
Shan Jin

Jan. 30th,2025

DK-ALM

GRUND 15
35

Exploring the cosmos:
Spectroscopy of Ionic Iron Compounds with 

Astrochemical Relevance

Basic Principles and Recent Results
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The CCD image of the interstellar
medium (ISM), token by Adam Block at
the Caelum Observation.
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Ionized hydrogen
H II regions because of H-α emission

a wavelength of 656.28 nm (red light)

H
+

H atom:
e-

656.28 nm 
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Ionized hydrogen
H II regions because of H-α emission

reflection nebulae

???
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1. Background 

[1] Cold molecules, lecture compiled by Prof. Paul Scheier

cool dense molecular clouds
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1. Background 

[1] Cold molecules, lecture compiled by Prof. Paul Scheier
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1. Background 

With different telescope covering different region, astrophysicists are able to obtain more information from outerspace. 

Infrared

Far InfraredMid-Infrared
Near
Infrared

RadioMicrowaveUV

Visible

X-rayGammar
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Material Number density, n / cm-3

Ideal gas 2.504 * 1019 

Low Earth orbit (300km) ~108 

Surface of moon ~102 

[1] Cold molecules, lecture compiled by Prof. Paul Scheier. [2] Mateo-Marti et al., Life 2019, 9(3), 72.
[3] R.J. Reid, Vacuum science and technology in accelerators, Cockcroft Institute Lectures, 2010.

Temperature / K Number density, n /  cm-3

Diffuse clouds ~100 100

Dense clouds 10-100 104 -108

Accretion disk 10-1000 108 -1013
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Periodic table of astronomers

Quiz:
What is the life metal?

What is the star killer 
metal?
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Diffuse interstellar medium



1. Background 
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• Fe is by far one of the most abundant metals in the universe

• Little atomic iron is seen

• Detection of FeO [1] and FeCN[2] in the interstellar clouds

• Ion spectroscopy + mass spectrometry as a high-resolution tool 
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Fe+ in the Interstellar Medium

[1] The Astrophysical Journal, 566:L109–L112, 2002.
[2] The Astrophysical Journal Letters, 733:L36 (5pp), 2011

[3] S.R. Langhoff, C.W. Bauschlicher Jr., Astrophysics Journal, 1991, 375: 
843-845.

FeH+
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Theoretical Methods

𝐸Ψ = ෡𝐻Ψ

Molecules are 
observed 

spectroscopically.
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Molecules are observed spectroscopically

𝐸 = 𝐸𝑒𝑙 + 𝐸𝑣𝑖𝑏 + 𝐸𝑟𝑜𝑡
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Molecules are observed spectroscopically
Jablonski Diagram
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Molecules are observed spectroscopically
𝐸 = 𝐸𝑒𝑙 + 𝐸𝑣𝑖𝑏 + 𝐸𝑟𝑜𝑡



Infrared Multiphoton Dissociation Spectroscopy
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Dissociation threshold

IVR: intramolecular vibrational redistribution
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The fundamental:v =0 to v=1

First overtone:v=0 to v =2

Fundamental, Overtone, Combination band, Hot band, and Isotope effect

Vibrational energy levels

K is the force constant
µ is a reduced mass
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EXPERIMENTAL SETUP
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EXPERIMENTAL SETUP - Vacuum

10-12 mbar ~2.5*104 

Particle density:
Vacuum classification

1 bar = 100000 Pa
1 standard atmosphere 
= 101325 Pa = 760Torr 
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EXPERIMENTAL SETUP - Vacuum

10-12 mbar ~2.5*104 

Particle density:Vacuum classification

1 bar = 100000 Pa
1 standard atmosphere 
= 101325 Pa = 760Torr 
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Helium
20bar

532 nm Laser

EXPERIMENTAL SETUP – Laser Vaporization
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EXPERIMENTAL SETUP - Cooling
Supersonic expansion

Cryogenic cooling

4K
532 nm



Helium
20bar

532 nm Laser
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EXPERIMENTAL SETUP– Ion optics
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EXPERIMENTAL SETUP – Ion optics

light Charged particles

Helium
20bar

532 nm Laser
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EXPERIMENTAL SETUP - Detection

+
+ +

+10 V
Eq = ½ mv2

time

Wiley McLaren Time of Flight
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EXPERIMENTAL SETUP - Detection

+
+ +

𝜔𝑐 =
𝑞𝐵

𝑚

t

frequency

FT

m/z
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EXPERIMENTAL SETUP – OPO
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EXPERIMENTAL SETUP

FeH+Ar2

2.58 Å

1.59 Å

Mass amu.

Mass amu.

isolation

IR @ 1860 cm-1

irradiation

Mass amu.

irradiation

Mass amu.

IR @ 1600 cm-1

Wavenumber / cm-1



RESULTS

Shan JinGRUND 15 35 31



FeH+: Structure and Tagging

GRUND 15 35 32Shan Jin
S. Jin, J. Heller, C. van der Linde, MO, M. K. Beyer.
J. Phys. Chem. Lett. 13, 5867–5872 (2022).

FeH+ Fe+

1.59 Å

ΔE = 208 kJ/mol

– H

CCSD/aug-cc-pVTZ

(Exp.: 205 ± 6 kJ/mol)1

[1] – J. L. Elkind, P. B. Armentrout, 
J. Phys. Chem. 90, 5736−5745 (1986).

C∞v



FeH+: Structure and Tagging
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S. Jin, J. Heller, C. van der Linde, MO, M. K. Beyer.
J. Phys. Chem. Lett. 13, 5867–5872 (2022).

FeH+Ar2 FeH+Ar FeH+ Fe+

1.59 Å1.59 Å

2.53 Å2.58 Å

1.59 Å

ΔE = 208 kJ/mol

– H

ΔE = 45 kJ/mol

– Ar

ΔE = 29 kJ/mol

– Ar

CCSD/aug-cc-pVTZ

[1] – J. L. Elkind, P. B. Armentrout, 
J. Phys. Chem. 90, 5736−5745 (1986).

(Exp.: 205 ± 6 kJ/mol)1

C∞vC∞v

C2v

2420 cm-1 3760 cm-1
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Ar2FeH+

J. Phys. Chem. Lett. 2022, 13, 25, 5867–5872

Symmetry Breaking through Tagging

Ar2FeH+ + mhν → ArFeH+ + Ar

Expt. mode theory
Ar2FeH+ Ar2FeH+ ArFeH+ FeH+

1860 ෤𝜈1 1862 (21.07) 1878 (9.94) 1793 (1.89)
2078 ෤𝜈1 + ෤𝜈2 2090 (0.38)
2054 ෤𝜈1 + ෤𝜈3 2061 (0.25)
2012 ෤𝜈1 + ෤𝜈4 2014 (0.09)

Anharmonic frequency analysis B3LYP-D3/aug-cc-pVTZ

T = 80 K
Cooling: 6 s
FWHM: 23 cm–1 

ΔE = 29 kJ/mol
~2420 cm-1



FeH+Ar2: IR Spectrum
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S. Jin, J. Heller, C. van der Linde, MO, M. K. Beyer.
J. Phys. Chem. Lett. 13, 5867–5872 (2022).

FeH+Ar2

2.58 Å

1.59 Å

T = 80 K
Cooling: 6 s
FWHM: 23 cm–1 

optimization: CCSD/aug-cc-pVTZ; 
frequencies: B3LYP-D3/aug-cc-pVTZ
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FeH+Ar2: IR Spectrum
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S. Jin, J. Heller, C. van der Linde, MO, M. K. Beyer.
J. Phys. Chem. Lett. 13, 5867–5872 (2022).

FeH+Ar2

2.58 Å

1.59 Å

T = 80 K
Cooling: 6 s
FWHM: 23 cm–1 

FWHM (T = 80 K, 6 s cooling): 23 cm–1 

FWHM (T = 80 K, 3 s cooling): 25 cm–1 

FWHM (T = 300 K): 30 cm–1 

optimization: CCSD/aug-cc-pVTZ; 
frequencies: B3LYP-D3/aug-cc-pVTZ
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FeH+Ar2: IR Spectrum
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S. Jin, J. Heller, C. van der Linde, M. Ončák, M. K. Beyer.
J. Phys. Chem. Lett. 13, 5867–5872 (2022).

T = 80 K
Cooling: 6 s
FWHM: 23 cm–1 

optimization: CCSD/aug-cc-pVTZ; 
frequencies: CCSD/aug-cc-pVTZ

νAr-Fe-Ar = 46 cm-1 νFe-H = 1906 cm-1



FeH+Ar2: IR Spectrum
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S. Jin, J. Heller, C. van der Linde, MO, M. K. Beyer.
J. Phys. Chem. Lett. 13, 5867–5872 (2022).

T = 80 K
Cooling: 6 s
FWHM: 23 cm–1 

FWHM (T = 80 K, 6 s cooling): 23 cm–1 

FWHM (T = 80 K, 3 s cooling): 25 cm–1 

FWHM (T = 300 K): 30 cm–1 

wavenumber (cm –1)
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10 cm–1 

optimization: CCSD/aug-cc-pVTZ; 
frequencies: B3LYP-D3/aug-cc-pVTZ

56:25:11:5 (T = 80K)
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Ar1,2FeH(D)+ and overtone study
Experimental IRMPD spectra

Anharmonic calculation at  B3LYP-D3/aug-cc-pVTZ level of theory

(a)

(b)

(c)

(d)

Besides deuteration, argon tagging also leads to a shift of the spectral band positions!
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Fe (Kh) FeH+ (C∞v) FeH+Ar (C∞v) FeH+Ar2 (C2v)

Ar1,2FeH(D)+ and overtone study
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5D

Fe (Kh) FeH+ (C∞v)

A(5𝚷)

FeH+Ar (C∞v) FeH+Ar2 (C2v)

B(5𝚺+)

X(5𝚫)

Ar1,2FeH(D)+ and overtone study

Stephen R Langhoff, Charles W Bauschlicher Jr. Astrophzsical Journal, 375:843-845,1991

,



Shan JinDK ALM Pre Talk 2024 42

5D

Fe (Kh) FeH+ (C∞v)

A(5𝚷)

FeH+Ar (C∞v) FeH+Ar2 (C2v)

B(5𝚺+)

X(5𝚫)

B(5𝚺+)

A(5𝚷)

X(5𝚫)

Ar1,2FeH(D)+ and overtone study
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5D

Fe (Kh) FeH+ (C∞v)

A(5𝚷)

FeH+Ar (C∞v) FeH+Ar2 (C2v)

B(5𝚺+)

X(5𝚫)

B(5𝚺+)

A(5𝚷)

X(5𝚫)

B(5A1)

A(5B2)

A(5B1)

X(5A2)

X(5A1)

Ar1,2FeH(D)+ and overtone study



Shan JinDK ALM Pre Talk 2024 44

Ar1,2FeH(D)+ and overtone study

Splitting of the 5D term in iron upon addition of H+ and 
complexation with Ar Symmetrically allowed

(ν = 0→2) 

X→A

Milan Ončák, Lukáš Šištík, Petr Slavíček. J. Chem. Phys. 133, 174303 (2010).

MRCI(8,7)+SO/aug-cc-pVDZ, reflection principle  freq: B3LYP-D3/aug-cc-pVTZ
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Ar1,2FeH(D)+ and overtone study

MRCI(8,7)+SO/aug-cc-pVDZ, reflection principle  freq: B3LYP-D3/aug-cc-pVTZ

X‘/X→A‘ X‘/X→B



FeH+: X-ray Spectrum
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[1] Corrales et al.,The Astrophysical Journal, 965:172 (18pp), 2024



FeH+: X-ray Spectrum
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@HZB BESSY II@UE52-PGM beamline 



FeH+: X-ray Spectrum
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2p3/2

3d

2p1/2

L3

L2

L3 L2



FeH+: X-ray Spectrum
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Take Home Messages

• Astrochemistry needs the collaboration of astrophysicists, modeling 
theoretical chemists, and chemical physicists (physical chemists).

• Insight into basic principles and instruments of chemical physics and 
physical chemistry

• Understand the spectroscopical characteristics of Argon-tagged FeH+, 
and provides spectroscopic data first.

• First X-ray spectroscopy of FeH+ aids its identification in the ISM 
environment.

50Shan JinGRUND 15 35



Thank Prof. Dr. Martin Beyer, Assoz. Prof. 
Dr. Milan Ončák, and groups’ help
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SI
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NASA
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FeH+Ar1,2: UV-Vis Spectrum
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reactants products Dissociation energya /eV Dissociation energyb /eV
ArFeH+ + hν ArFe+ + H· 2.45 2.76

FeH+ + Ar 0.46 0.5
Fe+ + Ar + H· 2.61 3.03

Ar2FeH+ + hν Ar2Fe+ + H· 2.62 2.9
ArFe+ + Ar + H· 2.75 3.11

ArFeH+ + Ar 0.3 0.35
FeH+ + 2Ar 0.76 0.85

Fe+ + 2Ar + H· 2.91 3.38
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