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Unexpected formation of [M]2+ from [M+CuCl+H]2+ 
ions under CID conditions, where M is a molecule 
of 3,5-bis(2,2’-bipyridin-4-ylethynyl)benzoic acid 
or its methyl ester  

Abstract: [M+CuCl+H]2+ ions were generated using 
electrospray ionization (ESI); where M is a molecule  
of 3,5-bis(2,2’-bipyridin-4-ylethynyl)benzoic acid or its 
methyl ester (1 and 2, respectively). The ions were subjected 
to CID-MS/MS analysis. It was found that their gas phase 
decomposition lead to the formation of rare di-cations 
[M]2+, namely [1]2+ and [2]2+ ions. The formation of [1]2+ ion 
from [3+H+CuCl]2+ ion in the second fragmentation, where 
3 is ethyl ester of 3,5-bis(2,2-bipyridin-4-ylethynyl)benzoic 
acid, was also observed since in the first fragmentation 
step the loss of ethylene molecule from [3+H+CuCl]2+ ion 
took place. To the best of our knowledge, it is the first time 
that [M]2+ ions formation from respective metal complexes 
has been reported. It is also unusual that formation  
of [M]2+ ions is not accompanied by formation of [M]+∙ 

ions. Furthermore, as expected, theoretical calculation  
and electron ionization mass spectra show that 1 and 2 are 
not especially prone to form [M]2+ ions. Thus formation of 
[M]2+ ions under CID conditions is very surprising.
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1 Introduction
Under electron ionization (EI) conditions, singly charged 
organic cations [M]+∙, formally radical cations, are 
formed (M stands for a molecule of organic compound). 
These ions, also called molecular ions, are formed by the 
loss of one electron from the neutral organic molecule. 
Observations of the loss of two electrons leading to doubly 
charged ions [M]2+ (di-cations) under EI conditions have 
been very rare [1-6]. Under electrospray ionization (ESI) 
conditions, organic radical cations [M]+∙ also can be 
formed, and this phenomenon is quite well known. Under 
ESI conditions, [M]+∙ ions can be formed as a results of gas 
phase decomposition of respective metal-M complexes, 
mainly Cu-M complexes [7-13]. Ions [M]+∙ can be also 
formed (under ESI conditions) from compounds with low 
oxidation potential through their oxidation by capillary 
voltage [14-16]. There are also rare examples of formation 
of ions [M]2+ as a result of ESI oxidation process [17-21]. 

However, to the best of our knowledge, there are no 
examples of [M]2+ ions formation from respective metal-M 
complexes. In this paper, we report the formation of 
[M]2+ ions from [M+H+CuCl]2+ ions, upon gas phase 
decompositions of the latter, where M is 3,5-bis(2,2-
bipyridin-4-ylethynyl)benzoic acid or its methyl ester, 
results obtained for ethyl ester are also included (1, 2 and 
3, Fig. 1).

2 Experimental
Compounds 1, 2 and 3 (Fig. 1) were prepared as described 
elsewhere [22].

ESI-CID-MS/MS spectra were taken on a Waters/
Micromass (Manchester, UK) Q-tof Premier mass 
spectrometer (software MassLynx V4.1, Manchester, UK). 

*Corresponding author: Rafał Frański: Adam Mickiewicz University, 
Faculty of Chemistry, Umultowska 89B, 61-614 Poznań, Poland, 
E-mail: franski@amu.edu.pl 
Maciej Zalas, Błażej Gierczyk, Michał Cegłowski, Grzegorz 
Schroeder, Tomasz Kozik, Marcin Hoffmann: Adam Mickiewicz 
University, Faculty of Chemistry, Umultowska 89B, 61-614 Poznań, 
Poland 

© 2015 Rafał Frański et al., licensee De Gruyter Open.
This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 License.



662    Rafał Frański et al.

The sample solutions were infused into the ESI source by 
a syringe pump at a flow rate of 5 µl min-1. The electrospray 
voltage was 2.7 kV and the cone voltage – 30 or 50 V. Cone 
voltage has the most profound effect on the full scan mass 
spectra obtained. An increase in this parameter leads to 
the so called, “in-source” fragmentation/dissociation, 
but a too low cone voltage could cause a decrease in 
sensitivity. At higher cone voltage of 50 V, [M+H+Cu]2+ 
ions were generated and then their CID-MS/MS spectra 
were obtained. The source temperature was 80°C and the 
desolvation temperature was 250°C. Nitrogen was used as 
the cone gas and desolvating gas at the flow-rates of 50 
and 800 l h-1, respectively. Argon was used as a collision 
gas at the flow-rate of 0.5 ml min-1 in the collision cell. 
The applied collision energy (CE, laboratory frame), the 
most important parameter for CID-MS/MS experiments, is 
indicated in each CID-MS/MS spectrum shown.

Accurate mass measurements of [1]2+ and [2]2+ ions were 
made using the same instrument. Known accurate masses 
of the precursor ions ([1+H+CuCl]2+ and [2+H+CuCl]2+ ions) 
were used as lock masses. The experimentally obtained 
values were 239.0734 for [1]2+ and 246.0815 for [2]2+. 
The exact calculated values are 239.0715 and 246.0793, 
respectively. Thus, the obtained values have confirmed 
the elemental compositions C31H18O2N4 and C32H20O2N4, 
respectively.

Electron ionization mass spectra (70 eV) were recorded 
on a Bruker 320-MS triple quadrupole mass spectrometer; 
the compounds were introduced by using a direct inlet 
probe. 

Calculation of ionization potentials are as follows: 
Structures of the studied compounds neutral, bearing +1 
and +2 charge were optimized with the latest functional 
from Head-Gordon and coworkers, which included 
empirical dispersion (wb97xd) [23] and 6-31++G(d,p) 
basis set, as wb97xd functional was indicated in recent 

studies “to be just right for conjugated systems at all chain 
lengths” [24]. In the excited states, doublet state of +1 
cations, and both singlet and triplet states of +2 cations 
were considered. Ionization potential – as defined – is 
the amount of energy required to remove an electron from 
molecule. The suitable adiabatic ionization potentials 
were calculated as the difference between the energies 
of the appropriate cationic forms and neutral ones  
at their optimized geometries [25]. The vertical ionization 
potentials were calculated as the difference between the 
energies of the appropriate cation forms and neutral ones 
at optimized neutral geometries [25]. The calculations  
of all the structures were performed with Gaussian09  
[26].

3 Results and discussion 
Recently we have published the results of our ESI-MS 
study on copper complexes of 3,5-bis(2,2-bipyridin- 
4-ylethynyl)benzoic acid – (1) and its methyl and ethyl 
ester (2 and 3) [27] (Fig. 1). For the solutions containing 
the same concentrations of ligand (M = 1, 2, 3) and CuCl2, 
the most abundant ions corresponded to the protonated 
ligand molecules, [M+H]+ ions; copper complexes were 
also detected but less abundant (e.g. [M2+CuCl]+). For the 
solution containing three-fold excess of CuCl2, [M+H]+ 
ions were not detected, and the most abundant cations 
were doubly charged ions [M+Cu2Cl2]2+ [27].

As expected, by adjusting M and CuCl2 concentrations, 
it is possible to generate ions composed of M, proton and 
copper, namely [M+H+CuCl]2+ ions. Formation of these 
ions is not especially interesting. On the other hand, we 
found that upon gas phase decompositions of these ions, 
unexpectedly, doubly charged [M]2+ ions are formed. 
Fig. 2 shows ESI-CID-MS/MS spectra of [1+H+CuCl]2+ and 
[2+H+CuCl]2+ ions, ions [1]2+ and [2]2+ are not very abundant 
but clearly seen. The obtained isotope patterns and exact 
masses confirmed the presence of [1]2+ and [2]2+ ions.

The most unusual is that there are no [M]+∙ ions but 
there are [M]2+ ions. Taking into account the calculated 
ionization potentials of 1 and 2, the compounds are not 
especially prone to form [1]2+ and [2]2+ ions and do not form 
[1]+∙ and [2]+∙ ions (Table 1).
The question is how [1]2+ and [2]2+ ions are formed from 
[M+H+CuCl]2+ ions, in other words, what is the pathway 
of [M]2+ ions formation? It may be that [M]2+ fragment ions 
are formed directly from parent ions [M+H+CuCl]2+ ions  
or are formed in the second fragmentation step, from other 
fragment ions. 
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Figure 1: Structure of 3,5-bis(2,2-bipyridin-4-ylethynyl)benzoic acid - 
compound 1 and its methyl and ethyl esters (2 and 3).
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The main decomposition of [M+H+CuCl]2+ ions consist  
of the loss of Cl atom, producing [M+H+Cu]2+ ions (formally 
red-ox process, Cu is reduced, Cl is oxidized). Further 
decomposition of [M+H+Cu]2+ ions (loss of Cu and  
H atoms, or CuH molecule) may lead to the formation 

of [M]2+ ions. However, we found that [M]2+ ions are not 
formed from [M+H+Cu]2+ ions. It was possible to generate 
[M+H+Cu]2+ ions by the so-called dissociation  “in-source” 
and then obtain their CID-MS/MS spectra. Fig. 3 shows  
a CID-MS/MS spectrum of [1+H+Cu]2+ ion as an example.

Figure 2: ESI-CID-MS/MS spectra of [1+H+CuCl]2+ and [2+H+CuCl]2+ ions.

Table 1: Adiabatic and vertical ionization potentials (IP, eV) of 1, 2 and 3.

Compound adiabatic first IP adiabatic second IP vertical first IP vertical second IP

1 8.07
17.94 (triplet state)

19.65 (singlet state)
8.23

18.31 (triplet state)

19.93 (singlet state)

2 7.97
18.04 (triplet state)

19.52 (singlet state)
8.22

18.25 (triplet state)

19.91 (singlet state)

3 7.97
18.04 (triplet state)

19.49 (singlet state)
8.13

18.24 (triplet state)

19.79 (singlet state)
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Decomposition of [1+H+Cu]2+ ion consists of the loss of CO2 
and HCOOH molecules and formation of [1+H]+ ion, but 
formation of [1]2+ is not observed.

After careful examination of CID-MS/MS spectra  
of [M+H+CuCl]2+

, we found that in addition to the loss 
of Cl atoms, the loss of HCl molecules as well, produces 
[M+Cu]2+ ions, and takes place as shown in Fig. 4. 

We have tried to obtain of CID-MS/MS spectra 
of [M+Cu]2+ ions; however, these ions had very low 
abundances on the full scan mass spectra. The selected ion 
beam always contained a lot of [M+H+Cu]2+ ions and the 
obtained spectra looked identical as those of [M+H+Cu]2+ 
ions with [M]2+ ions  not detected. Furthermore, formation 
of [M]2+ ions from [M+Cu]2+ ions cannot be expected 
without formation of [M]+∙ ions [6,28].

Thus, it reasonable to assume that [M]2+ ions are 
formed directly from [M+H+CuCl]2+ ions. It is difficult to 

propose what neutral species are lost from [M+H+CuCl]2+ 
ions (there are few possibilities), since respective 
intermediates were not observed.

It has to be stressed that a number of ions were 
subjected to the CID-MS/MS analysis (among others 
[M+Cu2Cl]2+ ion, this ion can be regarded as the most 
similar to the [M+H+CuCl]2+ ion); however, [M]2+ ions 
were formed only from [M+H+CuCl]2+ ions. It is difficult  
to rationalize why [M]2+ ions are formed from [M+H+CuCl]2+ 
ions in the gas phase, under CID conditions. 

Results obtained for 3 (ethyl ester of 1, Fig. 1) were 
different from the above discussed results obtained for 
1 and 2. Namely, the decomposition of [3+H+CuCl]2+ ion  
did not yield [3]2+ ion, but led to the formation of fragment 
ion at m/z 239 which can be assigned as [1]2+ ion, as shown 
in Fig. 5.

Figure 3: CID-MS/MS spectrum of [1+H+Cu]2+ ion.

Figure 4: CID-MS/MS spectrum of [1+H+CuCl]2+ ion in the m/z range of interest. [1+Cu]2+ ion formed by the loss of HCl molecule is seen.
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In the first fragmentation step, [3+H+CuCl]2+ ion loses an 
ethylene molecule producing fragment ion at m/z 288.5 
(ion can be assigned as [1+H+CuCl]2+). In the second 
fragmentation step, the [1]2+ ion is formed from the ion  

at m/z 288.5. The loss of the ethylene molecule occurs 
through the six-membered ring, as shown in Scheme 1, and 
can be regarded as the so-called McLafferty rearrangement  
[29].

It is interesting to check if, under EI conditions, the 
[M]2+ ions can be formed from compounds 1-3. EI conditions 
are regarded as the so-called “hard” conditions, since 
electron beam has the energy of 70 eV (standard value). 
Fig. 6 shows EI mass spectra of 1-3. 

As shown in Fig. 6, the [M]2+ ions were detected but 
were characterized by low abundances (m/z 239, 246, 
253). The spectrum of 3 shows a low abundant [3]+ ion 
(m/z 253). Thus, compounds 1-3 are not especially prone 
to form [M]2+ ions, as it also results from the calculated 
ionization potentials (Table 1). Thus, formation of [M]2+ 
ions from [M+H+CuCl]2+ ions under CID conditions is even 
more interesting if, not even, strange.

 

Figure 5: CID-MS/MS spectra of [3+H+CuCl]2+ ion shown in the m/z range of interest. At collision energy of 15 eV, there is abundant fragment 
ion formed by the loss of an ethylene molecule from [3+H+CuCl]2+ ion. At collision energy of 25 eV, the fragment ion at m/z 239, which may be 
assigned as [1]2+

, is quite abundant.

C
O

CH2H

O

CH2

C
O

H

O

CH2=CH2 loss

Scheme 1: Loss of an ethylene molecule through McLafferty’s 
rearrangement.
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4 Conclusion
Formation of [1]2+ and [2]2+ ions was observed as a result of 
gas phase decomposition of [1+H+CuCl]2+ and [2+H+CuCl]2+ 
ions, where 1 and 2 are 3,5-bis(2,2-bipyridin-4-ylethynyl)
benzoic acid and its methyl ester, respectively. To the best 
of our knowledge, it is the first time that [M]2+ ions have 
been observed to form from respective metal complexes. 
The observed formation of [M]2+ ions has to be regarded as 
a feature of decomposition of [M+H+CuCl]2+ ions since [M]2+ 
ions were formed only from them. It is also unusual that 
formation of [M]2+ ions is not accompanied by formation of 

[M]+∙ ions. The formation of [1]2+ ion from [3+H+CuCl]2+ ion 
in the second fragmentation step, where 3 is ethyl ester 
of 3,5-bis(2,2-bipyridin-4-ylethynyl)benzoic acid, was also 
observed since in the first fragmentation step, the loss of 
ethylene molecule from [3+H+CuCl]2+ ion took place.

Acknowledgements: This research was supported in part 
by PL-Grid Infrastructure.

References
[1]	 Winters R.E., Kiser R.W., Doubly charged transition metal 

carbonyl ions, J. Phys. Chem., 1966,70, 1680-1681
[2]	 Meyerson S., Vander Haar R.W., Multiply charged organic ions in 

mass spectra, J. Chem. Phys., 1962, 37, 2458-2462
[3]	 Wolkenstein K., Gross J.H., Oeserb T., Schölera H.F., 

Spectroscopic characterization and crystal structure of the 
1,2,3,4,5,6-hexahydrophenanthro[1,10,9,8-opqra]perylene, 
Tetr. Lett., 2002, 43, 1653-1655

[4]	 Gorączko A.J., Szewczykowska K., Detection of symmetrical 
decomposition of molecules-isotopomeric analysis of the M/2 
clusters, J. Mol. Model., 2009, 15, 747-758

[5]	 Abliz Z., Aoki J., Ueda T., Kan T., Takekawa M., Iwashima S., 
Electron impact mass spectra of polycyclic aromatic compounds 
with several types of pyridino- and benzobenzanthrone 
skeletons, Org. Mass Spectrom., 1993, 28, 607-614

[6]	 Schröder D., Schwarz H., Generation, stability, and reactivity of 
small, multiply charged ions in the gas phase, J. Phys. Chem. A, 
1999, 103, 7385-7394

[7]	 Barlow C.K., McFadyen W.D., O’Hair R.A.J., Formation of cationic 
peptide radicals by gas-phase redox reactions with trivalent 
chromium, manganese, iron, and cobalt complexes, J. Am. 
Chem. Soc., 2005, 127, 6109-6115

[8]	 Bagheri-Majdi E., Ke Y., Orlova G., Chu I.K., Hopkinson A.C.,  
Siu K.W.M., Copper-mediated peptide radical ions in the gas 
chase, J. Phys. Chem. B, 2004, 108, 11170-11181

[9]	 Tureček F., Copper-biomoecule complexes in the gas phase.  
The ternary way, Mass Spectrom. Rev., 2007, 26, 563-582

[10]	 Chu I.K., Laskin J., Formatin of peptide radical ions through 
dissociative electron transfer in ternary metal-ligand-peptide 
complexes, Eur. J. Mass Spectrom., 2011, 17, 543-556

[11]	 Barlow C.K., Moran D., Radom L., McFadyen W.D., O’Hair R.A.J., 
Metal-mediated formation of gas-phase amino acid radical 
cations, J. Phys. Chem. A, 2006, 110, 8304-8315

[12]	 Chu I.K., Rodriguez C.F., Hopkinson A.C., Siu K.W.M., Lau T.-C., 
Formation of molecular radical cations of enkephalin derivatives 
via collision-induced dissociation of electrospray-generated 
copper (II) complex ions of amines and peptides, J. Am. Soc. 
Mass Spectrom., 2001, 12, 1114-1119

[13]	 Wee S., O’Hair R.A.J., McFadyen W.D., Can radical cations of the 
constituent of nucleic acids be formed in the gas phase using 
ternary transition metal complexes? Rapid Commun. Mass 
Spectrom., 2005, 19, 1797-1805

[14]	 Schäfer M., Drayß M., Springer A., Zacharias P., Meerholz K., 
Radical cations in electrospray mass spectrometry: Formation of 
open-shell species, examination of the fragmentation behaviour 
in ESI-MSn and reaction mechanism studies by detection of 

Figure 6: EI mass spectra of 1-3.



� Formation of [M]2+ ions from [M+CuCl+H]2+ ions by CID   667

transient radical cations, Eur. J. Org. Chem. 2007, 2007, 5162-
5174

[15]	 Vessecchi R., Crotti A.E.M., Guaratini T., Colepicolo P., Galembeck 
S.E., Lopes N.P., Radical ion generation processes of organic 
compounds in electrospray ionization mass spectrometry, Mini-
Rev. Org. Chem., 2007, 4, 75-87

[16]	 Guaratini T., Gates P.J., Pinto E., Colepicolo P, Lopes N.P., 
Differential ionisation of natural antioxidant polyenes in 
electrospray and nanospray mass spektrometry, Rapid Commun. 
Mass Spectrom., 2007, 21, 3842-3848

[17]	 Guaratini T., Vessecchi R.L., Lavarda F.C., Campos P.M.B.G.M., 
Naal Z., Gates P.J., Lopes N.P., New chemical evidence for the 
ability to generate radical molecular ions of polyenes from ESI 
and HR-MALDI mass spektrometry, Analyst, 2004, 129, 1223-
1226

[18]	 Van Berkel G.J., Zhou F., Observation of gas-phase molecular 
dications formed from neutral organics in solution via the 
controlled-current electrolytic process inherent to electrospray, 
J. Am. Soc. Mass Spectrom., 1996, 7, 157-162

[19]	 Rondeau D., Martineau C., Blanchard P., Roncali J., Probing 
electrochemical properties of π-conjugated thienylenevinylenes/
fullerene C60 adducts by ESI/MS: evidence for dimerized 
cation–radicals, J. Mass Spectrom., 2002, 37, 1081-1085

[20]	 McCarley T.D., Lufaso M.W., Curtin L.S., McCarley R.L., Multiply 
charged redox-active oligomers in the gas phase: electrolytic 
electrospray ionization mass spectrometry of metallocenes, J. 
Phys. Chem. B, 1998, 102, 10078-10086

[21]	 Zhang T., Palii S.P., Eyler J.R., Brajter-Toth A., Enhancement 
of ionization efficiency by electrochemical reaction products 
in on-line electrochemistry/electrospray ionization fourier 
transform ion cyclotron resonance mass spektrometry, Anal. 
Chem., 2002, 74, 1097-1103

[22]	 Zalas M., Gierczyk B., Cegłowski M., Schroeder G., Synthesis of 
new dendritic antenna-like polypyridine ligands, Chem. Papers, 
2012, 66, 733-740

[23]	 Chai J.-D., Head-Gordon M., Long-range corrected hybrid density 
functionals with damped atom-atom dispersion corrections, 
Phys. Chem. Chem. Phys., 2008, 10, 6615-6620

[24]	 Salzner U., Aydin A., Improved prediction of properties of 
π-conjugated oligomers with range-separated hybrid density 
functionals, J. Chem. Theory Comput., 2011, 7, 2568-2583

[25]	 Karwowski B.T., Ionisation potential and electron affinity of free 
5′,8-cyclopurine-2′-deoxynucleosides. DFT study in gaseous 
and aqueous phase, Centr. Eur. J. Chem., 2010, 8, 70-76

[26]	 Frisch M.J., Trucks G.W., Schlegel H.B., Scuseria G.E., Robb 
M.A., Cheeseman J.R., Scalmani G., Barone V., Mennucci B., 
Petersson G.A., et al., Gaussian 09, Revision B.01, Gaussian, 
Inc., Wallingford CT, 2010

[27]	 Frański R., Kowalska M., Czerniel J., Zalas M., Gierczyk B., 
Cegłowski M., Schroeder G., Copper complexes formed by 
3,5-bis(2,2′-bipyridin-4-ylethynyl)benzoic acid and its methyl 
and ethyl esters as studied by electrospray ionization mass 
spectrometry, Cent. Eur. J. Chem., 2013, 11, 2066-2075

[28]	 Walker N.R., Grieves G.A., Jaeger J.B., Walters R.S., Duncan M.A., 
Generation of “unstable” doubly charged metal ion complexes 
in a laser vaporization cluster source Int. J. Mass Spectrom., 
2003, 228, 285-295

[29]	 Nibbering N.M., The McLafferty rearrangement: A personal 
recollection, J. Am. Soc. Mass Spectrom., 2004, 15, 956-958


