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Remote sensing experiments
g - s o ....astrophysics/chemistry
....atmospheric research

C/2002 C1 (lkeya-Zhang): 24 - 28 April 2002

! Odin 547.7 GHz |

-B D 5
Velocity ( km s-1)

Determine what is there

Determine how much is there




Remote sensing experiments

To determine how much is there, we must know the
line strengths of the rovibronic transitions in question.

Line strength: Molecule-intrinsic transition probability

2
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mypm; A=X,Y,Z

Line strengths can be measured by laboratory
spectroscopy of molecules at known concentrations.



An example ...
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Remote sensing experiments

The experiments, in particular the determination of
concentrations for unstable molecules, are difficult.

So what about theoretical calculations of line
strengths?

Ingredients: ADb initio potential energy surfaces
(PES)
ADb initio dipole moment surfaces
(DMS)



Compurartion of rovibrational specTrA

1. Ab iniTio calculaTions

N N #
DMS PES
N R4
2. Variational calculartions
: .
Rovibrational Rovibrational
wavefuncTioNns ENERGIES
N < L

3. Intensity calculartions &ﬁ SpecTtrum simul ATioN




Starting point:
The Born-Oppenheimer Approximation




ADb initio (electronic structure) calculation

nuclear positions fixed in space




Ab initio calculation of dipole moment
components

Expectation value of dipole moment
operator for electronic wavefunction

Y
4+ (XY4)

> X

A=X Y, Z



Nuclear-motion calculation

Hy o) (Ry) = B (Ry)




Variational nuclear-motion calculation




Energies/wavefunctions from variational
rotation-vibration calculations

Basis functions:

=|J, K, m)|v,,,,J, K)PV(E) < WL (E) < PI(E) <P (&,,.E)

Baszs

eigenfunctio

oscillators for doubly
degenerate bending
vibrations

Two-dimensional
Rigid rotor Morse oscillators . . .
ns \ I isotropic harmonic

Numerov-Cooley
solution of inversion

Schrodinger Hougen-Bunker-Johns theory:
equation for Eckart & Sayvetz conditions

o(p)=V(p,s, =0) ~ g _
= T,,.= expansion in the &

[1] H. Lin et al., J. Chem. Phys. 117, 11265 (2002)

[2] S.N. Yurchenko et al., Mol. Phys. 103, 359 (2005) and references given there.



Variational rotation-vibration

calculations for NH,
J<18
Vibrational basis set:
2(V1 T Va + V3) T Vinv T Vbend <38
Dipole moment surfaces:

CCSD(T)/aug-cc-pVTZ, 14400 points [1]
Frozen-core-approximation
Numerical finite-difference procedure

Potential energy surface:

CCSD(T)/aug-cc-pVTZ, 51816 points [2]
extrapolated to CBS+ level (3814 points,
complete basis set, relativistic effects)

[1] S. N. Yurchenko, M. Carvajal, H. Lin, J. J. Zheng, W. Thiel, and P. Jensen, J. Chem. Phys. 122,
104317 (2005).

[2] H. Lin, J. J. Zheng, S. N. Yurchenko, P. Jensen, and W. Thiel, in preparation.



Electronically averaged dipole
moment for NH, expressed as

“Molecular Bond” representation [1] for general use
Bond Bond Bond

H=U e+ U e + U ée,

4
3 K,

1 2 J 4
Bond ] ) ]
,Llj is a parameterized function of internal

vibrational coordinates

Expansion in linearized displacement coordinates (“NH,) for
use in present calculations

All parameter values are available on request!

[1] S.-G. He, J. J. Zheng, S.-M. Hu, H. Lin, Y. Ding, X.-H. Wang, and Q.-S. Zhu, J. Chem. Phys.

114, 7018 (2001).



Vibrational transition moments for
1 4 States vii/em™! Obs. p1;/D Ab initio pyi/D
N H 3 f i Exp. Pracna 1989  Marquard 2003 Present work

0~ 0t 0.79 1.47193(1)4 1.536 1.574 1.4564
vy 0~ 931.64 0.248(7) 0.269 0.2183 0.2445
vy 0t 968.12 0.236(4) 0.258 0.2075 0.2347
2v, 0~ 1596.68 0.02036(25) 0.027 0.0091 0.0202
2vy 0t  1882.18 0.003256(35) 0.007 0.0261 0.0026
3vy 0~ 2383.36 0.00496(13) 0.004 0.0261 0.0054
3y 0t 2895.51 0.002856(40) 0.003 0.0155 0.0027
vy 0~ 3461 0.0020
dvy 0t 4055 0.0009
vy 0~ 3335.23 0.0262(1) 0.0366 0.0269
v, 0t 3337.08 0.0262(1) 0.0366 0.0270
(11 +12)t 07 4293.72 0.0079 0.0067 0.0087
(v +v2)”  0F  4320.06 0.0079 0.0066 0.0083
vy 0t  3443.68 0.0182(1) 0.0915 0.0181
vy 0~ 3443.20 0.0182(1) 0.0915 0.0180
(r2+v3)t  0F 441691 0.0206 0.0128 0.0246
(v2+v3)” 07 4434.61 0.0206 0.0127 0.0244
vy 0t 1626.28 0.08408(34) 0.0839 0.0828
vy 0~  1626.58 0.08408(34) 0.0838 0.0827
20" 0= 321523 0.00920(6) 0.0073
2097 0t 3217.59 0.00920(6) 0.0074
20T 0t 3240.18 0.00920(6) 0.0091
w75 0~  3240.82 0.00920(6) 0.0090
(va+wvq)t  0F  2540.53 0.002358(36) 0.0077 0.0091
(v2+w)” 07 2585.34 0.002182(82) 0.0080 0.0094

[1] P. Pracna, V. Spirko, and W. P. Kraemer, J. Mol. Spectrosc. 136, 317 (1989).

[2] R. Marquardt, M. Quack, |. Thanopulos, and D. Luckhaus, J. Chem. Phys. 119, 10724 (2003).



Vibrational transition moments for
14 States e Obs. ji7/D Ab nitio uge/D
N H 3 f 1 Exp.@ Pracna 1989 Marquard 2003 Present work

vy vy 35.69 1.2448(23) 1.305 1.355 1.2376
2vy vy 629.35 0.557 0.5084 0.5144
w5 vy 949.75 0.285(10) 0.313 0.2698 0.2855
3vy v,  1416.03 0.0737(16) 0.089 0.0288 0.0738
vy vy 1963.08 0.00081(11) 0.004 0.0416 0.0011
vy v,  2367.90 0.0040 0.0157 0.0002
vy vy 2404.65 0.0040 0.0159 0.0008
vy vy 2511.25 0.02286(29) 0.0080 0.0178
vy v,  2475.87 0.02286(29) 0.0080 0.0181
2wt vy 2307.75 0.00672(15) 0.0044
2w vy  2273.49 0.00672(15) 0.0048
2w v, 2247.90 0.00085 0.0036
2wy~ vy 2285.16 0.00085 0.0031
(vo+va)t vy 1608.10 0.0888(12) 0.0867 0.0911
(vo+m)” v,  1618.01 0.0843(27) 0.0856 0.0876
vy v 1.06 1.47912(14) 1.599 1.4626
2wy i 28471 1.02(18) 0.995 1.047 0.9383
vy 2uy  501.97 1.05(34) 0.898 0.9430 0.8876
3vy 2u  1298.04 0.113 0.0830 0.1116
vy 3vy  511.36 1.037 1.039 0.9671
v 3v, 566 0.9933
dvy v 1671 0.0343
dvy dvi 593 1.107 1.072 1.0199
vy vy 0.31 1.5094 1.626 1.4885
vy vy 1.09 1.4554(32) 1.574 1.4422

[1] P. Pracna, V. Spirko, and W. P. Kraemer, J. Mol. Spectrosc. 136, 317 (1989).

[2] R. Marquardt, M. Quack, |. Thanopulos, and D. Luckhaus, J. Chem. Phys. 119, 10724 (2003).



Absorption intensity simulation: XY; molecules

I(f —i) = fLmee(a) d

8T3N i e BilkT ] |
_ (MEO)A%J; G [1 — exp(—hei [KT)] S(f — i)

e {}7
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[1] S. N. Yurchenko, M. Carvajal, H. Lin, J. J. Zheng, W. Thiel, and P. Jensen, J. Chem. Phys. 122,
104317 (2005).

[2] S. N. Yurchenko, W. Thiel, M. Carvajal, H. Lin, and P. Jensen, Adv. Quant. Chem., in press.



The v, and 2v, absorption bands of
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The v, and v; absorption bands of
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J.-Y. Mandin, J. Mol. Spectrosc. 193, 46 (1999).



The 2v,° and 2v,*? absorption bands of

1ANH Theory Experiment
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The v, and v, absorption bands of

PH,
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Born-Oppenheimer Approximation

Beyond
the Born-Oppenheimer Approximation




Beyond
the Born-Oppenheimer Approximation

?Pé“ ) (Re,Rn)  Rovibronic

Interaction
u=1
matrix representation: Rovibronic ?ﬁéﬂ ) (Re, Ry)
of rovibronic Hamiltonian : :
for two interacting Interaction )
electronic states H




CH RENNER EFFECT
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Rovibronic wavefunctions for
Renner-degenerate states

Isolated electronic state (Born-Oppenheimer approximation):

Renner-degenerate states:

(=5 (+,5)

Interaction between we ' and l//eJr caused by L ..



CH;r Calculations

® Ab initio potential energy functions from W. P.
Kraemer, Per Jensen, and P. R. Bunker, Can. J. Phys.
72, 871-878 (1994)

" One parameter of the potential energy function has
been adjusted to obtain agreement with experiment for
the v, vibrational term value in the X 2A; state.

CHJZ’ Experiment

" X2A,v;band (K,=0 <« 0and 1 « 1) measured by M.
Rosslein, C. M. Gabrys, M.-F. Jagod, and T. Oka, J.
Mol. Spectrosc. 153, 738-740 (1992).

" Photoelectron spectrum of CH,; S. Willitsch and F.
Merkt: J. Chem. Phys. 118, 2235-2241 (2003).

" A2B, « XZ2A,electronic spectrum; J. L. Gottfried
and T. Oka, J. Chem. Phys. 121, 11527 (2004)



I'=300K

CH, XZ2A.
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CH, X2A, N<10 T=300K
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CH,

A(0,3,0)'«X(0,0,0)°

S Ay < R4
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