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Motivation 

• Basic research on the photochemistry of hydrated metal ions 

 - Solvation under well defined conditions 

 - Properties from the gas phase to bulk 

 - Model for photocorrosion 

 

• Questions: 

 - Structures 

 - Photochemical Reaction Processes 

 - Hydrated Electron? 
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Hydrated Metal Ions 

Photochemistry and Spectroscopy of Hydrated Metal Ions [M(H2O)n]+ 

Energies in kJ/mol // B3LYP/6-31** 

not actual data 

Theoretical Background 



Photodissociation of Molecules 

+ 
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Theoretical Background 



UV Photodissociation 

  

  

  

For cw lasers: 

For pulsed lasers: 

For pulsed lasers, also considering BIRD: 

F.A. Gianturco; Collision Theory for Atoms and Molecules; Springer Science & Business Media 2012 

Photochemistry and Spectroscopy of Hydrated Metal Ions [M(H2O)n]+ 

Theoretical Background 



[MgH2O]+ in Detail 
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Theoretical Background 



IR Photodissociation 

N.C. Polfer; Infrared multiple photon dissociation spectroscopy of trapped ions; Chem. Soc. Rev. 5, 2011 
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Theoretical Background 



Experimental Setup 
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Experimental Setup 



Liquid N2 cooled ICR Cell 
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Experimental Setup 



Basic Principles of FT-ICR-MS 
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Experimental Setup 



Photochemistry and Spectroscopy of Hydrated Metal Ions [M(H2O)n]+ 

Experimental Setup 
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Experimental Setup 



Broad Band Excitation: Frequency Sweep / Chirp 

Single Frequency Excitation: Ejection Shots 

Cluster Isolation 
 

A.G. Marshall, C.L. Hendrickson, G.S. Jackson; Fourier Transform Ion Cyclotron Resonance Mass Spectrometry: A Primer 
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Broad Band Excitation: Frequency Sweep / Chirp 
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Experimental Setup 

Cluster Isolation 
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Data Generation 
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Hydrated Magnesium Ions 



Hydrated Magnesium Ions 
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1s22s22p63s1 

Electronic Configuration of Mg+ 

Wikipedia 



Introduction 
C. Berg et al. / Chemical Physics 239 (1998) 379–392 Misaizu et al. / J. Chern. Phys. 100 (1994) 1161 
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C. Berg et al. / Chemical Physics 239 (1998) 379–392 
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Two Fragmentation Channels: 
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+  →  [MgOH(H2O)n-m-1]

+ + (H2O)m + H  

Short Recap of Results for small Clusters 
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Short Recap of Results for small Clusters 

H Dissociation:    in the Excited State (1g/2g, 2g) 
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Short Recap of Results for small Clusters 

H Dissociation:    in the Excited State (1g/2g, 2g) 

H2O evaporation:  in higher lying Excited States (2g) 

  in the Ground State after Fluorescence 
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Hydrated Magnesium Ions [Mg(H2O)n]+ 



Experimental Results for large Clusters (n = 20, 30, 40, 50, 60, 70) 
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Precursor Ions:  [Mg (H2O)19,20]
+
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Precursor Ions:  [Mg (H2O)19,20]
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Hydrated Magnesium Ions [Mg(H2O)n]+ 

1g 2g 3g 



Precursor Ions:  [Mg (H2O)19,20]
+
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Increasing loss of Water Molecules 

with increasing Photon Energy. 
1g 

2g 

3g 
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Hydrated Magnesium Ions [Mg(H2O)n]+ 

Precursor Ions:  [Mg (H2O)19,20]
+

 



For n ≤ 14 Water Molecules: 

only [MgOH(H2O)n]
+ Fragment Ions 

are observed. 

Photochemistry and Spectroscopy of Hydrated Metal Ions [M(H2O)n]+ 

Hydrated Magnesium Ions [Mg(H2O)n]+ 

Precursor Ions:  [Mg (H2O)19,20]
+
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Partial Cross Sections: 
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Proof that hyd. Magnesium Hydroxide Ions do not absorb in the relevant Wavelength Range 
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Proof that hyd. Magnesium Hydroxide Ions do not absorb in the relevant Wavelength Range 

Photochemistry and Spectroscopy of Hydrated Metal Ions [M(H2O)n]+ 
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1.95 eV / 4 H2O ≈ 0.49 eV / H2O 

Literature Value of H2O Binding Energy (for n > 40): ~0.447 eV  

Gaussian Fit 
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Photochemistry and Spectroscopy of Hydrated Metal Ions [M(H2O)n]+ 

Hydrated Magnesium Ions [Mg(H2O)n]+ 



Photochemistry and Spectroscopy of Hydrated Metal Ions [M(H2O)n]+ 

Hydrated Magnesium Ions [Mg(H2O)n]+ 



Theoretical Results and Interpretation 
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Hydrated Electron  Mg2+ (H2O)n
-  for n ≥ 20? 

C. Berg et al. / Chemical Physics 239 (1998) 379–392 
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Hydrated Electron  Mg2+ (H2O)n
-  for n ≥ 20? 

C. Berg et al. / Chemical Physics 239 (1998) 379–392 
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Water Molecule Binding Energy 
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Water Molecule Binding Energy 

Average: 0.468(19) eV per H2O  /  Literature: 0.447(4) eV (for n > 40) 
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Hydrated Magnesium Ions [Mg(H2O)n]+ 



Photochemistry of Water Evaporation  

Average: 0.468(19) eV per H2O  /  Literature: 0.447(4) eV (for n > 40) 

 
→ Dissociation in the electronic Ground State: fast IC, no Fluorescence 
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Photochemistry of Hydrogen Dissociation 
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Photochemistry of Hydrogen Dissociation 
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Hydrated Zinc Ions 

1s22s22p63s23p63d104s1 

Electronic Configuration of Zn+ 

Wikipedia 
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I IIa IIb IIIc IIIa IIIb 
+16.0 +0.7 +22.3 

Geometries 
 

IVa IVb IVc IVd 

+22.3 +4.0 +38.6 

[Zn(H2O)n]
+  // B3LYP/aug-cc-pVDZ // Energies in kJ/mol 
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Hydrated Zinc Ions [Zn(H2O)n]+ 

n=4 

n=1 n=2 n=3 

not a minimum 



Geometries 
 

Va Vb Vc Vd Ve 
+39.9 +14.3 +12.9 +39.9 

VIa VIb VIc VId VIe VIf 

+76.8 +40.0 +10.2 +8.6 +46.4 

[Zn(H2O)n]
+  // B3LYP/aug-cc-pVDZ // Energies in kJ/mol 
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Hydrated Zinc Ions [Zn(H2O)n]+ 

n=5 

n=6 

not a minimum 

not a minimum 



Spin Density 
 

[Zn(H2O)n]
+  // B3LYP/aug-cc-pVDZ 
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n=1 n=2 n=3 

n=4 n=5 n=6 



Dissociation Energies 
 

[Zn(H2O)n]
+  // B3LYP/aug-cc-pVDZ 
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IR Spectra 
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Hydrated Zinc Ions [Zn(H2O)n]+ 

not a minimum 



Zn+ 

BHandHLYP/aug-cc-pVTZ 

EOMCCSD/aug-cc-pVTZ 

UV Spectra 
 

[Zn(H2O)n]
+  // B3LYP/aug-cc-pVDZ 

Photochemistry and Spectroscopy of Hydrated Metal Ions [M(H2O)n]+ 

Hydrated Zinc Ions [Zn(H2O)n]+ 



Potential Energy Plots 
 

[Zn(H2O)n]
+  // B3LYP/aug-cc-pVDZ 
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n=7 

n=8 

Geometries of larger Clusters (n=7-20) 
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+26.0 

Geometries of larger Clusters (n=7-20) 
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n=16 

Geometries of larger Clusters (n=7-20) 
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n=20 

Geometries of larger Clusters (n=7-20) 
 



IR Spectra 
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IR Spectra 
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First Experimental 

Results 
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Conclusion 

Photodissociation Spectra of Mg+(H2O)n for (n = 1-5, 20, 30, 40, 50, 60, 70) 
 

  • two channels: Mg+(H2O)m<n  - dominant for large clusters 

            MgOH+(H2O)m<n  - dominant for small to medium size clusters 

         (exclusive product in the 5 < n < 15 range) 

  water evaporation for small clusters: in higher lying excited states (2 photons) 

      in the ground state after fluorescence 

  hydrogen diss. for small clusters: in the excited state 

  water evaporation for large clusters: in the ground state after fast IC 

  hydrogen diss. for large clusters: in the ground state 
 

  • energy needed for water evaporation for larger clusters: 

  0.468(19) eV per H2O  /  Literature: 0.447(4) eV (bulk) 
 

  • shape of the spectra for larger clusters resembels that of the hydrated electron 

     (but probably consists of two different isomers, 5- and 6 times coordinated Mg) 

 

Photodissociation Spectra 

Mg+(H2O)n 
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Outlook 
 

Photochemistry and Spectroscopy of Hydrated Metal Ions [M(H2O)n]+ 

• Additional calculations on the photochemistry of [Zn(H2O)n]
+   

• Calculations for [Mg2(H2O)n]
+  
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