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Integral cross sections and pressure-broadening coefficients have been measured by molecular beam scattering
and by high-resolution infrared spectroscopy, respectively, for the acetydggen system. A new potential

energy surface (PES) is proposed to describe structure and dynamical properties of this prototypical weakly
bound complex. The PES has been parametrized exploiting a novel atom-bond pairwise additive scheme and
has been fitted to the experimental data. Calculations of the scattering cross sections (both differential and
integral), pressure-broadening, and second virial coefficients have been performed using both the present and
also the most recent ab initio PES available in the literature. Analysis of the new experimental data indicates
that the anisotropy of the interaction in the well region should be larger than that obtained in ab initio
calculations. This is also in line with previous spectroscopic results.

1. Introduction states and thus may provide information on molecular relaxation
processes. The measure of pressure-broadening coefficients may
be useful to test the accuracy of a potential energy surface (PES),
especially if experimental values are available over a wide range
of temperatures, as shown recently for instance in refs 5, 6.
The Ar broadening of few IR lines of thg band of GH; have

been reported by Varanasit room and low temperatures; Pine

has also measurdf andQ lines in thev; + vs band in order

to study line-mixing effects in th€ branch. Valipour et &l.

atmosphere of Jupiter, Satrand Titar3 These traces are !nvesngated the rotanonal state depgndence of the. broadening
in thev; + 3v3 combination band, as induced by various gases

stentlally prqduped by photodissociation of met”&‘.'“’ thus, at room temperature. More recentl/ pressure-broadening
its concentration in our atmosphere should substantially increase

X C T . coefficients were measured in tlieand P branch of thevs
soon. For these atmospheric applications, a detailed kn0W|edgeoand at 297 K and for som lines at 173 K
of collisional line broadening is required. More generally, line } )

profile studies can improve our knowledge about intermolecular Among the various complexes of acetylene,&rH, has
interactions and associated processes of collisional perturbatiorP€en the subject of several spectroscopic studies. DeLeon and
of molecular motion. Pressure-broadening effects are closely Muentet* first identified this complex by molecular beam

related to the total population transfer rate among rovibrational €lectric resonance spectroscopy and proposed a T-shaped
equilibrium structure withC,, symmetry. Their analysis gave

* Corresponding author. E-mail: david.cappelletti@unipg.it. an argo&acet_ylene Center'o_f‘mass qiStance of 3-2(_) A. Subse-
T Present address: University of Barcelona, Spain. quently, Ohshima et al2 by using Fourier transform microwave

Weakly bound complexes involving acetylene, a nonpolar
linear molecule, have received much attention in recent years
because of their peculiar intermolecular potential mainly affected
by the features of the triple bond of acetylene. Further interest
stems from the need to help observation and modeling the role
of acetylene in planetary and Earth atmospheres. Acetylene is
a trace constituent of the Earth’s atmosphere mainly produced
by anthropogenic sourcéslt has also been detected in the
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spectroscopy, determined a larger equilibrium distance (4.04 400 I I I
A). Infrared laser spectroscopy was carried out by Hu @8 al. L full molecular model

and Bemish et &l Overall, these investigations suggested a

nonrigid T-shaped geometry with a large amplitude in-plane 380
bending modes. The “floppiness” of this complex has hampered
deduction of precise structural parameters.

The first empirical potential energy surface for the4H,
system was in fact constructed by Hutson and Thofilay
1992 (A-500 in the following) using a model based on atom
atom pairwise additivity, with parameters chosen to reproduce
the rotational transitions observed in the microwave experi-
ment!2 Bemish et ak* constructed a Hartreg~ock plus damped 0
dispersion PES by combining the results of an ab initio 5 380
calculation at short range with a long-range distributed disper- z
sion interaction. Their rotationally resolved infrared spectro-
scopic data was used to adjust the parameters. 360

Besides the spectroscopic surveys, a collisional study of this
complex, on the basis of the measure of total differential cross
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sections (DCSJY® has been done. In this investigation, Yang | | il
and Watts measured well-resolved and moderately damped 0.5 1.0 15 20
rainbow oscillations that permitted obtaining both an effective velocity v, km

isotropic potential curve and an empirical potential energy Figure 1. Experimental total cross sectio®(v) for scattering of
surface. An improved version of such a PES (MB in the rotationally “hot” acetylene near effusive beams by argon, plotted as

; ; ; ; Q(v) x v™?5 as a function of the beam velocity Continuous and
following), also based on a partial analysis of spectroscopic data’dashed lines are calculations with the present and the CC3STREBSs.
was later presented by the same autiérs.

- _ Upper panel: calculations performed within the full molecular model
Ab initio calculations of the PES at the MP2 level have been (see text). Lower panel: calculations performed with an 10S ap-

presented by Bori&in 1994, who deduced a value for the proximation.
equilibrium separation of 3:83.9 A. Later on, Tao et &P
calculated a new PES at the MP4 level with an extended basisCCSD130 PE® will be presented. Differential cross sections
set. Rotational constants were found in good agreement with have been also computed in order to make a more exhaustive
some of the experimentally extracted values; however, the analysis of the scattering results.
comparison with DCS results indicated a too-shallow potential ~ Pressure-broadening (PB) calculations are performed with this
well. More recently, Yang et &P provided new extensive ab new PES and with the CCSD130 PES. These values are
initio calculations of the interaction energy up to the CCSD(T) compared with the measurements that have been carried out in
level. These ab initio PESs were modified by scaling the Namuf®and which are extended in the present work infhe
correlation energy with a geometry-independent factor, opti- branch and provide additional data in tRéranch at the lowest
mized by comparing the results of close-coupling calculations temperature investigated (173 K). These data are strongly
with DCS and spectroscopic data. The best of the PESs proposedffected by the anisotropy of the interaction. We will show that
in this work, denoted CCSD130 and considered in the following the simultaneous analysis of ICS, PB coefficients, and DCS
discussion, reproduces well the DCS data and also gives aprovide valuable new information on the PES of the argon
qualitative agreement with the spectroscopic data, even thoughacetylene complex.
it is still not satisfactory at a quantitative level. The need foran  Finally, we use the new obtained PES to provide calculations
improvement was explicitly prompted by these researchers whoOf the second virial coefficients. Up-to-date experimental
requested in particular new experimental information. information on the second virial coefficients is not available.
The present work reports new sets of scattering data and Dgtalls of yhe experiments are summarlzed in the next segtlon.
pressure-broadening coefficients on the acetylemgon system. Sgctlon' 3 will present the .repres'entatllon of t.he PES. Sectpn 4
In particular, integral scattering cross sections (ICS) as a function Will outline the data analysis, while a discussion and some final
of the collision energy have been measured for the first time. "€marks will follow in Sections 5 and 6.
The collisional experiment has been carried out using acetylene . .
molecular beams scattered on argon atom targets kept in az' Experimental Section
scattering cell. This technique has been applied in Perugia for 2.1. Integral Cross SectionsThe molecular beam apparatus
more than two decades for the characterization of intermolecular employed for scattering cross sections measurements has been
forces, the most recent examples being for atatom?? for described in detail elsewhet@23 Total (elastic plus inelastic)
atom—molecule??2% and for molecule-molecule system&: integral cross sectior3(v) have been measured in the velocity
Furthermore, the integral cross section is one of the few range 0.6< v < 2.2 km/s. The experimental values@fv) are
measurable quantities that are sensitive to the absolute scaleeported in Figure 1 as a function of the acetylene beam velocity,
and intermolecular range of the interaction energy. To analyze », and have been plotted &) x v%° as usual to emphasize
the ICS data, a potential energy surface has been generatedhe glory structure.
exploiting a novel atom-bond parametrization of the interaction ~ Two different types of cross section measurements have been
energy?® All the interaction potential parameters have been carried out. The first experiment has been performed by using
anticipated by semiempirical calculatio?fs}’ during the analy- effusive beams containing rotationally “hot” acetylene molecules
sis, some of them have been taken as fixed and a few othersscattered by argon atoms confined in a scattering chamber. The
have been fine-tuned by fitting the experimental integral cross acetylene beam has been produced by expanding the gas, kept
sections. A comparison with calculations performed using the at a stagnation pressure of few mbars, through a 1-mm nozzle.
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TABLE 1: Ar-Broadening Coefficients yo (in 1073 cm~t atm™1) in the P and R branches of thevs Band of C,H, at 173.2 K&

P Branch R branch
m VP RP RP SDRP VP RP RP SDRP
2 116.7 (3.5) 117.6 (3.5) 117.0(3.5) 120.0 (3.6)
3 115.0 (2.8) 116.5 (3.0) 115.5 (2.6) 118.6 (2.6) 108.6 (3.4) 111.1 (4.3) 109.3 (3.4) 112.4 (3.5)
4 107.0 (3.4) 109.9 (3.7) 108.7 (3.2) 111.5(3.3)
5 99.6 (2.6) 102.6 (2.5) 100.6 (2.7) 103.3(2.9)
6 96.4 (2.4) 99.6 (3.1) 97.4 (2.8) 100.0 (3.0) 96.0 (2.0) 97.0 (2.5) 96.4 (2.1) 98.7 (2.1)
7 92.5(2.1) 93.7 (2.4) 93.0 (2.0) 95.0 (2.0)
8 87.1(2.5) 89.4 (3.4) 88.3(2.3) 90.5 (2.5)
9 87.3(3.3) 89.4 (2.7) 88.1(3.1) 90.1 (3.2)
11 82.5(1.9) 85.1 (2.5) 83.6 (2.0) 85.8 (2.1)
12 82.6 (2.2) 83.9(2.1) 83.2(2.1) 85.2 (2.2)
13 82.8(2.2) 84.4 (2.8) 83.4(2.2) 85.2(2.3)
15 80.2 (1.8) 82.2 (2.7) 81.1(2.0) 83.0 (2.3)
16 76.1(2.3) 75.9 (2.7) 77.2(2.2) 79.0 (2.4)
17 72.1(1.9) 72.5(2.8) 74.2 (2.3) 76.3 (2.6)
18 71.4(2.2) 73.4 (2.4) 72.2 (2.0) 73.9(2.1)
19 70.0 (2.0) 71.3(2.9) 70.8 (2.4) 72.4 (2.6)
22 62.6 (1.9) 65.6 (1.7) 64.1 (1.6) 65.5 (1.7)
25 55.1 (1.6) 56.9 (2.1) 57.0 (1.6) 58.4 (1.9)
28 44.3 (2.0) 49.7 (2.5) 47.3 (2.3) 48.7 (2.5)

a Experimental uncertainties are reported in brackets. Note: The experimental results are derived from the fits of the Voigt profile (VP), the
Rautian profile (RP) with successively the paramgefitted® and fixedS and the speed-dependent Rautian profile (SDRP) with figedind q
parameters. The results f&lines with |m| = 2,3,6,11,12,17,22, and 28 have been obtained previéusly.

The source has been heated’at 500 K in order to boost the ~ was cooled, and the temperature of the gas was kept constant
rotational temperature of the acetylene molecules, which canat 173.2 K+ 0.5 K. For each broadened line, we have recorded
be assumed to coincide with the nozzle temperature becausdour spectra with a constant partial pressure gfi§ while the
no relaxation is expected under the present effusive expansionpressure of Ar was varying from 30 to 70 mbar. Depending on
conditions. The molecular beam, velocity selected by a me- the line under study, the partial pressure gHgwas ranging
chanical velocity selector (full width at half-maximum 5%), from 0.022 to 1.17 mbar. The pressures were measured with
passes the scattering chamber and is monitored by a quadrupolénvo MKS Baratron gauges with a full-scale reading of 1.2 and
mass spectrometer. The target gas, Ar in this case, has beed20 mbar. The study of an absorption line ofHz perturbed
maintained at a temperature of 90 K in order to reduce the by Ar required eight consecutive spectra: records of the empty
blurring of possible quantum oscillations in the cross sections cell, the four broadened lines, th&akn fringes, the pure £,
due to its thermal motion. As we will see, the observation of a line at very low pressure<(0.01 mbar), providing an effective
well-developed quantum interference “glory” pattern has been Doppler profile, and a saturated spectrum of this line, giving
crucial to test the reliability of the intermolecular potential and the 0% transmission level. The assignments and wavenumbers
the dynamics used to describe the acetytemee gas collisions of the measured lines of 8> in thevs band are taken from ref
(see below). As done previoust{#?224the absolute values of  33. After being recorded, the nonlinear tuning of the diode laser
total cross sections have been obtained by an internal calibrationradiation was corrected with a constant step of about * 10
on the basis of direct measurements of the gas flowing in the cm~ by using the &lon fringe pattern.
scattering chamber and on the absolute value of Ateelastic The data reduction procedure has been thoroughly described
scattering cross section reported in ref 28. elsewher® and will not be repeated in detail here. The
The second type of measurements has involved the scatteringcollisional half width at half-maximum (HWHMjy have been
of seeded supersonic beams containing rotationally “cold” and obtained by fitting the individual profile of each line to Voigt
aligned acetylene molecules on argon atoms. These results ar¢VP), Rautiad* (RP), and speed-dependent Rautian md8els
a probe both of collisional alignment in the molecular b&am (SDRP). The normalized, per argon atmosphere, broadening
and of the PES driving the collisions. As a consequence, they coefficientsy are successively obtained by least-squares fitting
will be not included in the present analysis. On the other side, of the pressure dependence of the collisional half widths. These
the present PES has been already used for a quantitativecoefficients measured at 173.2 K in ref 10 and in the present
assessment of the degree of collisional alignement in the study are presented in Table 1 for the different profiles used,
molecular beani® The details of the latter experiments will be along with the experimental errors. The main sources of
reported elsewhere. uncertainties in the/o values arise from the baseline location,
2.2. Pressure-Broadening Coefficientsln this paper, we the perturbation due to nearby interfering lines, the nonlinear
have extended to a larger number of lines previous measure-tuning of the laser, and the line shape model used. The absolute
ments at low temperatures, carried out in Nadfufor Ar- errors that do not account for the uncertainties due to the line
broadening coefficients in the band of GH,. The spectrawere  shape model are estimated to be equal to the statistical error on
recorded with an improved Laser Analytics tunable diode laser y derived from the linear least-squares fit plus 2%yefThe
spectrometer described in detail elsewhérequipped with a linearity of y. with pressure, and consequently our estimated
low-temperature cell. To increase the signal-to-noise ratio, eachuncertainties, obtained from the Rautian profiles that closely
record was averaged over 100 scans with a sweep frequency ofit the spectral data, is not better than that derived from the
13.5 Hz. The acetylene sample was provided by Air Products Voigt profile. Within these uncertainties, the broadening co-
with a stated purity of 99.6% and argon by L’Air Liquide with  efficients are onlyjm| dependentrp = —j for P(j) lines and
a stated purity of 99.99%. The absorption cell, with an optical m = j + 1 for R(j) lines]. The coefficients derived from the
path length of 40.43 cm similar to that described previo&ly, SDRP are significantly larger than those derived from the VP
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TABLE 2: Potential Parameters for the CC Triple Bond components and the Ar atomic polarizability. These initial values
(CCy), and CH—Ar Pairs? have been refined during the fit of the experimental data by
pair R (= €n a varying them within the known uncertainties.
CC,—Ar 3.96 4.20 9.80 10.4 )
CH—Arb 3.641 3.851 4.814 3.981 4. Data Analysis
“The perpendicular and parallel componentRafande are in A 4.1. Scattering Integral Cross SectionsAs it is well
and in meV, respectively. The same values as in ref 25. established’ the integral cross sectid@ exhibits, as a function

of the collision velocityy, an oscillatory behavior (glory effect)
overimposed to a monotonic component. Typically, the latter,
‘determined by collisions at large impact parameters probing the
long-range part of the interaction, decreasesv@® and is
mainly responsible for the size of the cross section. The glory
The analytical representation chosen for the potential energy undulations arise from the interference between two types of
surface is of the atom-bond pairwise additive type, as recently trajectories, both leading to zero deflection: the first type
introduced by some of the authéfsSpecifically, the interaction  corresponds to trajectories at intermediate impact parameters,
energy of the argonacetylene complex has been represented for which the attractive and repulsive actions balance; the second
as the sum of 3 atom-bond interaction terms of the type type is due to collisions unaffected by the potential. Amplitudes
and frequencies of these undulations are connected to features
6 | fm((l))“(r'“) nra) [ rm(a))ﬁ of the potential such as the depth of the weind its location
n(r,a) — 6\ r n(r,o) — 6\ r R 5738
(1) Close-coupling calculations @¥(v) for atom—molecule cases
are feasible and meaningfélwhen the number of the coupled
In eq 1,r is the distance of the argon atom from the bond channels is relatively low. In the present case of experiments
center andyx is the angle that forms with the bond considered;  with a rotationally hot beanT{,; ~ 500 K), this approach would
e andrn, are, respectively, the atom-bond interaction well depth require an excessive computational effort. On the other hand,
and its location. The parameter is expressed as a function of the fast rotational motion of the acetylene molecules may allow

(average difference 3.6%); the results derived from the other
Rautian profiles are generally ranged between the former results

3. Potential Energy Surface Representation

V(r,a) = ¢(a)

bothr anda using the equatio®® some approximations to be introduced in the theoretical descrip-
tion of the collisions without losing any content of information
) : ; :
n(ro) =9+ 4. r ) on the interaction p_otent|al. _ _ _
r (o) Such approximations are motivated by: (i) the experimental

observation that, in atormolecule collisions, the glory am-
The dependence of and r, from o is given by the plitude is not quenched when the average molecular rotation

relationships time is comparable or shorter than the collision ti#héj) the
theoretical analysis of the effect of the interaction anisotropy
e(a) =€ sinz(a) + ¢ cosz(a) 3) in atom—molecule collisions, which shows its vanishing role
with the increase of the rotational temperature of the mol-
Fe(0) = Iy sinz(a) + co§(a) 4) ecules (iii) the demonstration, by experiments and close-

coupling calculations, that ICS in the glory region are dominated
whereep, €, 'mo, andry, are, respectively, the well depth and by the elastic component of the scattering because the inelasticity
equilibrium distance for the parallel and perpendicular ap- vanishes at intermediate and large impact paraméters.
proaches of the Ar atom to the bond. All the parameters Specifically, the collision dynamics has been modeled ac-
necessary to describe the components of the-abetylene cording to two different limiting regimes: (i) a spherical model,

interaction are given in Table 2. where a central field scattering is operative, and (ii) a molecular
This approach treats the interaction as determined by amodel, where the cross sections are determined by a combination
repulsion due to an effective size of the moleétiland an of two partial orientationally averaged contributions. We also

attraction arising from different dispersion centers distributed performed some calculations within an infinite order sudden
on the molecule. Such a formulation provides a realistic picture approximation (IOSA) scheme. Even if it is well-known that
of both the repulsive and the attractive components of the such a scheme typically leads to overestimating the role of the
interaction and, in addition, effectively incorporates both three- PES anisotropy, these calculations have been carried out to
body?® and other nonadditive effects. The performances of this provide further arguments to the discussion.

parametrization have been recently investigated by calculating The (i) and (ii) regimes selectively emerge as a function of
static and dynamic properties of atom (and ion) clusters with the ratio between the rotational tinig (~4 x 10713 s, atTq

hydrocarbon molecules. _ _ ~ 500 K), required to induce an average of the interaction
For the CH bone-Ar interaction, we exploited the same  petween limiting configurations of the complex and the average
parameters previously used for the description of the-Cht collision timetcoy, which varies with the beam veloci®j.The

and GHe—Ar complexes® The CH bonds here are assumed estimated times indicate that, at low collisional velocitigs,
to have electronic charge distributions of near-cylindrical > t,, rotationally excited acetylene molecules rotate sufficiently
symmetry. In each atom-bond pair, the reference point is set tofast during a collision to be considered as spherical particles.
coincide with the geometric bond center because the dispersionin such conditions, collisions are mainly elastic and driven by
center and the bond center coincide for the CC triple bond and the spherical component of the interactié(R), which can be

are almost coincident for CH. obtained by spherically averaging the PES over@hangle,
Values for the CC triple bonédlAr term are given here and

have been evaluated by using a semiempirical method,
employing as input data the CC triple bond polarizability tensor

7/2

V(R = [, V(R 6)sin6 do (5)
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whereR s the distance from Ar to the acetylene center of mass, atom-bond pairwise additive representation of the PES. The best-
and @ is the relative Jacobi angle. At higher velocitigégy ~ fit final results are shown as continuous lines in the upper panel
tavand the “molecular” collisional regime sets in. Here, acetylene of Figure 1.

tends to reveal its character of a linear molecule, evenif a partial 4.2, Pressure-Broadening Cross Sectionghe pressure-
orientational averaging is present. In this case, an IOSA is not proadening cross section calculations were performed with
fully appropriate to describe the dynamics. Therefore, an \OLSCAT#2 quantum dynamical scattering code in which the
appropriate dynamical model (a “molecular” model) should be jmpact and binary approximatiofi€*45are assumed. They were
characterized by partial averages over the helicity states, definedgerived from close-coupling calculations of scattering S-matrix
by the helicity quantum numbeK (the projection of the  glements. The coupled equations were solved by means of the
rotational angular momentujnalong the collisional axes). I pyprid log derivative-Airy propagator of Alexander and

such conditions, one can assume that collisions are driven byManoIopoqu§.6 The propagation was carried out with the log
two effective potential$/.y and Vuw, which represent partial — yerivative method from a minimum distand®yi, = 2.1 A, to

averages over the low (LH) and high (HH) helicity states, 5p jntermediate distancByq = 15 A, and then a switch to the
respectively. Airy method was done up to a maximum intermolecular
Specifically, distance Rmax = 30 A. The interaction potential surfaces were
/3 projected over six Legendre polynomi&gcos) through the
Viu(R) = Zﬂ) V(R, 0) sin6 d6 (6) so-called “vrtp” mechanism as implemented in MOLSGAT
code. Recall that, because of homonuclear symmetry of
governs the collisions occurring essentially at snéafingles acetylene, only even values df are needed. The radial

(which correlate with low helicity states), coefficientsV,(R) were obtained by a Gauskegendre quadra-
while ture over 16 points. Here, only half of these points are really
needed. The total angular momentudgrwith J = j + |, was
Viu(R) = ZL’ZZ V(R, 6) sin6 do (7) held fixed to a maximum value of 150 to ensure the convergence

in partial wavesl). Typically, for a kinetic energy of 263 c,

the convergence was reached Jggx = 120 (105) for theR(0)

pressure-broadening cross sections (respectively foRtR2)
t Pressure-broadening cross section). All energetically open
rotational levels and at least four closed levels, two with odd
and two with even rotational angulprvalues, are included in
the calculations for each total energy. Because we compared
Vi u(R) + V(R our calculations with experimental pressure-broadening coef-
T E— (8) ficients forP or R lines, we had to consider both species (ortho
and para) of acetylene simultaneously. However, for some cases,

The present model is formulated in the spirit of the centrifugal WO Separate calculations have been performed, one for the ortho
sudden (CS) approximation, in the sense that it contains a partialStates with odg values, and the other for the para states with
helicity conservation scheme. In this respect, it is a less crude €venj values; then a postprocessor was used to generate the
approximation to the dynamics than the standard I0SA, which Pressure-broadening cross section from the two resulting S
considers the molecules to be frozen during the scattering andMatrixes. This method has the great advantage of substantially
can be used only for rotationally cold beams and hyperthermal SPeeding up the MOLSCAT computation run because the
collision energies. The improvement obtained in the present rotational basis is divided by two. This is possible because ortho
treatment has been demonstrated by a comparison with I0SA@nd para forms do not interconvert whegHgis colliding with
calculations performed with the two PES and reported in Figure an atom. The rotational energy levels were generated with a
1 (to be discussed below). fixed rotational constanty = 1.176641 cm?), and the same

The final calculated total cross sections have been obtainedPES was considered in both ground and vibrationally excited
within the spherical model for < 0.7 km/s and according to ~ States of GH,. Indeed, the different ArC;H, PESs considered
the molecular model for > 1.3 km/s. In the latter case, the here do not include any vibrational dependence. Drawing on
calculatedQ,n(v) andQui(v) cross sections, corresponding to  Our experience in pressure-broadening calculafidhé’49->and

controls the collisions basically occurring at largeangles
(which correlate with high helicity states).

These patrtially averaged interactions satisfy the importan
condition that the spherical average of the interaction can be
obtained by the averaged sum\gfy and Vyu:

V(R) =

the collisions driven, respectively, by 4(R) and Vyu(R) in particular, for ref 50 ArC;H,, we did not perform the
interactions, have been then combined as thermal average over a grid of relative barycentric kinetic
energies, but only did the calculations at the kinetic energies
Qu(v) + Quu(v) Exin = (4/m)ksT/hc (i.e., 263 cm! for T= 297 K and 153 cm!
I S 9) for T = 173 K) associated with the mean relative velogity:

(8RT/zu)Y2 for a given temperatur€. Therefore, for eacR(j)

The switch between the (i) and (ii) dynamical regimes at line studied at a given temperature, we only performed one (or
intermediatey has been carried out by a weighted sum (the two) MOLSCAT run(s) at the two total energies equal to the
weights depending on the veloci#yof cross sections calculated  collision energy Exin) plus the rotational energy in the initial
for the two limiting cases. level and in the final level involved in the radiative transi-

The scattering cross sections have been calculated in thetion.**4445This has been shown to be accurate in refs 47 and
center of mass systems. Standard numerical techniques havd9 for CQ, and CO in argon and has been checkegubsteriori
been used for the phase-shift evaluafidThe cross sections  for the present system using our previous Wdrkyhere we
have been then convoluted in the laboratory frame and comparedlid the thermal average of the pressure-broadening cross sections
with the experimental data. A trial-and-error procedure allowed over a grid of energies (see eq 12 below). We thus expect our
a fine-tuning of some interaction potential parameters, namely, results to be accurate to within a few percent. Finally, the
those related to the CC triple bonér interaction term in the pressure-broadening parametess(in 102 cm™! atnt), were



8476 J. Phys. Chem. A, Vol. 109, No. 38, 2005 Cappelletti et al.

TABLE 3: Pressure-Broadening Coefficientsy, (in 102 TABLE 4: Pressure-Broadening Coefficientsy, (in 102
cm~1atm~1) at 297 K2 cm~tatm™1) at 173 K2
calculated values experimerftahlues calculated values experimerftablues
m  present PES CCSD130 PES Rlines P lines m presentPE'S CCSD130 PES Rlines P lines
1 92.1 87.2 1 139.4 129.0
2 83.4 79.5 79.6 (3.3) 85.7(3.0) 2 125.0 118.3 117.6 (3.5)
3 76.2 73.8 76.8 (2.5) 78.0 (2.7) 3 114.8 1111 111.1 (4.3) 116.5(3)
4 715 69.5 74.4 (2.4) 4 106.3 104.6 109.9 (3.7)
5 67.6 65.9 68.4(1.9) 71.1(2.3) 5 100.3 96.7 102.6 (2.5)
6 63.8 62.5 66.1(2.1) 67.2(2.0) 6 94.8 90.7 97.0 (2.5) 99.6 (3.1)
7 60.3 58.9 7 88.0 87.0 93.7 (2.4)
8 57.1 55.0 59.5(1.9) 60.6(2.1) 8 85.2 81.7 89.4 (3.4)
9 54.9 52.6 58.7(1.8) 58.6(1.8) 9 85.5 79.3 89.4 (2.7)
10 54.2 50.5 10 85.3 77.9
11 54.2 49.5 55.5(2.6) 59.2(1.8) 11 84.3 79.0 85.1(2.5)
12 53.8 54.4(2.8) 56.2(1.9) 12 82.6 83.9(2.1)
13 53.7 49.6 13 80.7 77.3 84.4 (2.8)
14 52.2 54.8(1.8) 53.7(2.8) 14 78.3
15 51.2 48.3 52.5(2.1) 54.3(1.8) 15 76.4 73.9 82.2 (2.7)
16 50.1 16 73.4 75.9 (2.7)
17 49.0 46.8 50.5 (2.4) 17 71.6 70.0 72.5(2.8)
18 47.7 49.0 (1.8) 18 69.3 73.4 (2.4)
19 46.5 44.9 48.6 (1.4) 19 66.9 65.2 71.3(2.9)
20 45.3 20 64.4
21 44.4 43.0 46.1 (1.0) 21 61.9 60.8
22 42.7 44.3(1.0) 44.8(2.0) 22 59.2 65.6 (1.7)
23 414 40.1 43.6 (1.9) 25 52.7 51.5 56.9 (2.0)
a Experimental uncertainties are reported in bracke®alculations 28 46.1 44.9 48.7(2.5)
for Rlines atEx, = 263 cnTt. ¢ Experimental valué$ (obtained with a Experimental uncertainties are reported in bracke@alculations
a Rautian profile). for Rlines atEqn = 153 cn?. ¢ Experimental values (obtained with a

Rautian profile).

obtained from the pressure-broadening cross sectignps(in

AZ) th h II|IIIIIIIIIIIIII|IIII|IIII
, throug d
120 —— present PES —
= -2 ---- CCSD130 7
Yo = 56.6915pp(uT) (10) i e Exp. P branch ]
§ - o Exp. Rbranch

where the reduced mass of the sysiens 15.7575 u. K 100 |
The yo values calculated with the described methodology, ‘e 4
using both the present and the CCSD130 PES'’s, are reported q,o .
in Tables 3-4 and in Figure 2, for a comparison. © 80 —
5. Discussion > i
60 —
5.1. Integral Cross SectionsExperimental and calculated -
scattering integral cross sections are compared in the upper panel NS
of Figure 1. As anticipated before such an analysis, which ‘””|”H|””|H\m\” mh

mainly focuses on the reproduction of the amplitude and position 40 5 10 15 20 25

of the glory oscillations, and of the absolute value of the total Im|

cross section, is a direct probe of the scale of the interaction Figure 2. Experimental and calculated pressure-broadening coef-

and a permitted accurate fine-tuning of the potential parametersqianis. 7o, for the A—C;H, system, at two different temperatures,
of the PES here proposed. In the same panel are also reportegor the P and R branches (full and empty circles, respectively).
(as a dashed line) the cross sections calculated using theCalculations have been performed with the present PES and with the
CCSD130 PE® and the (same) dynamical scheme described CCSD130 PES?

in Section 4.1. It could be noticed that the absolute value of

the cross sections for the CCSD130 PES is within the and this is clearly not the case for the CCSD130 PES: this is
experimental uncertainty of the experimental cross section. Thisa manifestation of a too-low interaction anisotropy in the well
is not surprising because the spherical averages of the two PESsegion.

are very similar, as can be appreciated in Figure 3. 5.2. Topology of the PES and Comparison with Informa-

On the other hand, in a finer analysis, the experimental glory tion from Spectroscopic Studies.The isotropic components
position as well as the glory amplitude are not perfectly of the present and the CCSD130 PES are very similar. A
reproduced by the CCSD130 PES. In particular, the glory comparison is shown in Figure 3. The curves have been obtained
oscillations are too large because of the too-low anisotropy in by averaging the corresponding PESs over the afigléhis is
the well region. As a further test, we report in the lower panel also the reason both PESs reproduce well the DCS data (see
of the same figure calculations performed within the 10S below).
approximation for both the present and the CCSD130 PESs. A detailed comparison of the anisotropy of the interaction
As stated before, 10S calculations overestimated the glory energy is reported in Figures—. In Figure 4, the minimum
guenching (measured in the present experimental conditions),energy e and the equilibrium distanc&, are plotted as a
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Figure 3. Isotropic component of the interaction energy for the
acetylene-Ar system. Comparison between the present and the

CCSD136° PESs. | — present |
_I]II1|II1II|IIIII_ - - CCSD130 —
12 e minimum energy = | | | 1 | | 1 | | | | | | | |
> 2 4 3 4 5 6
Bl ] A
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= = =l Figure 5. Radial behavior 06 = 0 (collinear) and® = 90 (T-shaped)
w 16— m geometries of the present and the CCSIBESS.
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Figure 4. Angular dependence of the minimum energyand E i
equilibrium distanceR, for the present and the CCSDZ3®ESs. L ]
=) E 4
= - =l
function of the® angle. While the two PESs show a similar A5  ---- CCSD130 =
behavior of Ry, the anisotropy ofe is very different and Bl i 2l ]
specifically very low for the CCSD130 PES, while it is more s I W O T

0 20 40 60 80

marked for the present PES. These differences are also clear
0 , degree

from Figure 5, where the two limiting cuts fét = 0 and 90

degrees are plotted as a function of the intermolecular distancefigure 6. Angular dependence of the potential energy at long range
R (lower panel) and short range (upper panel) for the present and the

. o ) CCSD136° PESs.
The spectroscopic values for the equilibrium distance are

centered around-4.0 A (see for example ref 12), which is  of the present PES should be done by calculating directly the
consistent with both the present and the CCSD130 PESs (se&pectroscopic parameters.

Figure 4). The ground-state dissociation energy extracted from Figure 6 reports the behavior of the PESs as a function of
spectroscopic data is17.8 me\t4, which is also consistent with  tne g angle at long distance (lower panel) and at short range
the present value for the absolute minimum (17 meV), while (upper panel). While the two surfaces are quite similar at long
the CCSD130 PES gives a lower dissociation energy (12.7 range, they are appreciably different in the repulsive region,
meV). We note that the CCSD130 PES underestimates theeven if qualitatively they show a similar angular behavior. Near
experimental bending frequency, which indicates a too-low ¢ = 0°, the present PES is very similar to the MB PES of Yang
anisotropy in the well region. Also, the simulation of the infrared and Watts',’ while around the equilibrium T-shaped geometry,
spectrum made in ref 20 leads the authors to a similar it is quite similar to the A-500 PES of Hutson and Thornley,
conclusion. Overall, the present PES shows an anisotropy whichwhich has been fitted to many spectroscopic data.

is between that of the CCSD130 PES (probably too low) and  5.3. Pressure-Broadening CoefficientsBefore comparing
that of the four-center potential of Miller and co-workéfs,  the results, it may be interesting to recall some salient features
which is believed to give an upper limit. Indeed a critical test of the pressure broadening. Because a pressure-broadening cross
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section is the result of a multitude of collisions with various wall of the PES, especially when the highgsvalues are
impact parameters probing both the internuclear separation andnvolved at 263 cm'. Because the present PES is slightly more
the angular dependence of the PES, it is unclear how sensitiverepulsive and anisotropic in the wall region (see Figures 5 and
the pressure-broadening cross sections are to the details of thé), a better agreement is found with the experimental measure-
PESs. However, because the pressure-broadening cross sectioments. However, the repulsive wall is not well tested by our
are closely related to inelastic integral cross sectigiis— js; calculations (see above); thus, it would be interesting to have
Exin) (WhereEy, is the available kinetic energy in the entrance pressure-broadening parameters at higher temperatut€90
channej;), the HWHM of an IR line may be approximated (see K) to better discriminate between both PESs in this region.
refs 6, 47, 49 and references therein) by a sum of rate constants, Finally, we note that the measured pressure-broadening

such as parameters of Valipour et 8lare systematically larger, espe-
cially for highj values, than the measured values by Namur's
o 1Ny ) . . . group®This discrepancy can be due either to a systematic bias
Y(iin T = Ea(z k(i — s T) + Z k(i —Jn T)) (11) in the measurements of ref 9 or to a significant vibrational effect
= = because Valipour et al. measured line widths in thet- 3v;
combination overtone vibrational band involving the-B
stretching. The differences observed between the experimental
values of Valipour et & .for RandP lines can only be attributed
to experimental uncertainties. In the rigid approximation, we
(12) assume_the coI_IisionaI width for_laj) line is equal to the w_idth
of the P(j + 1) line> The experimental values of Bouanich et
all% are in line with this assumption. Moreover, these experi-
mental values at room temperature are close to the measurements
of Piné in the v; + vs combination band and to those of

whereny is the density of the gas perturber. The rotational rate
constants are in turn related to the thermally average inelastic
Cross sectionsg:

K4; —Jis T) = oll=v 6(; — j;in T)

thus, as the anisotropy of a PES increases, the collisional
HWHM increases.

_Because rate constants of_I(_ywaIues_ (and es_peC|aIIy those Varanast in the vs band.
with Aj = 1) are more sensitive to high partial waves, they

enable testing of higher internuclear distances than rate constants o.4. D|fferent|§l Cross Sections.A further test of the
involving highj valuess5t which are more sensitive to lower proposed potential energy surface has been carried out, con-

partial waves (or lower impact parameters). Obviously, this sidering the differential cross sections experiment of Yang and

... . . K . 6 _ i
characteristic is tempered by the kinetic energies involved or Watts® on GHp—Ar. These agthors measured DCSs in a
by the temperatures considered. In fact, it is expected that, for cF0SS€d molecular beam experiment using a moderately super-

the highest kinetic energies, the dominant interaction arises from SONic beéam of pure acetylene. In such conditions, the molecules
the repulsive part of the potentials, while at low energies, say &€ not fully rotationally relaxed, and only some of the lowest
of the order of the minimum, the complete surface should rotational states of the molecule contribute to the scattering.

contribute to the broadening rates. As a consequence, the experimental DCSs are only partially
A rough estimate of the regions of a PES probed by a damped by the interaction anisotropy. A well-resolved rainbow
pressure-broadening cross section can be given. From the ga8Scillation was observed, and both effective spherical and
kinetic theory or from the semiclassical models, the pressure- 2nisotropic potentials were obtained from the analysis of the
broadening cross section may be writtervas b2 whereb is data. The anisotropic potential was obtained using IOS calcula-
an effective impact parameter. This effective value ranges from tions. A full analysis of the DCSs results would require a close-
5.9 to 3.95 A forj = 0 to 22 at room temperature. coupling calculation that is beyond the scope of this work as
Experimental and calculated pressure-broadening coefficientsWell as the convolution from the center-of-mass to the lab
at 173 and 297 K are reported in Figure 2 and in Tableg.3  reference systems, which would have required the detailed
For the Ar-broadening of acetylene IR lines, it appears that the knowledge of the experimental conditions. We tried here a
theoretical results using the PES defined in this work and the Consistency test, calculating the DCSs for thel&-Ar system,
CCSD130 PES of Yang et &.are in close agreement. Both N the center-of-mass reference frame, with the spherical average
PESs reproduce well the magnitude and the behavior of the V Of our PES and with the full PES within an 10S scheme. In
experimental data. However, some differences exist betweenFigure 7, these cross sections are compared with the ones
the pressure-broadening coefficients derived from both PESs.0obtainable from the best-fit effective potential curve reported
The values predicted by using the present PES are systematicallyn "ef 16. A good agreement can be observed; in particular, the
higher than those arising from the CCSD130 PEShe results from the best-fit potentidl exhibit, at any angle, a
difference increases for low values as the temperature Dehavior intermediate between the two limiting cases of our
decreases. This should be attributed to the larger anisotropy ofc@lculations. The DCSs calculated with a true spherical potential
the present PES, at least around the well (see Figure 4), whichV 9ives a rainbow peaking at a slightly lower scattering angle
gives a better agreement with the experimental values. Thethan the one obtained from the experimental effective spherical
CCSD130 PE® has been recently us®do calculate pressure- ~ Potential, as expected. The I0S calculation with the full PES
broadening coefficients for Raman isotrogiclines in thev, provides a correct rainbow position, while it overestimates the
band. The agreement with the experimental HWHM in the range quenching of the oscillation, which is typical within the IOSA.
134-295 K was rather satisfactory. Thus, it is expected that We can conclude that, within this simple analysis, the present
the present PES should lead to an even better agreement. Indee®ES IS consistent with the DCSs measurements of Yang and
the same differences between both PESs should also manifes¥Vatts:
for Raman lines (see eq 11, which can be considered as exact 5.5. Second Virial CoefficientsAs an application, we have
for an isotropic Raman line as long as any vibrational calculated the second virial coefficients for the-AT,H, system
dependence is neglected). using the present PES. Unfortunately, a comparison with
The present pressure-broadening coefficients probe the wellexperimental values has not been possible because up-to-date
region of the PESs and also the bottom part of the repulsive values are not available. The results are reported in Table 5
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Figure 7. Center of mass calculated differential cross sections for the
acetylene-Ar system. At the top are shown results obtained with the
effective isotropic potential of ref 16. Result obtained with the spherical
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average of the present PES and IOS results obtained with the present

fully anisotropic PES are also shown (shifted).

TABLE 5: Second Virial Coefficients B (in cm3 mol~1) as a
Function of Temperature, as Calculated with the Present
PES

T Belas B;ad Bging B'cor Brot
90 —439.685 5.005 2.414 0.145 —432.122
100 —355.676 3.488 1.688 0.102 —350.396
110 —295.340 2.565 1.244 0.076 —291.455
125 —231.464 1.743 0.847 0.052 —228.822
140 —186.940 1.265 0.615 0.038 —185.021
150 —164.118 1.051 0.511 0.032 —162.524
170 —129.226 0.763 0.370 0.023 —128.070
190 —103.860 0.583 0.283 0.018 —102.976
220 —76.658 0.418 0.202 0.013 —76.026
240 —63.194 0.346 0.167 0.011 —62.670
250 —57.457 0.318 0.153 0.010 —56.976
300 —35.617 0.221 0.105 0.007 —35.284
350 —21.080 0.165 0.078 0.005 —20.831
400 —10.759 0.130 0.061 0.004 —10.563
450 —3.085 0.106 0.050 0.003 —2.926
473 —0.151 0.097 0.046 0.003 —0.005
500 2.820 0.089 0.042 0.003 2.953
550 7.487 0.076 0.036 0.003 7.601
600 11.254 0.066 0.031 0.002 11.354
700 16.929 0.052 0.024 0.002 17.007
800 20.959 0.043 0.020 0.001 21.023

a Classical and first quantum corrections (radial, angular and Coriolis)
are reported, as well as the total vaBeg:

and include radial, angular, and Coriolis first quantum correc-
tions52 The Boyle temperature of the@,—Ar system is around
473 K.
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6. Conclusions

New experimental results on the argescetylene system,
specifically integral scattering cross sections and pressure-
broadening coefficients, are reported in this work. An extensive
analysis of the experimental results, on the basis of accurate
dynamical calculations and a model PES, provides fine details
on the structure of the complex. In particular, important
information has been obtained on the anisotropy and on the
absolute depth of the attractive well of the complex. A critical
comparison with the most recent and accurate ab initio PES
indicates the need to improve the anisotropy component, which
seems to be too low, as indicated also by a qualitative
comparison with structural parameters coming from spectros-
copy. A more stringent test of the accuracy of the present
phenomenological PES should be done in the future by directly
calculating the spectroscopy of the complex and comparing with
the experiments.
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