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0,—0, and O,—N, collision-induced absorption

mechanisms unravelled
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2, Agniva Banerjee', David H. Parker’, louli E. Gordon ©3,

Ad van der Avoird', Wim J. van der Zande' and Gerrit C. Groenenboom ®™

Collision-induced absorption is the phenomenon in which interactions between colliding molecules lead to absorption of light,
even for transitions that are forbidden for the isolated molecules. Collision-induced absorption contributes to the atmospheric
heat balance and is important for the electronic excitations of O, that are used for remote sensing. Here, we present a theoreti-
cal study of five vibronic transitions in 0,—0, and O,—N,, using analytical models and numerical quantum scattering calcula-
tions. We unambiguously identify the underlying absorption mechanism, which is shown to depend explicitly on the collision
partner—contrary to textbook knowledge. This explains experimentally observed qualitative differences between 0,—0, and
0,—N, collisions in the overall intensity, line shape and vibrational dependence of the absorption spectrum. It is shown that
these results can be used to discriminate between conflicting experimental data and even to identify unphysical results, thus
impacting future experimental studies and atmospheric applications.

troscopy are related to symmetry restrictions, which imply

vanishing transition strength to a certain degree of approxi-
mation. Symmetry is broken by collisions with other molecules
in the gas phase, which lifts the selection rules and induces oth-
erwise forbidden electric dipole transitions, leading to so-called
collision-induced absorption'. Collision-induced absorption was
discovered by Welsh and co-workers for forbidden vibrational
transitions in compressed O, and N, gases’. More recent measure-
ments of collision-induced absorption typically use cavity ring-
down spectroscopy to observe the weak collision-induced signal
by achieving long path lengths®", rather than high pressures'>".
Roto-translational collision-induced absorption is important
for the atmospheric heat balance', and electronic transitions in
0O,, such as the A-band X3Z_—>b122(v’=0) transition'""" and
the 1.27 pm band X32; - alAg(v’ =0) transition®, have gained sig-
nificant attention as they are observable in Earth’s atmosphere and
used in remote sensing calibration. Absorption for these transitions
is due to spin-orbit-allowed magnetic dipole lines, but collision-
induced absorption also contributes significantly. Oxygen collision-
induced absorption has also been put forward as a biomarker to be
observed in exo-planetary atmospheres®', where the quadratic pres-
sure dependence can be used to probe the atmospheric distribution,
in addition to the column density.

The theoretical treatment of collision-induced absorption is well
established for rotation-translation and vibrational transitions’,
and it is well known that such spectra are typically dominated by
quadrupole induced dipole moments. Electronic transitions have
been studied theoretically for forbidden 'S—'D transitions in
atom-atom collisions*>*’, and the mechanism is again quadrupole
induction. By contrast, for spin-forbidden electronic transitions,
the mechanism cannot be only quadrupole induction, as this inter-
action does not lift the spin selection rule. Mechanisms for break-
ing spin symmetry have been suggested® -, but not identified in
absorption spectra, despite extensive experimental studies. The
most extensively studied spin-forbidden transitions are electronic

| he selection rules that govern atomic and molecular spec-

transitions of molecular oxygen. In 1885, Janssen first observed the
oxygen A-band in dense gases’"*, long before the process was iden-
tified as collision-induced absorption®. More recently, atmospheric
applications have motivated numerous experimental studies, which
observe both monomer absorption lines and collision-induced
absorption®'> %, A line shape theory does not yet exist, neither
for spin-forbidden transitions nor for collision-induced molecular
electronic transitions in general.

Here, we theoretically study the X32; —a'A, and X3Z; - blE;
transitions of molecular oxygen in O,—O, an(f 0,—N, collisions.
These transitions are monomer-forbidden by both spin (S=1-»0)
and spatial (g g) selection rules. The most influential monograph
on collision-induced absorption states the following about these
specific transitions': ‘For collisional induction of these bands a for-
eign molecule is more or less as expedient as an O, molecule. The
specific properties of the collisional partner hardly matter as long as
it is not absent.” In this Article, however, we show that the underly-
ing absorption mechanism depends on the specific properties of the
collisional partner and that this leads to qualitative differences in the
intensity, line shape and vibrational dependence of the absorption
spectra. To this end, we present the first theoretical line shape study
of electronic transitions in molecular collision-induced absorption.

In a bimolecular collision, the symmetry of the system is broken
and the spatial selection rules are relaxed. However, this does not lift
the selection rule on spin multiplicity. Three different mechanisms
have been proposed to break the spin symmetry:

The first mechanism, the spin-orbit mechanism, takes into
account the intramolecular spin-orbit coupling between the
X3’2°,Q=0"% and b'T? states of O,, which mixes these states with
coefficient C=0.0134/: This mixing of singlet and triplet electronic
states lifts the spin selection rules*. This leads to spin-orbit-
allowed magnetic dipole and electric quadrupole transition moments
and the associated monomer absorption lines. In a collision complex,
the breaking of spin symmetry leads to transition dipole moments,
through quadrupole induction. This dipole moment is long ranged
and varies with R™, where R is the intermolecular distance.
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The second mechanism, the exchange mechanism, applies only
to paramagnetic collision partners. In this case, the total electron
spin of the collision complex is conserved, making the transition
formally allowed, even though the O, monomer spin changes from
triplet to singlet. For example, for the O,—O, collisions considered
here,

0,(X°2) + 0,(X°EY) + hv — 0,(a'A, / b'E}) + 0,(X°ZY).

The final state is a total spin triplet state of the complex, whereas
the initial state has two triplet molecules, which can couple to over-
all singlet, triplet and quintet spin states. For transitions between
triplet states, the formal spin restriction has been lifted. Non-zero
intensity for this process is due to the exchange interaction between
paramagnetic collision partners®, and the induced dipole moment
decays exponentially with the intermolecular distance, as exp(—yR).

The heavy-atom effect is a possible third mechanism, where
interaction with a heavier element enhances relativistic effects such
as spin—orbit coupling® *»*". This mechanism is not considered here
because it is less relevant for collisions with light atmospherically
abundant collision partners such as N, and O,.

Results

Theory. We calculated bimolecular collision-induced absorption
spectra for the X’%7 —>a1Ag and blZlgfr transitions in O,—O, and
0,—N,, for both the exchange and spin-orbit mechanisms. Such
line shape calculations, which have previously been performed only
for roto-translational and vibrational (RT&V) transitions, obtain
the absorption spectrum from dipole coupling between the scat-
tering wavefunctions that describe the colliding molecules, which
are calculated using coupled-channels theory'. These calculations
require the electronic energy and transition dipole moments for the
electronic ground and six electronically excited states of the com-
plex as a function of the nuclear coordinates. We calculated these
four-dimensional potential energy and exchange-induced transi-
tion dipole moment surfaces using ab initio electronic structure
methods”. The essential innovation that enabled these calculations
was diabatization of these surfaces, which includes non-adiabatic
couplings beyond the Born-Oppenheimer approximation. To this
end, we used a novel multiple-property-based diabatization algo-
rithm, which has been developed as a part of this project®. This
treatment is crucial due to the occurrence of seams of conical inter-
sections at which derivative couplings are divergent. The issue of
diabatization is not encountered for RT&V dipole surfaces, which
involve only the electronic ground state. Similarly unfamiliar from
RT&V transitions is the first-principles computation of intermolec-
ular exchange-induced properties, which is virtually unexplored”,
and is shown here to be challenging. For the spin—orbit mechanism,
we employ the long-range model that we developed in ref. °, which
involves the spin-orbit-induced transition quadrupole moment
of O,. In this work, scattering wavefunctions are calculated in the
approximation of an isotropic interaction between the colliding
molecules. This allows decoupling of the radial and angular degrees
of freedom and the latter to be treated analytically, thus significantly
reducing the computational effort. The isotropic approximation
applies only to the interaction potential, whereas the full anisotro-
pic transition dipole surface is used. This approximation is com-
monly used in line shape calculations for RT&V bands, and we have
extended this theory to electronic transitions*. We also present cor-
rections to this approximation from classical statistical mechanics,
using the full anisotropic interaction. Numerical results suggest that
the effect of anisotropy is more pronounced for electronic transi-
tions than for RT&V bands. A more detailed discussion of all the
calculations is provided in the Supplementary Information and sup-
porting references™ .
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Fig. 1| Experimental and theoretical collision-induced absorption spectra
for the X3Zg'(v” = 0)$a1Ag(v’) bands of 0,—0, and O,—N,. a-¢, Spectra
corresponding to v/ =0 (a), 1 (b) and 2 (¢), where experimental data

are taken from ref. 4, this work and ref. °, respectively. The absorption
coefficient, a, is normalized to the square of the number density, which

is measured in amagat, the number density of an ideal gas at 1atm and
0°C. Absorption by O,—0, is more intense and broader in frequency

than for O,—N.,. Vibrational transitions v’ > O are observed for O,—0O, but not
for O,—N,. The intensity for the spin-orbit mechanism follows the predicted
scaling with Franck-Condon factors, whereas the suppression is evidently
less strong for the exchange contribution, which only contributes for O,—0,.
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Fig. 2 | Experimental and theoretical collision-induced absorption spectra
for the X>,(v" = 0) > b'S;(v') bands of 0,—0, and 0,—N,. a,b, Spectra
corresponding to v/ =0 (a) and 1 (b), where experimental data are taken
from ref. 7 and ref. %, respectively. Absorption by O,—0, is more intense and
broader in frequency than for O,—N,.

Figures 1 and 2 present collision-induced absorption spectra
for X’°37 - a'A, and X3Z;—> b'T? transitions, respectively. The
a'A(v'=1) band was measured in this work using cavity ring-down
spectroscopy, similar to the method used in ref. ¢, and is described
in more detail in Supplementary Section 6. Experimental data for
thea'A (v'=0,2) and b (v =0, 1) bands are taken from refs *’',
and are the HITRAN recommended data wherever multiple experi-
ments exist'*”. The theoretical line shapes match the experimental
results well. However, to also achieve agreement for the intensities,
the theory was scaled by the factors shown in Table 1. The scaling
factors for the exchange mechanism, c,,, seem large, but, as shown
below, they are within the uncertainty of the calculated intensity
(which is due to the large uncertainty of the dipole surfaces for
this mechanism). The predicted line shapes are unaffected by this
uncertainty. For the spin-orbit mechanism, where the dipole sur-
face is known more accurately, the anisotropy-corrected scaling fac-
tors are closer to unity.

Intensity. From the absorption spectra in Figs. 1 and 2, qualitative
differences between O,—0, and O,—N, collision-induced absorp-
tion become apparent. The O,—O, contributions are typically more
intense, significantly broader in frequency, and decay less rapidly
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Table 1| Scale factors for theoretical line shapes fit to
experimental data

Transition cﬁggoz csooz’o2 CSOOZ’N2
X5y >dA,(v'=0) 4.48 110 168
Xz, >a'A (v =1) 290

X, >a'A,(v'=2) 015

XL, >b'T (v =0) 6.41 0.66 071
X2y > bEN(v =1) 0.63

Scaling factors are shown for both the exchange (Exch) and spin-orbit (SO) mechanisms. Classical
statistical mechanical corrections for anisotropic interactions have been included (Supplementary
Section 3).

with increasing vibrational excitation v'. The difference in line
shape is seen even more clearly on a logarithmic scale (Fig. 5). The
observed difference in intensity can be understood as the O,—N,
intensity is solely due to the spin-orbit mechanism, whereas the
0,—0, intensity is dominated by the additional exchange mecha-
nism, and the contribution of the spin-orbit mechanism is observ-
able only near the line centre.

Line shape. The difference in line shape can also be understood
from these mechanisms and the correspondingly different geometry
dependence of the transition dipole moment. The dipole moment
of the spin-orbit mechanism, which is the only contribution for
O,—N,, results from long-range spin-orbit-induced quadrupole
induction and depends on the intermolecular distance, R, as R™.
This drives electronic transitions at comparatively long length
scales—and therefore long timescales—which leads to a relatively
narrow absorption feature. By contrast, the dipole moment of the
exchange mechanism, which dominates for O,—O,, decays expo-
nentially with intermolecular distance. This induces electronic
transitions at very short length and timescales, leading to a much
broader absorption spectrum.

To rigorously demonstrate the relation between line shape and
absorption mechanism, we considered an analytical model for
the translational profile, VG, which determines the absorption
line shape (Supplementary Section le). This model accounts for
hard-sphere scattering (with radius a) at a single energy E=k,T
and dipole functions proportional to exp(—yR) and R™, respec-
tively. This yields for the exchange (Exch) and spin-orbit (SO)
mechanisms:

Zkk/
VGExch(a))= ! 2
{(y2+k2)2+2(y2_k2)k12+k14}
2 2
Voo =621 € iy | 3 N
so(w)—m 1,3 I[ —k'] 0 > 2

where G} denotes a Meijer G function® and the initial- and final-
state wavenumbersare givenbyk = ./2uk, T andk’ = /2u(ky T + ho) ,
respectively. These profiles are compared to the results of the full
calculations in Fig. 3, using realistic parameters a=7a,and y = 3a, .
The analytical model reproduces the typical translational profiles,
supporting the length-scale argument presented above.

Vibrational dependence. The differences in v’ dependence, seen
in Figs. 1 and 2, are explained by the vibrational dependence of
the transition dipole moments. In the spin-orbit mechanism, the
only contribution for O,—N,, the dipole moment is proportional
to the spin-orbit-induced transition quadrupole moment of O,.
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Fig. 3 | Collision-induced absorption spectra for the

X3Z;(v” =0)-> b‘Z}(v’ = 0) band in air, normalized to the product of
0, and air number densities. The experimental spectra of ref. 2 and of
the more recent ref. * differ significantly. The line shape of ref. ** is even
narrower than the theoretical line shape for the spin-orbit mechanism,
which is indicated as the best fit. A narrower line shape requires a dipole
moment of longer range than R~#, which is unphysical.

This transition quadrupole moment is only weakly dependent on
the O, bond length, and so the intensities of transitions to v'>0
are suppressed following the Franck-Condon factors. For the bands
studied here, the Franck-Condon factors are small, ranging from
1x107*to 7x 1072 (ref. **). Therefore, the v’ > 0 transitions are heav-
ily suppressed for O,—N, and are not observed. For the exchange
mechanism, which is dominant for O,—0,, the vibrational depen-
dence is evidently much stronger, as v' > 0 bands are suppressed by
much less than the Franck-Condon factor. This can be understood
as the transition dipole moment for this mechanism depends on the
nuclear geometry—including vibrational coordinates—with expo-
nential sensitivity. This is shown by exploratory electronic structure
calculations, presented in Supplementary Section 2, which yield a
vibrational dependence that is in qualitative agreement with the
scaling factors in Table 1.

Analysis of experimental spectra. The insight into the absorption
mechanism and resulting spectral signatures developed in the pre-
vious sections can be used to analyse conflicting experimental line
shapes. This is illustrated in Fig. 4, which shows collision-induced
absorption spectra for the oxygen A-band XY — bli‘;(v’ =0)
transition in air, that is, 21% O, and 79% N,. The experimental
results in ref. '* and the theoretical spectrum correspond to those
shown in Fig. 2a. Figure 4 also contains data from the recent mul-
tispectrum fitting study of ref. **. The experimental spectra differ
significantly, and the line shape of ref. ** is narrower and more struc-
tured. The collision-induced line shape of ref. ** is even narrower
than the narrowest theoretical result, corresponding to the R~ spin—
orbit mechanism, indicated as ‘Best fit’ in Fig. 4. This implies that
the line shape of ref. ** can only be reproduced by assuming a transi-
tion dipole moment that has an even longer range than R™; that is,
the line shape is unphysically narrow.

By contrast, the widths of the spectra of ref. > match the theoreti-
cal predictions well, for both O,—0, and O,—N,. However, devia-
tions between theory and the experiment of ref. '* are observed in
the structure near the band centre, which is also visible in Fig. 2a.
In the theoretical spectra, the high-frequency wing is always more
intense than the low-frequency wing due to the detailed balance
relation developed in Supplementary Section 1g, which the experi-
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Fig. 4 | Translational profiles for the X3Z; > a'Ag transition for both
exchange and spin-orbit mechanisms. Results of the full line shape
calculation are compared to the results of the analytical hard-sphere model
(discussed in detail in Supplementary Section 1e) for both the exchange
(Exch) and spin-orbit (SO) mechanisms. The analytical model describes
the decay in the wing well, indicating that the line shape is determined by
the range of the induced dipole moment.

mental spectrum is seen to violate. This approximate detailed bal-
ance relation assumes a weak dependence of the potential on the
electronic state.

In the experiments compared above, the total absorption is
measured directly, and the experimental collision-induced absorp-
tion spectra are obtained by subtracting a line-by-line model of the
monomer absorption. This analysis can lead to a dependence of the
extracted collision-induced absorption on line-by-line parameters
such as line mixing'>*. Analysis of experimental spectra is particu-
larly difficult for the A-band, where the differences between experi-
ment and theory are largest, because collision-induced absorption is
weakest and magnetic dipole lines are strongest for this transition.
Thus, the marked deviations from theory do not disqualify either
measurement; rather they expose the limitations of the line-by-line
absorption models employed and issues with parameter correlation.
In this context, the presented line shape theory is a useful constraint
on experimental data, which could improve fitting and extrapola-
tion of measured absorption and hence further improve the accu-
racy of atmospheric measurements.

Discussion
Finally, we estimated the uncertainty of our calculations, which had
two sources. First, the scattering dynamics is treated approximately,
using isotropic interaction potentials. Second, the used potential
energy and transition dipole moment surfaces are inexact.
Including interaction anisotropy in quantum-mechanical line
shape calculations is prohibitively computer intensive and not
attempted here. Yet, we can provide estimates of the effects of inter-
action anisotropy from a classical statistical mechanical theory,
as used in ref.  and discussed in more detail in Supplementary
Section 3. We note that quantum corrections to this formalism are
available®, but have not been included. In this theory, the integrated
intensity—but not the line shape—is calculated from a thermal
average of the squared transition dipole moment. These integrals
over the dimer configuration space can be performed using either
isotropic or anisotropic potentials, and the ratio of these results pro-
vides an estimate of the effect of anisotropy on the intensity. We
find that anisotropic interactions enhance the intensity by a factor
of 2 to 4 for the bands considered here, indicating that full inclusion
of anisotropy is necessary to reproduce the experiment. We note
that, when this procedure is applied to the roto-translational band
of N,—N,, we find 20% enhancement of the intensity at T=78K,
but essentially no effect at room temperature, in agreement with the

NATURE CHEMISTRY | www.nature.com/naturechemistry

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://www.nature.com/naturechemistry

NATURE CHEMISTRY ARTICLES

T
MRCI 0.6 bohr shift —— Experiment O,-O,
CIs
—6
& 10
kS
o
g :
s 107 . N,
‘E - ,V X
o .
S 10tk 8
B 4 —o— O,-N, expt. !hh' ‘
b —— 0,-N, theory i! ‘
-9 A ] ] ] i Y
7,600 7,700 7,800 7,900 8,000 8,100 8,200
 (cm™)
b oge.
§ MRCI 0.6 bohr shift — Experiment 0,-O,
F S
~7
& 10
T
S C
© L
§ 10
1=
A
& 407
—— 0,—N, th
10710 1 22 eor):
12,800 13,000 13,200 13,400
w (cm™)

+

Fig. 5 | Collision-induced absorption spectra for the X3Z; > a1Ag and b'Zg
transitions in 0,—0, and experimental results. a,b, Experimental spectra
in panels a and b are from ref. “ and ref. , respectively. Theoretical spectra
based on the exchange mechanism are calculated using various dipole
moment surfaces, as indicated in the legend in the figure. These predictions
differ by an order of magnitude in intensity but predict identical line
shapes, which differ substantially from the more narrow O,—N, results
included for comparison.

full line shape calculations of ref. *. To further investigate the effect
of anisotropy, we performed line shape calculations using a radially
shifted isotropic potential. As shown in Fig. 5, agreement of the total
intensity requires a shift of 0.6-0.7a,, which is small compared to the
neglected anisotropy of the classical turning point of the potential,
which varies between 7.5a, for collinear geometries and 5.4a, for
parallel orientations. These results suggest that the effect of anisot-
ropy may be more substantial for the electronic transitions studied
here than for their well-studied roto-translational counterparts.
The accuracy of our calculations was further affected by the
accuracy of the transition dipole surfaces. To give an estimate of the
associated uncertainty, we calculated the absorption spectra with
a number of dipole surfaces, as shown in Fig. 5. This includes the
MRCI and CASSCE dipole surfaces of ref. " and additional surfaces
denoted CIS, ICAS and RAS, calculated in the present work. A more
detailed description is provided in Supplementary Section 4. The
methods used to calculate these transition dipole moment surfaces
differ only in the treatment of electron correlation, and the observed
differences represent a rather surprising result. Dipole moments for
allowed transitions are typically accurately calculated at low levels of
theory, as they are of one-electron character and hence insensitive
to hard-to-treat effects such as electron correlation. The transitions
studied here are induced by the intermolecular exchange interac-
tion and are not simple one-electron transitions, so the effects of
electron correlation are surprisingly pronounced. The predicted
intensities differ by factors up to 10, so the scaling factors of Table 1
are within the ‘theoretical error bars. More importantly, the pre-
dicted line shape is unaffected by this uncertainty, which motivates
the analysis in terms of theoretical line shapes but not intensities,
presented in this Article. This can be understood from analysis of
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the line shape, presented in Supplementary Section lc. The line
shape is sensitive to the exp(—yR) decay with intermolecular sepa-
ration R, but is affected less by the intensity and anisotropy of the
dipole surface, which remain uncertain.

Conclusions

In conclusion, we have presented the first line shape calculations
for spin-forbidden electronic transitions in bimolecular collisions,
which permit the unambiguous identification of the absorption
mechanism for the X*37 - a!A (v/=0,1,2) and b‘zg(v’=0,1)
bands in O,—0, and O,—N,. The absorption mechanism is shown
to depend on the specific properties of the collision partner,
which contradicts the conventional wisdom in the field'. Only
if the perturbing molecule has non-zero electron spin does an
intermolecular-exchange mechanism contributes to the absorp-
tion, in addition to a spin-orbit-based mechanism. As a result, the
0,-0, absorption spectra—when compared to O,—N,—are more
intense, broader in frequency and decay less rapidly with v/, vio-
lating the v dependence expected from Franck-Condon factors.
These spectral signatures of the absorption mechanism are repro-
duced by our ab initio calculations and are explained by the dif-
ference in range—R™ versus exp(—yR)—of the induced transition
dipole moment for the two underlying absorption mechanisms. The
radial dependence of these mechanisms is not specific to the stud-
ied systems, so our conclusions are more generally applicable. The
presented results impact experimental studies, where analysis of the
spectral line shape allows the relative contribution of the underly-
ing absorption mechanisms to be extracted and even to identify
unphysical results, as illustrated for conflicting experimental data
for the oxygen A-band'>*. Furthermore, this study motivates the
development of electronic structure methods to calculate converged
exchange-induced transition dipole moments, which presently have
surprisingly large theoretical error bars due to the sensitivity to
electron correlation.

Data availability. All measured and calculated absorption spectra
are available in the Supplementary Information.

Received: 18 September 2017; Accepted: 23 January 2018;
Published online: 09 April 2018

References

1. Frommbhold, L. Collision-Induced Absorption in Gases (Cambridge Univ. Press,
Cambridge, 1994).

2. Crawford, M. E, Welsh, H. L. & Locke, J. L. Infra-red absorption of
oxygen and nitrogen induced by intermolecular forces. Phys. Rev. 75,
1607-1607 (1949).

3. Smith, K. M. & Newnham, D. A. Near-infrared absorption cross sections and
integrated absorption intensities of molecular oxygen (O,, O,-O,, and
0,-N,). J. Geophys. Res. Atmos. 105, 7383-7396 (2000).

4. Maté, B., Lugez, C., Fraser, G. T. & Lafferty, W. J. Absolute intensities
for the O, 1.27 pm continuum absorption. J. Geophys. Res. Atmos. 104,
30585-30590 (1999).

5. Long, D. A, Robichaud, D. J. & Hodges, ]. T. Frequency-stabilized cavity
ring-down spectroscopy measurements of line mixing and collision-induced
absorption in the O, A-band. J. Chem. Phys. 137, 014307 (2012).

6. Spiering, E R. et al. Line mixing and collision induced absorption in the
oxygen A-band using cavity ring-down spectroscopy. J. Chem. Phys. 133,
114305 (2010).

7. Spiering, E R, Kiseleva, M. B., Filippov, N. N., van Kesteren, L. & van der
Zande, W. J. Collision-induced absorption in the O, B-band region near 670
nm. Phys. Chem. Chem. Phys. 13, 9616-9621 (2011).

8. Spiering, E R. et al. The effect of collisions with nitrogen on absorption by
oxygen in the A-band using cavity ring-down spectroscopy. Mol. Phys. 109,
535_542 (2011).

9. Spiering, F. R. & van der Zande, W. J. Collision induced absorption in the
a'A(v = 2) « X’z (v = 0) band of molecular oxygen. Phys. Chem. Chem.
Phys. 14, 9923-9928 (2012).

10. Sneep, M. & Ubachs, W. Cavity ring-down measurement of the 0,-O,
collision-induced absorption resonance at 477 nm at sub-atmospheric
pressures. J. Quant. Spectrosc. Radiat. Transf. 78, 171-178 (2003).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://www.nature.com/naturechemistry

ARTICLES

NATURE CHEMISTRY

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

—

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—

32.

33.

34.

35.

Sneep, M. & Ubachs, W. in Weakly Interacting Molecular Pairs:
Unconventional Absorbers of Radiation in the Atmosphere Vol. 27 (eds
Camy-Peret, C. & Vigasin, A.) 203-211 (NATO Science Series: IV: Earth and
Environmental Sciences, Springer, 2003).

Tran, H., Boulet, C. & Hartmann, J.-M. Line mixing and collision-induced
absorption by oxygen in the A-band: laboratory measurements, model, and
tools for atmospheric spectra computations. J. Geophys. Res. 111,

D15210 (2006).

Vangvichith, M., Tran, H. & Hartmann, J.-M. Line-mixing and collision
induced absorption for O,CO, mixtures in the oxygen A-band region.

J. Quant. Spectrosc. Radiat. Transf. 110, 2212-2216 (2009).

Hopfner, M., Milz, M., Buehler, S., Orphal, J. & Stiller, G. The natural
greenhouse effect of atmospheric oxygen (O,) and nitrogen (N,). Geophys.
Res. Lett. 39, 110706 (2012).

Eldering, A. et al. High precision atmospheric CO, measurements from space:
the design and implementation of OCO-2. In Proc. 2012 IEEE Aerospace
Conference 1-10 (IEEE, 2012).

Miller, C. E. et al. Precision requirements for space-based data. J. Geophys.
Res. Atmos. 112, D10314 (2007).

Kuang, Z., Margolis, J. S., Toon, G. C,, Crisp, D. & Yung, Y. L. Spaceborne
measurements of atmospheric CO, by high-resolution nir spectrometry of
reflected sunlight: an introductory study. Geophys. Res. Lett. 29, 1716 (2002).
O’Brien, D. M., Mitchell, R. M., English, S. A. & Costa, G. A. D. Airborne
measurements of air mass from O, A-band absorption spectra. J. Atmos.
Ocean. Technol. 15, 1272-1286 (1998).

Diedenhoven, By, Hasekamp, O. P. & Aben, 1. Surface pressure retrieval from
SCIAMACHY measurements in the O, A-band: validation of the measurements
and sensitivity on aerosols. Atmos. Chem. Phys. 5, 2109-2120 (2005).

Wunch, D. et al. The total carbon column observing network. Philos. Trans.
R. Soc. A 369, 2087-2112 (2011).

. Misra, A., Meadows, V., Claire, M. & Crisp, D. Using dimers to measure

biosignatures and atmospheric pressure for terrestrial exoplanets. Astrobiology
14, 67-86 (2014).

Gallagher, A. & Holstein, T. Collision-induced absorption in atomic
electronic transitions. Phys. Rev. A. 16, 2413 (1977).

Julienne, P. S. Non-adiabatic theory of collision-broadened atomic line
profiles. Phys. Rev. A. 26, 3299-3317 (1982).

Robinson, G. W. Intensity enhancement of forbidden electronic transitions by
weak intermolecular interactions. J. Chem. Phys. 46, 572 (1967).

Minaev, B. Intensities of spin-forbidden transitions in molecular oxygen and
selective heavy-atom effects. Int. . Quantum Chem. 17, 367-374 (1980).
Minaeyv, B. F & Agren, H. Collision-induced b'- Zg a‘Ag, bz} —X32; and
a'A,-X°% transition probabilities in molecular oxygen. J. Chem. Soc. Faraday
Trans. 93, 2231-2239 (1997).

Minaev, B. E & Kobzev, G. I. Response calculations of electronic and
vibrational transitions in molecular oxygen induced by interaction with noble
gases. Spectrochim. Acta A 59, 3387-3410 (2003).

Minaev, B. E Electronic mechanisms of molecular oxygen activation.

Russ. Chem. Rev. 76, 988-1010 (2007).

Long, C. & Kearns, D. R. Selection rules for the intermolecular enhancement
of spin forbidden transitions in molecular oxygen. J. Chem. Phys. 59,

5729 (1973).

Hidemori, T., Akai, N., Kawai, A. & Shibuya, K. Intensity enhancement of
weak O,a'A, - X* emission at 1270 nm by collisions with foreign gases.

J. Phys. Chem. A 116, 2032 (2012).

. Janssen, J. Analyse spectrale des éléments de I'atmosphére terrestre. C. R.

Acad. Sci. 101, 649-651 (1885).

Janssen, J. Sur les spectres d'absorption de loxygene. C. R. Acad. Sci. 102,
1352 (1886).

Tabisz, G. C., Allin, E. J. & Welsh, H. L. Interpretation of the visible and
near-infrared absorption spectra of compressed oxygen as collision-induced
electronic transitions. Can. J. Phys. 47, 2859-2871 (1969).

Greenblatt, G. D., Orlando, J. J., Burkhoder, J. B. & Ravishankara, A. R.
Absorption measurements of oxygen between 330 and 1140 nm. J. Geophys.
Res. 95, 18577-18582 (1990).

Sneep, M., Ityaksov, D., Aben, I, Linnartz, H. & Ubachs, W. Temperature-
dependent cross sections of O,-O, collision-induced absorption

resonances at 477 and 577 nm. J. Quant. Spectrosc. Radiat. Transf. 98,
405-424 (2006).

36. Thalman, R. & Volkamer, R. Temperature dependent absorption cross-
sections of O,-0, collision pairs between 340 and 630 nm and at
atmospherically relevant pressure. Phys. Chem. Chem. Phys. 15,
15371-15381 (2013).

37. Karman, T., van der Avoird, A. & Groenenboom, G. C. Potential energy and
dipole moment surfaces of the triplet states of the OZ(XEE)—OZ(XT;, a'A,
b‘E;) complex. J. Chem. Phys. 147, 084306 (2017).

38. Karman, T., van der Avoird, A. & Groenenboom, G. C. Communication:
multiple-property-based diabatization for open-shell van der Waals
molecules. J. Chem. Phys. 144, 121101 (2016).

39. Zagidullin, M. V., Pershin, A. A., Azyazov, V. N. & Mebel, A. M.
Luminescence of the (0,(a'4,)), collisional complex in the temperature
range of 90-315 K: experiment and theory. J. Chem. Phys. 143,

244315 (2015).
40. Karman, T., van der Avoird, A. & Groenenboom, G. C. Line-shape theory of
the X’%; — a'A,, b'=¥ transitions in 0,-0, collision-induced absorption.
J. Chem. Phys. 147, 084307 (2017).
. Richard, C. et al. New section of the HITRAN database: collision-induced
absorption (CIA). J. Quant. Spectrosc. Radiat. Transf. 113, 1276-1285 (2012).
42. Gordon, I. E. et al. The HITRAN2016 molecular spectroscopic database.
J. Quant. Spectrosc. Radiat. Transf. 203, 3-69 (2017).

43. Olver, E. W. ], Lozier, D. W,, Boisvert, R. E & Clark, C. W. The NIST
Handbook of Mathematical Functions (Cambridge Univ. Press,

Cambridge, 2010).

44. Nichols, R. Franck-Condon factors to high vibrational quantum numbers V:
O, band systems. J. Res. Nat. Bur. Stand. A 69A, 369-373 (1965).

45. Drouin, B. J. et al. Multispectrum analysis of the oxygen A-band. J. Quant.
Spectrosc. Radiat. Transf. 186, 118-138 (2017).

46. Karman, T., Miliordos, E., Hunt, K. L. C., Groenenboom, G. C. & van der
Avoird, A. Quantum mechanical calculation of the collision-induced
absorption spectra of N,-N, with anisotropic interactions. J. Chem. Phys.
142, 084306 (2015).

47. Buryak, I, Lokshtanov, S. & Vigasin, A. CCSD(T) potential energy and
induced dipole surfaces for N,-H,(D,): retrieval of the collision-induced
absorption integrated intensities in the regions of the fundamental and first
overtone vibrational transitions. J. Chem. Phys. 137, 114308 (2012).

48. Moraldi, M. & Frommhold, L. Collision-induced infrared absorption by
H,-He complexes: accounting for the anisotropy of the interaction.

Phys. Rev. A 52, 274 (1995).

4

—

Acknowledgements

This work was funded by the Netherlands Organisation for Scientific Research (NWO;
grant 022.003.048). T.K. acknowledges additional support by the EU COST Action
MOLIM (CM1405) and a pre-doctoral fellowship of the Smithsonian Astrophysical
Observatory. A.B. and D.H.P. acknowledge EU H2020 ITN-EID project ‘PUFF’ (grant no.
642820) for support. LE.G. is supported by NASA AURA program grant NNX14AI55G.

Author contributions

The theory was developed by T.K., A.v.d.A. and G.C.G. Cavity ring-down experiments
were performed M.A.J.K,, A.B., D.H.P. and W.J.v.d.Z. LE.G. contributed to the
comparison between experiment and theory.

Competing interests

The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41557-018-0015-x.

Reprints and permissions information is available at www.nature.com/reprints.
Correspondence and requests for materials should be addressed to G.C.G.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

NATURE CHEMISTRY | www.nature.com/naturechemistry

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


https://doi.org/10.1038/s41557-018-0015-x
https://doi.org/10.1038/s41557-018-0015-x
http://www.nature.com/reprints
http://www.nature.com/naturechemistry

Supplementary Material:

Oy — O3 and O, — N5, collision-induced absorption mechanisms unravelled

Tijs Karman,! Mark A. J. Koenis,?> Agniva Banerjee,! David H. Parker,! louli E.
Gordon,® Ad van der Avoird,® Wim J. van der Zande,! and Gerrit C. Groenenboom?: ?
U Institute for Molecules and Materials, Radboud University,

Heyendaalseweg 135, 6525 AJ Nijmegen, the Netherlands

2 Van 't Hoff Institute for Molecular Sciences, University of Amsterdam,

Science Park 904, 1098 XH, Amsterdam, The Netherlands

3) Harvard-Smithsonian Center for Astrophysics,

60 Garden street, Cambridge, MA 02138, USA

(Dated: December 19, 2017)

2)Electronic mail: gerritg@theochem.ru.nl



CONTENTS

I.

II1.

I11.

IV.

VI

Line-shape calculations

A. Formalism

. Transition dipole and potential energy surfaces
. Spin-orbit coupling in Og

. Vibrational transitions

. Analytical line-shape model

. Computational details

Q 0T @m0 QW

. Detailed balance

Vibrational dependence of dipole surface

Interaction anisotropy
A. Formalism

B. Numerical results

Additional exchange-induced transition dipole moment surfaces

. Fitting of experimental spectra

Experiment

References

© N O W W

11
13
14

19

21
21
23

25

27

27

28



I. LINE-SHAPE CALCULATIONS
A. Formalism

This section sketches the theoretical formalism of the line-shape calculations used in this
work. For an introduction as well as for a more extensive discussion and a derivation of the
theoretical framework, the reader is referred to Ref.!2.

The collision-induced absorption coefficient at angular frequency w and temperature T is

given by
472

alwT) = o | 1= e~ ) | Vot ). 1)

with the spectral density in first-order perturbation theory
o 1) = Y Y PO SISy — - ) @)
i f

In the above, h is the reduced Planck constant, ¢ is the speed of light, V' is the volume of the
absorbing gas, and kp is the Boltzmann constant. The states |i) and | f) represent the initial
and final states, with energies fw,; and hwy, and P (T") represents the thermal population
of the initial state.

The formalism for evaluating Eqgs. (1) and (2) consists of the following steps:

1. The states |i) and |f) are obtained from scattering calculations. For numerically exact

results, this amounts to converged coupled-channels calculations.
2. The dipole overlap between these states, (f|f|i), is calculated.

3. The above is repeated for all states |i) and |f) required to accurately calculate the
thermal average implied by Eq. (2), and for a sufficiently dense grid in the photon

frequencies, w.

The scattering calculations require diabatic potential energy surfaces for the ground and
electronically-excited states, as well as diabatic transition dipole moment surfaces. These
are obtained from ab initio electronic structure calculations, see Sec. I B.

It is useful to represent the orientation dependence of the diabatic potential energy and



dipole moment surfaces as the following angular expansions. For the potentials
V('I"A,TB,R) = Z VLA,LB,L(TA7TB7R)
La,Lp,L

X Y (LaMLMp|LM)(L, M, L, —M]00)

Ma,Mp,M
L a)* Lp)*
X Di e, (ra) Dy, (1) o (R), (3)
and for the dipole moment surfaces
i(rars, R) = Y Diisanlra,rs R)
La,Lp\L

X > {LaMaLpMp|Ap)(AuLM|1v)

Ma,Mp,p,M
xDi e, (ra) D32 e, (1) Crar (R). (4)
In the above, the vectors r4 and rp denote the lengths and orientations of the monomer
bonds, R denotes the intermolecular axis, D](\?K(r) is a Wigner D-matrix element de-
pending on the polar angles of the vector r, with zyz Euler angles (¢,6,0), similarly
Cr.m(R) is a Racah-normalized spherical harmonic, and (j;m;jama|jsms) is a Clebsch-
Gordan coefficient. The labels {L4, L, A, L} enumerate the different angular components,
and Vi, r,.0(ra, e, R) or Dy, 1,0(r4,75, R) are the corresponding expansion coefficients
that, in general, depend on the monomer bond lengths r4, r5, and the intermolecular dis-
tance, R. For brevity of notation, we have suppressed the dependence on the diabatic
electronic states involved, which also determines the value of K4 and Kp, symmetry re-
strictions, and the ranges of Ly, Lg, A and L. The reader is referred to Ref.}? for more
details.

To the best of our knowledge, numerically exact line-shape calculations for bi-molecular
collisions as sketched above have only been performed for Hy — Hy.3* For heavier diatomic
molecules, the coupled-channels calculations at energies required to calculate thermal av-
erages at any temperature of interest rapidly become prohibitively expensive. The roto-
translational spectra of Ny — Ny have been calculated in a helicity-decoupling or coupled-

states approximation,® but otherwise spectra have been computed either using classical

6,7 8

formalisms,”" or using the isotropic interaction approximation.
To the best of our knowledge, line-shape calculations for electronic transitions in bi-

molecular collisions have not before been attempted. We note that in an accurate coupled-
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channels treatment of electronic excitations in Oy — Oy, the degeneracy of the excited
electronic states further increases the computational cost. For transitions to Os(a'A,) +
O2(X?%;) and O5(b'E})+02(X?Y; ), this degeneracy increases the dimension of the channel
basis four-fold and two-fold, respectively. Combined with the N? scaling of the computa-
tional effort of coupled-channels calculations, where N is the dimension of the basis set,
this leads to 64 and 8-fold increases in computational cost, compared to calculations for
roto-translational spectra. Therefore, we restrict ourselves to calculations in the isotropic
interaction approximation, which is commonly used for roto-translational and vibrational
transitions.®

In the isotropic interaction approximation, the potential is replaced by its angular average.
This is accomplished by removing all terms with Ly > 0, X = A, B, from Eq. (3). No
approximation to the dipole surface of Eq. (4) is made. In this approximation, the radial
and angular degrees of freedom are separable, such that the scattering wavefunction can be
written as the product of roto-vibronic monomer wavefunctions for both molecules; |1 4) and
|¥p), and angular momentum ket [¢my) describing the end-over-end rotation, and a radial

wavefunction, Uy 42 (R),

[6),1f) = [ ls) [eme) U7 (R). (5)

The radial wavefunction is calculated numerically in computationally-inexpensive single-
channel scattering calculations. The angular degrees of freedom can be treated analytically,
as is shown in Ref.? where we have generalized this theory to treat electronic transitions.

This leads to expressions for the spectral density of the following form

Viw= 5 Puby, WD)V

La,Lg,\L Na,Ng,N,,Ni (LA)(LB)(L)
2 2
Ny Ly N/ Ny Lg N
% y g VGLAzLBy)\aL<w - wo - wI‘Ot)j (6)
Ay Ka =N,y Ap Kp —Njy

where the quantity in round brackets is a Wigner 3-jm symbol, the short-hand notation
(j) =27+ 1, and VG(w) is a translational profile, which is discussed below. We note that,
again, the notation for the diabatic electronic states is implicit. Equation (6) is further
modified depending on the degeneracy and symmetry of the initial and final states, and

depending on the underlying absorption mechanism, see Ref.? for a detailed discussion.



From Eq. (6), we observe that the spectrum is given by an incoherent superposition of
contributions of different angular components {L4, Lg, A\, L}. Each of these contributions
consists of a set of rotational transitions, the intensity of which is controlled by the population
of rotational levels, Py, and the by the 3-jm symbols in Eq. (6). Superimposed on these

rotational transitions is a translational profile, which is defined by

2

(L
VGL, pan(w) =0 (0
7 000

> ECO
X / dFE o) €xp <_k 711) |<£ECOI|DLA,LB,)\,L(R)‘€/> Eeoq + hw)]Q, (7)
0 B

where \g = h ulng is the thermal de Broglie wave length, and |¢, E.,) are scattering
wavefunctions for kinetic energy F., and partial wave quantum number ¢. The translational

profiles are typically much broader than the underlying rotational structure.

B. Transition dipole and potential energy surfaces

The line-shape calculations require knowledge of the transition dipole moment and po-
tential energy as a function of the nuclear coordinates, known as dipole and potential energy
surfaces. The potential energy surfaces for ground and excited triplet states of Oy — O,
and the intermolecular-exchange-induced transition dipole surfaces are taken from Ref.!.
For the spin-orbit based mechanism, we use the long-range model proposed in Ref.2. For
completeness, section I C reviews this model, and also discusses spin-orbit-induced magnetic

dipole and electric quadrupole monomer transitions.

Isotropic potentials are used in all line-shape calculations. The triplet Oy — O5 potentials
are taken from Ref.!. We also use these potentials for the singlet and quintet states of
Oy — O, and even for Oy — Ny. Ground state O, — Ny potentials,” and spin-dependent
O, — O, potentials are available in the literature,!” but potentials for the excited states
of Oy — Ny are not. However these approximations should be accurate, as the differences
between the employed isotropic parts of these potentials are relatively small. Furthermore,
the differences between the isotropic potentials are small compared to the differences due to

orientation dependence of the potential, which are neglected.



C. Spin-orbit coupling in O,

The theory of spin-orbit coupling in the O5 molecule has been pioneered by Minaev and

co-workers''2. The spin-orbit interaction mixes the X 32; and blZ;r states

W) =[X°E,) + Cso|b' ),
Ty) =[b'25) — Csol X°2,), (8)

where the mixing constant can be evaluated using first-order perturbation theory'?

<b12;\HSO\X3Z;>

Cean =
SO Ex _ E,

— 0.0134i. (9)

There is no spin-orbit coupling between the a'A, and either of the other states considered
here. The mixing between the triplet ground state and singlet excited state breaks the spin
symmetry. This leads to magnetic dipole moments for the X 32; — blE;r transition, and
electric quadrupole moments for both X 32; — a'A, and X 32; — blE;r transitions, the

latter are given by

(a'Ng|Oa|Ux ) = Cso(a'Ay|Os[b'E]), (10a)
(T|00| T x0) = Cs0 [<b123|@o\6123> - <X3E;|@0\X32g>] : (10b)

Here, the quadrupole operator is defined as

O = Z Qz‘T?CZK('ri); (11)

where the sum extends over all electrons and nuclei with charge ¢; and position ;. Both
the magnetic dipole and electric quadrupole moments give rise to observable monomer ab-
sorption lines,'3!* but the electric quadrupole transitions are much weaker.

It is worth noting the difference between the strengths of the X*¥ — a'Ay and X°%, —
blZ; transitions. Magnetic dipole moments are stronger for the X 329_ — blZ; transition
because these states are spin-orbit coupled directly, and the transition borrows intensity from
the ground-state spin current. Magnetic dipole moments for the X 32; — a'A, transition
are non-zero only due to spin-orbit coupling to intermediate I and ®II states. This coupling
is less effective, and the magnetic dipole moments are an order of magnitude smaller. For
the electric quadrupole transitions, the situation is reversed. Taking into account spin-orbit

coupling between the X?Y and b' X states, the X*¥ — a'A, transition borrows intensity

7



from the strong Noxon quadrupole moment, whereas the X*Y~ — b'X} quadrupole moment
is proportional to the difference in ground and excited state quadrupole moment, and hence
is much smaller. In fact, this quadrupole moment is so small that the contribution of 'II
and ®II intermediate states becomes important, see Eq. (12). This does not change the
conclusion that magnetic dipole transitions are stronger for X 329_ — blE;, whereas electric
quadrupole transitions are stronger for X*¥ — a'A,.

Here, the transition quadrupole moment is relevant, not due to the weak monomer
quadrupole transitions, but rather as it gives rise to an induced transition dipole moment in
collision complexes through quadrupole induction. In this first-order long-range model, the
transition dipole moment is given in terms of the spin-orbit-induced transition quadrupole

moment,
(

s . . 0.0134z for Q2 =0,
<X Eg ,Q’@Q,Q/‘CZ AQ,Q> =
0 for [Q] =1,
\
(

. e o J000210 for @ =0,

<X Zg’Q|@Q—Q/|b Zg,Q> == (12)
0.0050: for |Q2] =1,

\

and the isotropic polarizability of the perturber, ag. In the above, 2 = A + X is the
bond axis projection of the total angular momentum. The angular dependence, and the
R~ radial dependence are then known analytically from first-order electrostatic long-range

theory. This is given by a single term of Eq. (4), given by
DY) 3(ra, 5, R) = /35 @gjg% (ra) a{P (rg) R4 (13)

This spin-orbit mechanism also applies to O;—Nj collisions, where the isotropic polarizability
of Oy, ag = 10.87 a3, is to be replaced by 11.74 aj for Ny.'

A second contribution to the induced dipole moment could be the polarization of a
spin-orbit perturbed Oy molecule in the electric field of the permanent quadrupole moment
of the perturber. This also corresponds to first-order quadrupole induction, but involves
the permanent quadrupole moment of the perturber and the spin-orbit-induced transition
polarizability of the absorbing O, molecule. For the X 32; — blE;r transition, including
only spin-orbit coupling between these states, the isotropic transition polarizability is given

by the difference in ground and excited state polarizability

(W40 U x o) = Cso [(B'SF [alb'SH) — (X35 |ao | XP5,)] . (14)



We estimate the polarizabilities from simple multi-reference configuration interaction (MRCI)
calculations as 10.2 aj and 9.48 af for the X?X and b'X] states, respectively. The ground
state polarizability is in good agreement with the literature value of 10.87 a3 from Ref.!®. We
thus expect the XSZ; — blE; transition polarizability to be in the order of 0.7 Cso = 0.009¢
atomic units. We estimate the contribution of the transition polarizability from the prod-
ucts with the permanent quadrupole moment, which is —0.264 ea? or —1.052 ea? for O,
or Ny, respectively. This is compared to the product of transition quadrupole moment
and permanent polarizability, considered in the previous paragraph. Even for the Oy — Ny
case, where the perturbing quadrupole moment is strongest, we find that the contribution
of the transition polarizability to the intensity — which is proportional to the square of
the dipole moment — is two orders of magnitude weaker. It should be noted that this is
strongly dependent on the exact transition polarizability, which is only estimated here.
Summarizingly, the contribution of the transition polarizability is expected to be small. We
neglect this contribution, which furthermore does not impact the predicted line shape, as
this contribution has a similar angular dependence and identical R~* radial dependence. For
the X?¥_ — a'A, transition, there is no estimate of the relevant 'Y} — a'A, transition
polarizability available, but we expect the contribution of the transition polarizability to be

even less significant as the X 329_ — a'A, transition quadrupole moment is much larger.

D. Vibrational transitions

In this work, we consider various vibronic bands of Oy. The different vibronic transitions
which underly each band are given in Table I. For the O, — Ny system, the vibrational
transition necessarily occurs on the Oy molecule, or it would contribute to a different fre-
quency region. For Oy—Oy, the vibrational transitions can occur on the molecule undergoing
the electronic transition, on the perturbing molecule, or on both. The electronic states in-
volved have vibrational frequencies which differ by less than the typical width of a vibronic
band, such that vibrational transitions contribute to the same frequency band irrespective of
whether the vibrational transition occurs on the molecule undergoing electronic excitation,
or on the collision partner.

To ab initio compute the absorption for a vibronic transition, rather than v” =0 — v =

0, the dipole expansion coefficient in Eq. (7) should be replaced by the relevant vibrational

9



Table I. This table shows the different processes which contribute to each vibronic band, as schemat-
ically indicated by v" = 0,1,2. The table is limited to the blE;r excited electronic state, but also
applies to the alAg state, where additionally a sum over the two spatially degenerate components

of the electronic state is implied.

System Band Final states

02 =No X'y = b'8) (/= 0) 02 [1155 (v = 0)] + N2 [X'55 (v = 0)]
X%, = '8 (v =1) Oz [b'E) (v =1)] + No [X!S] (v = 0)]
X35, = b8l (v =2) Oz [b'E} (v = 2)] + No [X!SF (v = 0)]

0;= 0z X°%; 5 b'%) (v =0) 03 [b'25 (v = 0)] + 057 [X35; (v = 0)]

oSV (X35, (v = 0)] + O [p's] (v = 0)]

02-0p  XPE; = b5 (V' =1) O(A B2 (v = 1)] + 087 [X*5; (v =0)]
[X32 = 1] +03” ['s; (v = 0)]

Y [ps (o =0)] + 05 [X3%, (v = 1)]

O(A [XSE = 0)] + 057 [p'sf (o = 1)]

0, -0y X3S, - b'Sf (v =2) oYY [p'sf (v = 2)] + 08P X35, (v = 0)]
oSV (X355 (v = 2)] + O [b'sF (v = 0)]

oLV b1y (v = 0)] + Of) [X35, (v = 2)]

oyV (X35, (v = 0)] + O [p's] (v = 2)]

oYY [p'sf (v = 1)] + 08P [X3%; (v = 1))

0" [X°%; (v = )] + O o' (v = 1]

matrix element, that is
Drarsar(R) = //%;;(TAW;E(TB)DLA,LB,/\,L(TA,T’B,R)%Q(TA)%;B(TB) radra rpdrp,
(15)

where 1, (r) is a monomer vibrational wavefunction. Transition dipole surfaces for the ex-
change based mechanism that include monomer vibrational coordinates are unavailable and

we do not explicitly include the monomer vibration. We assume that different vibrational

10



bands are related by a scaling factor, that is, the intensity is affected but the line shape is
not. This should be reasonable as the line shape is determined by the length scale of the ex-
ponential R-dependence of D, as shown in Sec. I i, which should be less strongly dependent
on the vibrational coordinates, r4 and rp.

For the spin-orbit mechanism, the dipole surface is given in terms of monomer transition
quadrupole moments and polarizabilities, and vibrational matrix elements are given in terms

of vibrational transition moments of these monomer properties,
. « D5O) R 2 g dr —
7%;; (TA)@ZJU;;(TB) 2,0,273(7“,4,7“3, ) @DU’A (TA)@/’ng(rB) TAQTA TpATR =

V35 R [ / Wy (ra) O (ra)y, m)rzdu] [ / Wy (r5)ad? (r5), (ra)rbdrs
(16)

We note that this implies — as is assumed above for the exchange mechanism — the intensity
of vibrational transitions is modified, but the R~* radial dependence, and therefore the
absorption line shape, is unaffected. For Oy — N, the vibrational transition occurs on
the O2 molecule, monomer A, such that v}, = vz = 0. Thus, the intensity of Oy — Ny
vibronic transitions is determined completely by the v’-dependence of the O, transition
quadrupole moment. Because the transition quadrupole moment weakly depends on the
vibration coordinate, the intensity is reduced by approximately a Franck-Condon factor.
These are tabulated in Ref.!'® for the O, transitions studied here, and range from 10~*
to 7-1072. The Franck-Condon factors are unfavorable since ground and excited states
correspond to the same electronic configuration, and hence have very similar potential energy

curves.

E. Analytical line-shape model

Here, we present a qualitative model that offers insight into the absorption line shape
and its dependence on the underlying absorption mechanism. The absorption spectrum, in
the isotropic interaction approximation, can be understood as a superposition of transla-
tional profiles centered at each rotational transition. The angular dependence of the dipole
surface determines the intensity of the rotational transitions, whereas the radial dependence
determines the translational profile, given by Eq. (7) The translational profile is typically

broader than the rotational structure, such that it largely determines absorption line shape.
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In order to derive simple analytical expressions for the translational profile, we assume
that the radial wavefunctions are independent of the relative angular momentum, ¢, and
describe scattering on a hard-sphere potential. In this approximation, the energy-normalized
radial wavefunction is given by

1 o

—=+/stzsin[k (R —a)] for R>a

ARV 27k =

(RI{{E.) =< " " (17)

0 for R < a,
where a is the hard-sphere radius, p is the reduced mass, and the wave number, k, satisfies
hk = /2uF.;. We further assume that the thermal averaging can be approximated by
simply setting the kinetic energy E., = kg7, such that the translational profile becomes

2

V(W) % / " sin [k (R — a)]sin [k (R — a)] D(R)AR
- /0 " sin(kR) sin(K RYD(R + a)dR (18)

The frequency dependence is contained in the final wave number, as hk’ = \/ 2u(kpT + hw).
The translational profile is related to the Fourier transform of the dipole surface, as can be
seen from Eq. (18). This qualitatively means that for short-ranged dipole surfaces, we will
obtain broad absorption features, whereas for long-ranged dipole surfaces, the absorption
feature will be narrower. In what follows, we will make this argument more quantitative,
by evaluating Eq. (18) explicitly for the short-ranged exchange mechanism, D o exp(—yR),
and the long-ranged spin-orbit mechanism, D oc R~%.

For the exchange mechanism, we require only the Fourier transform of an exponentially

decaying function, which is a Lorentzian. This yields the translational profile

v/ kT (kT + hw)
{(2 + 2ukpT)? + Ap(y? — 2ukpT) (kpT + hw) + 2 (ksT + hw)?}

VGexchange X (19)

where v is the length scale of the dipole surface, D x exp(—yR). The width of the profile
increases with ~, 7.e., as the dipole surface becomes more short ranged.

For the spin-orbit mechanism, D o R, and we require the integral

/ " sin(kR) sin(K'R)(R + ) *dR :% / " cos[(k + KVR](R+ a)~*dR

— %/Ooo cos[(k — K )R)(R+ a) *dR. (20)
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We neglect the first term on the right-hand side, which is an integral of a more rapidly

oscillatory function, and obtain for the second term

o0 2 0
/ cos|(k — K)R)(R + a)~dR o« G¥% [ L (k — &')? : (21)
0 T\ 4 0322
2
where Gi’:l,) is a Meijer G function.!” For the translational profile, this yields
2
1 a? 2 0
VGapin-omie 5 5 |GH3 | 5o | VT = VT + | (22)
kK’ ’ 2 0 g 2

In Fig. 3 of the main text, these model translational profiles are evaluated numerically and
compared to results of the full line-shape calculations. For comparison, we have selected the
{La,Lp,\, L} ={4,0,4,5} angular contribution to the exchange mechanism for X3Zg_ —
a'A,, using the MRCI dipole surface, which contributes 28 % of the intensity. For the
spin-orbit mechanism, we compare the only contributing angular term corresponding to
{La,Lp,\, L} ={2,0,2,3}. In numerically evaluating the model line shapes, we have used
the parameters v = 3 a;* and a = 7 ao. All results correspond to room temperature. The
model line shapes have been scaled vertically to match the observed intensity. The observed
match of the profile’s width confirms — and makes more quantitative — the argument that
long-ranged (short-ranged) dipole surfaces lead to absorption on long (short) time-scales and
hence result in narrow (broad) absorption features. This explains the observed qualitative

differences in the absorption line shapes between the two mechanisms.

F. Computational details

We performed quantum mechanical line shape calculations using the theory presented
in Ref.2. This involves calculating single-channel scattering wavefunctions for elastic scat-
tering on the isotropic potentials of Ref.!. These calculations were performed using the
renormalized Numerov algorithm,'® for all partial waves ¢ < 150, on discrete grids in the
collision energy. The energy grid ranged from 0.1 K to 3000 K, with 75 logarithmically
spaced points. Additional energies were included above and below each resonance, such
that the non-resonant background is sampled, rather than the unphysically narrow reso-
nances associated with the isotropic interaction approximation. A discrete equidistant grid

in the radial coordinate was used, from R=4.5 to 30 aq in steps of 0.017 ay.
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From these single-channel scattering wavefunction, we have computed the overlap with
the radial expansion coefficients of the transition dipole surfaces. We used spline interpola-
tion of the logarithm of the squared overlap, followed by exponentiation, to interpolate the
squared dipole overlap. This allowed us to evaluate the squared dipole overlap on discrete
grids in the initial kinetic energy, F/, and kinetic energy difference, w = E' — E, rather than
initial and final kinetic energy, F and E’. Thermal averaging of the translational profile was
subsequently performed by integrating the interpolated squared dipole overlap, multiplied
by a Boltzmann factor, over the initial collision energy using a trapezoidal quadrature rule.
From the numerically evaluated translational profile, the absorption spectrum is obtained

using analytical equations such as Eq. (6).?

G. Detailed balance
The spectral density, Eq. (2), repeated here for clarity,

ii PO (Flalid 20wy — s — ), (23)

possesses symmetry with respect to the interchange of the roles of the initial and final states,

and sign reversal of the angular frequency. To be explicit, we have

o)=Y I PO(T)exp (Efk;TE) 1) Py i+ )
:exp( )IIPU DS~y + i — )
=exp( )gﬁiw I —

—exp () 7). (24)

Where, in the first step, we used the definition of the spectral density, and the relation

between initial and final state populations
, E; — F;
PO(T) = PYY(T) exp (fk—T) . (25)

In the second step, we use that the J-function selects a single value of w = w; — wy, and

that the J-function is symmetric, 6(—z) = 6(z). In the third step, we simply interchange
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the dummy integration labels i and f, and finally recognize the definition of the spectral
density.
The above result for the spectral density

o0, ) = exp (7 ) e T), (20

represents a rigorous detailed balance relation between collision-induced absorption and
emission. Further approximate detailed balance relations can be derived which relate positive
and negative detuning, Aw, with respect to a specific vibronic transition at frequency wy,
rather than positive and negative absolute frequency, w = wy + Aw. We consider the case
where the detuning is small compared to the absolute frequency, |Aw| < wy, such that we
can consider the frequency dependent factors in the definition of the absorption coefficient,
Eq. (1), to be constant, and derive approximate detailed balance relations for the spectral
density, Vg, Eq. (2), and translational profile, VG, Eq. (7).

The translational profiles are of the form of Eq. (7), which is restricted to free-to-free
transitions for simplicity. At negative frequency we obtain

2

) N
VGLLyaL(~Wans) = IA] Y (O)()
M, 000

* Eco
X / dEcol €xXp < k? l) |<£EC01|DLA Lp,\ L( )|£l7 Ecol - hwtrans>‘27
0

, 0L
=Ny
”, 000

col
X / dEcol €xXp ) 6E001|DLA,LB,)\ L( )|£l7 Ecol - mtrans> |27
hLUtr'xn@

¢ LY
= I3 ) (O()

7 000

o Eco + hw rans
X / dEcol €xXp <_lk—Tt) ‘(gla Ecol + mtrans’DLA,LB,/\,L(R)|€E001>|27
0 B
hw rans
~exp|— : VGLA,LB,)\,L(WtranS>' (27)

kgT

The derivation is similar to what is presented above for the spectral density for collision-
induced emission. The first step is simply the definition of the translational profile, evaluated

at negative frequency. In the second step, the lower limit on the integration is modified to
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exclude the region where E., — Awians < 0, which does not contribute as the density of
free-state wave functions vanishes. In the third step, the integration variable is substituted

and the summation labels ¢ and ¢ are interchanged. Assuming that
|<£/7 Ecol + hwtrans|DLA,LB,)\,L(R)|£Ecol>|2 ~ |<€EC01|DLA,LB,)\,L<R)’€/7 Ecol + hwtrans>|2a (28>

we then recognize the definition of the translational profile in the last step. Equation (28)
appears to be rigorous, in the short-hand notation employed here, but is approximate as the
bra-states are understood to be initial state translational wavefunctions, and ket-states are

understood to be final state translational wavefunctions. A more faithful notation may be

|<1n1tla‘la Ela Ecol + hwtrans|DLA,LB,>\,L(R) |ﬁna17 éa Ecol) |2 ~
|(initial, £, Ecol| DL 1z (R)|final, ¢/, Eeol + Awirans)|?, (29)

or more compactly
|linitial, ¢, Eeo) =& [final, £, E.o). (30)

This relation is not exact as the initial and final states correspond to different electronic
states, and hence the translational wavefunctions are solutions to Schrédinger equations
involving different potentials. However, since all electronic states involved correspond to the
same configuration, and hence the involved potentials are very similar, the above represents

a reasonable approximation. In summary, this leads to

hw trans

ijT > VGLA,LB,)\,L(wtranS>7 (31)

VGLA7LB’>‘7L(_thaHS) ~ eXp (_

an approximate detailed balance relation for the translational profile.

We now turn our attention to approximate detailed balance relations for the spectral

density, which is of the form of Eq. (6), repeated here in terms of the detuning, Aw,

(1) (Na)(N4)(NB)(Np)

Vg(wo -+ ACU) = Z Z PNAPNB

La,Lp,\L No,Ng,N,,Ni (LA)(LB)(L)
2 2
NA LA N’ NB LB N/
X A B VGLA7LB7A7L(AUJ - wrot), (32)
Aa Ka =Ny Ap Ky =My
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where hw,oy = E

'+ — Erot. At negative detuning, we have

Rrot (D)(Na)(N3)(NB)(Np)
— Aw) ~ — Pt P
Vi AE 2 o (57 ) P ST
AsLuByA, AsIVB IV 45V g
2 2
Ny Ly N/ Ng L N;
X A P VGLA,LB,/\,L(_AW - wrot)-

Ay K4 =N, Ap Kz —ANj

N (1)(N4) (V) (N (V)
~ 22 PPt )

La,Lg AL Na,Ng,N',, N},
2 2

Ny Li N No Lo N e
X AA KA ; AB KB i exp (+ kjr:)t> VGLA,LB,)\,L (— [Aw —wrot])
A BA TRy B Kp —Ap
- (1) (NVa) (V) (Ng) (Np)
S e
LaLpALNaNg NN, (La)(Lp)(
2 2
Na La N Ng Ly N; EA
X A A A B B B exp | — w VGLA LB/\L(AW_ert)
Ax Ka =Ny Ap Kp —Ay kT e,
hA
A exp (_k—;) Vg(wo + Aw). (33)

In the first step, we evaluate Eq. (6) at negative detuning and assume

hwro
Pn,Pn, = Py, Py exp (— th) ) (34)

which is approximate as the primed and unprimed quantum numbers implicitly refer to
different vibronic states. In the second step, we interchange primed and unprimed rotational
quantum numbers, which are summed over. This neglects a possible change in A quantum
number, which also affects the range of rotational states summed over, as well as possible
restrictions to even or odd values of the rotational quantum numbers. In the third step,
we use the approximate detailed balance relation for the translational profile, Eq. (31), to

obtain

hA
Vg(wy — Aw) ~ exp <—k—;)> Vg(wo + Aw), (35)

an approximate detailed balance relation for the spectral density.
As noted above, we assume that the detuning is small, |Aw| < wy, such that we have

alwo +Aw)  Vglwo +Aw) exp (ﬁAw)

a(wy — Aw) ~ Vglwy — Aw) kT (36)
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Figure 1. The fraction % as a function of detuning, Aw, for both X3Y~ — a'A, and b'3}
0—Aw) g 9 g

transitions, and for both mechanisms, which are compared to the prediction of the approximate

detailed balance relations, Eq. (36).

that is, an approximate detailed balance relation for the absorption coefficient. This predicts
that the “blue wing”, at high frequency, of every vibronic band is stronger than the “red
wing”, at low frequency, by a Boltzmann factor, leading to a characteristic asymmetry. In
Fig. 1, we compare the detailed balance prediction to the result of full line-shape calcula-
tions for both X*¥ — a'Ag and 'Y} transitions, for both the exchange and spin-orbit
mechanism. It is seen that the results of the full line shape calculations generally follow
the approximate detailed balance relation, although some deviations are observed. Again,
the approximate detailed balance relation, presented here, has been derived assuming that
the initial and final state potential are identical. This is an accurate approximation for the

isotropic potentials of Oy — O, for the electronic states studied here.
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II. VIBRATIONAL DEPENDENCE OF DIPOLE SURFACE

To investigate the vibrational dependence of the O — Oy exchange-induced transition
dipole moment, we have performed exploratory electronic structure calculations. In par-
ticular, we have performed calculations for fixed center-of-mass separation R = 7 ag, just
outside the classical turning point of the isotropic potential, where we completely sample
the angular coordinates described in Ref.!, and include the vibrational coordinate of one
molecule. This molecule is labeled A, and the bond length of the second molecule, B, is
kept fixed at rg = 2.28 ay. Next, we compute matrix elements for molecule A undergoing a
v” =0 — v’ = 1 vibrational transition.

The results of these calculations are displayed in Table II, which shows “suppression

factors” defined by

(00|Dpy 102|005 |

(00|Dr 5,1.55,2,100)
WlDly) = [ [0t a0y 0D, B, (ra o 1) rhdra s, (37

Y

FrLypas(Vy,vg) = '

that is, the ratios of the v =0 — ¢’ = 1 and v = 0 — ¢’ = 0 squared transition dipole
moments. These are shown for different angular expansion terms, labeled by {L 4, Lg, A, L},
which contribute significantly to the absorption. For X 329_ — alAg, these are {4,0,4, 3}
and {4,0,4,5}, which contribute 26 % and 28 % (8 % and 33 %) [19 % and 38 %] to the
v" =0 — v = 0 intensity at the MRCI (CIS) [RAS] level of theory. For X*¥, — b'¥r,
two important angular terms are {1,0, 1,1} and {3, 0, 3,3}, which contribute 28 % and 26 %
(27 % and 31 %) [17 % and 21 %] to the v = 0 — ¢’ = 0 intensity at the same levels of
theory. Especially for the X 32; — a'A, band, the factor at both levels of theory is much
larger than the corresponding Franck-Condon factor, and exceptionally high for {4,0,4,5}
at the CIS level, where the contribution to the absorption is smaller. For the X 32; — blZ;
band, the suppression factor is closer to the Franck-Condon value.

This gives an indication of the sensitivity to the vibrational coordinate, which explains
the breakdown of the scaling with Franck-Condon factors for the exchange mechanism.
These effects are not fully predictive of the relative intensities of different vibrational bands:
Full vibrationally-dependent dipole surfaces are unavailable, which would be necessary to
compute the absorption line-shapes and intensities. The suppression factors may also be

sensitive to vibrational averaging of the second molecule, which is not included here. The
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Table II. Suppression factors of Eq. (37), the ratios of the v = 0 — ¢/ = 1 and v = 0 —
v' = 0 squared dipole moments, calculated for various transitions and significant angular terms,

{La,Lp,\, L}, at the CIS and RAS level, and using Franck-Condon Factors (FCF).

Transition to LiLg )L CIS RAS FCF16

atAg(v' =1) 4+ X*5, (v = 0) 4 0 43 0415 0.182 0.013
4 0 45  0.165 0.164 0.013

X35, (v = 1)+ a'Ay(v' = 0) 0 4 43 0.240 0.126 0
0 4 45 0.141 0.151 0

WIEF (v =1) 4+ X35, (v = 0) 1 011 0067  0.076 0.067
3 033 0059 0073 0.067
31— — 1 —
X385, (v =1)+0'Sf (v = 0) 0 1 11 0000 0019 0
0 333 0000 002 0

effects of anisotropy, which are discussed in the next section, are significant and may also

affect various vibrational transitions differently.

To compare the above results to the experimentally observed suppression of v > 0, we
consider the following. All contributions in Table II, i.e., all angular components and all
vibronic bands a'A,/b'SF (v = 1)+ X?Y_ (v/ = 0) and X?%, (v = 1) +a'Ay/b'E} (v = 0),
contribute incoherently to the absorption, see Eq. (6). However, different angular com-
ponents contribute with different prefactors that also depend on thermal populations of
rotational levels, and we will therefore consider each angular term separately. First con-
sidering the {4,0,4,3} + {0,4,4,3} contribution to the X*¥, — a'A, transition, adding
both vibronic bands, we obtain suppression factors of 0.65 and 0.31 at the CIS and RAS
level, respectively. For {4,0,4,5} +{0,4,4,5} we obtain 0.21 and 0.31 at the CIS and RAS
level, respectively. In view of the approximations discussed above, this is in agreement with
the total experimental suppression factor of X 32; — a*A, (v = 1) of 0.6, as seen in Table
I of the main text. The suppression of individual terms does not need to be equal, and
therefore may differ from the suppression of the total intensity, but it is reassuring that
the suppression is of same order of magnitude for the angular terms, considered here, as

these contribute significantly to the absorption. For the {1,0,1,1} + {0,1,1,1} contribu-
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tion to the X*¥_ — b'SY transition, the suppression factors are 0.07 and 0.10, and for
{3,0,3,3}+{0,3, 3,3} the suppression factors are 0.06 and 0.09, at the CIS and RAS levels,
respectively. This is again in qualitative agreement with the total suppression factor for

X%, = b'Ef (v = 1) of 0.11, seen in Table I of the main text.

IIT. INTERACTION ANISOTROPY

In this section, we discuss a method for calculating integrated intensities of collision-

£.19 and references therein. This

induced absorption spectra, which is similar to that in Re
classical statistical mechanical theory is computationally not demanding, and can be applied
efficiently using either isotropic or anisotropic potentials, unlike the quantum-mechanical
line-shape calculations. Here, this approach is extended to vibronic transitions and applied
to estimate the effect of interaction anisotropy on overall intensities. The ratio of inten-
sities between anisotropic and isotropic calculations, calculated classically, is then used to
scale absorption spectra from isotropic quantum line shape calculations. This correction for
anisotropy is shown to perform well for roto-translational transitions of Ny — Ny, where both
isotropic and anisotropic calculations have been performed.? We note that spectral moments

can also be computed including quantum mechanical corrections,?® but this is not attempted

here.

A. Formalism

The collision-induced absorption coefficient is given by Eq. (1), in terms of the spectral
density of Eq. (2). This spectral density represents a thermal average of the squared transi-
tion dipole moment between initial and final states, |i) and |f), with energies Aw; and hwy.
These initial and final states will be thought of as products of functions of rotational and
translational degrees of freedom (r.t.) — which we will treat classically below — and vibronic

states (v.e.) — treated quantum mechanically throughout. That is, we have
|Z> = |7f-r.t.>|7f-v.e.>7
|f> = |fr.t.>|fv.e.>- (38)

For simplicity we consider the case where a single initial and a single final vibronic state

contribute to any particular collision-induced band. Where multiple vibronic transitions
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contribute, their contributions can be added incoherently. Introducing the transition dipole

moment surface, D = (fy.e|f|ive.), we may write

i i 1rt) frt ’D|Zrt >| 5(Wf” Wiy — w)a (39)

irt. Jfrt.

where the sums and integrals now extend only over the rotational and translational degrees
of freedom as indicated.

Dropping the “r.t.” subscript, the integral of the spectral density over all frequencies is

[ vy gﬁgﬁ AP [~ by i =
—vii )GID'| 1) - (f1Dli). (40)

Now if we assume a completeness relation for the final-state radial wavefunctions

I AU =1. (41)
f

given by

the above integral simplifies to

/ dwVg(w, T) =V I PO Dli),

gl e

in which one recognizes the thermal average of the squared transition dipole moment, ’15T D.
Where Tr denotes the trace over all rotation-translation coordinates.

It is useful to introduce H = Hy + )>, that is, to write the total Hamiltonian, ]:I, as
the sum of monomer Hamiltonians, I;TD, and the interaction potential, 1>, and to write the

partition sum as
Q(T) = Tr [exp (-F[O /k»BTﬂ . (43)

For the rotation-translation coordinates considered here, the monomer Hamiltonians H,
contain kinetic energy terms only.
The thermal average can be approximated using the classical limit, where the trace

is replaced by a phase space integral. In this classical approximation, exp(—H/kgT) =
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exp(—Ho/kgT)exp(—V/kgT), and the integrals over the conjugate momenta in the trace
in Eq. (42) cancel against those in the partition sum. Hence, we are left with integrals over
the nuclear coordinates only
> ~V/kgT)D' - D dRAQAdS
/ dwVg(w,T) %fofexp( V/kpT) AT
NS [ [ [ dRdQAdQp
[ [ [exp(=V/kpT)D" - D dRAQ4d2p
B [ dQ24dQp

To be completely explicit, for the case of two diatomic molecules, A and B, one has

(44)

o0 1 o'} 1 1 2m R R
/ dwVg(w,T) —/ 47rR2dR/ dcos(@A)/ dcos(@B)/ dgbexp(—V/kBT)’DT - D,
_ 0 — — 0

0o N 8m 1 1
(45)
where R is the distance between the centers of mass of molecules A and B, fx is the angle
between the intermolecular axis and the bond-axis of molecule X = A, B, and ¢ is the

dihedral angle.

B. Numerical results

Table III shows numerical results for the Oy — Oy collision-induced intensities, obtained
by either integrating the absorption spectrum from quantum line-shape calculations, or
directly from the classical statistical mechanical theory described above. The result from
the isotropic calculations agree well, with the deviations between line-shape and classical
statistical mechanical calculations being largest for lowest temperatures. The intensities
calculated for anisotropic interaction potentials are systematically larger. The increase in
intensity is substantial, by a factor of 2 to 4 at room temperature, and by larger factors at
lower temperatures.

We note that we have also applied this approach to the roto-translational band of Ny —No.
In this case, we find a 20 % enhancement of the intensity at T'= 78 K, and essentially no ef-
fect at room temperature, in agreement with the full line-shape calculations of Ref.>. Clearly,
the effects of anisotropic interactions are more substantial for the electronic transitions con-
sidered here. The differences with the roto-translational band, of Ny — Ny for example, lie
both in the radial and angular dependence of the dipole surface.

On the anisotropic potential, the molecules approach more closely for attractive orien-

tations. Because the transition dipole moment for electronic transitions considered here
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Table III. Intensities for Oo—O4 obtained by integrating the line profile from line-shape calculations,
and those obtained from the statistical mechanical theory. Results for the statistical theory are
given for both the isotropic part of the potential, and for the full anisotropic potential energy

2

surface. Integrated intensities are given in cm2amagat™2 with numbers in parentheses denoting

powers of ten.

T=300K T=200K T =100K

X%, = alh,

MRCIT dipole surface

Line-shape calculation 2.75 (=5) 2.06 (=5) 1.41 (-5)
Intensity calculation, isotropic potential ~ 2.93 (=5) 2.23 (=5) 1.87 (—5)
Intensity calculation, anisotropic potential 6.85 (=5) 5.42 (=5) 5.21 (=5)
CASSCEF dipole surface

Line-shape calculation 2.15 (=5) 1.59 (=5) 1.09 (—5)
Intensity calculation, isotropic potential 228 (=5) 1.73 (—=5) 1.44 (-5)
Intensity calculation, anisotropic potential 6.06 (—5) 4.82 (=5) 4.65 (—5)
X35, = 'y

MRCI dipole surface

Line-shape calculation 1.80 (=6) 1.15(=6) 6.55 (=7)
Intensity calculation, isotropic potential 1.89 (—6) 1.20 (—=6) 7.79 (—7)
Intensity calculation, anisotropic potential 6.67 (—6) 2.72 (—6) 2.22 (—6)
CASSCEF dipole surface

Line-shape calculation 576 (=7) 3.83 (=7) 2.28 (-7)
Intensity calculation, isotropic potential 598 (=7) 3.99 (=7) 2.75 (=7)

Intensity calculation, anisotropic potential 2.13 (—6) 1.64 (—6) 1.55 (—6)

is exponentially R-dependent, this leads to a substantial increase in dipole moment. For
roto-translational bands, where the R-dependence is dominantly R~*, this effect is less sub-
stantial.

The angular dependence of the contribution to the absorption is subject to symmetry
restrictions. For roto-translational bands, parallel orientations do not contribute to the

absorption, and the contribution to the intensity is dominated by T-shaped orientations.
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The anisotropic potential for T-shaped orientations is typically very close to the isotropic
potential, albeit slightly more attractive, such that only a small increase due to anisotropic
interactions is expected. For electronic transitions, on the other hand, the symmetry restric-
tions are different, such that there are contributions from parallel orientations. For these
parallel orientations, the anisotropic potential is qualitatively different from the isotropic
potential, as the classical turning point occurs at much shorter separation, for example.
Therefore, larger effects of anisotropic interactions are observed.

To further investigate the effect of anisotropy, we have performed line-shape calcula-
tions using a radially-shifted isotropic potential. In order to obtain agreement of the total
intensity, a shift of 0.6-0.7 ag is required. This shift is small compared to the neglected
anisotropy of the classical turning point of the potential, which varies between 7.5 aq for

collinear geometries, and 5.4 ag for parallel orientations.

IV. ADDITIONAL EXCHANGE-INDUCED TRANSITION DIPOLE
MOMENT SURFACES

In order to estimate the effect of uncertainty in the transition dipole moment on the
calculated absorption spectra, we have calculated three additional intermolecular-exchange-

induced dipole surfaces for Oy — O,. The computational approaches are as follows:

e [CAS: Complete active space self-consistent field calculation including all 2s and 2p

valence orbitals except the 2po* orbitals.

e RAS: Restricted active space self-consistent field (RASSCF) calculation with 4 elec-
trons in the 2po and 2po* orbitals, and 12 electrons in the 2pm and 2p7* orbitals. This
includes ¢ — ¢* and m — 7* correlation, involved in breaking inversion symmetry,
which may be thought important in describing the parity forbidden transition dipole

moments.

e CIS: Uses the minimal 7* active space description for the states of interest, and single

excitations from these reference wavefunctions.

These calculations were all performed in a split-valence 6-31G basis set, and carried out

using the MOLPRO 2012 package.?!
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These dipole moment surfaces were calculated and fit similar to the MRCI and CASSCF
dipole surfaces of Ref.!. We used the multiple-property-based diabatization algorithm of
Ref.?? to transform the ab initio transition dipoles from the adiabatic to a diabatic repre-
sentation. The radial grid contains R = 5.5, 5.75, 6, 6.25, 6.5, 6.75, 7, 7.25, 7.5, 7.75, and
8 ag. For each separation, 150 orientations were sampled using Gauss-Legendre and Gauss-
Chebyshev quadrature points in the Jacobi angles. This allowed us to accurately calculate
angular expansion coefficients using numerical integration, and subsequently fit their radial

dependence using the exponential interpolation scheme detailed in Ref.!.

We have performed scattering calculations of absorption spectra using these five transition
dipole surfaces. The resulting collision-induced absorption spectra are shown in Fig. 4 of the
main text. These result in predictions for the overall intensity which vary by factors 7 to 10.
Clearly, the intensity cannot be predicted from first principles without improving electronic
structure methods for calculating the intermolecular-exchange-induced dipole moment. The
scaling factors required to obtain agreement between experiment and theory, reported in
Table I of the main text, are smaller than this estimate of the uncertainty of the calculation.
Therefore, the experiment and theory can be said to agree to within the “theoretical error
bars”. Furthermore, the scaling factors obtained for the spin-orbit based mechanism are
generally much closer to unity, which is consistent with the reduced uncertainty of the
transition dipole moment for this mechanism: Within the assumed long-range model, the
spin-orbit-induced transition dipole moment is given completely in terms of accurately known

monomer properties.

The scattering calculations presented here, employing different dipole surfaces, consis-
tently predict the same line shape. This implies that the predicted line shape is unaffected
by the uncertainty in the calculations. This can be understood as the width qualitatively
reflects the interaction time-scale, and hence the length scale of the dipole surface. The
typical length scale of exponential decay of the transition dipole moment is predicted con-
sistently, resulting in nearly identical absorption line shapes, although the transition dipole

surface are not converged.
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V. FITTING OF EXPERIMENTAL SPECTRA

This section describes how the theoretical line shapes were fit to the experimental results,
i.e., how the scale factors of Table I of the main text were obtained. First, the theoretical
absorption spectra computed in the isotropic interaction approximation were corrected for
anisotropic interactions. This was accomplished by scaling with the ratio of integrated
intensity computed including and excluding anisotropy. These integrated intensities are
computed as described in Sec. III, and displayed in Table III. Subsequently, we performed
an unconstrained linear least squares fit to the experimental data points, with equal weights.
The scaling factors for the exchange and /or spin-orbit contributions were treated as the linear
fit parameters.

For the v = 0 — v” = 0 bands of Oy — O,, we included both mechanisms. For Oy — Ny
we included only the spin-orbit line shape, which is the only contributing mechanism for
this system. For v” > 0 bands, the Oy — Ny contribution was not observed experimentally.
For the v =0 — v” > 0 bands of Oy — Oy we included only the exchange line shape. The
spin-orbit mechanism should contribute only weakly, on the same scale as for O, — Ny, and
hence was excluded from the fit.

The resulting scale factors are shown Table I of the main text. We again point out that
the scale factors — which include corrections for anisotropic interactions — are of order unity
for the spin-orbit mechanism, whereas the exchange contributions required scalings which
are within the uncertainty due to inaccuracies of the exchange-induced dipoles, estimated

in the previous section.

VI. EXPERIMENT

Here, we describe measurements of the alAg(v’ = 1) band in O3 — Oy and O3 — Ny, shown
in Fig. 1 panel (b) of the main text, using cavity ring-down spectroscopy similar to that in
Ref.?3.

A Toptica DL100 grating stabilized diode laser with a LD-1060-0150-AR-2 diode was used
as a light source. The output power was 170 mW in the spectral range of 9259 —9 569 cm™*.
About 2 % of the beam was split off by a glass plate and guided into a wavelength meter.

The cavity was placed inside a pressure cell which was designed to hold pressures from 1073
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to 8 bar. The pressure inside the cavity was measured using a diaphragm pressure detector
(Pfeiffer Vacuum D-35614). The gas flow towards the pressure cell was controlled by a
Digital Thermal Mass Flow Controller (El-Flow, Bronkhorst high tech). The outlet for the
gas was connected to a membrane vacuum pump (Pfeifer Vacuum MVP 055-3) with which
it was possible to reach pressures as low as 1 mbar. The cavity mirrors (Layertec) had a
reflectivity above 99.993% in the range of 9100 — 9900 cm ™! and a radius of curvature of
8000 mm. The cavity length was 35.0 cm, creating an effective path length of about 5 km.
The light leaving the cavity was captured using an avalanche photo-diode. The signals from
this detector were sent to a SRS signal generator to trigger the ring-down events.

For each collision-induced absorption measurement, the lasing frequency was set at a spe-
cific value. To reduce the uncertainty, wavelengths without water absorptions were selected.
The sample gas was guided into the pressure cell at a fixed rate of 200 mL/min resulting
in pressure ramps from 0 to 8 bar. During the pressure ramps the cavity ring-down signals
were recorded continuously and were kept at a constant rate of about 3 signals per second.
This resulted in 1500-2000 decay signals for each pressure ramp. The decay signals were
then fitted with an exponential function to give the decay times. The collision-induced ab-
sorption was then obtained by fitting a second-order polynomial function to the pressure
dependence of the decay time, ensuring that the fitted decay corresponds to two-body ab-
sorption. In total 34 pressure ramps were performed for pure Oy (6.0 Purity) and 52 in air
(22.316 £ 0.022 % O,). Lastly, since the collision-induced absorption of oxygen transitions
is much smaller in air, a lens with a focus of 25 cm had to be placed in front of the cavity
to ensure only the lowest cavity modes were accessed. This enhanced the accuracy of the

set-up significantly.
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