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1 Experimental methods and results 

A – Data analysis and fitting 

The experimental signal obtained after signal averaging and background subtraction (see 
Methods section in the main article), consisted of a series of FIDs (free induction decays) 
recorded as a function of time delay from the firing of the photolysis laser. For HNC, its 
hyperfine splitting was not resolved under the pressure-broadened experimental conditions, 
and these signals were fitted with the same time domain Voigt single frequency function as 
used in Hays et al.,1 while for HCN this was modified to account for hyperfine splitting. The 
need for the modified model is exemplified in Fig. 2 of the main article, panels a and c, where 
the HCN decay profile is visibly more complex due to the beat pattern of the hyperfine 
components. The new decay function used in this case is given in Supplementary Eq. 1: 
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T2 is the rate of decay due to collisional dephasing, which is related to the pressure broadened 
linewidth of a spectral transition through T2=1/2πΔνPres, and ΔνDopp is the Doppler broadening 
linewidth. An, νn, and θn are the amplitude, frequency, and phase for each hyperfine 
component, denominated by the n subscript. The local frequency fitting parameters were kept 
fixed to their literature spacings.2,3 For the j=1-0 transition of HCN or any other linear 
molecules with small hyperfine coupling, the pressure broadening and shifting parameters 
were found to be the same for each hyperfine component,4 greatly simplifying analysis. For 
both molecules, the Doppler component was constrained to the flow temperature, but this 
only has a minor contribution to the overall decay. This transition is much weaker at 70 K due 
to Boltzmann scaling. For the data taken at this temperature for HCN, the phase relationship 
between each hyperfine component was fixed to the values found from fitting the highest 
signal to noise FID within that dataset.  

The cross sections for the experimental data were found using Supplementary Eq. 2: 
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  Eq. 2 

Where T2 is the fitted decay time, σ(T) is the pressure broadening cross section, N is the total 
density in the flow, and <v> is the mean relative velocity of the colliding partners. The total 
density and the temperature are obtained from impact pressure measurements, and the 
temperature is used to determine <v> in the probing region.  

Only molecules isolated within the cold uniform flow were included in the pressure 
broadening data, which could be easily distinguished from molecules produced in the nozzle 
by time dependent changes of the decay rate at the end of the collected flow data as shown 
in Fig. 1c. To produce each cross section, the individual T2 decay times resulting from fitting 
the FIDs were averaged together, taking the 95% percent confidence interval from the 
averaged points. Each individual FID resulted from averaging the recorded data from 105 laser 
shots, except for the data at 70 K where 4 × 105 shots were averaged owing to the poorer 
signal as explained above. Multiple FIDs were also sequentially averaged to increase the signal 
to noise available per fit, but this blurs the time referencing of the averaged FID in relation to 
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the laser shot. To reduce any negative effects of this blurring, only 2 to 4 successive FIDs were 
combined through sequential averaging. The use of very low densities of vinyl cyanide 
precursor (~0.1% of the total density) ensured that pressure broadening from collision 
partners other than He could be ignored, as in previous work on rotational energy transfer in 
uniform supersonic flows.5,6 The possible effects of heating the uniform supersonic flow due 
to energy release from the vinyl cyanide dissociation were investigated. However, these are 
very difficult to quantify owing to uncertainties in the quantum yields of the various channels 
after photon absorption. Furthermore, when such heating effects have been investigated 
using the VENOM (vibrationally excited NO monitoring) technique, simple calculations were 
found to significantly overestimate the actual observed temperature difference.7 The effect 
was therefore investigated experimentally at the two lowest temperatures (where it would 
have the biggest impact) by doubling the vinyl cyanide concentration. No difference was 
observed in the measured T2 values outside of the quoted uncertainties, and so it is unlikely 
that significant heating is occurring.  

The overall uncertainties in the temperature and total density in the flow were estimated to 
be at most 10%, and these were combined with the statistical errors in the values of T2 to yield 
the error bars shown in Fig. 3 of the main article, and the values are shown in Supplementary 
Table 1 below.  

 

B - Experimental conditions and results 

T (K) 
N 
(1016 
cm-3) 

fVCN 
(%) 

Number 
of FIDs 
(seq av) 

Time 
range 
(µs) 

T2 (ns)  
HCN 

T2 (ns)  
HNC 

σ (Å2) 
HCN 

σ (Å2) 
HNC 

70.3 6.07 0.12 13 (4) 30-150 83.0 (6.3) 55.9 (2.9) 30.4 (3.9) 45.1 (5.1) 

29.0 2.82 0.086 13 (4) 10-130 230.6 (5.8) 120.5 (9.8) 36.6 (3.9) 70.0 (9.3) 

18.3 3.60 0.11 24 (2) 10-125 239.3 (2.7) 126.2 (4.0) 34.9 (3.7) 66.1 (7.4) 

16.6 4.85 0.066 25 (2) 5-125 176.4 (1.8) 78.1 (4.5) 36.8 (4.0) 83.2 (10.1) 

9.4 7.43 0.029 20 (2) 25-120 135.1 (1.1) 61.2 (3.5) 41.8 (4.7) 92.2 (11.6) 

 

Table 1 | Experimental conditions and results. The temperature and total density are derived from 
Pitot measurements and are subject to an estimated maximum uncertainty of 10%. The fractional 
number density of vinyl cyanide (VCN) is given in percent.  The numbers of fitted FIDs and sequential 
averages taken along the uniform flow contributing to the final values are indicated, as well as the 
corresponding time range after the laser was fired. Uncertainties in the measured data are given in 
parentheses. For T2 these are 95% confidence interval statistical errors from the fits, while for the cross 
sections these are combined with estimated systematic errors in the temperature and number density. 
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2 Potential energy surfaces and scattering calculations  

A - Potential energy surfaces 

The computation of pressure broadening cross sections and rate coefficients takes place 
within the Born-Oppenheimer approximation for the separation of electronic and nuclear 
motions.  

The ground electronic states of the weakly bound HCN–He and HNC–He systems are singlet 
states with Aʹ reflection symmetry. Within their ground electronic state, HCN and HNC 
molecules have linear geometries and were therefore considered as a linear rigid rotor. In a 
recent study, Denis-Alpazar et al.8  have shown that accounting for the bending motion of HCN 
during the collision with He barely affects the pure rotational excitation of the molecule 
compared to the rigid-rotor case. Hence, and because we mostly focus on low temperature 
collisions (T < 100 K), we anticipate the rigid rotor approach to be highly accurate.  

The HCN–He and HNC–He rigid rotor potential energy surfaces (PESs) are described by the 
two Jacobi coordinates R, the distance from the center of mass of the molecules to the He 
atom, and θ, the angle between 𝑅=⃗ 	and the molecules bond axis, with θ = 0° corresponding to 
colinear He–NC/CN–H. 

The intermolecular bond distances of the HCN and HNC were frozen at their experimental 
equilibrium values (rHC = 2.0135 bohr and rCN = 2.1792 bohr for HCN–He; rHN = 1.8813 bohr and 
rNC = 2.2103 bohr for HNC–He).  

The HCN–He and HNC–He PESs were calculated in the supermolecular approach by means of 
the explicit correlated coupled cluster method including single, double, and perturbative triple 
excitations [CCSD(T)-F12a]9 with an augmented correlation-consistent polarized valence 
triple-ζ [aug-cc-pVTZ] basis set10 (hereafter CCSD(T)-F12/aug-cc-pVTZ). We note that the 
CCSD(T)-F12/aug-cc-pVTZ method is not size consistent due to the inclusion of noniterative 
triple excitation. The interaction potential calculated with this method has then been 
uniformly shifted by subtracting the potential energy at the distance of R = 200 Bohr. The use 
of the CCSD(T)-F12/aug-cc-pVTZ method is expected to reach the accuracy of PESs deduced 
from standard coupled cluster approach together with complete basis set (CBS) extrapolation 
despite the use of a relatively limited atomic basis set.11 

At all geometries, the Boys and Bernardi counterpoise procedure12 is used to correct for the 
basis set superposition error (BSSE). In this procedure the interaction energy is defined by 

𝑉(𝑅, 𝜃) = 𝐸23,/2,3	26(𝑅, 𝜃) − 𝐸23,/2,3(𝑅, 𝜃) − 𝐸26(𝑅, 𝜃) Eq. 1 
where the energies of the HCN/HNC and He subsystems are determined with the full (four 
atoms plus bond functions) basis set. 

The values of the radial scattering coordinate R ranged from 3.5 Bohr to 25 Bohr. The angular 
grid was uniform with a 10° spacing from 0 to 180°. 

In order to be used in scattering calculations, the calculated interaction energies were then 
fitted by means of the procedure described by Werner et al.13 for the CN–He system. Over the 
entire grid, the mean relative difference between the analytic fit and the ab initio calculations 
is less than 0.5%. The final PESs that were used in this study are shown in Supplementary Fig. 
1, along with the difference between these two PESs, demonstrating that these two seemingly 
similar systems indeed have quite different interactions.  
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a b  

c  

Fig. 1 | Contour plots of calculated PESs (in cm-1). a, The HCN–He PES. b, The HNC–He PES. c, The 
difference of a – b. 

B – Scattering calculations     

In order to perform the dynamical calculations with the MOLSCAT code14 the PESs were 
developed over 13 Legendre polynomials: 

. Eq. 2 

A grid of radial terms was built from 2.5 to 30 bohr with a step size of 0.1 bohr. Standard cubic 
spline interpolations were performed during the course of a MOLSCAT run as well as 

extrapolations of the form  at long range. 

To solve the coupled differential equations, we used the hybrid modified log-derivative Airy 
propagator15 as implemented in the MOLSCAT code, the switching point being set at 30 bohr. 

Rotational energy levels were obtained with rotational constants BHCN = 1.4772 cm-1, BHNC = 
1.512113 cm-1 and centrifugal distortion constants DHCN = 2.91 × 10-6 cm-1, DHNC = 3.3 × 10-6 
cm-1.16 At least five asymptotically closed levels were included in the basis set. 

Calculations were conducted for a grid of about 230 relative center of mass kinetic energies 
Ekin ranging from 0.1 to 2000 cm-1. 

Having S-matrices in the total angular momentum representation,  (  refers to the 
end-over-end angular momentum of the colliding pair) the generalized spectroscopic pressure 
broadening cross-sections are given in the impact approximation17,18 by: 

-27

-27

-24
-24

-24

-21-21

-21 -21

-21

-18
-18

-18
-18 -18

-18

-15
-15

-15

-15 -15

-15

-10
-10

-10

-10 -10

-10

-5-5

-5

-5 -5

10
10

10

30
30

30

50
50

50

100
100

100

250
250

250

500
500

500
1000

1000

-27

-27

-24
-24

-24

-21-21

-21 -21

-21

-18
-18

-18
-18 -18

-18

-15
-15

-15

-15 -15

-15

-10
-10

-10

-10 -10

-10

-5-5

-5

-5 -5

10
10

10

30
30

30

50
50

50

100
100

100

250
250

250

500
500

500
1000

1000

-27

-27

-24
-24

-24

-21-21

-21 -21

-21

-18
-18

-18
-18 -18

-18

-15
-15

-15

-15 -15

-15

-10
-10

-10

-10 -10

-10

-5-5

-5

-5 -5

10
10

10

30
30

30

50
50

50

100
100

100

250
250

250

500
500

500
1000

1000

0 50 100 150
 (degree)

5

6

7

8

9

10
R

 (b
oh

r)

-42-39-36

-33

-33

-30

-30

-27

-27

-24
-24

-24

-21
-21

-21

-21

-18

-18

-18

-18

-15

-15

-15
-15

-15

-10

-10

-10

-10
-10

-10

-5

-5

-5

-5
-5

10

10

10

30
30

30

50
50

50

100
100

100

250250

250

500500

500

1000 1000

-42-39-36

-33

-33

-30

-30

-27

-27

-24
-24

-24

-21
-21

-21

-21

-18

-18

-18

-18

-15

-15

-15
-15

-15

-10

-10

-10

-10
-10

-10

-5

-5

-5

-5
-5

10

10

10

30
30

30

50
50

50

100
100

100

250250

250

500500

500

1000 1000

-42-39-36

-33

-33

-30

-30

-27

-27

-24
-24

-24

-21
-21

-21

-21

-18

-18

-18

-18

-15

-15

-15
-15

-15

-10

-10

-10

-10
-10

-10

-5

-5

-5

-5
-5

10

10

10

30
30

30

50
50

50

100
100

100

250250

250

500500

500

1000 1000

0 50 100 150
 (degree)

5

6

7

8

9

10

R
 (b

oh
r)

-1000

-500

-250

-100

-100

-50

-50

-25

-25

-15

-15

-10

-10

-5

-5

-5

2

2

2

2

5

5

10

10

15

15

20

20

30

30

50

50

100

10
0

250

50
0

10
00

-1000

-500

-250

-100

-100

-50

-50

-25

-25

-15

-15

-10

-10

-5

-5

-5

-2

-2

-2

-2

2

2

2

2

5

5

10

10

15

15

20

20

30

30

50

50

100

10
0

250

50
0

10
00

-1000

-500

-250

-100

-100

-50

-50

-25

-25

-15

-15

-10

-10

-5

-5

-5

-2

-2

-2

-2

-1

-1

-1

-1

-1

2

2

2

2

5

5

10

10

15

15

20

20

30

30

50

50

100

10
0

250

50
0

10
00

0 50 100 150
 (degree)

5

6

7

8

9

10

R
 (b

oh
r)

( , ) ( ) (cos )L L
L

V R V R Pq q=å

CL,α
Rα

!
J =
!
j +
!
ℓ
!
"



 6 

   Eq. S3 

where {:::} is a 6j symbol, [J] stands for 2J + 1. 1 is associated with the electric dipole transition 
from ji = 0 to jf = 1, and Ei, Ef are the associated rotational energies (we have omitted all 
vibrational quantum numbers equal to 0 here). The real part of such cross sections provides 
the half width at half maximum (HWHM) of a Lorentzian line shape while the imaginary part 
leads to the line shift.  

It can be shown17 that the real part of this cross section may be split in two contributions: 

 Eq. S4 

with  

. Eq. S5 

In Eq. S4 the dephasing contribution is due to the elastic events while the inelastic contribution 
(Eq. S5) is the half sum of standard cross sections out of the levels involved in the transition. 
The so-called random phase approximation19 neglects the dephasing contribution resulting 
from elastic collisions and thus directly relates the pressure broadening coefficients to the 
inelastic rate coefficients. This would be applicable when the energy level spacing is quite 
small and the kinetic energy is large compared to the well depth of the PES. Moreover, this 
approximation is known to work best for large rotational quantum numbers.20–23 As the 
present study deals with the ji = 0 to jf = 1 transitions of HCN and HNC in helium at low 
temperatures, the random phase approximation is therefore not applicable. Pressure 
broadening cross sections for large rotational quantum numbers are mostly sensitive to the 
repulsive part of the interaction potential and thus show less elastic contribution than those 
for small rotational quantum numbers which sample the long and short range interactions. 

Finally, since measurements are performed at a given temperature, it is necessary to average 
the pressure broadening cross sections over the Maxwell – Boltzmann distribution in kinetic 
energies: 

 Eq. S6 

The current computed cross sections agree quite well with previous calculations4,24 of 
pressure broadening cross sections for HCN–He, even if based on different PESs.25–28  

Supplementary Fig. 2 displays state-to-state rate coefficients for inelastic rotational energy 
transfer in collisions of He with HCN and HNC at 10 K, as calculated by Sarrasin et al.,29 with 
the application as necessary of the principle of detailed balance. 
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a b  

Fig. 2 | Calculated state-to-state rate coefficients for inelastic rotational energy transfer in collisions of 
He with HCN (open red circles) and HNC (filled blue circles) at 10 K. a, Rate coefficients kji➝jf from initial 
state ji = 0. b, Rate coefficients kji➝jf from initial state ji = 1. 
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