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A new semiempirical potential energy surface (PES) for the acetylene—hydrogen system has been derived by
using the recently introduced bond—bond methodology. The proposed PES, expressed in an analytic form
suitable for molecular dynamics simulations, involves a limited number of parameters, each one having a
physical meaning and allowing the accurate description of the system also in the less stable configurations.
The analysis of novel integral cross sections data, measured with nearly effusive molecular beams, combined
with that of available pressure broadening coefficients of isotropic Raman lines at 143 K and IR lines at 173
and 295 K of C;H, in H,, provides a test of the reliability of the proposed PES and suggests also some
refinements. An extensive comparison with a recent ab initio potential is also exploited.

I. Introduction

Gaseous mixtures of acetylene and hydrogen molecules are
relevant for many fundamental and applied issues. Both species
contribute to the atmospheric composition of the giant planets
of the solar system and also to their atmospheric photochem-
istry.! Applications include combustion research®? and flame
diagnostics,* diamond-like chemical vapor deposition,® and
PAH® and carbon nanotube growth.”

Indeed, all the collisional and optical properties of the
acetylene—hydrogen interaction aggregates are determined by
the intermolecular potential energy surface (PES). Ethyne is the
simplest hydrocarbon with a triple carbon—carbon bond which
makes it a sort of prototype apolar and strongly anisotropic
molecule with peculiar intermolecular interaction. Hydrogen
being the simplest molecule is amenable of very accurate
quantum chemical calculations.

In this work we combine results from semiempirical methods,
ab initio calculations, molecular beam scattering experiments,
and pressure broadening coefficient investigations in order to
better understand the nature of intermolecular forces in the
C,H,—H, system and to apply and extend simple and physically
grounded analytical functions for their representation. This has
been a general subject in physical chemistry along the years.8~10
In this paper we complete a series of studies of the acetylene
gas phase complexes, which already includes C,H,—Ar!!
C2H2_KI, and C2H2_X612 C2H2_N€.13

This effort is currently motivated in particular by the aim of
generating better force fields for model simulations of molecular
aggregates, both in the gas phase and in the condensed matter
conditions of interest in several applications, particularly in
astrophysics.'* With this respect, the speed of computation of
the force field is a primary need which can influence the size
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(and the accuracy) of the largest simulations, even with modern
computers. This is the reason why the venerable Lennard-Jones
potential model, with all its limitations, is still by far the most
used intermolecular functional form in molecular dynamics
studies.

An additional challenging problem concerns the detailed
representation of the PES, especially when arising from non-
covalent interaction components, which often includes exchange
repulsion (in the following also called size repulsion) at short
range and electrostatic, induction, and dispersion contributions
at long range. Usually, the van der Waals (vdW) component of
the interaction, which we assume here to be determined by the
combination of size repulsion with dispersion attraction (even
if alternative definitions can be found in literature) is the most
difficult to be characterized. Representation and modeling of
vdW in atom—atom, ion—atom (vdW plus induction), and
atom—simple molecule systems have been often achieved by
using semiempirical'>~'® and empirical'®~?> methods.

Very recently?® some of the authors have introduced a new
semiempirical methodology to easily and efficiently represent
the full PES in weakly bound systems as a combination of few
effective terms representative of the leading interaction com-
ponents. Such terms have been defined by simple formulas
involving a few parameters with a definite physical meaning,
typically related to basic physical properties of the interacting
partners as the atomic and molecular bond polarizabilities and
permanent multipole moments. In particular, diatom—diatom
complexes have been accurately described*** by representing
vdW as a single bond—bond pair contribution. Herein, we extend
the methodology to a more complex system involving a
polyatomic partner as C,H,. New scattering experiments have
been performed and the measured integral cross section (ICS)
data have been used, together with pressure broadening (PB)
coefficients, to test and to improve the reliability of the proposed
PES. Extensive comparisons with ab initio calculations of the
intermolecular interaction have been also exploited.

Section II presents the new formulation of the PES and
summarizes the main features of ab initio calculations. Section
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[T describes the scattering experiments and their analysis carried
out calculating simultaneously PB coefficients (section IV). The
optimization of the PES parameters and the comparison with
experimental results is presented in section V. Summary and
conclusions follow in section VI.

II. Bond—Bond Representation of the PES

The intermolecular energy V is represented here as combina-
tion of two effective interaction components

V= VVdW + Velect (1)

In (1) Vyqw is the van der Waals interaction and Ve accounts
for the electrostatic interaction, arising from anisotropic mo-
lecular charge distributions, that here asymptotically must
provide the permanent quadrupole—permanent quadrupole term.
Both interaction components depend on R, the distance between
the centers of mass of acetylene and hydrogen, and on
©,, Oy, ®, the Jacobi angular coordinates which describe the
relative orientation of the two molecules.

The total van der Waals term, Vyqw, is given as a sum of the
contributions corresponding to the different bond,—bond,, i pairs,
counted considering all the bonds located on the two monomers
a and b (C,H,; is the @ monomer)

Viaw(R, ©,, O, @) = Z Vi\./dW (2)

This representation of V4w exploits the additivity of bond
polarizability components in determining the full molecular
polarizability (the basic property controlling vdW). Moreover,
since each bond polarizability component is different from the
sum of the free atom contributions, the proposed methodology
indirectly accounts for three body effects.?

For the present system we have three bond—bond contribu-
tions corresponding to two CH—HH and one CC—HH pairs.

The analytical representation of each bond—bond contribu-
tion, Vigw, is an extension and generalization of the atom-bond
pairwise additivity concept.?>?¢ In particular Vi gy must depend
on the distance R; between the bond midpoints, and 6,;, 6y;, ¢,
the four body Jacobi angular coordinates which describe the
relative orientation of the two bonds. It is important to note
that each of the bonds considered is here assumed to be an
independent diatomic subunit having electronic charge distribu-
tion of nearly cylindrical symmetry and that the reference point
for each bond is set to coincide with the geometric bond center
since the dispersion center and the bond center coincide for CC
and HH and are almost coincident for CH.?>

The parametrization adopted for each Vigy is of the Improved
Lennard-Jones (ILJ) type®’

Viaw(R;: 7) 6 (1yw  ax) (1)
— = flxy) = _ ey - “ 6l
() n(x) — 6\x; n(x;) — 6\x;
3)
where x; is a reduced distance
i @)
X =
' Rmi(yi)
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In eq 3, for compactness each y; = (0., Oy, ¢;) and &; and
R,,; are the interaction well depth (the i bond—bond pair binding
energy) and its location, respectively. We note that the ILJ
function”” is much more flexible than its classic Lennard-
Jones(12,6) precursor and gives a more realistic representation
of both the size repulsion (first term in square brackets) and
the long-range dispersion attraction (second term in square
brackets).

The n term is expressed as a function of both R; and y; using
the following empirical equation®®

n(x) = f + 4.0x (5)

f is a parameter which depends on the nature and hardness
of interacting particles. For the present systems 3 has been fixed
to 9 for both CH—HH and CC—HH bond—bond couples.

The angle dependence of Vigw is obtained by representing
the potential parameters ¢ and R,; in a spherical harmonic
expansion. In this way f(x;), the reduced form of the bond—bond
potentials (see ref 26), is taken to be the same for all orientations,
as also stressed in previous work.?873! If necessary, for cases
more complex than the present system the 3 parameter can be
allowed to vary with the angles y;, making more flexible the
shape of the PES. Moreover, it should be stressed that
introducing the angular dependence as an expansion of the
potential parameters provides a much faster convergence on Vi
than by directly expanding it in terms of radial coefficients.?3*32
For the purpose of the present work we find it sufficient to
truncate the expansion to the fifth term

8i(V) — 8?00 + S?OZAZOZ()/) + 8?22A022(j/) + 8,»220A220()/) +
& A () (6)

Rm,(V) — R?n(iO + RZ(?AZOZ(’}/) + R02»2A022(’}/) +

m mi

R22»0A220(’J/) + R’2n2i2A222(,y) (7)

mi

where the AlL2L(y) are bipolar spherical harmonics.®

In Appendix A of ref 23, a method to estimate the & and R,,;
potential parameters from diatomic (or molecular bond) polar-
izability values has been reported. Specifically, this has been
done for five relevant configurations of each i bond—bond pair,
specifically H(0,; = 90°, 0,; = 90°, ¢; = 0°), X(90,90,90), T,
(90,0,0), Ty, (0,90,0), L.(0,0,0).3* The method provides the same
parameters for the X and H geometries. Once ¢; and R,,; for the
five selected geometries are known, they allow the preangular
coefficients f1f2! and RE2! to be obtained by a simple inversion
of eqs 6 and 7.2 The latter allow a first-order full PES to be
generated and the ¢&; and R,,; parameters can be refined during
the fitting of the experimental data.

For the Vg component (second term of eq 1), the usual
approximated expression depending on the product of molecular
quadrupoles Q (see eq 9 of ref 23) is not sufficiently accurate
for the present purposes because the separation among the
molecular charges on acetylene is not negligible with respect
to the probed intermolecular distances.’ Therefore, we assumed
two molecular charge distributions, on acetylene and hydrogen,
compatible with the respective molecular quadrupoles, and
adopted the following sum of Coulomb potentials
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4.9

Velect(R’ ®a’ G()b’ (I)) = Z jr_ (8)
Jjk Jk

where g;, and gy, are point charges located on monomers a and
b, respectively, and rj is the distance between them. This
representation should be used for cases where the molecular
dimensions are not negligible with respect to the intermolecular
distance R.° For both monomers a linear distribution of charges
along the main axis has been chosen: r,. defines the position of
the point charge ¢, along the molecular axis and represents the
distance with respect to the molecular center of mass (CM) (note
that for both monomers g- = —2 ¢4+ and that two positive
charges are placed symmetrically with respect to the molecular
CM). The parameters determining the charge distributions have
been slightly adjusted, during the analysis of the experimental
data and taking into account also ab initio calculations (see
below), in order to reproduce within few percent the molecular
quadrupoles.

All the parameters of the C,H,—H, PES are given in Table
1 and the main features of the intermolecular energy V in five
selected geometries of the interacting system are reported in
Table 2 and Figure 1.

Recently® extensive ab initio calculations of the intermo-
lecular potential of the C,H,—H, system have been performed
at the CCSD(T) (coupled cluster including single and double
and noniterative triple excitations) and at the SAPT(DFT) levels
of theory. A global representation (four dimensions) of the PES
was given and whose accuracy was tested on pressure broaden-
ing coefficients measurements.* These ab initio results are used
in the present paper as an important check of the bond—bond
methodology.

To this aim, some relevant cuts of this ab initio PES are
plotted in Figure 1. The corresponding equilibrium distances
and binding energies are also reported in Table 2. The
comparison between the ab initio and the optimized bond—bond
PESs (see Figure 1 and Table 2) indicates that the sequence of
the selected configurations, the absolute energies, and the overall
anisotropy are globally in a good agreement.

In more detail we note that in the case of the ab initio PES,
the position of the potential wells is slightly shifted at larger
intermolecular distances for the H, X, and L configurations of
the molecule—molecule aggregate, while the opposite can be
seen for the T,, Ty, and Si5 (©®, = 45°, O, = 45°, & = (°)
geometries.

An alternative comparison between the present and the ab
initio PESs is shown in Figure 2 where the isotropic (V'°(R))
and anisotropic components are plotted. To this aim, the latter
have been obtained by expanding each PES in bipolar spherical
harmonics. Since the method is identical to that used in ref 35
(eq 2), it is not described here. An inspection of Figure 2
suggests again that the two PESs are quite similar and that the
quadrupole—quadrupole interaction, which is the main contribu-
tion® to the V?** term at long range, is well estimated by the
bond—bond representation. Moreover, the spherically averaged
interaction of the ab initio PES is slightly deeper and located at
a slightly lower distance. The lower panels of Figure 2 show
that the bond—bond PES is more anisotropic at short range while
the ab initio PES is slightly more anisotropic for R > 4.2 A.
These differences will affect the agreement with the experi-
mental data as described in the following.

III. Integral Cross Section Measurements and
Calculations

The basic structure of the experimental apparatus for integral
cross section measurements has been already described
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TABLE 1: Optimized R,,; (A) and & (meV) Parameters and
(in parentheses) Predicted Values Estimated at the
Equilibrium Bond Length r, (A) and Considering the
Spglsrical @ and Anisotropic Ao Bond Polarizability Values
(A°)

bond—bond Ry &
C—C-H, H=X 3.84 (3.69) 331 (4.19)
T, 3.90 (3.82) 377 (4.24)
Ty 3.93 (4.07) 4.74 (3.86)
L 4.04 (4.18) 4.65 (3.78)
B 9
C—H—-H, H=X 3.58 (3.44) 2.39 (3.02)
T, 3.67 (3.60) 2.50 (2.82)
T, 3.41 (3.53) 4.13 (3.36)
L 3.56 (3.69) 3.76 (3.06)
B 9
bond Teq o Ao
H, 0.7668" 0.789 0.299
Cc—C 1.203¢ 1.774 1.794
C—H 1.068¢ 0.701 0.358
monomer o q- (r-) g+ (r+)
H, 0.4824 —0.9190 (0.0) 0.4595 (4£0.3834)

C,H, 4.35 —0.6088 (0.0) 0.3044 (£1.4145)

“From ref 23. ”From ref 54. ¢From ref 55. ¢Quadrupole
moments Q and point charges ¢ are in a.u. The r. distances are in
angstroms.

TABLE 2: Binding Energy D, (meV) and Equilibrium
Intermolecular Distance R. (A) Associated to the Spherically
Averaged Total Interaction V and to the Intermolecular
Potentials V in the Relevant Geometries of the C,H,—H,
Complex, As Obtained with the Present Method and Ab
Initio Calculations’

bond—bond ab initio
R. D, R, D.
v 4.17 6.08 4.09 6.45
& 3.92 2.22 4.00 1.98
VX 3.76 5.27 3.83 4.34
Vi 3.58 16.54 3.52 17.50
Vi 4.33 13.31 4.26 15.16
Ve 5.13 —0.33 5.14 —1.00
Vi 4.01 12.32 3.87 14.36
previously,?33¢ so that we will report here in detail only the

modifications introduced for the present investigation. Briefly,
the setup consists of a sequence of differentially pumped vacuum
chambers, where a molecular beam (MB) is produced, col-
limated by a set of defining slits, velocity selected and attenuated
by collisions with a gaseous target. The velocity selector is a
mechanical device made up by six rotating slotted disks®’
allowing the selection of molecules with a velocity v and fwhm
(full width at half-maximum) better than 5%. The MB intensity
is monitored by a quadrupole mass spectrometer, in line of sight
with the MB source. The total (elastic + inelastic) integral cross
section Q is obtained, at a given selected MB velocity v,
measuring the MB intensity attenuation due to the target gas
presence in the scattering box. The calibration of the absolute
scale of Q(v) is obtained following the procedure illustrated in
refs 38 and 39.

In the present experiment we employed D, as projectile and
kept C,H, in the scattering chamber, maintained at 90 K. This
choice allows us to achieve the best kinematic resolution
conditions and the highest possible signal-to-noise ratio. For
the present experiment a MB source has been used which can
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Figure 1. Comparison between ab initio and bond—bond PESs for
selected configurations of the C,H,—H, system.
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Figure 2. Comparison, for the present bond—bond PES (solid line)
and the ab initio PES* (dashed line), between the spherically averaged
total interactions (top) and main anisotropic (bottom) components. Note
that, as compared to Figure 2 of ref 35, these components are here
rescaled by a factor (471)*? to enhance the differences at short range.

operate both at room temperature and also at 90 K, by adding
a liquid nitrogen system able to cool the nozzle. This has been
necessary to extend the velocity range of the D, MB in order
to observe two extrema of the quantum glory oscillation.

Experimental results are shown in Figure 3, where Q(v) is
plotted multiplied by the factor »*° to separate the glory pattern
from the behavior of the average component of the cross section.
It has been also demonstrated that Q(v) measured under the
present experimental conditions depends, especially at low and
intermediate v, essentially on elastic scattering.*’

Thibault et al.
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Figure 3. Total integral cross sections for scattering of nearly effusive
MB of D, by C,H, target as a function of the MB velocity ». Solid and
dashed lines refer to final calculations performed with bond—bond and
ab initio* PESs, respectively. Other lines refer to calculations performed
with various dynamical models exploiting the bond—bond PES.

As in previous measurements with acetylene scattered by rare
gases,!' ™13 we expect Q(v) to be determined by different
collisional regimes, which selectively depend on the ratio
between the rotational time ¢,, required to induce an average of
the interaction between limiting configurations of the complex,
directly related to the molecular monomer rotational period, and
the average collision time, f.y, which varies with the MB
velocity.?

A more careful and extensive evaluation of this ratio than
what was done in the past'!”!® becomes here necessary since
we are dealing with molecule—molecule collisions with the
target C,H, in the scattering chamber at 90 K. To this purpose
it is relevant to note that both projectile (D,) and the target
(C,H,) molecule exhibit a distribution of the rotational level j

that change with the used experimental conditions. Table 3
reports the most probable j values together with the correspond-
ing rotational period 7; and the average collision time 7.,
evaluated at the highest, the lowest and at the intermediate MB
velocities investigated. An analysis of the data reported in Table
3 suggests that C,H, target can be considered rotationally sudden
under all the collisional conditions. At variance with C,H»,, the
behavior of D, projectiles depends on both the rotational state
and velocity. Specifically, molecules in j = 0 are obviously
always rotationally sudden, but this behavior is restricted to
intermediate and high velocities (v = 1 km/s) for molecules
excited in j = 1, 2. Finally, D, projectiles have always sufficient
time to induce an average of its anisotropy when colliding in
higher j states.*® Therefore, the analysis has been carried out
combining IOS (infinite order sudden) cross sections, calculated
in the pseudoatom (D,)—molecule (C,H,) limit, with the full
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TABLE 3: Relevant Characteristics of the Molecules in the
MB and Scattering Chamber under the Present
Experimental Conditions

D, Projectile

nozzle temp (K) ortho para
most populated j levels
300 j=24 j=1.3
90 j=20 j=1
rotational period 7;
T, =2x 1085 3=3x 1085
L,=4x 1085 7,=8x 1085
Tg — o
C,H, Target
scattering chamber temp (K) ortho para
most populated j levels
90 j=35 Jj=46

rotational period 7;
5=3x10"2s 13=2x 1075
3=4x10"2s 7,=3x10"7s

Average Collision Time

lowest velocity intermediate velocity

Teon = 6 x ]0_13 S

highest velocity

Teonl = 3 x 10_13 S

feon = 1 x 10_128

IOS cross sections obtained taking into account the full
anisotropy of the PES. The relative weights of the two
contributions are 2/3 and 1/3, respectively: they have been
estimated by an analysis of the rotational state distributions and
taking into account that at low collision velocities the increase
of t.o is balanced by a higher 7 (in average) due to the use of
cold MB. For this reason the weights of the two contributions
have been assumed to be constant at all collision velocities.

Scattering cross sections have been calculated in the center
of mass systems, by exploiting an efficient semiclassical
technique.*' The calculated cross sections have been then
convoluted in the laboratory frame and compared in Figure 3
with the experimental data.

IV. Pressure Broadening Coefficient Calculations

The MOLSCAT quantum dynamical code* allows the
determination of both binary diffusion S-matrix elements and
collisional broadening cross sections.*** The latter are therefore
obtained within the framework of the impact approximation.*>4¢

The way of performing the close-coupling calculations with
the MOLSCAT package is very similar to that previously used
by one of us to test the ab initio PES for this system,*>*’ and
thus we only mention the main change. In the present study,
the coupled equations are solved by using the diabatic modified
log-derivative propagator from a minimum distance of 3 A to
an intermediate one of 12 A and with the Airy propagator up
to a maximum intermolecular distance R = 22 A.

The quantity which can be compared to experimental data is
the pressure broadening coefficient, the collisional hwhm, which
is given by

ny v

2

Y
V() = 500 D) ©)

where ny, is the density of natural hydrogen and v = (8kp7/7u) "
is the mean relative speed at temperature 7, with ¢ = 1.87 u being
the reduced mass of the colliding pair.
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The PB coefficient is normally obtained through a Maxwell—
Boltzmann thermal average over the relative kinetic energies
of kinetic energy dependent PB cross sections

1
(kgT)*

0(j,, T) = f 0(J > Exin)Exin €Xp(— Epio/kgT) dEy,

(10)

Since hydrogen molecules are composed of two assumed
noninterconverting species, the thermally averaged pressure
broadening cross section of an acetylene j, line is

; 1 . 3 .
0o T) = 30w Ge D) + 300 GuD (D

where pH, stands for para-hydrogen while oH, stands for ortho-
hydrogen. For instance, the para contribution to the above total
cross section is given by

1. T) = D 0,00 T) (12)

jreven

where p;, is the H, (unit) normalized rotational populations for
the H, species at a given temperature 7.

The generalized** 6 PB cross sections which enter in the
right-hand side of eq 12, in the rigid approximation, are a sum
of ordinary two-states to two-states rotational inelastic rate
coefficients for the case of Raman isotropic Q lines, while for
IR lines they comprise an additional contribution due to elastic
collisions. 34546

In this study we have skipped the thermal average integration
because we are mainly interested in the comparison between
semiempirical and ab initio PESs; therefore we have simply
perfomed the calculations at kinetic energies Ewn/hc = 126.5,
153, and 261 cm™' associated with the mean relative speed at
temperatures T = 143, 173, and 295 K. This approximation
should have less importance as the temperature increases.

V. Optimization of the PES and Comparisons with
Experimental Results

The parameters of the bond—bond PES have been optimized
in order to best fit the experimental ICS and at the same time
to reproduce as good as possible the PB coefficients. In general,
the ICS data are more sensitive to the well of the PES and its
long range part while the PB cross sections are more sensitive
to the short range. Therefore these two types of experimental
data are complementary. It should be noted that the parameters
allowed to vary in the fit are very few and, moreover,
dependencies exist between some of them (see Appendix A of
ref 23). The final best fit values differ from the predicted ones
(see Table 1 and Appendix A of ref 23) only by few percent.

The final comparison among calculated quantities and ex-
perimental data (see below) shows a very good agreement. This
is not always obvious in a multiproperty analysis, and therefore
it is simultaneously a demonstration of the good predicting
power of the correlation formulas (see Appendix A of ref 23)
and a satisfactory test of the flexibility of the analytical
parametrization employed for the bond—bond PES.

It is interesting to assess the sensitivity of the MB scattering
data to the features of the PESs. Figure 3 also shows the results
of each ICS calculation, carried out with the bond—bond PES
within the various dynamical regimes discussed above and also
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TABLE 4: Comparison between Calculated Pressure
Broadening Cross Sections (in A?) for Isotropic Raman Q
Lines: First Line with the Present Bond—Bond PES, Second
Line with the Ab Initio PES (Calculated Values at the Single
Kinetic Energy Eyi,/hc = 126.5 cm™ ') and Third Line
Thermally Averaged Values Obtained with the Ab Initio
PEs49 a

line OpH, OoH, o y (caled) y (exptl)

Q2 36.63 43.66 41.90 145.25 139.6 £ 28
30.64 39.87 37.57 130.24
30.08 38.93 36.72 127.25

Q4 39.28 46.05 44.36 153.77 144.0 £ 8
33.46 42.39 40.15 139.20
32.02 40.51 38.39 132.99

Q6 40.29 47.45 45.66 158.29 149.0 £ 11
34.30 43.35 41.09 142.35
32.90 41.30 39.20 135.83

Q7 40.43 47.81 45.96 159.34 141.1 £ 8
34.70 43.72 41.46 143.74
33.24 41.10 39.14 135.63

Q10 40.37 47.21 45.50 157.73 1422 £ 17

34.34 43.15 40.94 141.94
33.70 41.45 39.51 136.91

“ Resulting pressure broadening coefficients (y in 1073 cm™!/atm)
are compared with measured values at 143 K.»

exploiting the spherical average interaction (i.e., assuming that
both molecules have sufficient time for the interaction anisotropy
to be completely washed out). The figure shows that the
frequency of the glory pattern is determined by the depth and
location of the potential well of the spherically averaged
interaction and the absolute scale of Q(v) depends on its long-
range attraction (see also note in ref 40). Therefore, the present
scattering data allow a characterization of strength and range
of the spherical component within 7% and 3%, respectively.
Moreover, the interaction anisotropy induces a shift of the glory
extrema position and a partial quenching of the glory ampli-
tude.*® Since the ICS data are not very sensitive to details of
the short-range interaction anisotropy, these effects are similar
for both the ab initio and bond—bond PESs.

For the ab initio PESs the overall agreement with the
experimental ICS data is also satisfactory considering that no-
scaling parameters have been introduced in the ab initio
calculations. More specifically, the position of the calculated
glory extrema is slightly shifted at higher collision velocity with
respect to the experimental one. This is due to the slightly larger
well area of the spherical interaction component of the ab initio
potential. The ab initio PES provides an absolute value of the
ICS slightly lower with respect to the bond—bond PES because
the long-range interaction is slightly less attractive.

The analysis of PB coefficients includes experimental data
as well as previous results obtained exploiting the ab initio
PES.* Table 4 and Figure 4 compare calculated and measured
results for isotropic Raman lines at 143 K. While the PB
coefficients obtained at Ey;, with the present bond—bond PES
are systematically larger than the experimental data (up to 13%),
the values obtained from the ab initio PES are smaller than the
experimental data (up to —6.7%). Comparisons between line 2
and line 3 of Table 4 allow the prediction that the correct
thermally averaged values using the bond—bond PES should
be lower by about 4%. Using the ab initio PES, the thermally
averaged values obtained are indeed smaller than the values
obtained without performing this average. This is due to the
variation of the pressure broadening cross sections with
the kinetic energy (see Figure 3 of ref 35) and the shape of the
Maxwell—Boltzmann kinetic energy distribution. This is even
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Figure 4. Calculated PB coefficients obtained by using present
bond—bond (solid line) and ab initio®* (dashed line) PESs. Upper panel:
Isotropic Raman Q lines. Thermally averaged results (dotted line)
obtained with the ab initio PES are also added. Experimental results
(full circles) at 143 K are from ref 35. Intermediate panel: IR R lines.
Experimental results (full circles and full diamond) at 173 K are from
refs 51 and 50. Lower panel: IR R lines. Experimental results (full
circles, full squares, and full diamonds) at 295 K are from refs 50, 52,
and 53.

more true for the ortho-contribution, which has the largest
weight to the total PB cross section. The present results are
therefore quite good considering the large experimental
uncertainties.

Comparisons between three sets of data, i.e., our present
calculations, previous calculations,*’ and experimental data,>®>3
for acetylene IR lines in baths of H, at 173 and 295 K are
gathered in Table 5 and also shown in Figure 4. Here too we
observe that the present calculated values are larger than both
previous calculations and experimental data. However, they are
in reasonable agreement (from 6 to 12%) with the experimental
values.

The relative difference between both set of calculations
(compare lines 1 and 2 of Tables 4 and 5) is more pronounced
for the para contribution (essentially j, = 0) than for the ortho
contribution to the total PB cross sections. This may be due
partly to the fact that for j, = O the dynamic is more sensitive
to the isotropic part of the PES.? The area of the isotropic
component of the bond—bond PES is smaller than the corre-
sponding area of the ab initio PES (see Figure 2); the anisotropic
component is however only slightly smaller than the corre-
sponding component of the ab initio PES, hence giving rise to
larger cross sections. However, the dynamical calculations
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TABLE 5: Comparison between Calculated Pressure
Broadening Cross Sections (in f&z) for IR R Lines: First Line
with the Present Bond—Bond PES, Second Line with the Ab
Initio PES (Unthermally Averaged Values of Reference 47)"

Eg/em™"  line  op,  Oon, o y (caled) y (exptl)
153 R1 43.52 4945 47.97 151.20 142.3 £ 4.5°
38.01 44.57 4293 135.30
153 R4 4072 46.79 45.27 142.69 134.6 + 4.5°
3427 4233 40.32 127.08
153 R7 40.68 46.99 4541 143.13 129.3 +4.5°

3449 43.67 41.38 130.41 137 + 4.2¢

153 RI10 4041 4646 4495 141.67 1259 +4.5°
34.13 4223 40.20 126.72

261 RI1 4321 46.12 45.39 109.56  97.85+ 1.6¢

3576 40.40 39.24 94.71 103 + 2.5¢

100.2 + 1.3¢

261 R4 40.10 42.99 42.27 102.03 91 +£0.7¢

33.64 38.01 36.92 89.10 95.1 £ 2.5¢

261 R7 39.80 42.85 42.09 101.59 89.5 +1.2¢

33.74 3795 36.90 89.06 91.4 £ 2.5¢

92.8 &+ 1.7¢

261 R10 39.79 4289 42.12 101.66  90.55 + 1.5¢

33.83 3844 37.29 90.00 89.7 £ 2.5¢

“ Resulting pressure broadening coefficients (y in 107> cm™!/atm)
are compared with measured values at 173 and 295 K. * From ref
51. ¢ From ref 50. ¢ From ref 52. ¢ From ref 53.

performed here do not sample a large part of the PES. Indeed,
using a semiclassical argument one can estimate an effective
scaling length b giving the range probed by the PB cross sections
through: 0 = zzb%. Even at the lowest kinetic energy employed
(126.5 cm™) b is not greater than about 4 A. More importantly,
the calculated PB cross sections using the bond—bond PES are
greater than those predicted by the ab initio PES because the
former is more anisotropic at short range.

In addition, we remark that the differences between the two
sets of calculations are more important for the highest j values
than for the lower ones. Generally speaking, low j values are
more sensitive than high j values to the long-range part of a
PES, which in turn are more sensitive to the repulsive part of
a PES (see refs 35 and 47 and references therein). Since the
present bond—bond PES is more repulsive than the ab initio
one, the PB cross section for the highest j values are larger than
those previously published.?>#

VI. Summary and Conclusions

This paper demonstrates the importance of coupling theoreti-
cal and experimental results to obtain a formulation of the PES
suitable to describe accurately both stable and less stable
configurations of interacting systems. The bond—bond meth-
odology provides a relatively simple analytical formulation of
the PES which involves a limited number of potential param-
eters, having each one a physical meaning being related to
specific properties of the interacting partners. Moreover, zero-
order parameters can be anticipated by general correlation
formulas and they can be fine-tuned analyzing experimental data
and/or by comparison with results of ab initio calculations.

The bond—bond PES is faster to compute® than the ab initio
PES and its mathematical expression may be useful to carry
out extensive molecular dynamic simulations especially those
based on classical mechanics for which analytical derivatives
are needed. These properties allow the parameters of this PES
to be further refined using other experimental data.

The methodology has been here tested on the acetylene—
hydrogen system and is promising to be further extended to
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molecule/radical-molecule systems of increasing complexity for
which ab initio calculations or experimental data are very hard
to be obtained. As an example, this could be important to predict
and assess the role of long-range forces on the molecular
reactivity at low temperatures, which can selectively emerge in
various environments, as for instance in interstellar clouds.”’
The PES presented in this work is available, as FORTRAN
subroutines, upon request to the corresponding author.
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