid [60], was significantly increased by
designing and building a home made Ti:Sa laser for this specific
experiment. In ICLAS, one injects the pump laser into the Ti:Sa cavity for
a definite time, defining the generation time, {, during which the
intracavity absorption occurs. The longer ¢, the longer the effective

absorption path / . in the cavity, with

L, =t,cl/L (2.15)

with ¢ the speed of light, [ and L the lengths of the intracavity absorption
cell and of the Ti:Sa laser cavity, respectively. An interesting instrumental
challenge in the adaptation of ICLAS to FTS replacing spectrographs as in
the usual literature was to synchronize the pulsed character of the
technique to the FT sampling procedure. The ULB set-up is described in
[568], and applied in [61, 58, 27, 62, 59]. The technique was also developed

by other groups (e.g. [63-65]).

Insert figure 12

As a final picture for the role of anharmonic resonances in the
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bright/dark issue, figure 13 reproduces a DLIF spectrum recorded at MIT
under jet-cooled conditions and interpreted at ULB [66]. In the zero order
picture, a simple two-line spectrum is expected. The eigenspectrum is,
however, composed of numerous peaks. All these additional features
happen to originate from an impressive fractionation of the zero order
bright transition through many intensity borrowing mechanisms (so-called
tier model). The simulation in figure 12 could actually be performed
almost independently of the observation, using the so-called cluster

picture developed in the next section.

Insert figure 13

E. Emergence of new constants of the motion

A key feature emerging from the numerous investigations that were
so far highlighted is that the ratios of the vibrational frequencies one to
another are close to being integers. These ratios in energy space, mirrored
in time space, are obviously isotopologue-dependent. Nevertheless,
harmonic frequencies are close enough in all three symmetric
isotopologues “C,H, “C,H, and “C”CH,, and one can check that, for all

three species

(2.16)
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Thanks to this relationship, Kelman [67] could introduce an

approximate constant of the motion, N, such that

N, =5v, +3v, +5v, +v, +V, (2.17)

thus directly associated to the ratio of the time periods. All (v,,v,,v,,v,,vs)

states sharing the same N value, either + or — when £ = 0, either u or g for
the symmetric isotopologues, define a vibrational polyad. As pointed out

by Zhilinskii [43], one can define a mean vibrational frequency

&mean :(%171 +%VZ+%173+%174+21&5)/7 (2-18)

whose value is close to 670 cm™' in “C,H,. One can calculate in this
isotopologue all (v,,v,,v,,v,,v5) vibrational state energies within a polyad
using the full set of vibrational constants from [24], and reduce them using
a weighted procedure accounting for the double degeneracy of all states
with £ > 0, to a single average energy, a sort of “centre of gravity” of the

polyad (v*"(N,)). These reduced energy values obey the simple relation

(2.19)

V"(N,)=672.95N,—0.455N" (2.19)
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in which N, thus plays the role of a vibrational quantum number, with a
vibrational frequency (672.95 cm™') quasi-identical to the mean vibrational
frequency (670.0 cm™') defined in (2.18). As also discussed by Kelman [67],

N, defines a further invariant of the Hamiltonian, with

N, =v, +v,+v, (2.20)

As it turns out, the {N,N ,k} set of numbers, also accounting for +/-
and u /g symmetries whenever relevant, unequivocally characterizes each
of the vibrational polyads. The remarkable feature is that all vibrational
states, most likely up to the top of visible energy range if not at even
higher energies, fit this model, hence the labelling of superpolyad or
cluster assessed at some stage by the MIT and ULB groups, respectively,
in the literature. As an example, figure 14 depicts the {N,N .k} = {2,10,0}

cluster in “C,H,.

Insert figure 14

This model was wused to factorize the acetylene vibrational
Hamiltonian, thus into superpolyads or clusters, defining a block-
diagonalised matrix image of the molecule (MIME). The many known
vibrational energies were fitted to that MIME, in isotopologue-specific
procedures, for “C,H, [24], “C,D, [25], "C,H, [26], “C,HD [27], and "C"”CH,

[39, 28], each time generating an extended set of vibrational constants.
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These parameters are fully effective. Typically, they allow the observed
vibrational energies to be matched within a few cm™, up to the bottom of
the visible range. Figure 15 details the internal structure of the many
vibrational energy states in "C,H, resulting from this effective but

physically well-defined MIME, with respect to v*'(N,)and the similarly
defined v*'(N,,N,). A remarkable ordering emerges from this picture,

quite unexpected if one remembers the large integrated number of
vibrational states demonstrated in figure 5. It must also be emphasized
that the width of the various clusters becomes very large with increasing
energy, soon much larger than the energy separation between the “centres

of gravity” of the clusters.

Insert figure 15

3. Global picture.

Now that a reasonably coherent picture has emerged from the
investigation of the vibrational degrees of freedom, one can address the
rotational degrees of freedom. In some respects, these were already
considered, when including the role of the angular momenta /, and /, in the
MIME. The full inclusion of rotation in the MIME defines the so-called

global picture. Actually, rotational degrees of freedom were already
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completely and successfully included for various acetylene isotopologues,

including several thousands of vibration-rotation lines [15, 22, 42, 69, 70,

40]. However, only bend states, up to ZVb =4, were considered in these

procedures. Extension towards high energy stretch-bend states was
attempted for “C,H, by Perevalov and coworkers, but with limited success
[71]. “Real” global procedures, thus over a larger range of vibrational
excitations and including rotation, were published only for triatomic
species in the literature (see refs in [28]). One should also mention

attempts for a five-atom species, methane, “CH, [72].

The challenge we now face is thus building a global MIME for a
molecule larger than triatomic, acetylene, including rotation and valid
over a vibrational excitation range as extended as possible. Including
rotation obviously means accounting for, and reproducing all existing high

resolution data, at their full accuracy.

A. Rotation, notations and conventions

Several hundreds of publications in the literature since 1936 were
devoted to HiReS fingerprints of acetylene in the ground electronic state,
as reviewed in [8, 3, 9]. Their results, which formed the basis for the
vibrational MIME detailed in the previous section, of course include

detailed information on the so far undiscussed rotational structure. This
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structure was already highlighted in previous figures and also in figure
16, this time for “C"’CH,. To illustrate the richness of data such as those
presented in figure 16, one should stress that Di Lonardo and coworkers
identified more than 70 bands in the full range covered in this figure, thus

from 5700 to 10000 cm ™' [73, 74], some still to be published [75].

Insert figure 16

The rotation energies are given by
FUy=8,, . [7(+1)-&]-D, [/ (+1)-KT +.. 3D

with, for the GS, B, (or B) the principal rotational constant related to

the principal moment of inertia, and D (or D)) the lowest order

00000

distortion constant. As an example, the vibrational dependence of the

principal rotational constants is accounted for in the following way

0 0
B, =B, —Zai v, +Z}/ijvivj +z Vi boly + z EjuVV Vi T z i Vilyly (3.2)
i

i<j b<b’ i<j<m ib<b'
The latest values of B, are listed for all studied isotopologues in table 3.

Insert table 3
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symmetrized into e/f components, as defined in [80]:

vs,vb,lb,J,e>= Vo,V vs,vb,—|lb

lb

[
[

,J>+

J)-

)]
)]

(3.3)

=
(8)]
&l- &=

VisVps _|lh

v, ylyd L f) = VoLV,

lh

23 This separation is achieved using the Wang procedure summarized in
figure 17, here applied to the (00010) vibrational state selected as an
28 example. The 2-fold degeneracy of all rotational states within a vibrational
state with k >1 is lifted when accounting for the so-called rotational /-type

33 resonance interaction matrix element

38 (1,181, £2) = Vg, [(v, F1,) (v, £, +2) [ [T (7 +1) =k (k £1)]* [T (7 +1)=(k £1)(k £2)]"
40 (3.4)

45 The expert reader will notice that the convention adopted in Eq. (3.3), that
leads to negative [-doubling parameters q, and gq,, is different from most of
50 our own previous literature inputs but the most recent ones. This change
is to cope with the vibration-rotation matrix elements used in the

55 computer package building the global model discussed in section 3C.

60 The resulting rotational structure of selected transition-types is detailed
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in figure 18. It includes the role of nuclear spin statistics adapted to “C,H,,

to be later discussed.

Insert figures 17 and 18

B. Including rotation in the MIME

Rotation can be included in the various vibrational interaction

schemes previously discussed, as exemplified in figure 19.
Insert figure 19

In this figure, the reduced rotational energy is plotted at the right,
as a function of J(J+1), as e.g. in [81, 28]. The value of JJ rather than
J(J+1) is indicated on the graphs for easier reading. This reduced energy

is defined as
E(v,J)—[Bm_J (J +1)=DyJ > (J +1)2}—9 (3.5)

with the value of v selected to perform an adequate translation on the
energy axis and avoid dealing with large numbers and the value of B,
selected to keep the dependency of the reduced energy of the states of
interest as horizontal as possible in the related graphs. If, for instance, the

rotational contribution from the GS state is subtracted from the energy, a
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horizontal line is expected for this state while a smooth variation from this
linear behaviour is expected to occur for the close vibrational states in

these reduced energy graphs, as observed in figure 19.

The energies in figure 19 result from the diagonalization of the
adequate MIME, J per J-value, built using the related matrix elements,
such as appearing in eqs. (2.3), (2.4), (2.5), (3.1), (3.2) and (3.4). The
resulting matrix diagonalization leads to the eigenvalues presented in
figure 19, and also to the squared coefficients in the eigenvectors
associated to each of the zero order, basis states, detailed in figure 20 (see
[82] for further details). As illustrated in the latter graphs, a 1:1 mixing
occurs in “C,H, between these v, = 1 and v, =1, v, = 1, v, = 1, X" states. As
a first result, the zero order bright v, band intensity is shared with the
zero order dark v,+v,+v, transition. As a second consequence, the zero
order forbidden Ak = 2, A—X" transition also emerges, now according to a
J-dependent mixing controlled by the rotational /-type resonance matrix
element detailed in Eq. (3.4). The latter effect is specifically highlighted in

figure 21.

Insert figures 20 and 21

Thus, a partial MIME can be built for this specific interaction
scheme, J value by J value, furthermore split into e and f states. Even

though the anharmonic resonance coupling mechanisms are /-
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independent (see eq. (2.5)), the rotational constants of the various
vibrational states within the same polyad are not identical, thus inducing
a variation with J of the energy separation between interacting levels, as
highlighted in the example just discussed. As a result, the amplitude of
the coupling effectively becomes </-dependent. This is a well-known
situation which may lead to dramatic effects on the relative band and
branch intensities, as e.g. discussed for the pure bends in “C,H, in [22].
Another example of coupling is provided in figure 22. It highlights a
double avoided crossing affecting the (00300,00) zero order state in

IZCISCH
9¢

Insert figure 22

C. Global MIME

The strategy just highlighted for v/v,+v,+v. in “C,H, could be
applied to the full set of data available for this isotopologue. Each extra
datum brings another independent piece of relevant information, thus in
the end significantly improving the statistical quality of the global fit. On
the other hand, rotation-dependent interaction mechanisms show <J-
dependence that will genuinely affect the coupling strength for increasing
J-values and, again, considering all rotation-vibration data will contribute
to better characterize the coupling schemes. Coriolis coupling schemes

different from rotational [-type resonance were actually identified in a

34

URL: http://mc.manuscriptcentral.com/tandf/tmph

Page 34 of 93



Page 35 of 93

©CoO~NOUTA,WNPE

Molecular Physics

number of cases for specific isotopologues, see e.g. [83, 28], though so far
not systematically. They are responsible of a limited number of local
perturbations and seem not to play a very systematic role in the spectral
pattern of acetylene. They are therefore not further addressed in this

review.

A global MIME exploiting the vibrational cluster structure and
accounting for the /-dependent coupling terms was built to deal not only
with pure bending states in various isotopologues, as previously
mentioned. It was extended to the full set of available rotation-vibration
data in “C"CH,. The reason for selecting this specific isotopologue mainly
arises from the extensive set of data available. Since there is no restrictive
u/g selection rule, indeed, many more transitions are allowed, compared
to the symmetric “C,H, species. Another consequence of this absence of
symmetry is that the interaction scheme is also more complete, as
illustrated in figure 23. These specific features, compared to “C,H,, define
additional constraints helping the fitting procedure to converge to a single

set of parameters, only.

Insert figure 23

The systematic investigation of “C"’CH, using FT and FT-ICLAS
spectroscopy, in particular, allowed several thousands of rotation-

vibration lines to be assigned, up to the near infrared region (e.g. [70, 84,
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62, 73, 74]. Thus {N_,N ,Je/f} clusters were built for each J-value, with the
pseudo quantum numbers N, and N, defined as in (2.20) and (2.17),
respectively. The £k-off diagonal matrix elements only couple states
differing by 2 in £ and thus only even or odd k-states are present within a
single global cluster. A typical cluster matrix, with {N,N} = {2,10}, is
illustrated in figure 24, only reproducing part of the full Hamiltonian.
Higher order terms defined in [85, 28] are included in the off-diagonal

coupling elements.

Insert figure 24

A fit was performed in [28] considering all 12703 vibration-
rotation lines assigned in “C”CH, up to 6750 cm ™', weighted according to
the stated accuracy of the line positions (typically between 107 and 10~
cm™'). Actually the limit was even systematically slightly decreased to
improve the quality of the fit. These lines reach about 4350 rotation states
from 158 different v/k vibrational states. The fit of 11738 of these lines
was successfully achieved with a dimensionless standard deviation of 0.99

using 216 parameters. The set of parameters include Kq71/33, K1/244,

K1/245, K1/255, K3/244, K3/245, K3/255, K14/35, K15/34 and Kq4/55 for
the anharmonic resonances. All 965 remaining lines in the “C"CH, fit
being discussed, thus those left outside from the procedure, are
recalculated within the initially stated wavenumber position accuracy,

before reducing it to improve the quality of the fit. It thus turns out that
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the cluster model, extended to include rotation, allows all assigned lines
up to 6750 cm ™' in *C"CH, to be satisfactorily reproduced, within or better
than the stated typical HiReS position accuracy. It is indeed, so far, a

successful story.

A key issue for the success of the global analysis, besides the
spectral analysis procedure already mentioned in the text, was the
package of highly efficient computer programs with very effective
graphical output achieved by Fayt and co-workers in Louvain (see e.g. [86,

81)).

The predictive power of the global model just discussed for “C"*CH,
proved critical in assigning some of the bands in the range considered in
the work just referred to. Actually 17 bands previously unspotted because
of their low intensity or not analysed because of their highly perturbed
rotational structure, could be identified and assigned thanks to the global
model, as discussed in [28]. This global procedure is now being extended
for “C"”CH, towards higher excited regions, so far with success [75]. It is
also being applied, again so far successfully, to “C,H, [87]. Meanwhile, it
can be used to unravel various features in the observed spectra of both
isotopologues. As an example, figure 25 details the predicted set of
vibration-rotation states in a selected range in *C"’CH,, at high vibrational
excitation. Several avoided crossings can be spotted and assigned from

such graphs, as a possible help towards the detailed spectral analysis.
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This complex behaviour also illustrates the need for a more adequate basis

to deal with overtone states.

Insert figure 25

The next step in this global process is to reliably reproduce the
spectrum including relative and hopefully absolute intensity features.
Several investigations were carried on in the literature concerning
intensity simulations, however limited to sharply defined selected spectral
ranges (see e.g. [71]). We have also considered particular problems, such
as the determination of the transition dipole moment of v.-v, in “C,H,, of
relevance to space missions [40]. We are now attempting to simulate a
range as extended as possible, using the results of the global MIME to
account for all relevant couplings and produce reliable intensity
predictions. This step involves various model refinements, considering the

sign of the resonance parameters, in particular.

Another application of the global model is the spectral simulation of
absorption data at very high temperatures for astrophysical purposes,
thus back to the fingerprint issue of HiReS. Such a simulation requires
the a priori global knowledge of all state energies and coupling schemes,
while the zero order transition moments and their relative signs need to
be carefully estimated to reliably reproduce the intensity features. As a

flavour to these forthcoming developments, figure 26 shows a simulated
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absorption spectrum in the range of v, in "C,H,, under 500 K temperature
conditions, thus accounting for all relevant hot bands and related upper

state coupling mechanisms.

Insert figure 26

Dreaming that such a spectral simulation can be systematically

' it would

achieved, say on a range as extended as from 0 to 15000 cm™
cover the equivalent of a pulsed excitation of about 1 fs on the time scale.
This is another quite peculiar perspective stimulating the present purely
spectroscopic strategy of research. Altogether, the need for an appropriate

description of the highly excited vibration-rotation states, merging

quantum, dynamical and statistical issues, is still to be imagined.

D. Ultimate MIME

As a last input in this review, one should remember that, thanks to
the Pauli principle, nuclear spin isomers need be defined for the
symmetric acetylene isotopologues. Figure 27 summarizes the situation,
with the states with highest and lowest nuclear spin statistics labelled
ortho and para, respectively. The well known spectral intensity
alternation with o, illustrated in figure 28 is one of the striking

consequences of the existence of nuclear spin isomers in acetylene. It
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applies to all transitions in the symmetric isotopologues, with ortho to
para state transitions forbidden, as already illustrated in figure 18. The
global MIME ought obviously to include the role of nuclear spins, hence

the title “ultimate MIME” to the present subsection.

Insert figures 27 and 28

Literature on the role of spin-rotation interactions in acetylene, that
would be most relevant in this context, is lacking. We shall therefore here
only highlight some thoughts on related issues considering (i) nuclear spin
conversion, (ii) partition functions, (iiz) collision processes and, finally (iv)

formation of molecular complexes.

(i) Nuclear spin conversion:

Despite several conversion attempts between ortho and para species
(e.g. [89-92, 9]), it seems that such a nuclear spin isomerization process
was not observed in acetylene, so far. As a matter of fact, although it has
been investigated in some species, with interesting applications (e.g. [93,
94]), this kind of conversion is known to be usually negligible, given the
smallness of the nuclear spin interaction terms that mix wavefunctions
from different nuclear spin isomers. The strategy to investigate nuclear
spin conversion first relies on the capacity to enrich a sample in one of the

isomers, before studying the return to statistical equilibrium. We recently
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reported [95] on a possible enrichment procedure, though accidental and
most indirect. We indeed noticed, as reported in figure 29, that the
absorption line profile of the first R(J) transitions in the v +v, band of
“C,H, recorded with a tunable diode laser in an axisymmetric jet
presented a central dip. It could possibly partly due to the formation of
van der Waals species that is likely to be more favourable in the colder,
central part of the jet beam thus removing monomer absorption. The
disappearance of this dip with increasing rotation, still to be confirmed
could possibly indicate that rotation hinders the formation of these
aggregates thus leading to recover the full amount of monomers. As a
result, the beam would then be specifically depleted in species with J = 0,
i.e. in para species. Thus very indirect enrichment in ortho species might
possibly occur in jet-cooled acetylene, under conditions used in the
experiments! As pointed out this interpretation is still most tentative and

calls for strict experimental evidence.

Insert figure 29

(z7) Partition functions

The calculation of absolute line parameters and various other
properties rely on partition functions (). Since ortho and para species do
not easily convert into each other, they ought to be considered as different

species in a number of processes and issues, including partition functions,
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as already stated e.g. by Dennison in 1927 {Dennison, 1974 #4631}. The

expressions for the two forms are presented in Eq. (3.6).

Quino =3 D, 8, €XP [—(EVJ —Ego 4 )/kT]

ortho
J

ortho

Qpara :1 Z ngam eXp |:_(Ev,.lpam _EGS,J—O)/kT:| (36)

J

para

In these expressions we accounted for different lowest energy states
for the ortho and para nuclear isomers, respectively J = 1 and J = 0, to
stress the need for considering these two species separately. Obviously,
the proper calculation of the thermal population of each of the rotational
states, as performed in figure 26, requires the same selection for the
reference energies. The usual factor g, (= 2J+1) in these expressions

correspond to the spatial degeneracy.

The connection towards the usual partition function, as defined for
a single acetylene species “C,H, in most books, is achieved in Egs. (3.7)
and (3.8). The distinction between different initial rotational states for the
two isomers is not made in these equations. First, one needs to merge the
contribution of both isomers, accounting for their respective abundance

under equilibrium conditions:
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0, =% &, exp|~(E,,  —Eg)/kT |
J

" ortho

ortho

+1 > g,
J

para

eXp [—(E” -FE )/kTJ o

para ' para

©CoO~NOUTA,WNPE

14 Next, assuming high temperature conditions, the sums on ortho and para
17 states are each about identical, therefore leading to the final expression,
19 with the factor %2 presented as the symmetry factor in the usual

22 pedagogical literature.

27 0" ~Y> g, exp[—(E,, ~Eg )/kT ] (3.8)
J

28 Total

Obviously, the proper calculation of the thermal population of each
36 of the rotational states, as performed in figure 26, requires the same

reference energies, different for ortho and para specie.

(i17) Collision processes

46 We have only dealt with intramolecular features, so far. One can,
however, expect intermolecular issues to be affected by intramolecular
51 coupling schemes. Acetylene probably offers unique opportunities to
investigate how several of the features highlighted in this review may
56 influence or transfer into collision processes and aggregation mechanisms,

including nucleation.
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Concerning collisions, several line profile investigations were
reported in the literature in various groups (see review in [97]). We shall
only report here, as an illustration, on the abnormal self-pressure shift
effects affecting J = 18 in v +3v,, “C,H,. This specific vibration-rotation
state exhibits intramolecular perturbation and, as a result the R(17) and
P(19) lines accessing that state are doubled as reported in several papers
including [98, 52, 99-101, 61]. The situation is schematized in figure 30.
At the time [61], the available global constants allowed first to unravel the
zero order composition of the v +3v, vibrational state, as indicated in
figure 30. Next, they suggested that the local perturbation affecting J/ = 18
could be assigned to a Coriolis-type, thus J/-dependent interaction with a
state of I1 symmetry involving significant bend excitation, also identified,
tentatively, on figure 30. As a result of the latter mixing, this vibration-
rotation state from a zero order pure stretch state carries bending
character. Since, in the overtone range, vibrationally-induced changes of
the mean geometrical structure become more significant, it is reasonable
to suggest that the collision mechanisms are significantly affected by
introducing this bend character, hence the different shift coefficients
measured for the lines reaching this J = 18 state in the v +3v, band in
”C,H,. Once obtained, the new global constant in this isotopologue, this
time including rotational degrees of freedom will be used to check the
nature of this specific wavefunction mixing. Actually, this statement about
geometrical structure changes in the overtone region supported

unfortunately unsuccessful attempts to perform laser drift experiments in
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acetylene in connection with nuclear spin conversion investigation [89].

Insert figure 30

(iv) Molecular complexes

Concerning formation of complexes, we shall not review here the
literature around acetylene-containing van der Waals species, dimers and
multimers (see e.g. [9]). We shall only present two very recent results
obtained at ULB, illustrated in figures 31 and 32. The first is the
observation of the *C,H,-Ar complex at high resolution around 6500 cm™'
using cavity ring down spectroscopy [102], and the second is the probable
observation of multimers of “C,H,, possibly containing Ar, around 3300

cm™' using Fourier transform spectroscopy ([103]).

Insert figures 31 and 32

We take this opportunity to highlight, following the FT recording of
coloured vibrations and the 2T-FT-ICLAS achievements previously
illustrated, another instrumental development stimulated at ULB by the
acetylene saga. The set-up used to record the spectra presented in figures
29, 31 and 32 is the next generation instrument to produce and
interrogate supersonic expansions. Our previous set-up combining a slit

jet and FTS proved to be very performing thanks to the use of a 16 cm long
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slit or multi nozzle (see [104] for a literature review on FT-jet
spectroscopy). A major drawback was the amount of gas injected, which
prevented us from using acetylene given its hazardous character. We have
very recently built a new set-up, named FANTASIO for “Fourier
trANsform, Tunable diode and quadrupole mAss spectrometers interfaced
to a Supersonic expansIOn”. The injection, through an axisymmetic or slit
nozzle, is now compatible with the use of acetylene, while a large
turbomolecular pumping group allows improved stagnation to residual
pressure ratios to be achieved. The sensitivity is boosted thanks to a
multipass sytem around the jet for FTS recording over very broad spectral
ranges and to thanks a cavity ring down system for tunable diode laser
investigations in the 1.5 um spectral region. Besides the recent detection
of complexes, as illustrated in figures 31 and 32, we are on our way
measuring absolute line intensities under jet cooled conditions [105]. We
also plan to inject a pump laser at the nozzle exit to perform double
resonance spectroscopy, hopefully also investigating the detailed

mechanism of acetylene nucleation.

4. Final words

The present paper was intended to respond to the invitation to

present the ULB contribution to the acetylene ground state investigation,
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or so-called acetylene saga. One should obviously grant the contribution of
many other research groups to this saga, several of them identified in the
introduction, whose contribution was accounted for in a previous review
[8]. The central issue in the acetylene saga as defined in the present paper
is the understanding, at the HiReS level of accuracy, of the molecular
behaviour in regions of high vibrational excitation. Many basic questions
remain, including an appropriate zero order description involving
interplay between quantum, classical and dynamical pictures. The
probably complex response still to come is a key issue to unravel and to
master a number of important chemical mechanisms at the microscopic

level of investigation.

The research strategy along the acetylene saga fully relies on
HiReS, stimulating instrumental developments and, altogether generating
an impressive amount of first quality data also feeding more traditional
fingerprint type applications of HiReS. It is indeed interesting to point out
that all spectral data in the overtone ranges, initially generated to help
very fundamental research projects, today also support applied issues such
as trace detection relying on near infrared laser developments. The
acetylene saga thus contributed promoting HiReS as a major input to
modern and hot topics. This is a quite rewarding status in this period of

Science favouring interdisciplinary research...and often dismissing HiReS.

The acetylene saga is far from ended, and the so-called ultimate
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MIME in section 3D is, for sure, far from ultimate. The various research
tracks and questions that arose in the text and many others to come will

keep stimulating the activity of many research groups, including ours.
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Figures

Figure 1: Portion of the transmittance FT spectrum of the acetylene

©CoO~NOUTA,WNPE

recorded from space on October, 8 2005 above Mozambique (-6.85° lat;
11 39.42° long.) during the ACE mission (from [5, 6]). The upper spectrum
shows the simulated spectrum, the middle one presents the data as
14 recorded from space and the bottom spectrum shows the difference with
16 the spectrum calculated under observation conditions, the latter however
17 not including the acetylene contribution. This contribution is thus
19 highlighted in the bottom spectrum. Acetylene lines that seem to be
20 missing are actually buried into fully saturated regions.

: TR

V\M JMM Ay WM

I,

w
N
Transmittance

— T T U L
42 3290 3292 3294 3296 3298 3300 3302 3304 3306 3308 3310

Wavenumber (cm™)

59

URL: http://mc.manuscriptcentral.com/tandf/tmph



©CoO~NOUTA,WNPE

Molecular Physics

Page 60 of 93

Figure 2: Portion of the emission spectrum of “C,H, showing part of the R

branches of the v; and v,+vs+vs bands, recorded in emission from a

discharge (a). Intensity alternation is absent for those lines pointed out by

arrows, as highlighted from the comparison with an absorption spectrum

(b) (see dots). The figure is adapted from [7]. It is shown in this reference

that this phenomenon can be fully explained by a succession of

emission/absorption processes, allowing the emission temperature to be

inferred from the observations.
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Figure 3: Normal modes of vibration in acetylene. The harmonic
frequencies (@) are from El Idrissi et al., 1999 [24] (“C,H,) ; Herman et

al., 1998 [25] (*C,D,) ; Di Lonardo et al., 1999 [26] (*°C,H,); Herman et al.,
2004 [27] (*C,HD); and Fayt et al., 2007 [28] (“C""CH,).
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Figure 4: Role of the g,, and r,, interaction constants, exemplified on the

case of the v, = v, = 1 vibrational state in acetylene. Contribution from

terms involving g,, and g,, are identical for both £ sublevels and are not

accounted for in the energy scheme.
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1
2
3
4 Figure 5: Top: Integrated number of states, N(E) in “C,H,, in function
g of the vibrational energy up to 15000 cm™'. The number was calculated
7 from the energies predicted using the extended set of vibrational constants
g from [24], with each substate with |k| #0 counted for 2 in the sum, as
10 explained in [30]. The origin of the energy scale (E) is at the bottom of the
11 . . . ..
12 well; Bottom: Related density of vibrational states. The origin of the
13 energy is now the GS.
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Figure 6: Top: Variation of the absolute value of the electric dipole
transition moment (IR, 1) upon excitation along the nv, (CH) overtone
series in “C,HD (adapted from [33]). Triangles refer to measured
transition moments and squares to the sum of contributions from the
bright and related dark transitions; Bottom: Contribution to the transition
moment of the 3v, and 4v, bands in C,HD of the various orders in the
electric dipole development, accounting for mechanical anharmonicity in
the description of the wavefunctions (adapted from [34]).
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Figure 7: Vibration-rotation absorption FT spectrum of “C,H, in the
visible range showing the 4™ CH overtone band (adapted from [35]). (P, =
250 mbar; 1 = 49.2 m, 6900 scans co-added).
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Figure 8 (IN COLOUR): Statistical and dynamical role of the bending
vibrations in “C,D, (adapted from [43]): Top: Integrated number of states
(left ordinate) and residue between the predicted and calculated
integrated number of states (right ordinate) Bottom: Related Vibrogram
(see text) in which the energy (abscise), defined from the bottom of the
potential well, runs from —4000 to +9000 cm™', from left to right.
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Figure 9: (a) Zero order picture in which two vibrational states with

identical energy (¥}, and ¥) ) lead to very strong (bright) and very weak

(dark) transitions from GS, respectively; (b) a coupling results into two
eigenstates (¥, and ¥ _) with shifted energies and mixed wavefunctions;

(c) the bright character is now equally shared by the two eigenstates. The

spectrum, restricted to a single bright transition in the zero order picture

(a/bottom) consists in two transitions each with half the initial intensity in

the eigen spectrum (c/bottom).
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Figure 10: Example of intensity borrowing through the 1/255 anharmonic
resonance in “C,HD (adapted from [34]). Additional bands from "“C,H,,
with typical intensity alternation, are observed around 12700 cm™' in the
bottom spectrum. Zero order dark @ branches in I1-X" transitions are
identified on the top and middle figures, borrowing their intensity from
the zero order 3v, +v,(k=1)and 3v, +v,(k=1) bright transitions,
respectively. A zero order R branch borrowing intensity from the 4v,
>" —%" bright transition is indicated in the bottom spectrum.
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Figure 11: Energy difference (AE = E(v,,v,,v,,0,,0,) - E(v,-1,v,+1,0,,0,,0.+2))
between some pairs of states interacting through the 1/255 anharmonic
resonance in “C,HD, plotted as a function of the approximate state energy.
Only one of the interacting states is identified with the help of the related
values of the vibrational quantum numbers, v, to v,. The three sets of
interaction highlighted in figure 10 are framed.
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Figure 12: Overtone spectrum of “C,HD recorded using 2T-FT-ICLAS
(middle), showing a band not observed on the FT spectrum (bottom). The
product of absorption pathlength (14.64Km) and pressure (120 hPa)
conditions in the laser experiment is about 500 times larger than in the

FT experiment. The line assignment is indicated (middle) and the band

structure is simulated (upper) (adapted from [58]).
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Figure 13: Left: Scheme of bright/dark multiple intensity borrowing in a
straight absorption scheme; and, Right: dispersed fluorescence spectrum
of ¥*C,H, ranging over some 600 cm ', observed (left) and simulated (right),
adapted from [66]. Each straight line in the simulation indicates, with
appropriate relative intensity, a predicted fractionation of the zero order
bright transition.
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Figure 14: Scheme of the {N N ,k,+,u} = {2,10,0,+,u} cluster in “C,H,, with
anharmonic resonance connecting (vlvzvsvf;‘vés) , X" vibrational states

identified (from [68]).
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Figure 15: Evolution with the vibrational energy of the {N_,N } clustering
of the states, in “C,H,. The average energies of the so-called sub-polyad
V" (N,,N,) are taken with respect to each average polyad energy v" (N )

(adapted from [30]).
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Figure 16: Portions of the FT-transmittance spectrum of “C"”CH,
recorded at ULB (adapted from [73]). The sample pressure was 5.05 mbar,
the temperature 273 K, and the absorption pathlength 55.1 m. The upper
and middle spectra range from about 5700 to 10000 and 5700 to 6000 cm™,
respectively.
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Figure 17: Summary of the procedure to define e/f rotation-vibration
states in linear species, as defined in [80], applied to the v, =1,/, =1 state

in acetylene. In this specific case, e levels are below f-ones (q,<0).
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Figure 18: Detailed rotational structure, including the role of nuclear

Molecular Physics

spin statistics, for all -1 transition-types in “C,H, (adapted from [10]).

Ortho/Para components are in full/dotted lines.
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Figure 19: Sequence of couplings, with main related parameters

highlighted at the bottom, affecting the v,= 1 and v,=v,= v, = 1 vibrational

states (left) and related reduced rotational energies (as defined in Eq. (3.5)
) (right), in “C,H,. All states highlighted are of u symmetry. Other states

appear on the reduced energy graph, whose assignment is not given.
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Figure 20: Eigenvector coefficients for the three interacting (v,v,v,v,v,,/,[,)

zero order states in “C,H, identified in the graphs and pictured in figure
19. The labels ¢, ® and V refer to the (01011,11); (00100,00); and (01011,1-
1) zero order states, respectively (calculated from [82])
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Figure 21: Simulated portion of the infrared spectrum of “C,H,
demonstrating the role of the various coupling schemes around v, in
making a zero order forbidden A-X" transition emerge, actually at higher

©CoO~NOUTA,WNPE

J-values, identified through stick lines drawn broader on the simulation
10 (adapted from [82]).
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Figure 22: Reduced energies, defined as in Eq. (3.5), as a function of J for
the observed vibration-rotation levels of the (vv,v,vivZ)= (0030°0°) (Z°) (m),

(0213'1") (o) and (0303%37™") (A) () states of "CH"”CH, with all vibrational
labels corresponding to zero order assignments (adapted from [74]).
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Figure 23: Portion of the {N,N} = {3,15} cluster in acetylene (adapted
from [39]). Arrows show the resonances, identified at the bottom of the

figure, connecting (v,v,v,v,v,) vibrational states. The two sets of states

separated by the horizontal dotted line are connected in “C"”CH, but not in
“C,H, because of u/g selection rules forbidding the 1/245 and 3/244
couplings to occur.
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Figure 24: Illustration of the £-mixing in the global picture of acetylene,
from a portion of the {N,N} = {2,10} vibration-rotation cluster in “C*”CH,,
in which higher order interaction terms, with upper/lower signs valid for

e/f symmetries are included, all defined in [28]. The symbol X indicates

the absence of coupling term. The matrix is symmetric.
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Figure 25 (IN COLOUR): Reduced energy graph, as defined in Eq. (3.5),
illustrating the complexity of the vibration-rotation energy pattern in the
overtone range in acetylene (“C”CH,). The energy behaviour is predicted

©CoO~NOUTA,WNPE

from the global picture presented in [28]. Full and doted lines indicate e
10 and f parity, respectively. Colours refer to different symmetries, with
those corresponding to interacting £ = 1 (blue), 3 (purple) and 5 (black)
13 states highlighted.
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Figure 26: Simulated absorption spectrum of “C,H, (line-strengths)
around the v, region, corresponding to 500 K temperature conditions [87].
Population on all excited states up to v, = 5 was accounted for in the hot
band simulation [87].
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Figure 27: Statistical weights (g,) as a function of the e/f wavefunction

parity of the vibration-rotation energy states in various isotopologues of

acetylene. The result depends on the parity of J as well as on the

vibrational state-symmetry.
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Figure 28 Nuclear spin statistics and intensity alternation in R-

branches of X/ —X acetylene transitions (see [88]). The parity of / for

the stronger lines depends on the total nuclear spin function, while

intensity alternation does not occur for asymmetric isotopologues.
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Figure 29: Evolution of the absorption line profile of the first R(J)
transitions in the v +v, band of “C,H, recorded at ULB with a tunable
diode laser in an axisymmetric jet (see experimental details in [95]. The

©CoO~NOUTA,WNPE

central dip is attributed to the formation of van der Waals species that is
10 more favourable in the central part of the jet beam. The evolution with /
may possibly indicate that rotation hinders the formation of these
13 molecular complexes.
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Figure 30: Scheme of the perturbation mechanism possibly explaining
unusual self broadening coefficients affecting o = 18 in v +3v,, “C,H, (see
text). ( adapted from [61]).
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Figure 31: Portion of the absorption spectrum of “C,H,-Ar recorded using
jet-cooled cavity ring down spectroscopy at ULB. Lines in the K, = 10
sub-band of the 2CH overtone band are assigned in terms of the usual
R/Q/P(J) notation, adapted from [102].
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Figure 32: Absorption Fourier transform spectrum of jet-cooled acetylene

recorded at ULB demonstrating clustering effects (adapted from [103]).
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Tables

Table 1: Check of x-K relations in symmetric acetylene isotopologues.
(Parameters from El Idrissi et al., 1999 [24] (“C,H,); Herman et al., 1998
10 [25] (*C,D,); Di Lonardo et al., 1999 [26] (°C,H,))
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; x;; | -24.8 | -12.3 | -25.4

; X3 | -27.6 | -15.4 | -26.7

x;; | -107.5 | -47.5 | -104.3

: K, s | -105.7 | -47.2 | -103.4
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Table 2: Periods associated to the normal mode vibrational frequencies
(&) in symmetric acetylene isotopologues as published at the time (from

[43]).
Mode 12 13 12
C2 H2 C2 H 2 C2 D2
i (cm™) (fsec) (cm™) (fsec) (cm™) (fsec)
1 3506.91 9.5 3481.14 9.6 2785.47 12.0
2 2012.56 16.6 1946.93 17.1 1787.44 18.7
3 3421.17 9.8 3404.99 9.8 2512.32 13.3
4 622.73 53.6 613.57 54.4 519.44 64.2
5 746.89 44.7 743.96 44.8 549.02 60.8
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Table 3: Principal rotational constants, B, in em™', of various
isotopologues of acetylene (from Cané et al., 2002 [69] (°C,D,); Di Lonardo
et al., unpublished [76] (*C,HD), (H*C"*CD), and (H”C"*CD); Di Lonardo et
al., 1993 [77] (°C,H,); Wlodarczak et al., 1989 [78] (*C,HD); Robert et al.,
10 2007 [40] (*C,H,); Huet et al., 1991 [23] (*C,D,); [79] ( "C™CD,), and Fayt
1 et al., 2007 [28] (“C*CH,)).
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16 13¢,D, 0.817 872 206 6 (4560)
18 13C,HD 0.950 330 801 (617)

21 H12c13cD  0.975 271 02 (68)
o H13c12cD  0.967 192 54 (82)
2 13CoH, 1.119 574 687 (146)

20 12G,HD 0.991 527 8 (3)
29 12G5H, 1.176 646 18 (1)
31 126,05 0.847 874 20 (24)
33 12c13cD,  0.833 05 (4)

35 12613CH,  1.148 460 77 (1)
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