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A method of self consistent classical trajectory simulation of C2H2−C2H2 collisions has been developed.

The explicitly derived equations of motion are used to calculate the vibration-rotational collisional widths of

absorption lines and isotropic Raman scattering lines of acetylene within the framework of classical impact theory.

Dynamic calculations were performed using the simplest atom−atomic + quadrupole−quadrupole intermolecular

C2H2−C2H2 interaction potential. The J-dependences of the self-broadening coefficients of the 12C2H2 lines in the

temperature range from 150 to 700K, as well as the exponents of temperature dependence of broadening, are

calculated. A comparison is made with the available experimental data. The contribution of collisions of different

types (elastic, inelastic, collision complexes) to the self-broadening of lines, as well as the role of the value of the

C2H2 electric quadrupole moment, is analyzed
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1. Introduction

Acetylene is a linear symmetric molecule (chemical

formula C2H2, structural formula H−C=C−H, point

group D∞h). It has five normal vibrational modes:

ν1 = 3373.7 cm−1, ν2 = 1973.8 cm−1, ν3 = 3287 cm−1,

ν4 = 611.8 cm−1, ν5 = 729.1 cm−1 [1]. The spectrum of

C2H2 in the 14µm region (band ν5) has been observed in

the atmospheres of Jupiter, Saturn, and Titan [2,3]. Acety-

lene has diverse practical applications. Its primary feature

is the ability to provide and sustain a flame temperature of

up to 3150 ◦C. Traditionally, C2H2 in cylinders is used for

welding and cutting metal products (in combination with

oxygen). C2H2 is also employed in autonomous lighting

devices (source of bright white light in lighthouse lamps,

ship lighting, and so on) Acetylene is used in medicine

(component for anesthesia, smoking biomarker in exhaled

air [4]), industry (production of organic synthesis products:

acids, rubber, polymers, solvents, and so forth). During

combustion, acetylene forms through the oxidation of hydro-

carbon fuel and acts as a precursor to soot formation, which

has carcinogenic effects [5]. Quantitative measurements

of C2H2 content in combustion processes are crucial for

assessing the environmental impact of various fuel types [6].

In the Earth’s atmosphere, C2H2 is one of the minor

gaseous components and is formed primarily through the

photodissociation of methane [7] and the combustion of

fossil fuels. In unpolluted air, its concentration is very low

(< 0.5 ppbV). However, due to the rapid growth of auto-

mobile transport, a noticeable increase in the atmospheric

concentration of C2H2 can be expected in the future [7]. As
a result, in the long term, acetylene may become another

greenhouse gas.

Given this context, studying the spectra of C2H2 in

various mixtures over a wide temperature range holds

significant scientific and practical value. Numerous exper-

imental and theoretical studies of the infrared (IR) spectra

of acetylene have focused on the broadening of vibrational-

rotational lines in various fundamental and combination

bands in mixtures with N2, O2, H2 and noble gases [8–22].
Works [15,16] provide comprehensive review information

on the broadening of C2H2 lines by nitrogen, directly

relevant to the Earth’s atmosphere.

In recent decades, interest in the self-broadening of

acetylene lines has grown substantially. Self-broadening

coefficients for C2H2 have been investigated experimen-

tally and/or theoretically (primarily within the semiclassi-

cal Robert-Bonamy method) in various absorption bands:

ν5 [23–25], ν4 + ν5 [26–28], 2ν4 + ν5 and 3ν5 [26],
ν1 + ν5 [9,29], ν1 + 3ν3 [30–33], ν1 + ν3 [34–43], 5ν3 [44],
ν1 + ν2 + ν4 + ν5 [45,46], ν1 + ν3 + ν4 − ν4 [47]. Due to

experimental challenges, most measurements were con-

ducted over relatively narrow temperature ranges (mostly

at room temperature and below) and limited ranges of the

rotational quantum number J .

In this paper, the classical impact theory of Gordon is

used to calculate the self-broadening of vibrational-rotational

absorption lines and isotropic Raman scattering lines of
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Figure 1. Schematic of the collision between rotator
”
1“ (BC)

and rotator
”
2“ (AD) [48]. (X ,Y, Z) — laboratory coordinate

system; (x1, y1, z 1) and (x2, y2, z 2) — molecule-fixed coordinate

systems.

acetylene. J-dependencies of the self-broadening coefficients

for C2H2 lines (J ≤ 40) were computed over a temperature

range from 150 to 700K. Comparisons with selected

experimental data were performed. The contributions of

various collision types to broadening (elastic, inelastic,

collision complexes) were analyzed, along with the role of

the electric quadrupole moment of C2H2.

The article is organized as follows. Section 2 presents

the basic equations of collision dynamics and the classical

impact theory for isolated spectral lines. Section 3 describes

the intermolecular potential energy surface for C2H2−C2H2

used in the calculations. Details of the trajectory calcula-

tions are given in Section 4. Section 5 is devoted to the

results and their discussion. Conclusions are formulated in

Section 6.

2. Basic Equations

2.1. Collision Dynamics

Consider a system of interacting quasi-diatomic linear

molecules (rotators) BC (
”
1“, active molecule) and AD

(
”
2“, buffer molecule) (Fig. 1). The collision geometry can

be described using the following variables: the intermolecu-

lar distance vector R(t) directed from the center of mass of

rotator BC to the center of mass of rotator AD, and two sets

of molecule-fixed coordinates (x1, y1, z 1) and (x2, y2, z 2),
which define the orientations of the molecular axes r1 and

r2 in their respective coordinate systems. The centers of the

molecule-fixed coordinates are located at one of the terminal

atoms of the corresponding molecule (B and A), with the

axes z 1, z 2 of the coordinate systems always directed along

the vector R. The center of mass of rotator AD is at rest,

and rotator BC has an initial relative velocity v , the vector of

which is parallel to the Z axis of the laboratory coordinate

system.

The exact 3D classical Hamiltonian for the system of rigid

rotators BC−AD has the form

H = T + V (R, r1, r2), (1)

T =
p2

R

2µAD,BC
+

L2

2µAD,BCR2
+

p2
x1 + p2

y1 + p2
z1

2µBC

+
p2

x2 + p2
y2 + p2

z2

2µAD
,

L2 = µAD,BCR4(θ̇2 sin2 ϕ + ϕ̇2).

Here, T — kinetic energy of the AD−BC system, L and

µAD,BC — orbital angular momentum and reduced mass

of the colliding pair, µBC and µAD — reduced masses

of molecules BC and AD. The angle ϕ — elevation

angle (angle between vector R and the Y Z plane of the

laboratory coordinate system), θ — rotation angle of the

collision plane relative to the initial position (see [48]
for details). The intermolecular interaction potential

V (R, r1, r2) = V (R, γ1, γ2, φ) is four-dimensional. It is

determined by the Jacobi coordinates — the distance

between centers of mass R and three orientational angles:

γ1, γ2 (γ1 — angle between vectorsR and r1, γ2 — between

R and r2) and the angle φ between the planes containing

vectors R, r1 and R, r2 (the so-called
”
twist“ angle). Note

that for identical molecules,r1 = r2 and µBC = µAD.

The Hamilton equations describing the classical dynamics

of the AD−BC system have the standard [49] form:

q̇i =
∂H

∂ pi

, ṗi = −
∂H

∂qi

, i = 1, 2, . . . , imax, (2)

where qi and pi — generalized coordinates and

conjugate momenta. For the case of two rigid

rotators, imax = 9 (q1 − q9 = R, ϕ, θ, x1, y1, z 1, x2, y2, z 2;

p1 − p9 = pR, pϕ, pθ, px1, py1, pz1, px2, py2, pz2),
(x1, y1, z 1) — coordinates of atom C relative to atom B and

(x2, y2, z 2) — coordinates of atom D relative to atom A

(see [48] for details). Substituting the Hamiltonian (1)
into equations (2) yields 17 (since pθ = const) exact

self-consistent classical equations of motion, the explicit

form of which is given in the Appendix at the end of

the article. Note that these equations are published in the

Russian literature for the first time.

2.2. Basic Formulas of the Classical Impact

Theory

In Gordon’s classical impact theory, the half-width γ

of an isolated vibrational-rotational line of electric dipole

absorption is described [50] by the formula

γ =
nb

2πc

〈

v · [1− Pel cos η cos
2(α/2)]

〉

b,v,O,ω2

. (3)

Equation (3) accounts for contributions from both inelas-

tic and elastic collisions. For Q-lines of isotropic Raman

scattering, only the contribution from rotationally inelastic

collisions is significant [50,51]:

γ =
nb

2πc

〈

v · (1− Pel)
〉

b,v,O,ω2
. (4)
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In equations (3), (4) nb — number density of perturbing

particles (here — all otherC2H2, molecules surrounding the

one under consideration), c — speed of light. Pel —
probability (index) that a given collision is elastic/inelastic.

As shown in [48] for the example of N2, the best agreement

with experiment is achieved by computing Pel using the

box quantization procedure (Pel = 1 for elastic collisions

and Pel = 0 for inelastic ones). The statistical averaging of

〈. . .〉 is performed over the impact parameter b, relative

velocity of the pair v , initial orientations O of the unit

vectors of the molecular axes r1, r2 of both molecules, and

their angular velocities ω1, ω2, as well as the modulus ω2.

The angle η characterizes
”
rotational dephasing“, while

α — the angle between the initial and final orientations

of the vector ω1 (
”
rotational reorientation“). Values of

η and α are computed from the classical dynamics of

each specific collision using the modified method described

in the Appendix of [52]. Formulas (3) and (4) do not

account for vibrational phase shifts (so-called
”
vibrational

dephasing“ [51]), as the molecules are treated as rigid. This

approximation is quite acceptable in the present case, since

measurements of broadening in a number of acetylene bands

show weak vibrational dependence [26,28].

3. Intermolecular Interaction Potential
C2H2−C2H2

In these classical calculations, a simple potential en-

ergy surface (PES) for the intermolecular interaction

C2H2−C2H2 of the atom−atom + quadrupole−quadrupole

type (aa + QQ) from the work of Lambo et al. [24] was

employed:

V (R, r1, r2) = Vaa(R, r1, r2) + VQQ(R, r1, r2). (5)

The atom−atom interaction term has the form

Vaa =
∑

i, j

(

di j

r121i,2 j

−
ei j

r61i,2 j

)

, (6)

where r1i,2 j — distances between atom i of molecule

”
1“ and atom j of the molecule

”
2“, ei j and di j —

parameters for the corresponding atomic pair. The long-

range quadrupole−quadrupole interaction term is described

in the standard manner [53]:

VQQ =
3Q1Q2

4R5
· f (γ1, γ2, ϕ1, ϕ2), (7)

f (γ1, γ2, ϕ1, ϕ2) =

= 1− 5(cos2 γ1+ cos2 γ2 + 3 cos2 γ1 cos
2 γ2)

+ 2
[

4 cos γ1 cos γ2 − sin γ1 sin γ2 · cos(ϕ1 − ϕ1)
]2
.

Here, Q1, Q2 — electric quadrupole moments of

molecules
”
1“ and

”
2“; γ1 and γ2 — angles between the

molecular axes r1, r2 and the vector R (polar angles);

Table. Parameters of the atom-atom potential Vaa for the

system C2H2−C2H2 [24]

ei j (10−11 erg Å
6) di j (10−8 erg Å

12) r1i (Å)

eH–H = 0.235 dH–H = 0.117 |r1H| = 1.6614

eH–C = 0.419 eH–C = 0.202

eC–C = 0.747 dC–C = 0.349 |r1C| = 0.6035

ϕ1 and ϕ2 — corresponding azimuthal angles in the

molecule-fixed coordinate systems of molecules
”
1“ (BC)

and
”
2“ (AD). Note once again that the axes z 1 and z 2 of

the molecule-fixed coordinate systems are always directed

along the vector R.

In the case under consideration for the C2H2−C2H2

system, molecules
”
1“ and

”
2“ are identical and, hence,

Q1 = Q2 = Q. The coefficients ei j, di j and intramolecular

distances r1H, r1C(distances from the center of mass of the

H−C=C−H molecule to the H and C atoms, respectively)
are given in the table.

As in [24], the electric quadrupole moment of C2H2

used in the calculations was Q = 5.42DÅ (5.42 ± 0.41DÅ

according to measurements [54]). The hexadecapole mo-

ment of C2H2 and higher-order multipole moments were

neglected in these calculations.

4. Details of trajectory calculations

Classical 3D trajectory calculations (C3D) were per-

formed using the method described in detail previously

for the N2−N2 system [48]. Only a correction related to

the buffer molecule (also C2H2) was introduced: its initial

J2-states (J2 — rotational quantum number of molecule

AD) were selected discretely, accounting for nuclear spin

degeneracy g I = (−1)J2+1 + 2. As a result, for ortho levels

of C2H2 (odd J2) we have g I = 3, while for para levels

(even J2) g I = 1. However, this modification did not lead to

noticeable differences in the results compared to continuous

selection of initial J2-states without accounting for spin

degeneracy.

The initial rotational angular frequency ω1 of the tar-

get BC molecule was determined from the initial rota-

tional quantum number J (Langer correction or
”
prescrip-

tion“ [55,56]) using the average J value for the optical

transition under consideration [50,51]:

Iω1 = ~

(

Javerage +
1

2

)

, (8)

where I —moment of inertia of the rotator, ~ — Planck’s

constant. The values of Javerage for various branches of the

vibrational-rotational band are as follows:

P − lines, 1J = −1, Javerage =
J + (J − 1)

2
= J − 1/2,

Q − lines, 1J = 0, Javerage =
J + J

2
= J,

Optics and Spectroscopy, 2025, Vol. 133, No. 10
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Figure 2. Self-broadening of C2H2 absorption lines: compari-

son of C3D calculations with experiment at room temperature.

Experiment: 1 — ν5 P-branch [24] (T = 298K), 2 — ν5 R-

branch [24] (T = 298 K), 3 — lines in the Pbranch of the

ν1 + ν3band [37] Voigt profile, 4 — [37] Rautian profile, 5 —
[37] — HITRAN2008 (T = 296K), 6 — [41], lines in the

R-branch of the ν1 + ν3 band (T = 295−300K), 7 — [28]
(T = 296K), 8 — [28] — HITRAN2012, 9 — [28,26]. Present

C3D calculations (T = 298K): 10 — P-branch, 11 — R-branch.

PES of type aa + QQ, Q = 5.42DÅ.

R − lines, 1J = +1, Javerage =
J + (J + 1)

2
= J + 1/2.

(9)

The Langer correction in the form (8),(9) provides

better (in terms of agreement with experiment) broadening

coefficients for low values J (especially for J = 0) than the

traditional angular momentum quantization formula [57]. As

J increases, the effect of this correction rapidly diminishes.

The Monte Carlo method was used to select the initial ori-

entations of vectors r1, r2 and ω1, ω2 uniformly distributed

in 3D space under the condition of orthogonalityr1 ⊥ ω1,

r2 ⊥ ω2. In all calculations, Maxwellian averaging over

the initial relative velocity was applied in the interval

v = (0.01 ÷ 3)v p, where v p = (2kBT/µAD,BC)1/2 — most

probable relative velocity of the colliding pair (T —

temperature, kB — Boltzmann constant, µAD,BC = 13 a.m.u.

for 12C2H2−
12C2H2). The maximum impact parameter

was set to bmax = 12 Å. The root-mean-square error of

the calculated line half-widths was maintained at less

than 1%. Auxiliary calculations at bmax = 10, 12, 14 Å and

T = 150K, as well as atbmax = 12, 13 Å and T = 298K

showed that the impact parameter range b ≤ bmax = 12 Å

is fully sufficient for modeling the self-broadening of C2H2

lines at temperatures of 150−700K.

In all calculations, an efficient algorithm [56] for sampling

the impact parameter b was employed. In this case, the

convergence of the Monte Carlo method is approximately

twice as fast as with traditional uniform sampling over b2.

The calculations showed that the laws of conservation of
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Figure 3. a — self-broadening of IR absorption lines in the ν5
band of C2H2; b — self-broadening of Q-lines of isotropic Raman

scattering of C2H2. C3D calculations using the aa + QQ PES

at various temperatures. Filled symbols — accounting for all

collision types, open symbols — without collision complexes.

Q = 5.42DÅ.

energy and angular momentum are satisfied with high

accuracy for the vast majority of trajectories.

The Hamilton equations were numerically integrated

using the standard procedure from the IMSL library (Gear’s
implicit BDF method [58]). Calculations were performed

with double precision with a typical stability parameter

TOL = 10−8 and a variable integration step within fixed

time grid intervals of 1t = 5 ps. The trajectories began and

ended at Rmax = 15 Å.

5. Results and Discussion

The results of C3D calculations and measurements of self-

broadening coefficients for C2H2 absorption lines at room

temperature are compared in Fig. 2. The basic experimental

data correspond to Table 1 of [24]. The main sources

of error in measuring broadening coefficients arose from

inaccuracies in the baseline position and the presence of

weak overlapping transitions, mainly from hot bands 2ν5−ν5

65∗ Optics and Spectroscopy, 2025, Vol. 133, No. 10
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(open symbols) in the total number of collisions as functions of J

at various T .

and ν4 + ν5 − ν4. The relative error of γ was estimated by

the authors [24] at ≤ 5%.

Fig. 3, a presents the results of C3D calculations for

the self-broadening of C2H2 absorption lines at various

temperatures, while Fig. 3, b — shows the results of

similar calculations for Q-lines of isotropic scattering. For

comparison purposes, the vertical axis scale of the figures

is the same. Fig. 4 shows the fractions of elastic collisions

and collision complexes (also known as metastable dimers,

Feshbach resonances, or quasibound complexes (QC)) in

the total number of collisions at various J and T (for more

on QC, see, e.g, [59]).

Comparison of Fig. 3, a and b shows that the contribution

of elastic collisions to the self-broadening of C2H2 lines

depends on J and T (recall that all types of collisions

affect the broadening of IR absorption lines, whereas only

inelastic collisions affect the broadening of Q-lines —
isotropic Raman scattering). The increase of γ due to elastic

collisions is particularly noticeable at low J and T . The

fraction of elastic collisions increases with J reaching 60%

at J = 35 (Fig. 4). It was also found that even at room

temperature, a significant number of collision complexes

form (Fig. 4); however, their contribution to broadening is

substantial only at low temperatures. Interestingly, for J = 0

quasicomplexes reduce broadening, whereas for J > 2 they

increase it (the nature of this effect remains unclear).
The effect of QC on the broadening of scattering lines is

somewhat less than for absorption lines, since only inelastic

collisions are relevant in this case.

The results in Fig 3, a, b allow determination of the

temperature dependence exponent n for line broadening.

The traditional formula used is γ(T ) = γ(Tref) · (Tref/T)n,

from which n = ln[γ(T )/γ(Tref)]/ ln(Tref/T ), where Tref —
some reference temperature. For these calculations, it was

chosen as 298K. Fig. 5, a presents the C3D calculation
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Figure 5. Temperature dependence exponent n of self-broadening

for C2H2 absorption lines (a) and Q-lines of isotropic Raman

scattering (b) for various J, calculated at different temperatures.

γ(T ) = γ(Tref)(Tref/T)n. Tref = 298K.

results for the n coefficient for absorption lines, and

Fig. 5, b — for isotropic scattering.

Three important conclusions follow from Fig. 5: (1) the

exponent n depends substantially on the rotational quantum

number J, (2) the nature of the n(J) dependence is nearly

identical for absorption and scattering lines with only

minor differences in numerical values, (3) the coefficient n

depends significantly on temperature. An interesting effect

is also observed: for J > 20 the n(J) — dependence is

an increasing function at T < 200K, but a decreasing one

at T > 400K (except for high J). This effect, of course,

requires further investigation. Conclusion (3) indicates

the inadequacy of the traditionally used formula for γ(T )
dependence. Despite this, constant values n are frequently

employed to describe temperature dependences of

broadening. For example, in [26], the approximation formula

for γself(J, T ) over a wide range J (|m| ≤ 34) uses n = 0.75

for all |m|. Note that this convenient formula, derived by

processing measurement results for several C2H2 bands, is

valid only for temperatures close to room temperature.

Optics and Spectroscopy, 2025, Vol. 133, No. 10
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Comparison of C3D-calculated γ(T ) and n(T ) depen-

dences with experiment is shown in Fig. 6. Experimental

data [42] were obtained by processing the measured spec-

trum of the ν1 + ν3 P(11) C2H2 absorption line using a

speed-dependent Voigt profile (SDV profile). Results in

Fig. 6, b were derived from data in Fig. 6, a. Fig. 6 shows that

the nature of the γ(T ) and n(T ) dependences is the same

for C3D calculations and experiment. Differences exist only

in numerical values.

It is of interest to determine, within the classical approach,

the effect of the electric quadrupole moment value on

acetylene line broadening, since different authors use widely

varying values in theoretical modeling. Literature values

for the quadrupole moment of C2H2 range from 3 to

8.4DÅ [45,60]. In this work, as in [24], the value

measured in [54] Q = 5.42DÅwas used for self-broadening

coefficient calculations. Other (larger) experimental and

calculated values for the quadrupole moment of C2H2 are

given in [61]: 6.15 [62], 6.53 [63], 7.35DÅ [64]. Fig. 7

shows γ(J) dependences calculated at various Q values.
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Figure 6. (a) Self-broadening coefficient γ(T ) of the absorption

line P(11) in the ν1 + ν3 band of C2H2, experiment [42];
(b), temperature dependence of exponent n(T ) of self-broadening

for the absorption line P(11) in the ν1 + ν3 band of C2H2. For

experiment [42] Tref = 296K, for C3D calculations Tref = 298K.

Experiment — triangles, calculations — circles.
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Figure 7. Effect of the quadrupole moment value of C2H2 on self-

broadening of absorption lines. T = 298K. Experiment: 1 — ν5
P-branch [24], 2 — ν5 R-branch [24]. C3D calculation: Q = 3 (3),
4.5 (4), 5.42 (5), 7.35 (6), 8.4 DÅ (7); Q = 0 (8).

The quadrupole moment value noticeably increases self-

broadening, particularly at low and intermediate J . The

contribution of the atom-atom part of the PES to broadening

is small (Fig. 7 at Q = 0 — curve 8). The quadrupole-

quadrupole interaction plays the decisive role in shaping the

J-dependence. A similar result was obtained in [24] using
the semiclassical Robert-Bonamy method.

Quantitative differences between classical impact theory

results and experiment are apparently related to imperfec-

tions in the intermolecular PES used in C3D calculations

(both in the atom-atom and long-range parts). As evident

from the above analysis, even such a seemingly simple

quantity as the quadrupole moment remains insufficiently

accurately known for C2H2 despite its strong influence

on self-broadening. Concerning higher-order multipole

moments (hexadecapole and above), their uncertainty is

even greater.

6. Conclusion

Given the considerable number of theoretical works on

self-broadening of C2H2 lines, the value of the results pre-

sented in this article may be questioned. In this regard, note

the following. The vast majority of computational studies on

impact broadening of molecular vibrational-rotational lines

have been performed using semiclassical Anderson-Tsao-

Curnutte (ATC) and/or Robert-Bonamy (RB) methods in

their various (including recently modified) versions [7,22].
These methods rely on several simplifying approximations

that distort the physics of collisional broadening (as noted,

e.g., in [17–22,48,52,57]). However, these shortcomings

are readily compensated by selecting appropriate fitting

parameters for PES of more or less acceptable form to

match specific measurement results, which is done in most

theoretical works. Clearly, within such an approach, the
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physics of the broadening process remains
”
behind the

scenes“, and the predictive power of calculations for other

conditions is questionable. Moreover, scatter in various

experimental data can be significant (for self-broadening of

C2H2 see, e.g., [24]). Therefore, correct modeling of impact

broadening is possible only within a self-consistent approach

(fully quantum or classical) using a reliable, maximally

accurate PES. Unfortunately, self-consistency and accuracy

of fully quantum methods are achieved at the cost of very

time-consuming computations involving solution of large

systems of coupled differential equations. Convergence

issues also arise. Practical applications of the most accurate

quantum CC/CS schemes remain limited even now to

simple molecular systems at moderate temperatures. In this

context, development of the classical method in collisional

broadening theory is relevant. At the same time, the

results obtained in this work should not be regarded as

benchmark, but rather as a demonstration of the capabilities

of the classical approach to the broadening problem and

as
”
navigation“ for future theoretical and experimental

studies under various conditions. Note also that further

improvement of quantum chemical methods for obtaining

maximally accurate ab initio PES is necessary to eliminate

uncertainties in interpreting experimental data.
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Appendix

The exact 3D classical equations of motion for the system

of two rigid linear molecules BC−AD (A, B, C, D —
terminal atoms) in molecule-fixed coordinates have the

following form:

Ṙ =
pR

µAD,BC
, (A1)

ϕ̇ =
(pϕ − Jy )

µAD,BCR2
, (A2)

ṗR =
(A + pθ)

2

µAD,BCR3 sin2 ϕ
+

(Jy − pϕ)2

µAD,BCR3
−

∂V

∂R
, (A3)

ẋ1 =
px1

µBC
+

y1 cosϕ(A + pθ)

µAD,BCR2 sin2 ϕ
+

z 1(Jy − pϕ)

µAD,BCR2
, (A4)

ẏ1 =
py1

µBC
−

(x1 cosϕ + z 1 sinϕ)(A + pθ)

µAD,BCR2 sin2 ϕ
, (A5)

ż 1 =
pz1

µBC
+

y1 sinϕ(A + pθ)

µAD,BCR2 sin2 ϕ
−

x1(Jy − pϕ)

µAD,BCR2
, (A6)

ṗx1 =
py1 cosϕ(A + pθ)

µAD,BCR2 sin2 ϕ
+

pz1(Jy − pϕ)

µAD,BCR2
−

∂V

∂x1

, (A7)

ṗy1 = −
(px1 cosϕ + pz1 sinϕ)(A + pθ)

µAD,BCR2 sin2 ϕ
−

∂V

∂y1

, (A8)

ṗz1 =
py1 sinϕ(A + pθ)

µAD,BCR2 sin2 ϕ
−

px1(Jy − pϕ)

µAD,BCR2
−

∂V

∂z 1

, (A9)

θ̇ =
(pθ + A)

µAD,BCR2 sin2 ϕ
, (A10)

ṗϕ =
cosϕ(A + pθ)

2

µAD,BCR2 sin3 ϕ
−

B(A + pθ)

µAD,BCR2 sin2 ϕ
, (A11)

ẋ2 =
px2

µAD
+

y2 cosϕ(A + pθ)

µAD,BCR2 sin2 ϕ
+

z 2(Jy − pϕ)

µAD,BCR2
, (A12)

ẏ2 =
py2

µAD
−

(x2 cosϕ + z 2 sinϕ)(A + pθ)

µAD,BCR2 sin2 ϕ
, (A13)

ż 2 =
pz2

µAD
+

y2 sinϕ(A + pθ)

µAD,BCR2 sin2 ϕ
−

x2(Jy − pϕ)

µAD,BCR2
, (A14)

ṗx2 =
py2 cosϕ(A + pθ)

µAD,BCR2 sin2 ϕ
+

pz2(Jy − pϕ)

µAD,BCR2
−

∂V

∂x2

, (A15)

ṗy2 =
(px2 cosϕ + pz2 sinϕ)(A + pθ)

µAD,BCR2 sin2 ϕ
−

∂V

∂y2

, (A16)

ṗz2 =
py2 sinϕ(A + pθ)

µAD,BCR2 sin2 ϕ
−

px2(Jy − pϕ)

µAD,BCR2
−

∂V

∂z 2

, (A17)

µAD,BC — reduced mass of the AD−BC system; µAD,

µBC — reduced masses of molecules AD and BC;

V = V (R, r1, r2) — interaction potential between molecules

AD and BC. ṗθ = 0, pθ = µAD,BCR2θ̇ sin2 ϕ − A = const for

the specific collision under consideration (determined by

initial conditions).

J = r× p,

Jx1 = y1pz1 − z 1py1, Jy1 = z 1px1 − x1pz1,

Jz1 = x1py1 − y1pz1,

Jx2 = y2pz2 − z 2py2, Jy2 = z 2px2 − x2pz2,

Jz2 = x2py2 − y2pz2,

A1 = Jx1 sinϕ − Jz1 cosϕ, B1 = Jx1 cosϕ + Jz1 sinϕ,

A2 = Jx2 sinϕ − Jz2 cosϕ, B2 = Jx2 cosϕ + Jz2 sinϕ,

Jy = Jy1 + Jy2, A = A1 + A2, B = B1 + B2.
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