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Motivation

Predict Rate Constants for Interstellar Chemistry
* Temperature ~ 5to 100 K
 Barrierless Reactions

1. on-Molecule
2. Radical-Radical
3. Radical-Molecule

* Long-Range Potential — Smallest n’s in R™ Dominate
on-Dipole ~ R

on-Quadrupole ~ R

on-Induced Dipole ~ R+

Dipole-Dipole ~ R3

Dipole-Quadrupole ~ R
Quadrupole-Quadrupole ~ R
Dipole-Induced Dipole ~ R

Dispersion ~ R
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Long-Range Transition State THeory

Low Temperature =>
Transition State at Large Separations =>
Orbital Rot. Const. << Fragment Rot. Const.
Chemical Forces are not important
High Temperature =>
KT > B => Classical Rotations
For Single Long-Range Term in V Results are “Analytic”
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Multiple Terms in V Require Evaluation of C for Sum Potential
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Analytic Results

lon Induced-Dipole; Langevin  k(T) = k; = 2mgy/a/p.

lon Dipole k= C®E V29V,
lon Quadrupole k(T) = V2rqdpV2T712,
Dipole Dipole k= Cp~ V2 (ddy)**TY°.
Dipole Quadrupole k= CuY2dQ|"*

Dipole Induced-Dipole k= CuY?(d%a) 3TV
Dispersion k(T) = 8.55u~Y2C/*T"/8,
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H,* + CO: Capture Rate
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H;* + CO: Comparison with Experiment

Relative Energy (kcal/mol)
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H;* + CO: Other Theory

Le et al: CCSD/aug-cc-pVDZ
Grow PES
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Limitations in Classical Long-ﬁange Transition

State Theory
Spin-Orbit (KT ~ Egp)
Atomic Quadrupoles — Electronic Only

McCall: O(°P) + H,*

Wakelam et al. ; Space Sci. Rev. 2010,156: 13-72.
C(°P) + NH,

C(®P) + C;0

O(3P) + CN

O(3P) + C,H

O(®P) + HNO

Quantum rotations of the fragments can be importantat T > 5 K
H,+H,*



Coupling of lon-Quadrupole and Spin-Orbit
Interactions for (3P) States

Weak LS—coupling (A<<B) Strong LS—coupling (A>>RB)
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Gentry and Giese, J. Chem. Phys. 67, 2355 (1977)
Talbi, DeFrees, Egolf, Herbst, Astrophys. J. 374, 390 (1991)



N
O(3P) + H;*: Temperature Dependence

Test of Long-Range Expansion Variation between Spin-Orbit

Limits
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O(3P) + H;*: Temperature Dependence

Comparison With Experiment Effect on H;" Destruction Rates
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Astrophys. J. 522, 338 (1999)



Electronic Contribution

Adiabatic
k= Zk S
electromc
Statistical
k= mm(Zk(R) & ;R)
Qelectronzc

Ab Initio Electronic Structure
CASPT2 for TST Direct Sampling
QCISD(T)/CBS for Stationary Points



Coupling of Quadrupolar and Spin-Orbit
Interactions for (3P) States

H= Lﬂr@ — AS - L.
R dQ — limit T SL — limit T
-3Qp. + 55( + pz_pfj R 2A ?
A| -3Qp,+ 224 L) | A| -A+\/3QV/EF T | R
—3Qp. + f5(+ ) | A| —A- \/gﬁ?\/pi +p2+p2 | A
B ~3Qpy + 455 A A+ 3Qp, A
| —3Qp: + T55=5 A ~A+35Qp. A
B, —30Qp: + 55570 R A+30Qp, A
—3Qp: + 550 A —A+3Qp, A
B —3Qp, + ;i; — R A+ 3Qp. R
) -3Qp, + S5 A —A+ 3Qp. R




Correlation Diagram

Strong Quadrupole Strong Spin—Orbit
Interaction Interaction

B, == A A,

— IB """"""" 3‘/_' s ’
y Z\:.— rrrrrr -‘J'= J:

Al - - - - - - - - - - - - - -

B E— 1 11 — A . X_ """"""
e B0 ==
By —
) Z
_*‘By\ \—J:
\ _“BZ \ 1A E—
B =, — A A

C(°P)



C(3P) + NH,

Relative Energy (kcal/mol)
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C(3P) + C,0

Relative Energy (kcal/mol)
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Correlation Strong Quadsupole

. Bx | Interaction
Diagram e A
L e Strong spin—orbit
_E 2., Interaction

B O(P)



O(3P) + CN

Andersson, Markovic,
Nyman 0 CN+O
Phys. Chem. Chem. Phys. -10
2, 613 (2000) -
Andersson, Markovic,
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O(3P) + C;N

Relative Energy (kcal/mol)
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O(3P) + C;N

5x1071° —
4x10710 [ ;
FI'U')
@ 3x1071° |
> i
(@]
Q
(@]
E ox1010 ]
E N
L
~ i —— Anal:tot _
x| Direct;tot;opt )
- - —= - Direct;tot ]
O I L] . . |
10 100

Temperature (K)



O(P) + C,H

Relative Energy (kcal/mol)
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O(P) + C,H
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O(3P) + HNO

1x10° ————,

40 TS —TST
' - " - --TST:E-1
30 SUUN EERRY TST.E-2
20 1 o Inomata and Washida
10

1x10™%0 | > e |
) HNO+O(’P) - :

-10
-20
-30

o
=
=

1x10°

Relative Energy (kcal/mol)
k (cm’ molecule™ s™)

-50
-60

1x10712

100 | 1000

Temperature (K)



Low-Temperature Quantum Corrections

At low temperatures fragment rotations are no longer
classical

But orbital motions are still classical

J2
N(E,JIR)= Zﬂ\fbf[E S |Rj

Rate constant can be written in terms of sums over only
fragment rotational states

Low T limit => just consider ground fragment rot. State
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Summary:

1. Long-range TST extended

2. Important to consider potential
carefully

3. Analytic and direct sampling yield
consistent results (within 10%)

4. Discrepancies between theory and
experiment are not understood



O(P) + C,H
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NC's)+CN

cCP) + N,

Relative Energy (kcal/mol)
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