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 2

Gas Phase Structure and Reactivity of Doubly 

Charged Microhydrated Calcium(II)-Catechol 

Complexes Probed by Infrared Spectroscopy 

Doubly charged microhydrated adducts formed from catechol and calcium(II) were 

produced in the gas phase using electrospray ionization (ESI) appearing as the most important 

ions in the mass spectra recorded. The gas phase structures of [Ca(catechol)2(H2O)]
2+ 

and 

[Ca(catechol)2(H2O)2]
2+ 

have been assayed by IR multiphoton dissociation (IRMPD) 

spectroscopy, recording their vibrational spectra in the 3450–3750 cm
-1 

range (OH stretching 

region) and in the 900–1700 cm
-1

 fingerprint spectral region. The agreement between 

experimental and calculated IR spectra of the selected cluster ions confirmed the suitability of 

the proposed geometries. In addition, quantum chemical calculations at the B3LYP/6-

311+G(d,p) level of theory were performed for [Ca(catechol)2(H2O)]
2+ 

in order to gain insight 

into the major routes of dissociation. The results suggest that loss of the water molecule is the 

lowest energy fragmentation channel followed by charge separation products and neutral loss of 

one catechol molecule, in agreement with the product ions observed upon collision induced 

dissociation (CID). 

KEYWORDS: Electrospray Ionization Mass Spectrometry (ESI-MS); metal adduct ions; IR 

multiphoton dissociation (IRMPD); collision induced dissociation (CID); ab initio quantum chemical 

calculations.  
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 3

1. Introduction 

Catechol (1,2-dihydroxybenzene or pyrocatechol) and its derivatives occur as intermediary 

metabolites during the degradation of naturally-occurring and synthetic aromatic compounds
1
. 

They are ubiquitous in biological chemistry acting as electron donors or complexing agents
2
 and 

are known to be powerful chelators of transition metals
3
. As a result, numerous studies of 

catechol-metal interactions are described in the literature, in solution for Al(III)
4,5

, in the solid 

state for Ag(I)
6
, in solution and the solid state for Ni(II)

7
, by quantum chemical calculations and 

studies in solution for Pb(II)
8
 and by mass spectrometric methods and studies in solution for 

Fe(III)
9
, just to mention some of the examples. 

Interaction of catechol with Ca(II) has never been studied in the gas phase to the best of our 

knowledge, while there are recent studies in solution which have focused on the effect of 

calcium(II) on acid base and oxidation properties of catechol
10,11

. The potential of electrospray 

ionization (ESI) for obtaining and studying gas-phase metal complexes was realized soon after 

the method had been introduced by Fenn and co-workers as a soft-ionization technique for polar 

non-volatile molecules
12

. Complexation with metal ions in solution, followed by efficient 

transport of charged complexes to the gas phase by ESI, represents a promising method for 

ionization of a variety of analytes, including those that are not directly amenable to ESI. It is 

therefore interesting to investigate the coordination chemistry of calcium dication and catechol. 

Particularly, the coordination mode (mono or bidentate), whether this coordination induces or not 

keto-enol tautomerization and the coordination number of the metal are three points that must be 

elucidated.  

Although structural information can be derived from Tandem Mass Spectrometry (MS/MS), 

the recent development of IR multiple photon dissociation (IRMPD) spectroscopy integrated to 
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 4

ESI-MS/MS, in combination with quantum chemical calculations, has demonstrated to be an 

efficient tool to characterize the structure of gas-phase metal complexes
13-18

. In a scenario where 

numerous structures might account for ring hydrogen shifts
19

 as well as metal binding sites
20

, the 

use of IRMPD spectroscopy can provide direct structural information thus facilitating the 

assignment of the most relevant structures calculated with those observed in the mass spectra.  

This work is part of ongoing investigations on the use of metal complexation combined with 

electrospray ionization mass spectrometry for the differentiation of isomeric compounds, such as 

hydroxypyridine N-oxides
21

 and dihydroxyarenes
22

. We present herein a detailed study of the 

major calcium complexes formed with catechol in the gas phase using a combination of tandem 

mass spectrometry and IRMPD spectroscopy. IRMPD spectroscopy was used in the present 

work to investigate the gas-phase structures of mycrohydrated calcium(II) clusters with catechol, 

denoted [Ca(catechol)2(H2O)]
2+ 

and [Ca(catechol)2(H2O)2]
2+

, in combination with quantum 

chemical calculations at the B3LYP level of theory. The experiments are supported with 

theoretical calculations in order to achieve a better understanding of the major contributions to 

the observed features in the mass spectra obtained, including the characterization of the main 

ions obtained, their IRMPD spectra, and the analysis of the relative stability of their possible 

primary dissociation products. 

 

2. Experimental and Theoretical Methods 

Chemicals and sample preparation 

Catechol was purchased from Sigma-Aldrich as a solid in analytical reagent grade and used 

without further purification. The stock solution was prepared by dissolving catechol in methanol 

(1 mM); CaCl2 in water (1 mM) and mixing both solutions in a 1:1 ratio before infusion. 
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 5

Mass spectrometry 

Tandem Mass spectrometric analyses were performed using a Bruker micrOTOF-Q II hybrid 

quadrupole time-of-flight mass spectrometer (Bruker Daltonics, Billerica, MA, USA), equipped 

with ESI. The instrument was operated at a capillary voltage of 4.5 kV with an end plate offset of 

–500 V, using N2 as nebulizer gas at 0.4 bar and as dry gas at 4.0 l min
–1 

and a dry temperature of 

180 °C. The quadrupole mass filter was set with a 1.0 Da window for transmission (isolation) of 

precursor ions. Fragmentation of the mass-selected ions (collision-induced dissociation; CID) 

was performed in a radiofrequency-only quadrupole collision cell with ultra-high purity (UHP) 

Argon as collision gas. The collision cell was set to a collision energy of 6.0 eV with a gas flow 

rate at 5% of maximum and the cell RF was set at 100 Vpp. 

Multi-point mass calibration was carried out using a sodium formate solution from m/z 50 to 

900 in positive ion mode. Data acquisition and processing were carried out using the Bruker 

Compass Data Analysis ver. 4.0 software supplied with the instrument. Sample solutions were 

infused into the source using a KDS 100 syringe pump (KD Scientific, Holliston, MA, USA) at a 

flow rate of 3 µL min
–1

. 

Infrared (IR) spectroscopy analyses were performed using a 7 Tesla Fourier Transform Ion 

Cyclotron Resonance (FT-ICR) tandem mass spectrometer (Bruker Apex Qe) equipped with an 

Apollo II ESI ion source, a quadrupole mass filter, and a hexapole accumulation/collision cell. 

The solution was introduced in the source using direct infusion with a syringe pump at a flow 

rate of ~3 µL min
-1

. Spray voltage of 4 kV and capillary temperature of 180 °C were used.  

Infrared multiple photon dissociation 

To obtain the IRMPD spectra of each cluster ion, these were first mass-selected in the 

quadrupole mass filter before injection into the ICR trap. The characteristic isotopic pattern of 
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 6

the major doubly charged ions confirmed the proper ion identification and selection of 

[Ca(catechol)2(H2O)]
2+ 

and [Ca(catechol)2(H2O)2]
2+ 

cluster ions. IRMPD spectroscopy of the 

gas-phase cluster ions was performed employing two experimental setups based on the coupling 

of the 7 Tesla hybrid FT-ICR tandem mass spectrometer with two IR lasers. For the IR 

spectroscopy of the selected cluster ions in the 900–1700 cm
-1

 spectral range, the Infrared Free 

Electron Laser (IR FEL) from the Centre Laser Infrarouge d’Orsay (CLIO) was used. The 

experimental setup and its performance are described in details elsewhere
23

.   

The FEL was operated at 45 MeV to record IRMPD spectra with a nearly constant output 

power in the 900-1700 cm
-1 

fingerprint range. The FEL output consists of 8 µs long macropulses 

at a repetition rate of 25 Hz. Each macropulse is composed of 500 micropulses, each a few 

picoseconds long. The laser wavelength was monitored with a monochromator coupled to a 

pyroelectric detector array. The spectral width (fwhm) was less than 0.5% of the central 

wavelength, which corresponds to 5 cm
-1

 at 1000 cm
-1

. The laser power varied between 400 and 

600 mW in the frequency range of 800-1600 cm
-1

, as measured before and after each scan.  

IR spectra of the cluster ions in the 3450–3750 cm
-1

 spectral range (OH stretching region) were 

recorded coupling the FT-ICR with an optical parametric oscillator/amplifier (OPO/OPA) laser 

system
24,25 

(LaserVision, Bellevue, WA, USA). This laser system is pumped by an 

InnolasSpitlight 600 (München, Germany) non-seeded Nd:YAG (1064 nm, 550 mJ/pulse, 

bandwidth ~1 cm
-1

) laser running at 25 Hz and delivering pulses of 4–6 ns duration. Typical 

output energy of the OPO/OPA was 12–13 mJ/pulse at 3600 cm
-1

 with a 5 cm
-1

 (fwhm) 

bandwidth.  

The ions were irradiated in the ICR trap either by the IR-FEL or the OPO/OPA, for 0.25 s or 1-

2 s, respectively. When the laser is tuned on resonance with a vibrational transition, multiple 
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 7

photons are absorbed by mass-selected ions in a stepwise process eventually leading to the 

fragmentation
26

. By monitoring the intensities of parent (Iparent) and resulting fragment ions 

(Ifragment) as a function of the laser wavenumber, the IRMPD spectrum was obtained by 

plotting the IRMPD yield R = -ln(Iparent/[Iparent+Σ Ifragment]) as a function of the laser 

wavenumber. The only fragmentation channels observed upon IRMPD of [Ca(catechol)2(H2O)]
2+ 

and [Ca(catechol)2(H2O)2]
2+ 

cluster ions correspond to the sequential loss of water molecules. 

Geometry and frequency calculations 

All calculations were performed using the Gaussian 03 computational package
27

. Quantum 

chemical calculations were carried out on the cluster ions to characterize the structure and 

energetics, as well as their infrared absorption spectra for band assignments. The characterization 

of the stationary points on the potential energy surface (PES) of these cluster ions was performed 

using the B3LYP
28,29

 hybrid density functional theory (DFT) approach. This approach has been 

found to provide a good compromise between accuracy and computational cost in the cases of 

calcium complexes with formaldehyde
30

, ammonia and water
31

. Calculations were performed 

with the 6-31+G(d,p) basis set and then all stationary points were re-optimized using the 6-

311+G(d,p) basis set. These basis sets, featuring both polarized and diffuse orbitals, have been 

proved to be well suited for investigating similar systems using B3LYP
32

.  

Relative energies were computed using the B3LYP/6-311+G(d,p) optimized geometries 

including corrections for zero-point vibrational energy. Two basis sets (6-311+G(d,p) and 6-

311+G(2d,2p)) were used to evaluate the energetics using the density functional approach 

(B3LYP) and also the post-Hartree Fock (MP2) approach. 

The B3LYP/6-311+G(d,p) optimized structures were characterized by harmonic frequency 

analysis as local minima (all frequencies real) or first order saddle points (one imaginary 
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 8

frequency). Harmonic vibrational frequencies for comparison with IRMPD spectra were scaled 

by a factor of 0.98 and 0.95, in the fingerprint and the hydroxyl stretching regions, respectively. 

These dual scaling factor values are similar to those previously determined to improve the 

agreement between calculated and observed absorption frequencies
33

. Furthermore, it should also 

be noted that similar scaling factor values have shown a satisfactory agreement between 

experimental and theoretical IR absorption spectra for various gas phase molecular ions
24,34

. 

Theoretical IR stick spectra were convoluted with a Gaussian function with a width (fwhm) of 10 

cm
-1

 in order to facilitate convenient comparison with the experimental spectra.  

 

3. Results and Discussion 

3.1 Formation and fragmentation of microhydrated calcium (II)-catechol complex ions 

The ESI mass spectrum obtained from an equimolar (1 mM) mixture of catechol in methanol 

and calcium chloride in water is shown in Figure 1a. Under the experimental conditions 

employed, no ions were detected above m/z 300. Chlorine-containing or dimeric species were not 

detected at a significant intensity while methanol containing cluster ions were identified at weak 

abundances at low m/z values. Careful examination of the spectrum reveals the formation of both 

singly- and doubly-charged ions.  

The base peak of the spectrum corresponded to the dication [Ca(catechol)2(H2O)2]
2+

. Other 

dications detected in high abundance corresponded to the series [Ca(catechol)x(H2O)y]
2+ 

with 

x=1-3 and y=0-4. Apart from doubly charged ions, three singly charged ions were detected, 

albeit in low abundance. These belonged to the series [Ca(catechol)x(H2O)y–H]
+
, observed for 

x=1-2 and y=0-1. See Table S1 in Supporting Information Section for more details about the 

identity of the species with their measured m/z and error in ppm. 
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 9

 

Figure 1. a) Positive electrospray spectrum of an aqueous CaCl2/methanolic catechol (1 mM/1 

mM) mixture. b) Low-energy CID spectrum of the [Ca(catechol)2(H2O)]
2+ 

adduct ion (m/z 139) 

recorded with a collision energy of 8 eV (laboratory frame). 

Doubly charged calcium complexes have been readily generated by ESI for other ligands, such 

as methanol, pyridine
35

, urea
36

, thiourea
37

, selenourea
38

, formamide
39

, glycine
40

 and uracil
41

, 

observing prominently dissociation by neutral ligand loss and proton transfer between ligands 

(charge separation) upon low energy CID conditions. With the aim of providing an insight into 

the dissociation pathways of the major ions observed in Figure 1a, [Ca(catechol)2(H2O)]
2+

 (m/z 

139) was mass selected. Its tandem mass spectra were recorded scanning the collision energy in 

the laboratory frame (Elab) from 5 to 11 eV, using argon as collision gas, which corresponds to 
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 10

center-of-mass collision energies (ECM) ranging from 0.6  to 1.4 eV. The CID spectrum 

obtained at 8 eV (laboratory frame) is shown in Figure 1b. MS/MS spectra were recorded from 

m/z 50 up to m/z 300 although no fragment ions were detected above m/z 205. See Table S2 in 

Supporting Information Section for more details about the identity of the species with their 

measured m/z and error in ppm. 

As can be seen in Figure 1b, doubly charged adduct ions with additional water molecules 

incorporated were actually observed besides the dications corresponding to neutral losses from 

the selected precursor ion. In addition, singly charged fragment ions assigned as [(catechol)H]
+
 

(m/z 111) and [Ca(catechol)(H2O)–H]
+
 (m/z 167) were detected, probably coming from a charge 

separation process. Similarly, incorporation of water molecules in the product ions (or the 

precursor ion) would lead to the remaining singly charged adduct ions observed in the tandem 

mass spectrum (Figure 1b). The presence of these adducts containing additional water molecules 

on the MS/MS spectrum might be imparted due to interaction of the complexes with trace 

amounts of water present in the collision cell coming probably from the Ar line
42

. Apart from 

these artifacts, the tandem mass spectra of the doubly-charged complex revealed two types of 

dissociation processes, leading either to new dications by neutral losses, or to singly charged 

species, through charge separation processes (See Scheme 1). 

Scheme 1. Possible dissociation mechanisms from the adduct ion [Ca(catechol)2(H2O)]
2+

. 

[Ca(catechol)2]2+ + H2O

[Ca(catechol)(H2O)]2+

+ catechol [Ca(catechol)(H2O)-H]+

[(catechol)H]+

[Ca(catechol)2(H2O)]2+
+
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 11

High mass resolution allowed for differentiating and unambiguously identifying two ions of 

similar intensity in the vicinity of m/z 111.0 and m/z 185.0. The first case is shown in the inset of 

Figure 1b, where singly charged protonated catechol, [M+H]
+
, is exhibited along with a doubly 

charged ion, [M+Ca+4H2O]
++

. The second case becomes evident when comparing Figure 1a and 

1b, noticing the doubly charged ion, [3M+Ca]
++

, and the singly charged ion, [M+Ca+2H2O-H]
+
 

detected, respectively, 

The dissociation pathways observed were further studied by theoretical calculations to gain a 

better understanding on the energetics involved in the former processes (see section 3.4). Before 

the discussion of the dissociation pathways of these cluster ions, we will first discuss their 

structures by comparing IRMPD and calculated IR absorption spectra of the low lying isomers.  

3.2 Gas phase Infrared Spectroscopy of Ca(II)/catechol complexes 

Neutral catechol ligand: vibrational analysis 

In both the 800-2000 cm
-1

, i.e. fingerprint region, and 3000-3800 cm
-1

 spectral region, where 

the O-H stretching vibrational modes are found, catechol shows IR absorption bands. Slight 

spectral shifts characteristic of the coordination mode and/or coordination number are expected 

upon complexation to Ca(II). It is thus useful to characterize the performance of the theoretical 

method for describing the IR absorption spectrum of bare neutral catechol in the first place. 

Particularly, comparison of predicted and experimental spectra could confirm the 

appropriateness of using one scaling factor for each of the two regions. 

The experimental IR spectrum of catechol in the gas phase (Figure 2) was taken from the NIST 

database
43

, and the measured band frequencies (labeled A-J), as well as their assignments, are 

listed in Table 1. Some assignments were taken from former catechol studies
44

, whereas others 

were adapted from recent revised literature using the Wilson notation
45

 for monosubstituted 
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 12

benzene derivatives. The calculated IR spectra of the two lowest energy conformers 1a and 1b of 

catechol are shown in Figure 2. Both calculated structures are planar. The lowest energy 

conformer 1a is characterized by an orientation where one of the hydroxyl groups is pointing 

towards the other, albeit without hydrogen bond interaction, according to the studies available in 

the literature
46,47

.  

 

Figure 2. Comparison of the gas phase IR spectrum of catechol taken from the NIST spectral 

database
43

 to the linear IR spectra predicted for the two most stable conformers of neutral 

catechol at the B3LYP/6-311+G(d,p) level of theory. Relative energies are given in kJ mol
-1

. 

Overall, the experimental spectrum better match with the predicted IR absorption spectrum of 

the lowest energy structure 1a. In particular, the observed splitting of the O-H stretching bands, 

A and B (Figure 2), is a clear signature of the lowest energy conformer 1a. It should be noticed 

that the observed frequency splitting (56 cm
-1

) is well reproduced by the theoretical procedure 
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employed (57 cm
-1

). Two other bands observed at 1158 (I) and 1316 cm
-1

 (F) are also 

characteristic of the conformer 1a. They are also well predicted at the B3LYP/6-311+G(d,p) 

level of theory. Two bands are predicted at 1143 and 1330 cm
–1

, and are assignable to the 

bending modes of C-H and C-O-H (βCH and βCOH, respectively). These modes might be useful 

features to differentiate between the two conformations when catechol is bound to Ca(II). It can 

be noticed that conformer 1b, lying 17.1 kJ mol
-1 

higher in energy than the conformer 1a, 

displays two sharp bands at 1166 and 1276 cm
–1

 which are such that 1b does not match the 

experimental spectrum. Moreover, assuming a Boltzmann distribution and from the relative free 

energies calculated in the gas phase at room temperature (298.2 K), the relative abundance of 

conformer 1b in equilibrium with 1a is expected to be less than 0.1%.  

As can be seen in Table 1, the IR spectral properties of conformer 1a of catechol determined at 

the B3LYP/6-311+G(d,p) level are in good agreement with the experimental values, the mean 

difference between experimental and scaled frequencies being ~9 cm
-1

. In the fingerprint range, 

all theoretical frequencies agree to within 20 cm
-1 

with the available experimental values using a 

scaling factor value of 0.98. In the OH stretching region, a scaling factor value of 0.95 leads to 

an excellent agreement with the observed frequency values. Besides,  the widths (fwhm) of 

isolated transitions in the experimental spectrum taken in a GC/MS/IRD
43

 are typically 20 cm
-1 

and some features were not well resolved. 

Table 1.Experimental vibrational frequencies of catechol
43 

compared to values of the conformers 

calculated at the B3LYP/6-311+G(d,p) level of theory. Harmonic frequencies scaled by 0.98 in 

the fingerprint range and by 0.95 in the OH stretching range. 

vibrational 

mode
a 

1b
 b

 

νcalc/ cm
-1

 

1a
 b

 

νcalc/ cm
-1

 

catechol
 c
 

νexp/cm
-1

 

∆ν (νexp-νcalc(1a)) 

/cm
-1
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σOH 

σOH 

3644 (113) 

3645 (17) 

3659 (82) 

3602 (104) 

3658 A 

3602 B 

-1 

0 

σCC (ν9a) 

σCC (ν9b) 

1623 (18) 

1603 (37) 

1618 (24) 

1613 (28) 
1608 C 

-10 

-5 

σCC (ν18b)
 

σCC (ν18a)
 

1517 (113) 

1463 (25) 

1509 (127) 

1473 (32) 

1508 D 

 

-1 

 

σCC (ν15) 1345 (51) 1363 (26) 1354 E -9 

βCOH  1335 (11) 1330 (49) 1316 F -14 

σCO (C1-O1)  1276 (169) 1270 (183) 
1258 G 

-12 

σCO (C2-O2)  1249 (26) 1238 (106) 20 

βCOH  1166 (296) 1179 (43) 1190 H 11 

βCH (ν8b) 

βOH  
1143 (84) 1158 I 15 

βCH (ν19a) 

βOH 
1082 (70) 1084 (76) 1094 J 10 

a
All modes are in-plane vibrations according to the Wilson notation (νni) adapted for 

monosubstituted benzene molecules with C2V symmetry consistently assigned in Ref. 45.
 

Assignments of vibrational frequencies taken from Refs. 44 and 45. 

b
Calculated IR intensities in km.mol

-1
 are given in parentheses. 

c
Peak positions from the spectrum in Fig. 2 taken from the NIST database from Ref. 43. 

 

IRMPD Spectra of microhydrated calcium complexes 

The IRMPD spectra of [Ca(catechol)2(H2O)]
2+

 and [Ca(catechol)2(H2O)2]
2+ 

cluster ions in the  

fingerprint spectral range (950-1700 cm
-1

) and in the O-H stretching modes region (3450–3750 

cm
-1

), are shown in Figure 3. Only loss of water molecules was observed as a consequence of IR 

absorption in all recorded spectra. When comparing the IRMPD spectra of the two cluster ions 

shown in Figure 3, it can be noticed an almost identical profile with bands slightly red-shifted 
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from [Ca(catechol)2(H2O)2]
2+ 

to [Ca(catechol)2(H2O)]
2+

. However, the absence of band A in 

Figure 3b can be noticed. 

On the basis of recent gas-phase IR spectroscopic investigations of water solvated metal 

cations, a first interpretation of these features can be made. Coordination of water to a metal 

cation induces a red-shift of the symmetric (νsym) and asymmetric (νasym) O-H stretches with 

respect to their positions (3657 and 3756 cm
-1

, respectively)
48

 for the free water molecule. This 

red shift evidenced for numerous metal hydrated systems
49,50

 can be understood as resulting from 

a partial electron-transfer from the water molecule to the metal cation
51

. 

 

Figure 3. IRMPD spectra of a) [Ca(catechol)2(H2O)2]
2+ 

and b) [Ca(catechol)2(H2O)]
2+ 

recorded 

in the fingerprint range and O–H stretching region. “Band labels” are those used for catechol, see 

also Tables 1-2. The dashed red lines correspond to some of the free catechol absorption bands 

shown in Figure 2, whereas the blue ones to the symmetric and assymetric stretches of the free 

water molecule. 

Page 23 of 49

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://pubs.acs.org/action/showImage?doi=10.1021/jp503789j&iName=master.img-076.jpg&w=468&h=289
http://pubs.acs.org/action/showImage?doi=10.1021/jp503789j&iName=master.img-076.jpg&w=468&h=289
http://pubs.acs.org/action/showImage?doi=10.1021/jp503789j&iName=master.img-076.jpg&w=468&h=289
http://pubs.acs.org/action/showImage?doi=10.1021/jp503789j&iName=master.img-076.jpg&w=468&h=289
http://pubs.acs.org/action/showImage?doi=10.1021/jp503789j&iName=master.img-076.jpg&w=468&h=289
http://pubs.acs.org/action/showImage?doi=10.1021/jp503789j&iName=master.img-076.jpg&w=468&h=289
http://pubs.acs.org/action/showImage?doi=10.1021/jp503789j&iName=master.img-076.jpg&w=468&h=289
http://pubs.acs.org/action/showImage?doi=10.1021/jp503789j&iName=master.img-076.jpg&w=468&h=289
http://pubs.acs.org/action/showImage?doi=10.1021/jp503789j&iName=master.img-076.jpg&w=468&h=289


 16

 Upon addition of several water molecules and approaching the maximum coordination 

number (CN) of the metal, which has been shown to be 6 in the gas phase
52

, competition 

between direct coordination to the metal cation and formation of water–water hydrogen bonds 

can be anticipated. For Ca(H2O)n
2+ 

metal dication, there is no evidence for hydrogen bond 

formation associated with a second shell of water molecules for n ≤ 6. The appearance of a wide 

band at frequencies lower than 3500 cm
-1

 in the IR spectrum for Ca(H2O)7
2+

, having been 

interpreted as the result of the formation of structures with hydrogen bonds between first and 

second shell water molecules
52

. From n = 1 to 6,  a progressive decrease of the red-shift of the 

νsym and νasym bands of Ca(H2O)n
2+ 

was observed, which is consistent with decreased charge 

transfer from any given water molecule to the metal ion, at higher coordination number. 

The same arguments as discussed above also apply for the hydroxyl stretching modes σOH of 

the catechol ligands coordinated to the metal cation. Analogously, as additional ligands interact 

with the metal, one can expect that the electronic transfer from each ligand to the metal dication 

decreases, thus decreasing the spectral red shifts of the IR bands of the ligands.  

Taking into account the arguments afore mentioned, and anticipating red shifts of the 

vibrational modes in the O-H stretching region,  the band A in Figure 3a can be tentatively 

assigned to νasym mode of vibration of water molecules coordinated to the metal ion. On the other 

hand, the band B can be assigned to the νsym mode of vibration of the water molecule coordinated 

to the metal ion as well as to the hydroxyl stretching modes σOH of the catechol ligands. 

As mentioned above, the asymmetric band of the water molecule could not be observed in the 

IRMPD spectrum of [Ca(catechol)2(H2O)]
2+

. Furthermore, as can be seen in Figure 3b, band B is 

observed to be more intense than band A. Similar observations have already been made with 

other solvated metal systems
49

, and also solvated proton
53

. For example, in the case of solvated 
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Ca(H2O)n
2+

 ions
52

, the asymmetric water stretching was not observed for n= 4 and n=5, 

becoming discernible only for n=6 at ~3670 cm
-1

. An interpretation has been proposed based on 

the mechanical view of the intramolecular vibrational redistribution (IVR)
54

.  

The band labels C-J employed for bare catechol (Table 1), are used to identify and tentatively 

assign the distinct bands exhibited in Figure 3 a) and b). The band frequencies along with their 

assignments are listed in Table 2. Assuming that the coordination to Ca(II) occurs through the 

oxygen atoms of catechol, it is expected that the major vibrational shifts are associated with the 

vibrational modes of catechol involving these atoms. From the vibrational analysis of catechol, it 

can thus be inferred that the most relevant ones for the structural characterization are those 

assignable to the stretching (G) and bending modes (E, F, H) of the C-O (σCO and βCOH, 

respectively) in contrast with the stretching modes of C-C (σCC) and bending modes of C-H 

(βCH). Here, the major red-shift from the bare neutral catechol occurs for the band labeled G 

(assigned to C-O stretching mode σCO). In order to confirm the vibrational assignment of the 

transitions observed in the IRMPD spectra, quantum chemical calculations were performed. 

Table 2. Experimental vibrational frequencies of catechol
43

 compared to [Ca(catechol)2(H2O)2]
2+ 

and [Ca(catechol)2(H2O)]
2+

 cluster ions. 

vibrational 

mode
a 

[Ca(catechol)2(H2O)2]
2+ 

 

νexp
 b

 /cm
-1

 

[Ca(catechol)2(H2O)]
2+ 

 

νexp
 b

 /cm
-1

 

catechol
 
 

νexp
 c
 /cm

-1
 

νbH2O 

σCC (ν9a) 

σCC (ν9b) 

1636 [17] C 

 

 

1646 [12] C 

 

 1608 C 

σCC (ν18b) 

σCC (ν18a) 

1495 [20] D 

 

1489 [10] D 

 

1508 D 

 

σCC (ν15)   1354 E 
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βCOH 1306 [18] E,F 1300 [15] E,F 1316 F 

σCO 1234 [18] G 1225 [16] G 1258 G 

βCOH  1203 [20] H 1198 [17] H 1190 H 

βCH (ν8b) 

βOH 

1157 I 
 

1158 I 

βCH (ν19a) 

βOH 

1080 [15] J 1071 [10] J 1094 J 

a 
All modes are in-plane vibrations according to the Wilson notation (νni) adapted for 

monosubstituted benzene molecules with C2V symmetry consistently assigned in Ref. 45. 

b 
Widths (in cm

-1
) of the peaks are given in brackets. 

c 
Peak positions from the spectrum in Fig. 2 assigned according to Ref. 45

 
and 44. 

 

3.3 Structures of microhydrated calcium (II)-catechol clusters 

 

Previously reported IR spectroscopic investigations of bare catechol
44

 and catechol derivatives 

such as dopamine
55

, as well as calcium(II) water clusters
52

 provide a useful guide for the present 

calculations. An exhaustive exploration of the potential energy surface of the cluster ions is 

beyond the scope of this paper. Our goal is rather to determine the infrared signature of the 

different bonding motifs expected for these cluster ions. In this respect, the occurrence of 

tautomers had to be taken into account in the IRMPD spectra of Pb(II)-nucleobases complexes 

generated by ESI
56

.  

Recently, it has been reported
57

 that the two dienol tautomers of catechol (1a and 1b) were 

always lower in energy (differences higher than 60 kJ mol-1) than the other keto species, 

predominating both in the gas phase and in solution, as shown by computational studies at the 

B3LYP/6-311++G(d,p) level of theory. This predominance was attributed to loss of aromaticity 
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 19

stabilization in the keto forms. Starting from the aromatic dienol tautomer, which will be denoted as 

EE, two low-energy keto-enol tautomers should be considered (Scheme 2). These two tautomers, 

denoted as KEo and KEp, differ by the position of the CH2 group. Only one diketo tautomer, denoted 

as KK, corresponding to the maximization of π-conjugation, should be considered. 

 

Scheme 2. Possible low energy tautomers of catechol. 

 

 

Considering that large binding energies are expected to a dication, binding of catechol to Ca(II) 

may be sufficient to induce keto-enol tautomerization. As an initial approach to the structures of 

microhydrated calcium(II)-catechol clusters, complexes consisting of a single catechol ligand 

coordinated to the metal cation were considered. This simplification aimed to examine and 

compare structures featuring different coordination number as well as possible tautomers of the 

ligand. 

The optimized structures of the complexes along with their relative energies and calculated IR 

spectra can be found in the Supporting Information section (Figure S1). Comparison of the IR 

spectra (Figure S1) with the IRMPD spectra obtained for the cluster ions (Figure 3) revealed the 

structure containing the catechol, i.e. the dienol EE tautomer, coordinated to the metal in a 

bidentate fashion and in a conformation as that shown for 1b (Figure 1) as the best candidate. 

Structures containing keto-tautomers of catechol can be dismissed, in principle, due to the lack of 

bands evidencing a C=O stretching mode which should appear as sharp peaks in the 1500-1700 

cm
-1

 region in the IRMPD spectra.  
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 20

Inspection of the relative energies of the four structures of the Ca(catechol)
2+

 complex, 

corresponding to the coordination of the EE, KEo, KEp, and KK tautomers, reveals a drastic 

difference between B3LYP and MP2. As can be seen in Table 3, for Ca(catechol)
2+

, the EE 

isomer is predicted to be significantly higher in energy than the isomers containing a keto-enol of 

di-keto tautomers at the B3LYP/6-311+G(d,p) level of theory. Extending the basis set to 6-

311+G(2d,2p) does not significantly change the relative energies of these four structures of 

Ca(catechol)
2+

. Basis set superposition effects (BSSE) are very similar (~1 kJ/mol per binding 

oxygen) for the four binding modes at this level of theory. Relative energies evaluated using the 

MP2 approach, however, are drastically different. Overall, the relative energies of the keto 

containing isomers do not change significantly from B3LYP to MP2. The EE containing isomer, 

however, is strongly stabilized. Two structures, corresponding to the coordination of the EE and 

KEp tautomers, were found to be nearly degenerate using the two basis sets at the MP2 level. As 

for the MP2 level, the BSSE corrections to the binding energies are found to be nearly the same 

for the four tautomers.  

 

Table 3. Relative energies (in kJ mol
-1

) of Ca(catechol)
2+

 cluster ions calculated at the B3LYP 

and MP2 levels of theory. Basis set superposition effect (BSSE) corrections are shown in 

brackets. 

Structure
 

B3LYP/  MP2/ B3LYP/ MP2/ 

 6-311+G(d,p) 6-311+G(2d,2p) 

EE 34 0 40 [1.7] 3 [6.1] 

KEo 18 24 19 [1.7] 22 [6.3] 

KEp 0 3 0 [1.6] 0 [6.3] 
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KK 13 18 11 [1.5] 18 [6.2] 

 

 

Considering the above results for single catechol calcium complexes, one additional catechol 

ligand and the water molecules were incorporated to generate candidate structures for the mono 

and dihydrated calcium catechol clusters. On the basis of earlier reported studies of water 

solvated metal ions such as calcium
52,58

 and magnesium
59,60 

, the different bonding motifs 

characterizing the arrangement of the water molecules can be anticipated. Structures with 

trigonal, tetrahedral, square-pyramidal or octahedral geometries might be expected with calcium 

coordination number (CN) 3, 4, 5 or 6, respectively. Overall, the EE containing tautomers were 

found to be the lowest in energy at the MP2 level for the naked, mono- and di-hydrated 

Ca(catechol)2
2+

 complexes. At the B3LYP level, however, KE containing tautomers were 

predicted to be lower in energy for the naked and mono-hydrated Ca(catechol)2
2+

 complexes. 

The energy splitting between the EE and the KE containing isomers decreases when increasing 

the coordination number CN. Besides, in the case of the di-hydrated Ca(catechol)2
2+

 complex, 

the EE containing isomer is predicted to be the lowest in energy at the B3LYP level. The enolic 

tautomers were also shown to be stabilized upon association with calcium for uracil and related 

compounds
61

. 

Under our experimental conditions, on the basis of the study of multiple systems, it can be 

expected that only the lowest energy gas phase isomer is observed. Few exceptions confirm the 

rule. In particular, IR signature of multiple isomers have been observed in the case of protonated 

uracil, for example, being shown that the corresponding tautomers were nearly degenerate
62

. 

Since no IR signature of the C=O carbonyl stretch could be observed for the 

Ca(catechol)2(H2O)2
2+

 nor for the Ca(catechol)2(H2O)2
2+

 complexes, it may be thus concluded 
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that only isomers containing EE catechol tautomers were formed under our experimental 

conditions.Several structures containing one or two water molecules of coordination differing in 

the CN of calcium owe to the coordination mode of the catechol ligands, i.e. monodentate or 

bidentate were investigated. The most stable geometries of [Ca(catechol)2(H2O)n]
2+ 

(n=1,2) 

complexes (2a and 3a, respectively) were found to correspond to structures in which the water 

molecules are directly bound to Ca(II) with both catechol ligands coordinated in a bidentate 

fashion, thus maximizing the CN of the metal (Figure 4). For n=1, structures exhibiting an 

interligand hydrogen bond between the water molecule and a hydroxyl moiety (1.62 A and 1.76 

A, respectively) were also considered. These structures (2b and 2c) are predicted to be 

significantly higher in energy. It thus seems that the hydrogen bond formation does not 

compensate the decrease of the CN of Ca(II) from five (in 2a) to four. In addition, hydrogen 

bonding interaction should lead to red-shifting of the OH stretching band, which was not 

observed experimentally. For n=2, two structures leading to a CN of six but differing in the 

configuration of the ligands were characterized. The Ca-O bond lengths of these structures are 

essentially similar (Figure 4). The lowest energy optimized structure (3a, C2 symmetry) can be 

considered as a distorted octahedral geometry where the two water molecules are adjacent to 

each other, thus being the cis isomer. The trans isomer (3b, D2h symmetry) is predicted to be 

slightly higher in energy.  
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Figure 4. Structures (with symmetry point groups) of doubly charged bis-catechol calcium water 

adducts [Ca(catechol)2(H2O)]
2+

 and [Ca(catechol)2(H2O)2]
2+

 optimized at the B3LYP/6-

311+G(d,p) level of theory. Relative energies at 0K (shown in parentheses) are in kJ mol
-1

; bond 

lengths are in angstroms. 

Despite its multiple photonic nature, the IRMPD spectrum predominantly reflects the 

absorption of the first IR photon
26

. This observation justifies a comparison of the experimental 

IRMPD spectrum with a calculated linear one-photon IR absorption spectrum. Experimental 

IRMPD spectra of [Ca(catechol)2(H2O)]
2+ 

and [Ca(catechol)2(H2O)2]
2+ 

are compared with IR 

linear spectra of the most relevant structures considered in Figures 5 and 6, respectively.From the 

comparison with the calculated spectra, the features predicted for structure 2a (Figure 5) 

reproduce well the experimental IRMPD spectra of [Ca(catechol)2(H2O)]
2+

, also being the most 

favored structure based on its relative energy with respect to 2b and 2c. On the other hand, 
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structures 3a and the slightly less stable 3b have essentially the same IR spectrum which fits well 

with that of [Ca(catechol)2(H2O)2]
2
. As expected, no difference between these cis/trans isomers 

could be found in the 1000-4000 cm
-1

, where the bands are associated with the ligands 

vibrational modes. Only a scan at lower frequencies, i.e. in the metal-ligand region may have 

been conclusive. 

Figure 5. IRMPD spectra of [Ca(catechol)2(H2O)]
2+ 

(in black) compared with linear IR 

absorption spectra of various structures evaluated at the B3LYP/6-311+G(d,p) level. 
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Figure 6. IRMPD spectra of [Ca(catechol)2(H2O)2]
2+ 

(in black) compared with linear IR 

absorption spectra of various structures evaluated at the B3LYP/6-311+G(d,p) level. 

 

The vibrational assignments of the most stable calculated structures (2b, 3a and 3b) are listed 

in Table S3 (see Supporting Information). In general, the deviations of the positions of the 

experimental band maxima from the frequencies of the most intense mode contributing to the 

band were less than 20 cm
-1

 in the fingerprint and hydroxyl stretching regions, confirming the 

vibrational assignments.  

The band of the IRMPD spectra near 1300 cm
-1 

exhibited the highest deviations between the 

experimental and calculated absorption frequencies. The mode (ν15) appearing in this region has 

been previously termed as “troublesome” in connection with studies performed with phenol
63

. In 

this mode, which has predominant contributions from C-C stretching vibrations, the molecule is 

distorted in the plane, leading to one of the Kekule structures of the benzene ring, thus markedly 

altering the electron density between carbon atoms. Curiously, upon comparing the IRMPD 

spectra of salicylate calcium complexes
16

 with IR spectra calculated using several DFT 

functionals and various basis sets, the major deviations were also observed in the region close to 

1300 cm
-1

. However, the choice of the B3LYP functional and 6-311+G(d,p) showed the best 
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compromise between accurate prediction and low computational cost, which supports as well our 

choice for the catechol system.  

When comparing the assignments of the vibrational modes previously made considering the 

bare catechol ligand (Table 2) with those predicted by the most stable structures (Table S3 in 

Supporting Information) it may be seen that the assignments are consistent except for a minor 

peak (I) appearing at 1160 cm
-1 

for [Ca(catechol)2(H2O)2]
2+

, where the carbon stretching mode 

identity is different. This difference is not unexpected as this peak (I) is characteristic of the most 

stable conformer 1a (Table 1), which actually does not correspond to the structure adopted by 

catechol upon calcium complexation. Nevertheless, at a first order, tentative assignments from 

the direct comparison of the bare ligand infrared spectrum are quite satisfactory as they afford 

nearly the same conclusions as those arisen from the calculated structures. 

Overall, the calculated spectra predict well the main features observed in the IRMPD spectra 

allowing the structural characterization of the cluster ions. Under our experimental conditions, 

the experimental IRMPD spectrum nicely matches with the predicted IR absorption spectrum for 

the lowest energy structure, which was characterized for showing the highest possible 

coordination number on the metal and the catechol behaving as a bidentate ligand with no 

evidence for keto-enol tautomerization.  

 

3.4 Dissociation pathways of [Ca(catechol)2(H2O)]
2+

 cluster ions 

Exploratory theoretical calculations were performed in order to bring some insights into the 

relevant ionic structures involved in the dissociation of the doubly charged cluster ions. Among 

the ions exhibited in the mass spectrum (Figure 1), the cluster ion [Ca(catechol)2(H2O)]
2+

 was 

chosen as a model for being the simplest representative of the group. As previously indicated, the 
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IRMPD spectrum of the adduct ion [Ca(catechol)2(H2O)]
2+

 is well reproduced by the structure 

2a, which was consequently taken as the starting point of all possible fragmentation mechanisms. 

A full geometry optimization was performed to characterize the transition states, intermediates 

and primary product ions of the major dissociation reactions from this adduct ion. Frequency 

analysis of the stationary structures obtained was performed to complete the characterization. 

The mechanisms considered with origin in the structure 2a were of two types (See Scheme 1), 

neutral ligand losses like water or a catechol ligand (pathways A and B, respectively) and charge 

separations in which the dication splits into two monocations. Among the latter, the mechanism 

explored is the one leading through proton transfer to form protonated catechol and 

[Ca(catechol)(H2O)-H]
+
, denoted pathway C. The energy profiles for the structures 

corresponding to stationary points along the major dissociation pathways by the studied 

mechanisms are shown in Figure 7. The most significant geometry parameters of the stationary 

points of the water loss (A), catechol loss (B) and charge separation (C) pathways from the 

[Ca(catechol)2(H2O)]
2+

 ground state structure calculated at the B3LYP levels with a 6-

311+G(d,p) basis set are provided in Figure S2 in Supporting Information.  
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Figure 7. Energy profiles for [Ca(catechol)2(H2O)]
2+ 

and their interconnecting structures and 

primary dissociation products for neutral ligand losses and charge separation pathways 

calculated at the B3LYP/6-311+G(d,p) level of theory. Energies in kJ mol
-1

 including zero-point 

energy corrections are shown for all structures corresponding to stationary points. 

As shown in Figure 7, water loss is the less energetic fragmentation channel as previously 

observed in the IRMPD experiments. The threshold value calculated is in agreement with that 

measured for the analogous Ca(H2O)5
2+ 

complex
64

. The catechol loss and charge separation 

processes require the transfer of a catechol molecule from the inner solvent shell to the second 
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solvent shell, where it binds through a single hydrogen bond to the water molecule forming the 

intermediate 2e. As separation from calcium occurs, a proton might be transferred from the water 

molecule to the second solvent shell catechol molecule, thereby allowing formation of two singly 

charged ions that separate from one another by coulombic repulsion through TSC. The 

geometric parameters of this structure (Figure S2 in Supporting information) resulted similar to 

those found in the analogous structure calculated
65

 from [Ca(H2O)2]
2+

,
 
although slightly higher 

separation distances were found here, probably due to the additional stabilization by the catechol 

ligand chelating calcium. 

The similarity of the energetic barriers for charge separation and neutral loss of catechol from 

the complex [Ca(catechol)2(H2O)]
2+

, are consistent with the generation of the product ions 

[Ca(catechol)(OH)]
+
, [(catechol)H]

+
 (pathway C) and [Ca(catechol)(H2O)]

++ 
(pathway B) upon 

CID fragmentation of the former complex (Figure 1b). On the other hand, the calculated value 

for formation of products of pathway B is close to the measured energetic values reported
64

 for 

the loss of two water molecules from the analogous Ca(H2O)5
2+ 

complex. Thus, the calculated 

energy threshold values for calcium catechol complexes dissociation pathways were successfully 

correlated with those available in the literature experimentally measured for doubly charged 

calcium water complexes. 

 

4. Conclusions 

The structures in the gas phase of microhydrated calcium(II) catechol clusters were elucidated 

using a combination of Collision Induced Dissociation, IRMPD spectroscopy and quantum 

chemical calculations. Comparison of the IRMPD spectra and calculated IR absorption spectra of 

various structures yielded good agreement allowing the assignment of spectral features and 
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hence of the structural motifs. It is shown in particular that the lowest energy structures of mono- 

and di-hydrated [Ca(catechol)2]
2+

 were formed under our experimental conditions. The observed 

IRMPD features clearly show that no keto-enol tautomerization is induced upon complexation of 

catechol to Ca(II). It should be noted, however, that theory suggests that for smaller cluster sizes 

such as [Ca(catechol)]
2+

, complexes of keto and enol tautomers are quasi-isoenergetic and could 

thus coexist in the gas phase. Unfortunately, these strongly bound complexes were not amenable 

for IR spectroscopy under our experimental conditions. The small spectral shifts observed upon 

addition of a water molecule to [Ca(catechol)2(H2O)]
2+

 are consistent with the increase of the 

coordination number of the metal. 

Upon collision induced dissociation of [Ca(catechol)2(H2O)]
2+

, mainly doubly charged ions by 

neutral losses of water and/or a catechol ligand as well as singly charged ions produced by 

charge separation processes were observed. Quantum chemical calculations at the B3LYP/6-

311+G(d,p) level of theory showed that loss of the water molecule was the lowest energy 

fragmentation channel followed by charge separation products and neutral loss of one catechol 

molecule, in agreement with the products observed upon CID.  

When comparing the assignments of the vibrational modes of microhydrated calcium(II) 

catechol clusters with those of the bare catechol, an almost perfect match was observed. Thus, 

the most relevant peaks for structural characterization were those assignable to the stretching and 

bending modes of the C-O bonds, which appear slightly red-shifted respect to those of the bare 

catechol. The good agreement between calculated IR spectra highlights the importance of 

IRMPD spectroscopy as a valuable tool to understand the structure of molecules observed under 

mass spectrometric conditions. 
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Further details on the identity of the species observed in the mass spectra along with their 

measured m/z and error in ppm, the vibrational assignments of the most stable calculated 

structures, the optimized structures of the calcium complexes containing a single catechol ligand 

along with their relative energies and calculated IR spectra, and the geometries of the stationary 

points found in the dissociation pathways may be found in the Supporting Information. This 

material is available free of charge via the Internet at http://pubs.acs.org. 
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