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In this Supplemental Material we present an outline of the cross section calculations for inelastic electron
collisions of DyHT, followed by the description of our updated theoretical calculations for the dissociative
recombination (DR) of energetically low-lying rotational states. Finally, we derive kinetic temperature DR rate

coefficients for DoH™T, based on the experimental data.
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1 Cross section calculations for inelastic electron collisions

The cross sections for electron-impact rotational excitation oy __, J;,(E) as a function of collision energy E
were computed using the R-matrix approach combined with the fixed-nuclei (FN) and Coulomb-Born (CB)
approximations. The fixed-nuclei reactance matrices (K-matrices) were obtained using the UK molecular R-
matrix code (UKRMol+) [1] run with the Quantemol Electron Collision (QEC) expert system [2]. The R-matrix
calculations were performed within the Cy, point group for the ground-state electronic configuration of Hj at
its equilibrium geometry. A static exchange plus polarization (SEP) calculation was performed using an R-
matrix boundary of 10 ag which considered energies up to 15 eV. The target was represented using a cc-pVDZ
Gaussian basis set. The dipole moment used for DoH™ is obtained geometrically from the difference between
the center-of-mass and center-of-charge for the isotopologue.

Working in Cy, symmetry, each R-matrix calculation produced four fixed-nuclei K-matrices (for the four
symmetries Ay, By, B and Ay) which were processed by the POLYDCS code [3] to generate rotational excitation
cross sections O'FN(JT — J.,), where 7 = K, — K, is the pseudo-quantum number that varies from —J to
J. We note that the rotational eigenfunctions and eigenenergies of DoH' were computed with a new, modern
FORTRAN9O0 version of the ASYMTOP code [1], with consistent eigenvectors in agreement with the tests of [5] for
all representations.

Owing to the limited number of partial waves included in the K-matrices (I < 4), the POLYDCS cross sections

were complemented with the CB theory (for high-partial waves [ > 4), following the method described in [6] in

which the final cross section is the sum of the FN cross section and the difference between the total (¢T¢B) and
partial (6"B) CB cross sections:
o(J; = J.)=0"™N(J, = J)+ "B, = J) = oPB(J, = TL). (S1)

This CB completion procedure was applied to dipole-allowed transitions (here AJ = 0,41) only. High-partial
wave effects were shown to be negligible for dipole-forbidden transitions in the case of linear molecular ions [7].
Because the dipolar CB approximation was implemented here for the first time for an asymmetric-top ion, we
provide below the two useful equations.

Following previous derivations of the CB approximation [6, 8, 9], the total CB cross section for a dipole-

/!
T/

allowed rotational excitation J, — J., can be reformulated using the Einstein A( — J:) coefficients as

follows (adopting Gaussian units):

TCB v 3\ T / 3hc? 1)\ (2J'4+1)
g (J‘l' - JT’) - <4ﬂ'2> FZQA(JT/ - ‘]7') (647T4V3> (eZGg) (2J+ 1) fEl (naC)v (82)




where k; (ky) is the initial (final) wave number of the electron, A(J., — J;) the Einstein coefficient of the
rotational transition (extracted from the Cologne Database for Molecular Spectroscopy!), h is the Planck’s
constant, ¢ is the speed of light, v is the frequency of the transition, e is the elementary charge, ag is the
Bohr radius, and fg1(n,¢) is a function related to the F1 nuclear Coulomb function, with n = —1/k; and
¢ =1/k; —1/ks. The exact expression of fg1(n,() can be found in Eq. (22) of Ref. [8]. Similarly , the partial

CB cross section was implemented as:

167\ [k 3hc? 1\ (2J+1) Li 1y 1 _
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where the radial matrix elements Ml:li are given in Eq. (A2) of [6].

It should be noted that the validity of the FN approximation was previously tested on H}f by comparing
FN cross sections with calculations based on the MQDT rotational frame transformation method [10]. The
FN cross sections were found to be accurate down to threshold, except in the presence of large resonances

occuring for transitions with AJ = 1. In general, however, the FN approximation was shown to be quite
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Supplementary Figure 1: Rotational excitation cross sections for ortho-DoH™T ions in their ground state Oqg, as
a function of the electron energy.



successful. Moreover, the accuracy of the CB completion was confirmed experimentally recently in the case of
CHT [11, 12].

In practice, the final excitation cross sections (Eq.S1) for DoHT were obtained for electron energies in the
range 0.01 — 0.5 eV and were then extrapolated as 1/E down to threshold. All transitions involving DoHT
rotational levels with J < 3 were considered. The CB correction was found to increase the dipolar cross sections
by a factor of 2 — 3. On the other hand, because the dipole of the deuterated ions is moderate (< 1 D),
the largest excitation cross sections were found for dipole-forbidden transitions with AJ = 2, as illustrated in
Supplementary Figure 1 for excitations from the ground state Jx, . = 0go of 0o-DoHT. We note that transitions
with even At are allowed in DoHT. These selection rules reflect the conservation of the nuclear-spin symmetry
(ortho or para) of the nuclear-spin isomer.

These inelastic cross sections were folded with the experimental velocity distribution and included in the
master equation model. They were also convolved with Maxwell-Boltzmann distributions to provide kinetic
temperature state-to-state rate coefficients for astrochemical modelling of Do HT excitation and emission. These

rate coefficients will be made available through the EMAA database https://dx.doi.org/10.17178 /EMAA.

2 Updated DR calculations for DoH™

The present theoretical approach for modeling dissociative recombination of DoH™T follows the treatment dis-
cussed by Kokoouline and Greene [13] with some changes in the way how the channel functions for the electron-

ion scattering are constructed.

2.1 Channel wave functions for the e -D,;H" system

In the present approach, the DR cross section is computed using the scattering matrix S for electron-ion
scattering. Elements Sy ; of the matrix represent scattering from channel ¢ to channel ¢’ of the ion. The index
of channel i refers for the quantum state of the ion (before or after a collision) and also to the partial wave of
the incident electron. We use the reference frame in which the total angular momentum (quantum number N)
and its laboratory projection m of the electron-ion system are well-defined. As a result, the scattering matrix
S is diagonal over N. During an electron-ion collision, the symmetry (using the more precise terminology,
the irreducible representation - irrep) I' of the total wave function with respect to symmetry operators of the
Cs, group is conserved. The projection of the angular momentum on a laboratory axis is also conserved. In
addition, in the treatment, we use only p-wave scattering. It was shown that it is the major contributor to the
DR probability. Accounting for the s-wave and d-scattering is left for a future publication.

Constructing the channel functions, the Born-Oppenheimer approximation is used: Channel functions are


https://dx.doi.org/10.17178/EMAA

Operators:| E (12) E* (12)*
Irreps

Ay 1 1 1 1

Ag 1 1 -1 -1

B, 1 -1 -1 1

B, 1 -1 1 -1

Supplementary Table 1: Operators, characters, and irreps of Cy, symmetry group.

the product of vibrational, rotational, electronic (partial wave of the incident electron), and nuclear spin factors,

(I)total = (I)vib(I)rot(Del(I)ns . (84)

We stress here that the Born-Oppenheimer approximation is used only for channel functions, the incident
electron couples different channels, so that the total wave function of the system is a linear combination of
the channel functions during and after a collision. In principle, a more accurate treatment could account for
channel functions by relaxing the Born-Oppenheimer approximation, which will be the subject of future work.
The channel functions are enumerated by an index made of vibrational, rotational, nuclear spin, partial-wave
numbers, and the index I' of irrep.

The scattering matrix is initially constructed in the molecular reference frame (MF) and then transformed
to the laboratory frame (LF) using a frame transformation. The channel functions in the two reference frames
are different but they have the same general structure of Eq. (S4). Therefore, the following elements are
needed to construct the scattering matrix: vibrational, rotational, nuclear-spin functions in the two reference
frames (partial-wave functions are just spherical harmonics), the scattering matrix in the MF, and the matrix
of transformation between the two frames. Below we discuss briefly how the rotational, vibrational, electronic,
and nuclear-spin functions are constructed. Also, the symmetry of the wave function is reviewed: The channel
functions of Eq. (S4) should be symmetric under exchange of two identical bosonic nuclei in DoH™.

The C5, symmetry group has four operators. We use here the notations by Bunker and Jensen [14]. The
operators are F, (12), E*, and (12)*, which can be obtained by two operators only: inversion E* and permutation
(12) of two identical (D) particles.

Supplementary Table 1 summarizes irreps of the Cs, group and gives characters of the group, which, in this
case, determine whether a state of a given irrep changes sign or stays the same under an operator. Possible irreps
of the total channel function ®yta of DoHT are A; or A,. Supplementary Table 2 gives the correspondence
between the operators of the Csy, group and the operations acting on particular factors of the total wave function
in Eq. (S4). The orientation of the coordinate axes in the molecular frame is the same as in Ref. [15]: The

z-axis is orthogonal to the plane of the molecule and the z-axis is the axis of the Cy, symmetry. Similarly to



Operators E (12) E* (12)*
Vibrational E Coy Ogy Oz
Rotation E R R7 Ry
Electronic E Coy Oy Ogz
Nuclear spin E 012 E P12

Supplementary Table 2: The table summarizes the transformations of vibrational, rotational, electronic, and
nuclear spin wave functions under the Cs, operators. RY is a rotation through the angle o about the axis a.
The operator Csa, is the operator of rotation about the x axis, the operators of the type o, are reflections
through the zy plane. The operator pi2 exchanges identical nuclei.

r p1 D2
Aq 1 1
Ay -1 1
B, -1 -1
Aq 1 -1

Supplementary Table 3: Correspondence between p1, ps and the Cs, irreducible representations

Ref. [13], for characterization of the different factors it is convenient to introduce additional quantum numbers
— eigenvalues p; = +1 of the inversion operator E* and p, = +1 of operator (12). Each factor in Eq. (S4) has
both quantum numbers well-defined. The combination of the two quantum numbers corresponds to one and
only one irrep of the group. Supplementary Table 3 provides the correspondence between the quantum numbers

p1 and po and irreps of Cy,

2.2 Vibrational wave functions

Due to the plane geometry of the DoH™T ions, the vibrational functions ®,, are unchanged after £*

E*®, = 0,0, = ®, (S5)

and, therefore, can be only of A; and Bs irreps. The vibrational functions are calculated as discussed in Ref. [13].

Here, we only give expressions for principal moments of inertia, needed to compute the rotational constants for

each vibrational state. These are given by Johnson [16] in terms of the hyperradius R and the hyperangle 0,
1 .
I, = §uR (1 —sin®),
1
I, = 5MRQ(l + sin 9), (S6)
I, = I,+1,=uR?,



where p is the reduced three-body mass. The rotational constants are calculated as expectation values

B; = <(I)v|1/(21i)|(1>v>7 (87)

where the integral is evaluated over the three hyperspherical coordinates.

2.3 Rotational wave functions

The rotational functions in Eq. (S4) are constructed in a similar way in MF and LF. They are obtained solving

the eigenvalue problem for the asymmetric top rotator. The rotational Hamiltonian has the form [14]:

B, + B, - B, +B,\ .

Hmt:;yN2+(Bz—;y> N? (S8)
Bﬂc_By 72 72

+= (N++N_), (S9)

where Ny = N, + iNy, ]\Afx,]\Afy,NZ are operators of different components of the angular momentum of the
molecule (as a rigid rotor) and N2 = N2 4 ]\75 + N2. By(i = z,y, 2) are the rotational constants for rotation
about the corresponding axis. For geometries different than the Cy, geometry (such as equilibrium of the DoH™
ions), the axes x and y are defined by principal axes of inertia. The values of the rotational constants depend
on the vibrational state of the channel function and are calculated numerically with Eq. S7. Note that with this
choice of axes, the values of the rotational constants for the lowest vibrational levels satisfy B, > B, > B, for

D,H™. The rotational Hamiltonian is represented as a matrix in the basis of symmetric-top functions

oN + 11" .
Ri(a, i) = || (DXl (s10)
Matrix elements of H,o are given, for example, by Bunker and Jensen [14]. The only non-zero elements are

(N, k,m|N?|N, k,m) = N(N + 1),
(N, k,m|N%N, k,m) = k?,
(N, k —2,m|N2|N,k,m) = (N, k,m|N?|N,k — 2,m) =

(IN(N +1) = (k= 1)(k = 2 [N(NV + 1) = k(k — D)2,

where k and m are projections of the angular momentum on the z-axes in the LF and MF, respectively. Unlike
symmetric-top ions, such as H;“ or linear ions, the rotational frame transformation is not evaluated purely

analytically for the asymmetric-top ion DoHT. Rotational functions of the ion and neutral molecule are needed



to transform the scattering matrix from the body frame (in which the electron moves in the reference frame
of the molecule and in which the S-matrix is computed ab initio) to the lab frame (in which the electron
moves relative to that lab frame). Rotational functions for the ion and the neutral molecule are obtained in a
similar way, finding eigenvectors of the above Hamiltonian numerically. Rotational functions obtained by the

diagonalization of the Hamiltonian are linear combinations of symmetric-top rotational functions

(N om0 95 ) = 7GR, 8,7) (S11)

k
and are characterized by the following quantum numbers: N, m, the eigenvalue (parity) pgmt) = +1 with respect
to E*, and the eigenvalue with respect to (12), pémt) = 41. The number j enumerates rotational states with

otherwise identical quantum numbers. Because each symmetric-top function has well-defined quantum numbers

p1 and po (see Supplementary Table 2)

E*,R’;cvm = Z,R’;cvm = (_1)kR;ch7

km >

the expansion of Eq. (S11) includes only symmetric-top functions with pgmt) = D1, pgmt) = po. In the approach
used in Ref. [13], only the leading term in the expansion of Eq. (S11) was used.

2.4 Electronic wave functions

Spherical harmonics used for electronic part of the channel functions are linear combinations of Cy, irreps.

Here, we give the linear combinations of the spherical harmonics having well-defined irreps I' of Co,:

1

F=A4,:Y1x0,0) = 7% [Yi1(0,0) + (—1)'Y1,_1(0,9)] ,
I'= Bl : YI,Z(97 (]5) == Y1’0(07 ¢), (813)
I'=DBy:Yiy(0,¢) = % [Y11(0,¢) — (—1)'Y1,_1(0,9)] .

The inversion operator E* acts on the functions as

E*Yl,/\(@/7 ¢/) = (_1)1}/1,/\(9/7 (bl)



Ton Deuteron pair nuclear spin | Symmetry Multiplicity
DoH™ Ip =0 Ay 1

Ip=1 By 3

Ip=2 Ay 5

Supplementary Table 4: Irreducible representations of nuclear spin states for different deuteron pair nuclear
spins Ip for DoHT ions.

The operator (12) acts on functions of Eq. (S13) according to the rules given in Supplementary Table 1 and

Supplementary Table 2.

2.5 Nuclear spin wave functions

Similarly to the vibrational functions, the nuclear-spin functions ®,4 are unchanged after E*
E*®,y = O (S14)

and, therefore, can only be of the A; and Bs irreps. Supplementary Table 4 (from Ref. [15]) summarizes allowed

irreps for different values of the deuteron pair nuclear spin Ip of the DoH™T ions.

3 Kinetic temperature DR rate coefficient for DoH™

To facilitate the use of our data in astrochemical models, we have converted our experimental merged-beams
DR rate coefficients o™ (Ey) into kinetic temperature thermal rate coefficients o*(7},), where T, is the kinetic
temperature of the gas. The two-step conversion procedure is the same as described in our previous studies
[17-19].

First, the merged-beams DR rate coefficient is converted into a cross section o(FE) that depends on the
collision energy F, using the known merged-beams collision energy distribution fu,(E; Eq4), which is a function

of the detuning energy Eq4. The procedure is explained in detail in [20]. In short, we make use of the relation
mb e 2F
a"(Ba) = | o(E)y| = fun(E; Ba)dE, (S15)
0 e

where m, is the electron mass. The cross sections are derived iteratively, by creating a discrete generic cross
section histogram and varying it until the application of Eq.S15 accurately reproduces the measured merged-
beams rate coefficients.

In the second step the DR cross sections are convolved with Maxwell-Boltzmann distributions for various



kinetic temperatures T, applying

> 2F AE
k(m :/ ) B e ) 1
«Q ( k) 0 U( ) Me ﬂ_(kBTk)?,e d ’ (S 6)

where kg is the Boltzmann constant.

Figure 3¢ in the main manuscript shows the kinetic temperature rate coefficient for DoH™T as a function of
the gas kinetic temperature. The uncertainties of the measurement are propagated through the procedure and
displayed in the plot by grey error bands.

To support the inclusion of the kinetic temperature rate coefficients in astrochemical databases, we provide
two analytical representations of the rate coefficient and its error bands. The first fit function, as employed for
DR in [20], is a continuously differentiable function that is optimized to account for resonant DR features (i.e.

peaks and troughs), given by

_ 300 \" IR T.
oX(Ti) [em®s 1]:A(Tk[K]) + T [K] ;crexp (—Tk[K]), (S17)

where A, n, ¢, and T, are fit parameters, the values of which are given in Supplementary Table 5. The relative
deviation of the fit does not exceed 0.05% .

The second representation of the thermal rates utilizes Arrhenius—Kooij (AK) functions, commonly employed
in astrochemistry, combustion chemistry, and related chemical databases. The application of a single AK
function alone is insufficient to accurately model the kinetic rate coefficient across the entire temperature range.
To that end, in line with the approach of [18], we use a set of piecewise-joined AK fit functions over selected

temperature intervals

ﬁi Vi
(T [em3s™1] = A, (1;;(([)}0{]> e TulK, (S18)

where A;, 5;, and 7; are the fit parameters for various temperatures, listed in Supplementary Table 6. The
relative deviation of the fit does not exceed 7.8%. In accordance with KIDA conventions [21] we provide the
uncertainty of a* by means of the log-normal factor F' = exp(AaX/aX). The value of F(Ty) is determined by
averaging the upper and lower uncertainty bands. Subsequently, fitting is performed over the same temperature

intervals as defined for the AK functions, by employing the following fit function

F(Ti) = Fo; exp (gi <TJK] ~ 3(1)0» : (519)

where Fp; and g; denote the fit parameters, provided in Supplementary Table 6 .
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(S20)

Fo,i:F(),OeXp( 300 )He (g] L. j).

To facilitate the implementation of plasma kinetic rate coefficients in models of astronomical environments or
technical plasma, it is often beneficial to use continuous functions. However, equations S18 and S19 do not
ensure continuous behavior of the functions at the boundaries of the temperature intervals. Therefore, we

imposed the following dependencies on parameters Fp; and A;

Vi —Vi—1

Bi—1—B;
i
= 4o H (300) ©

(S21)

Fo,izFO,Oexp< 200 )H ( j). (S22)

Parameter Rate coefficient Lower error limit Upper error limit
A 2.61 x 1078 2.07 x 1078 3.26 x 10~8
n 0.947 0.927 0.993
a1 —1.66 x 107° —1.20 x 107° —2.58 x 107°
o 1.72 x 10~* 1.24 x 10~* 2.49 x 1074
c3 4.34 x 107* 3.16 x 1074 6.05 x 1074
4 8.84 x 1074 6.78 x 1074 1.12 x 1073
cs 9.78 x 1074 8.24 x 1074 1.05 x 10~3
Ce 1.53 x 10! 1.23 x 107! 1.92 x 10!
c7 —4.54 x 1074 —6.84 x 1074 1.00 x 1073
cs 9.58 x 107! 7.74 x 1071 1.19
T 5.3 5.1 5.3
Ty 308 298 331
Ty 650 614 721
Ty 1380 1302 1517
Ts 2539 2473 2616
Ts 86670 86018 89061
T 10578 11568 14761
Ty 155272 156029 157027

Supplementary Table 5: Fit parameters for the kinetic temperature rate coefficient of DoH' with its lower and
upper error bounds, based on Eq.S17 as the fit function.

Temperature range (K)

Parameter 10-100 100-1000  1000-10000  10000-40000
A; 3.15x 1078 4.79x 1078 217x 1077 1.04x 10716
Bi -0.630 -0.389 -1.193 3.357
Vi -2.424 13.08 554.4 -54458
Foi 1.249 1.221 1.053 2.709
Gi 1.107 4.509 -59.07 233.2

Supplementary Table 6: Fit parameters for the DoHT kinetic temperature rate coefficient and its relative
uncertainty obtained using Eq.S18 and S19 as the fit functions.
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