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Research Summary

Collisional Relaxation

We have carried out an extensive study of the collisional relaxation of methylene (CH,), a
system studied extensively at Brookhaven by the group of Hall and Sears [3]. We determmed
determined potential energy surfaces (PES’s) for the interaction of CH; in both its ground X°B,
[4] and singlet excited a '4; [1] electronic states with the He atom. Through quantum scattering



calculations we determined state-to-state integral cross sections for rotationally inelastic
transitions and rate constants for total removal of given rotational levels [1, 4]. The latter agreed
well with the Brookhaven results. In particular, in the 2009-2014 period we studied:

A. Rovibronic collisional relaxation of methylene

Vibrational relaxation [5] of the bending mode of CH»(X) in collisions with He is ~ 50 times less
efficient than rotational relaxation [1,4]. As a prerequisite to our recently published investigation
of the rotational relaxation of CH, in its ground (X°B)) state, we determined [4] the dependence
of the CH,—He PES on the bending vibration of the molecule. By then averaging over the
product of wavefunctions for two different bending vibrational levels, we can model ro-
vibrational relaxation. As shown in Fig. 1, in addition to the inefficiency of rovibrational
relaxation, as shown in Fig. 1, here is no clear-cut dependence on the energy gap. Our
investigation [5] was one of the first ever fully-quantum calculations of cross sections for
vibrational relaxation of a small molecule.
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B. Electronic collisional relaxation of methylene

The first excited ('d) state of CH, lies close enough to the ground state that there exist several
near-degeneracies between rotational levels, as shown in Fig. 2. Bley and Temps [6] suggested
that spin-orbit mixing of these near degenerate levels could result in substantial collisional
coupling. This “gateway” mechanism for collision-induced intersystem crossing (CIIC) was first
proposed by Gelbart and Freed [7].
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Fig. 2. (Left panel) relative positions of bend-stretch levels of the ground and first excited states of CH,. (Right
panel) High resolution illustration of the near degeneracy between the @(000) 85 and X(020) 9;; rotational levels of
0—CH2.

In our use of the “gateway” model, CIIC is facilitated by coherent mixing of the scattering 7-
matrix elements for collisional transitions involving a few accidentally degenerate rotational
states [8]. These accidental degeneracies are shown by the light blue dashed line in Fig. 2
(connecting the 935 and 85 levels). We then used our calculated CIIC and pure-rotational rate
constants in a kinetic simulation of the collisional relaxation of CH,(X,a) in collisions with He.



Figure 3 presents snapshots, following the relaxation of the 8,3 mixed, nominal a state, studied at
Brookhaven. Relaxation proceeds in three steps: (1) rapid equilibration of the two mixed-pair

levels [a(0,0,0)8;5 and X(0,2,0)937, in Fig. 1.3], (2) fast relaxation within the a state, and (3)
slower relaxation among the X-state levels.
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C. Collisional relaxation of the methyl radical

Stimulated by our earlier theoretical work on rotational energy transfer in CHs-He collisions [9],
Orr-Ewing (Bristol, UK) applied molecular beam and velocity map imaging to the determination
of differential cross sections for scattering of a photolytically generated beam of CD3 with a
number of collision partners. REMPI detection of the scattered CDj; allowed resolution of the
rotational angular momentum #, but averaged over a subset of the projection quantum numbers.
In a series of studies, Orr-Ewing and his group have determined differential cross sections for
collisions of CD3 with He, H,, Ar, and N,. We have employed PES’s determined by our group
for the first three collision partners to compute differential cross sections. These agree well with
experiment [10—12], as can be seen in Fig. 4. The dynamics of collision of the symmetric top
CDs is richer than that of a diatomic. In collaborations with Orr-Ewing and van der Avoird

(Nijmegen, Netherlands), [12—13] we compared the scattering of CD3 with that of another
(nonplanar) symmetric top NDs.

D. Rotational energy transfer in the CN radical

We have worked with Hall and Sears on the study of rotational energy transfer (RET) of CN(X)
in collisions with He and Ar. [14] These authors employed frequency modulated transient
absorption in a double-resonance, depletion recovery experiment. We carried out quantum
scattering calculations for RET of selected rotational levels. Our calculations agree well with
measured thermal rate constants, as well as non-thermal Doppler-resolved rate constants. In the
future we will investigate collisional depolarization of non-isotropic m distributions.
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Fig. 4. DCSs for inelastic scattering of CD; radicals into (left panel) final rotational levels nk=21 and (right panel)
20+21+22. The REMPI line employed for detection is indicated, along with the range of £’ projection levels
contributing to the signal. Red curves: experiment; black curves: theory.

Transport properties and combustion modeling
A. Transport cross sections

Modeling combustion involves the prediction of the temporal and spatial dependence of the
concentrations of all relevant species, as well as for the calculation of flame velocities.

This requires knowledge of rate constants of all the relevant species, as well transport properties.
Sensitivity analysis by several groups suggests that uncertainties in transport properties can be as
significant as uncertainties in reaction rate constants. Present computational resources allow the
accurate calculation of transport properties using state-of-the-art PESs. We have been
computing accurate transport properties in quantum scattering calculations for collisions of
various free radicals. Based on our recent work [15—18], we found that: (a) Retention of just the
isotropic part of the potential results in errors in transport properties of only a few percent. (The
exceptions involve species where the lowest unoccupied molecular orbital (LUMO) is low lying,
as in CHy(a) and BH3.) (b) Isotropic Lennard-Jones (LJ) 12-6 potentials yield diffusion
coefficients with too steep a temperature dependence. This occurs because the repulsive walls of
LJ 12-6 potentials are too steep. (c) Transport property calculations with LJ potentials for
radical-radical systems disagree significantly with calculations using accurate potentials.

We have concentrated [16—18] on the calculation of transport properties for collision pairs
involving the light H atom and have computed PESs when these are not available. We have also
used these calculated properties to assess how a more accurate treatment of transport affects 1-
dimensional laminar combustion simulations. In some cases accurate transport properties differ
significantly from LJ estimates, as illustrated in Fig. 5 for the H-CO and H-CO binary diffusion
coefficients.
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In recent calculations [18], we have computed a new RCCSD(T) PES for H-N; and have computed
transport properties for comparison with the previous calculations by Stallcop et al. [J. Chem. Phys.
97, 3431 (1992)], who used a spherically averaged potential. We have also computed a PES for H—
CHy and computed transport properties using both the full anisotropic and spherically averaged
potentials.

B. Flame Simulations

We have carried out 1-dimensional flame simulations of a freely propagating H,/O»/He flame with
two sets of transport properties [19], We have extended our 1-dimensional flame simulations to the
combustion of methane in both air and in oxygen. Two sets of calculations were carried out: The
first set was based on the conventional parameterized LJ 12-6 potentials, while the second set
incorporated exact transport properties for the available collision pairs. The calculated flame speeds
as a function of the equivalence ratio are presented in Fig. 6.
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It can be seen from Fig. 6(a) that the differences in flame speeds computed with conventional LJ
and accurate transport properties are comparable to differences in flame speeds computed with
different chemistry models. A sensitivity analysis indicates that for the air flame the flame speed is
most strongly affected by the transport properties for H-N,, while for the O, flame the most
important transport properties are for the H-CO and H-CO, collision pairs.

Outreach and Interactions

Dagdigian and Alexander have published several review articles [20,21] outlining theoretical
methods used in the calculations carried out under this project.

A. DOE Synergy

As mentioned above, Alexander and Dagdigian interact closely with Hall and Sears at Brookhaven.
In addition to our collaborative work on the collisional relaxation of CH,, we have collaborated on
the Doppler-resolved kinetics and pressure broadening of the CN radical. Alexander has
collaborated with Chandler at Sandia Livermore on inelastic scattering of the NO radical.
Development of Dagdigian’s 1-dimensional combustion simulations were facilitated by interactions
with Sivaramakrishnan at Argonne.

B. Interaction with other groups

As discussed above, we collaborated with Orr-Ewing at Bristol UK on the determination of CD3
differential cross sections in collisions with a number of species. We hope to compare recently-
computed [22] pressure broadening calculations on the OH 4 — X transition with measurements
from the group of Ritchie at Oxford. Oxford, UK.



Figure 3 (above) was based on solution of a kinetic master equation following a method first
described by Alexander, Dagdigian and Hall [23]. In work supported by another grant, this method
has been recently used to interpret experiments carried out by Mullin [24].

In a collaboration with Lique [25], Dagdigian employed the PES for the interaction of CH,(X) with
helium [4] to estimate collisional excitation rate constants between the fine-structure levels of
CH;(X) induced by collisions with H,. These data were employed in radiative transfer calculations
to simulate the excitation of CH; i in, interstellar molecular clouds. Similar calculations [26] were

also carried out for collisions of OCP) with H atoms and H,, using previously calculated PES’s
[17].

References; bold face indicates publications (14 total) supported by this project (2014-2017)

1. L. Ma, M. H. Alexander, and P. J. Dagdigian, “Theoretical investigation of rotationally inelastic collisions of CHy(a)
with helium,” J. Chem. Phys. 134, 154307 (2011)

2. HIBRIDON is a package of programs for the time-independent quantum treatment of inelastic collisions and photodissociation
written by M. H. Alexander, D. E. Manolopoulos, H.-J. Werner, B. Follmeg, Q. Ma, P. J. Dagdigian, and others. More
information and/or a copy of the code can be obtained from the website
http://www2.chem.umd.edu/groups/alexander/hibridon.

3. A. V. Komissarov, A. Lin, T. J. Sears, and G. E. Hall, “State-resolved thermalization of singlet and mixed singlet-triplet states
of CH,,” J. Chem. Phys. 125, 084308 (2006).

4.L.F. Ma, P. J. Dagdigian, and M. H. Alexander, “Theoretical investigation of rotationally inelastic collisions of CH,(X) with
helium,” J. Chem. Phys. 136, 224306 (2012).

5. L. Ma, P. J. Dagdigian, and M. H. Alexander, “Theoretical investigation of the relaxation of the bending mode
of CH,(X) by collisions with helium,” J. Chem. Phys. 141, 214305 (2014).

6. U. Bley and F. Temps, "Collision-induced intersystem crossing of CH, from a'A to X°Bp: A case-study of the
mixed—state model," J. Chem. Phys. 98, 10581072 (1993).

7. W. M. Gelbart and K. F. Freed, "Intramolecular perturbations and quenching of luminescence in small molecules,"
Chem. Phys. Lett. 18, 470-475 (1973).

8. L. Ma, M. H. Alexander, and P. J. Dagdigian, “Theoretical investigation of intersystem crossing between the a
'4, and X *B, states induced by collisions with helium,” J. Chem. Phys. 141, 064312 (2014).

9. P.J. Dagdigian and M. H. Alexander, “Theoretical investigation of rotationally inelastic collisions of the methyl
radical with helium,” J. Chem. Phys. 135, 064306 (2011).

10. O. Tkaé, A. J. Orr-Ewing, P. J. Dagdigian, M. H. Alexander, J. Onvlee, and A. van der Avoird, “Collision
dynamics of symmetric top molecules: A comparison of the rotationally inelastic scattering of CD; and ND;
with He,” J. Chem. Phys. 140, 134308 (2014).

11. O. Tkaé, Q. Ma, C. A. Rusher, S. J. Greaves, A. J. Orr-Ewing, and P. J. Dagdigian, “Differential and integral
cross sections for the rotationally inelastic scattering of methyl radicals with H; and D,,” J. Chem. Phys.

140, 204318 (2014).

12. O. Tkaé, Q. Ma, M. Stei, A. J. Orr-Ewing, and P. J. Dagdigian, “Rotationally inelastic scattering of methyl
radicals with Ar and N,,” J. Chem. Phys. 142, 014306 (2015).

13. Q. Ma, A. van der Avoird, J. Loreau, M. H. Alexander, S. Y. T. van de Meerakker, and P. J. Dagdigian,

“Resonances in rotationally inelastic scattering of NH; and ND; with H,,” J. Chem. Phys. 143, 044312 (2015).

14. D. Forthomme, M. L. Hause, H.-G. Yu, P. J. Dagdigian, T. J. Sears, and G. E. Hall, “Doppler-resolved
kinetics of saturation recovery,” J. Phys. Chem. A 119, 7439-7450 (2015).

15. P. J. Dagdigian and M. H. Alexander, “Transport cross sections for systems with deep potential wells,” J.

Phys. Chem. A 118, 11935-11942 (2014).

16. P. J. Dagdigian, “Accurate transport properties for H-CO and H-CO,,” J. Chem. Phys. 143, 054303;
erratum 143, 159902 (2015).

17.P. J. Dagdlglan, J. Klos, M. R. Warehime, and M. H. Alexander, “Accurate transport properties for O( P)-H
and O( P)-H3,” J. Chem. Phys. 145, 164309 (2016).

18. P. J. Dagdigian, “Quantum Scattering Calculations of Transport Properties for the H-N and H-CH4
Collision Pairs,” J. Phys. Chem. A 120, 7793-7799 (2016).




19. P. J. Dagdigian, “Combustion simulations with accurate transport properties for reactive intermediates,”
Comb. Flame 162, 2480-2486 (2015).

20. P. J. Dagdigian, “Theoretical investigation of collisional energy transfer in polyatomic intermediates,” Int.
Rev. Phys. Chem. 32, 229-265 (2013).

21. P. J. Dagdigian and M. H. Alexander, “Application of Quantum Statistical Methods to the Treatment of
Collisions,” Adv. Chem. Phys. (in press).

22, P. J. Dagdigian, “Pressure Broadening Calculations for OH in Collisions with Argon: Rotational,
Vibrational, and Electronic Transitions,” J. Quant. Spectrosc. Radiat. Transfer 189, 105-111 (2017).

23. M. H. Alexander, G. Hall, and P. J. Dagdigian, “The Approach to Equilibrium: Detailed Balance and the Master
Equation,” J. Chem. Educ. 88, 1538-1543 (2011).

24. M. J. Murray, H. M. Ogden, C. Toro, Q. N. Liu, D. A. Burns, M. H. Alexander, and A. S. Mullin, “State-Specific
Collision Dynamics of Molecular Super Rotors with Oriented Angular Momentum,” J. Phys. Chem. A 119,
12471-12479 (2015).

25. P. J. Dagdigian and F. Lique, “Collisional excitation of CH; rotational/fine-structure levels by helium,” Mon.
Not. R. Astron. Soc. (in press). 3

26. F. Lique, J. Ktos, M. H. Alexander, S. D. Le Picard, and P. J. Dagdigian, “Spin-orbit relaxation of O("P;) due to
collisions with He, H, and Hp,” Mon. Not. R. Astron. Soc. (in press).



