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• Spectroscopy of the methylene radical CH2 and its cation CH+
2

• Modeling of the threshold photoelectron spectrum (TPES)

• Spectroscopic modeling of CH2 and CH+
2

• Comparisons bewteen observed and calculated TPES
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Previous investigations

Because CH2 is an unstable radical, very difficult to produce, almost
no results were available concerning its photoelectron spectrum

First measurements were carried out recently using PFI-ZEKE
spectroscopy1,2

The rotationally resolved spectrum1,2 was analyzed in terms of
rotational constants of CH2 and CH+

2

A very accurate value of the adiabatic ionizing potential (AIP) was
obtained:

AIP = 10.3864 eV

1Willitsch, Imbach, and F. Merkt, J. Chem. Phys. 117 (2002) 1939
2Willitsch and Merkt, J. Chem. Phys. 118 (2003) 2235
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How is the CH2 radical produced?

CH, CH2, and CH3 are produced by successive H ablation

CH4 + F −−→ CH3 + HF
CH3 + F −−→ CH2 + HF
CH2 + F −−→ CH + HF
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Threshold photoelectron spectroscopy

CH2 + hν(eV) −−→ CH+
2 + e–

The e– signal is monitored
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Photoelectron spectroscopy

Photoelectron spectrum Threshold photoelectron
spectrum
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e– with zero kinetic energy

hνi = E(CH+
2 )− E(CH2)
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Spectroscopy of CH2 and CH+
2

• CH2 is an astrophysical species detected in the ISM1,2

• It is spectroscopically very challenging

I Spin-rotation coupling in its X 3B1 ground electronic state3

I Exceedingly nonrigid with a barrier to linearity < 2000 cm−1

I The A rotational constant3 is 74 cm−1

• CH+
2 is even more difficult to deal with as it displays a strong

Renner-Teller effect4

1Hollis, Jewel, and Lovas, Astrophys. J. 315 (1995) 259
2Polehampton, Menten, Brünken, Winnewisser, and Baluteau, Astron. &

Astrophys. 431 (2005) 203
3Brünken, Müller, Lewen, and Giesen, J. Chem. Phys. 123 (2005) 164315
4Bartholomae, Martin, and Sutcliffe, J. Molec. Spectrosc. 37 (1981) 367
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Modeling the threshold photoelectron spectrum

k describes continuum state of e–

Photoionization cross-section σ is∑
Deg. States

∣∣< k| < X+|µZ |X >
∣∣2

Expressions were derived for linear molecules1–4

1Buckingham et al., Phil. Trans. R. Soc. London A 268 (1970) 147
2Fano, Phys. Rev. A 2 (1970) 353
3Chang & Fano, Phys. Rev. A 6 (1972) 173
4Xie & Zare, J. Chem. Phys. 97 (1992) 2891
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Total photoionization cross-section: asymmetric top

For f = |N+K+
a K

+
c , v

+〉|X+〉 and g = |N ′′K ′′aK ′′c , v′′〉|X〉

σtot = ρ′′(qv)
2
∑
|λ′′|≤l′′

Q(l′′)B
(g)
l′′λ′′

2l′′ + 1

where |l′′, λ′′〉 is the molecular orbital from which the photoelectron is
ejected

Q(l′′) = (2N+ + 1)

 ∑
k+,k′′

c(k+)c(k′′)

(
N+ l′′ N ′′

−k+ λ′′ k′′

)2

and B
(g)
l′′λ′′ is en electronic factor

1Willitsch and Merkt, Int. J. Mass Spectrom. 245 (2005) 14
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Total photoionization cross-section: asymmetric top

Important terms:

1 The angular factor Q(l′′)

I Restrictions on N+K+
a K

+
c and N ′′K′′aK

′′
c

2 The Franck-Condon factor (qv)
2

I Dependence on v+ and v′′

I Spectroscopy of CH2 and CH+
2 must be known
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Energy levels of CH2

Rovibrational energies were calculated1 using a tridimensional potential
energy surface2

v N K Cal2 This work v N K Cal2 This work

(000) 1 0 15.6 15.6 1 1 3066.9 3067.0
1 1 78.9 78.9 (001) 0 0 3213.5 3213.6

(010) 0 0 963.1 963.4 1 0 3228.9 3229.0
1 0 978.6 978.9 1 1 3286.0 3286.2
1 1 1132.7 1132.7 (110) 0 0 3957.8 3949.7

(020) 0 0 1828.5 1829.0 1 0 3973.1 3965.1
1 0 1943.9 1844.5 1 1 4120.1 4120.2
1 1 2195.5 2195.6 (040) 0 0 4000.0 4006.7

(030) 0 0 2818.8 2818.2 1 0 4015.8 4022.6
1 0 2834.5 2834.0 1 1 4614.3 4614.3
1 1 3349.6 3349.5 (011) 0 0 4193.2 4192.8

(100) 0 0 2992.0 2992.3 1 0 4208.4 4208.1
1 0 3007.4 3007.7 1 1 4337.8 4337.9

1Gutlé and Coudert, J. Molec. Spectrosc. 273 (2012) 44
2Jensen and Bunker, J. Chem. Phys. 89 (1988) 1327
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1 0 1943.9 1844.5 1 1 4120.1 4120.2
1 1 2195.5 2195.6 (040) 0 0 4000.0 4006.7

(030) 0 0 2818.8 2818.2 1 0 4015.8 4022.6
1 0 2834.5 2834.0 1 1 4614.3 4614.3
1 1 3349.6 3349.5 (011) 0 0 4193.2 4192.8

(100) 0 0 2992.0 2992.3 1 0 4208.4 4208.1
1 0 3007.4 3007.7 1 1 4337.8 4337.9

1Gutlé and Coudert, J. Molec. Spectrosc. 273 (2012) 44
2Jensen and Bunker, J. Chem. Phys. 89 (1988) 1327
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Energy levels of CH+
2

Rovibronic energies were calculated1

accounting for the strong Renner-
Teller effect2 with ε > 1

Tridimensional potential energy surfaces for X+ 2A1 and A+ 2B1 electronic
substates were used.3,4

Energies in this work are within 5 cm−1 from those of Jensen et al.4

1Gutlé and Coudert, J. Molec. Spectrosc. 273 (2012) 44
2Mitrushchenkov, J. Chem. Phys. 136 (2012) 024108
3Kraemer, Jensen, and Bunker, Can. J. Phys. 72 (1994) 871
4Jensen, Brumm, Kraemer, and Bunker, J. Molec. Spectrosc. 172 (1995) 194
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Energy levels of CH+
2

State v Cal1 This work State v Cal1 This work

X+ 2A1 (010) 995.6 995.7 X+ 2A1 (021) 5176.8 5178.7
(020) 2093.1 2093.2 (200) 5735.5 5733.9
(100) 2899.5 2898.9 (101) 5922.0 5921.5
(001) 3131.4 3131.9 (050) 6082.2 6082.7
(030) 3327.1 3327.2 (002) 6203.6 6205.0
(110) 3886.9 3886.1 (130) 6222.1 6223.2
(011) 4109.5 4110.7 (031) 6375.0 6377.8
(040) 4672.2 4672.3 (210) 6712.4 6712.4
(120) 4974.7 4975.4 (111) 6890.2 6891.4

A+ 2B1 (000) 2980.1 2980.7 A+ 2B1 (200) 8689.2 8692.5
(010) 5350.0 5350.6 (101) 8906.2 8909.7
(100) 5866.3 5867.9 (002) 9219.9 9223.4
(001) 6130.2 6131.8 (030) 10028.4 10029.5
(020) 7699.1 7699.9 (120) 10536.1 10537.0
(110) 8212.3 8215.2 (021) 10736.8 10740.7
(011) 8443.9 8446.7

1Jensen, Brumm, Kraemer, and Bunker, J. Molec. Spectrosc. 172 (1995) 194
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Actual cross-section calculation

For X+ 2A1 ← X 3B1 transitions:

σtot ∝ (q1a1
v )2 ×Q1a1(l′′)×B(g)

l′′λ′′

For A+ 2B1 ← X 3B1 transitions:

σtot ∝ (q3b1
v )2 ×Q3b1(l′′)×B(g)

l′′λ′′

{
(q1a1
v )2, Q1a1(l′′)

(q3b1
v )2, Q3b1(l′′)

from energy level calculation

1Willitsch and Merkt, Int. J. Mass Spectrom. 245 (2005) 14
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H2O as a test case

Ground 2Πu electronic state of H2O+ split into

{
X+ 2B1

A+ 2A1

1Partridge and Schwenke, J. Chem. Phys. 106 (1997) 4618
2Wu, Chen, Yang, Guo, Liu, Li, J. Buenker, and P. Jensen, J. Molec.

Spectrosc. 225 (2004) 96
3Truong, Yencha, Juarez, Cavanagh, Bolognesi & King, Chem. Phys. 355 (2009) 183
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TPES of H2O

Observed1 vs. calculated TPES of H2O for the

X+ 2B1 ← X 1A1 ionizing transition

T = 100 K
hwhm = 40 cm−1

1Truong, Yencha, Juarez, Cavanagh, Bolognesi & King, Chem. Phys. 355 (2009) 183
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TPES of CH2

Observed vs. calculated TPES of CH2

T = 300 K

hwhm = 90 cm−1

AIP = 10.378 eV

= 10.3864 eV

1Willitsch, Imbach, and F. Merkt, J. Chem. Phys. 117 (2002) 1939
2Willitsch and Merkt, J. Chem. Phys. 118 (2003) 2235
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Thank You
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