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Mass spectrometry in materials science 
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Substitution chemistry of clusters 

R1 

R2 

Mixed functionalised  

clusters 

Yoshiki Niihori, Miku Matsuzaki, T. Pradeep and Yuichi Negishi, J. Am. Chem. Soc., 135 (2013) 4946-4949 



Ligand exchange chemistry –  
Substitution chemistry 

Separation of precise compositions of noble metal clusters protected with mixed ligands 

With Niihori and Negishi, Tokyo University of 

Science 





Dempster's 1918 mass spectrometer 

Arthur J. Dempster 



1886 Eugen Goldstein observes canal rays. - gas discharge 

1898 Wilhelm Wien demonstrates that canal rays can be deflected using strong electric and magnetic fields.  

1898 J. J. Thomson measures the mass-to-charge ratio of electrons.  

1901 Walter Kaufmann uses a mass spectrometer to measure the relativistic mass  increase of electrons.  

1905 J. J. Thomson begins his study of positive rays. 

1906 Thomson’s Nobel Prize in Physics  

"in recognition of the great merits of his theoretical and experimental investigations  on the conduction of electricity by gases"  

1906 Gehrke and Reichenheim first produced anode rays by surface ionization (SI).  

1913 Thomson is able to separate particles of different m/e ratios. He separates the  20Ne and the 22Ne isotopes, and  

identifies the m/z = 11 due to doubly charged 22Ne particle. 

1918 Dempster in his first experiment with his 180 degree spectrometer, used SI as the ionization method.  

1919 Francis Aston constructs the first velocity focusing mass spectrograph with mass resolving power of 130. 

1922 Aston’s Nobel Prize in chemistry "for his discovery, by means of his  

mass spectrograph, of isotopes, in a large number of non-radioactive elements,  

and for his enunciation of the whole-number rule."  

1931 Woodstock first observed secondary ion formation from bombarding ions. Herzog (1942) filed a German patent application for a SIMS analyzer. 

1934 Josef Mattauch and Richard Herzog develop the double-focusing mass spectrograph. 

1936 Arthur J. Dempster develops the spark ionization source.  

1937 Aston constructs a mass spectrograph with resolving power of 2000.  

1937-47 Nier develops instruments for precise isotope ratio measurements,  which became the model for EI sources. 

1939 Lawrence receives the Nobel Prize in Physics for the cyclotron. 

1942 Lawrence develops the Calutron for uranium isotope separation.  

1943 Westinghouse markets its mass spectrometer and proclaims it to be "A New Electronic Method for fast, accurate gas analysis".  

1946 William Stephens presents the concept of a time-of-flight mass spectrometer.  

1954 A. J. C. Nicholson (Australia) proposes a hydrogen transfer reaction that will come to be known as the McLafferty rearrangement. 

1954 Inghram and Gomer first demonstrated field ionization from a point source. 

1959 Researchers at Dow Chemical interface a gas chromatograph to a mass spectrometer.  

1964 British Mass Spectrometry Society established as first dedicated mass spectrometry society. It holds its first meeting in 1965 in London.  

1966 F. H. Field and M. S. B. Munson develop chemical ionization.  

1968 Malcolm Dole develops electrospray ionization.  

1969 H. D. Beckey develops field desorption.  

1974 Comisarow and Marshall develop Fourier Transform Ion Cyclotron Resonance mass spectrometry.  

1976 Ronald MacFarlane and co-workers develop plasma desorption mass spectrometry.  

1984 John Bennett Fenn and co-workers use electrospray to ionize biomolecules. 

 1985 Franz Hillenkamp, Michael Karas and co-workers describe and coin the term matrix-assisted laser desorption ionization (MALDI).  

1987 Koichi Tanaka uses the “ultra fine metal plus liquid matrix method” to ionize intact proteins.  

1989 Wolfgang Paul receives the Nobel Prize in Physics "for the development of the ion trap technique".  

1999 Alexander Makarov presents the Orbitrap mass spectrometer. 

2002 John Bennett Fenn and Koichi Tanaka were awarded one-quarter of the Nobel Prize in chemistry each "for the development of soft  

desorption ionisation methods ... for mass spectrometric analyses of biological macromolecules."  

Brief history of 

mass spectrometry 



Ionization in mass spectrometry 
1886 Eugen Goldstein observes canal rays due to gas discharge. 

1906 Gehrke and Reichenheim first produced anode rays by surface ionization 

(SI).  

1931 Woodstock first observed secondary ion formation from bombarding ions. 

Herzog (1942) filed a German patent application for an SIMS analyzer. 

1936 Arthur J Dempster develops the spark ionization source.  

1937-47 Nier develops instruments for precise isotope ratio measurements,  

which became the model for EI sources. 

1954 Inghram and Gomer first demonstrated field ionization from a point source. 

1966 F. H. Field and M. S. B. Munson develop chemical ionization.  

1968 Malcolm Dole develops electrospray ionization.  

1969 H. D. Beckey develops field desorption.  

1976 Ronald MacFarlane and co-workers develop plasma desorption mass 

spectrometry.  

1984 John Bennett Fenn and co-workers use electrospray to ionize 

biomolecules. 

1985 Franz Hillenkamp, Michael Karas and co-workers describe and coin the 

term matrix-assisted laser desorption ionization (MALDI).  

1987 Koichi Tanaka uses the “ultra fine metal plus liquid matrix method” to ionize 

intact proteins.  



Method 1 
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A) Schematic diagram of ionization from CNT paper, B) Optical photograph of the ionization 

source C) mass spectrum of triphenylphosphine (M) at 3 kV, 3 V and 1 V from wet CNT paper, D) 

FE-SEM image of CNT-coated paper, E) isotope distribution of the protonated molecule at 3 V 

and F) product ion MS2 of m/z 263. 
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Full range mass spectrum of 

triphenylphosphine at 3 V 
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A) Mass spectrum of TPP below 500 V using normal paper B) spectrum 

of TPP at 3 V using CNT-coated paper C) spectrum at 500 V from a 

normal paper, D) spectrum using rectangular CNT-coated paper and the 

inset shows the schematic, E) variation of intensity of the m/z 263 peak 

with voltage for CNT-coated paper and F) the same for normal paper. 
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Intensity enhancement upon the addition of dil. HCl for various analytes (M) at 3 V, A) 

triphenylphosphine, B) tributylphosphine, C) diphenylamine and  D) triethylamine. The top 

spectrum is without HCl addition. 

Increase in intensity by the addition of acid: 
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Analysis of preformed ions (positive and 

negative ion modes) at 3 V; A) 

tetramethylammonium chloride and B) 

tetramethylammonium bromide. 

Analysis of preformed ions (positive and 

negative ion modes) at 3 V; A) 

tetramethylammonium nitrate and B) 

tetrabutylammonium iodide. 

Analysis of preformed ions: 
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Analysis of a pesticide mixture at 3 V from the surface of an 

orange. Isotopic distribution of the peaks is not clearly visible 

due to low intensity. 

Detection of pesticides examined individually from the surface of an orange. A) Carbofuran, B) 

methyl parathion and C) parathion. 

Detection of pesticides from an orange surface: 
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Analysis of tablets from CNT-coated paper at 3 V with their mass spectral and MS2 data. A) 

Crocine (paracetamol), B) xyzal (levocetirizine dihydrochloride) and C) combiflam (paracetamol). 

Analysis of commercial tablets:  
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Analysis of amino acids:  

Detection of various amino acids (90 ng) loaded on CNT-coated paper and spectra recorded at 3 

V: A) phenylalanine, B) methionine, C) glutamic acid, D) glutamine, E) isoleucine, F) valine, G) 

proline and H) serine. 
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Raman analysis of the paper: 

Raman measurement of CNT-coated paper before and after ionization. A) Neutral molecules (30 

ppm TTP in MeOH/H2O) and preformed ions (tetramethylammonium bromide) in B) positive and 

C) negative ion modes. 
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Molecular ionization at 1 V from Te nanowires 



A) Schematic of the ionization process, B) FE-SEM image of aligned Te NWs-coated paper, C) 

low magnification TEM image of aligned Te NWs and D) high magnification HRTEM image of Te 

NWs. Various lattice planes observed are marked. Edge of the paper substrate is marked in B. 

The NWs coat the surface uniformly and a thin coating changes the color of the paper.   
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A) Full range mass spectrum of DPA (isotopic distribution of the molecular ion peak (a) and MS2 

of molecular ion peak (b) are shown in the inset) and B), C), and, D) mass spectra of DPA at 0.5 

V, 1 V and 1 kV, respectively.  
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A) Mass spectrum of DPA from a normal paper at 500 V, B) spectrum below an applied potential 

of 500 V, C) variation of signal intensity with voltage from a Te NW-coated paper, and D) variation 

of signal intensity with voltage from a normal filter paper.  
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Signal intensity enhancement for various analytes (a – before adding HCl, and b – after adding HCl). A) 

Triphenylphosphine, B) tributyl phosphine, C) diphenylamine, and D) triethylamine.  

 



Mass spectrum of diphenylamine in different solvents. A) Methanol, B) ethanol, C) propanol, and 

D) butanol.  
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E) F) 

Mass spectrum of diphenylamine in butanol of different conductivity. A) Butanol without  sodium 

acetate, B) butanol with 1 ppm sodium acetate, C) butanol with 10 ppm sodium acetate, D) 

butanol with 50 ppm sodium acetate, E) butanol with 100 ppm sodium acetate, and F) butanol 

with 500 ppm sodium acetate. 



Detection of various pesticides from the surface of an orange at 1 V using Te NW-coated paper. 

A) Chloropyrifos, B) parathion and C) methylparathion. MS2 data are given along with the mass 

spectra.  

 

100 200 300 400 500
  

 

  

 

  

200 250 300 350 400

351

3243
5

1
3

2
4

[M + H]+

2
9

2

[M + H]+

2
6

4

[M + H]+

3
5

1

100 200 300 400 500
 

292

263

2
9

2
2

6
3

100 200 300 400 500

264

236

2
6

4
2

3
6

+
++

+
1 V

C)

B)

A)

In
te

n
si

ty

m/z

Rahul, Depanjan, et al. Unpublished 



From R. G. Cooks 



Ionization is aniosotropic 



A) Variation of molecular ion intensity of diphenylamine with different positions of nanowire coated glass 

substrate (positions are marked in the schematic shown in the inset). B) Schematic of the alignment of 

nanowires with positions. 
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Electrolytic spray deposition 

TEM Grid 

Grounded  

ITO Plate 

A. Li, Q. Luo, S.-J. Park and R. G. Cooks, Angew. Chem. Int. Ed., 53 (2014) 3147–3150. 

Method 2 



Electrolytic spray for patterning 



Patterning of nanoparticle regions 

Width µm 90  

Ag wire Dark Field Image of the pattern 

TEM Image of the grid, 

lacey carbon grid was used. 

EDX and HRTEM images 

also available. 

Li/Som 
50 nm 

100 μm 



A. Li, Z. Baird, S. Bag, D. Sarkar, A. Prabhath, T. Pradeep and R. G. Cooks,  

B. Angew. Chem. Int. Ed., (2014) (DOI: 10.1002/anie.201406660). 



Schematic representation of the transformation of Te nanowires into Ag2Te-Te 

nanowires through electrolytic deposition. TEM images show aligned Te 

nanowires before and after transformation.  

TEM Grid 

Grounded  

ITO Plate 

Tellurium nanowires Transformed Ag2Te-Te nanowires 

Patterning nanostructures 
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C D

200 nm
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A) Large area TEM image of aligned Te nanowires, B) HRTEM image of a 

single Te nanowire, C) large area TEM image of Ag2Te nanowires obtained from 

aligned Te nanowires by electrolytic deposition under ambient conditions and D) 

HRTEM image of a single Ag2Te nanowire.    
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A) Large area TEM image showing localized transformation, B) Magnified view of the nanowires 

showing the presence of Te and Ag2Te phases in each of the nanowires, C) HRTEM image of 

such a nanowire (a sharp interface between the two crystalline phases is seen), D) TEM image of 

the boundary area selected for EDS mapping, insets a and b are the EDS spectra taken from the 

respective areas indicating elemental composition and E) Combined EDS map of Ag and Te with 

insets a and b showing the Ag and Te maps alone.        
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A) Raman image of the patterned surface selecting Te features, B) Raman 

image of the patterned surface selecting Ag2Te features. Patterning of the 

surface was done using an empty TEM grid. Corresponding Raman spectra of 

Te and Ag2Te regions are shown as insets. 
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Also  featured in several 
newspapers and websites. Such as 
The Engineer, PACE, Science Daily, 
iConnect, Purdue News, etc. 
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Half bilayer terminated 

{0001} 

Basal plane 

Contribution from third bilayer 

Full bilayer terminated 

A perspective view of  Ih ice growth on a Ru(0001) substrate. The grey balls indicate the Ru atoms, the black balls represent the oxygen atoms 

and the white balls stands for the hydrogen atoms. Hydrogen bonds in the ice structure are shown by black dotted line in between the water 

molecules. The epitaxial growth of ice is shown. 

S. Bag et. al. Ann. Rev. Anal. Chem. 2013 
J. Cyriac et al. Chem. Rev. 2012 

Ice Chemistry 



IR light source  

MCT detector 

Ion optical path schematic of the instrument 
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Soumabha Bag et al. Rev. Sci. Instrum. 2014 
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