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bstract

Electrospray ionization mass spectrometry is employed to probe the complexation and dissociation of the first-row transition-metal dications
ith triethylene tetramine that originate in water/methanol solutions of the corresponding metal salts and the ligand. The major complex ions

merging from the ESI source were observed to be ML2+, ML(CH3OH)2+, M(L–H)+, MLCl+ and MLNO3
+ (M = Mn, Fe, Co, Ni, Cu, Zn and

= triethylene tetramine). Upon collision induced dissociation all dications, except those containing copper, exhibit the predominant loss of up
o three hydrogen molecules. Remote C C bond activation in the copper containing CuL2+ dication appears to be manifested by its heterolytic
issociation via charge separation into the two monocations NH2(CH2)2NHCH2

+ and CuNH2(CH2)2NHCH2
+ and this is attributed to the tendency

or Cu2+(d9) to achieve the Cu+(d10) configuration. The ion pairs MLCl+ and MLNO3
+ undergo exclusive elimination of the corresponding acid

HCl or HNO3) to form M(L–H)+ with the proton originating from one of the amino groups. The latter was demonstrated with CID experiments

erformed on deuterium labeled ion pair complexes. The onset energies for the loss of acid increase with decreasing IE(M+) and this is in line with
n increase in the endothermicity of the dissociation that is expected as the energy gained in the reduction of M2+ decreases. Further dissociation
f M(L–H)+ proceeds by loss of H2, NH3 and NH2CH2 radicals with all metals except Cu which loses NH2CH2 radicals exclusively.

2007 Elsevier B.V. All rights reserved.

zation

c
i
e
e
t
i
d
T
t
o

eywords: Transition-metal dications; Triethylene tetramine; Electrospray ioni

. Introduction

Over the past decade electrospray ionization mass spectrom-
try (ESI–MS) has been successfully employed to investigate
tructural features, intrinsic stabilities and reactivities of
ultiply-charged coordination compounds of the first-row

ransition-metal dications [1–8]. Polyamino complexes of the
atter have attracted attention due to the relatively high con-
entrations of polyamines in vivo where they are present as
rotonated or metallated complexes rather than as free lig-

nds. Polyamino ligands are utilized in medicine for diagnostic
maging and in industry for the production of polymers [9,10].

oreover, the study of low molecular weight transition-metal
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omplexes is frequently of value in the elucidation of the chem-
stry of metalloproteins [11]. ESI/MS was used to prove the
xistence of a complex containing Cu and Zn dications in the
nvironment of diethylenetriamine, deprotanated imidazole and
ris(2-aminoethylamine) [12]. ESI/MS/MS also has been used to
nvestigate the binding of Ag+, Cu+, Cu2+ and Pt2+ with polyami-
oamine generation 1 amine terminated PAMAMG1NH2 [13].
riethylene tetramine, a member of the polyamine family, is par-

icularly interesting due to the fact that it is used for the treatment
f Wilson’s disease, an autosomal recessive disorder character-
zed by copper accumulation in various organs, such as the liver,
idney and brain [14]. Despite the fact that all six of the doubly
harged first-row transition-metal ions (Mn2+, Fe2+, Co2+, Ni2+,

u2+ and Zn2+) exhibit very high affinities toward triethylene

etramine in aqueous solution [15], the main competitors for the
igand in vivo are copper, zinc and iron [14]. In aqueous solu-
ions triethylene tetramine behaves as a tetradentate ligand that

mailto:dkbohme@yorku.ca
dx.doi.org/10.1016/j.ijms.2007.02.043
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Fig. 1. Determination of the onset energy, OE, from the “refined curve” of the
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dominate in the electrospray of 50 �M solutions of the salts of
doubly charged manganese, iron, cobalt, nickel, zinc and cop-
per ions dissolved in (1:1) water/methanol mixtures containing

Table 1
Metal complex ions emerging from the ESI source of the API 2000 mass spec-
trometer at DP = 1–200 Va

Mn Fe Co Ni Cu Zn

ML2+ 21 32 13 31 23 15
ML(CH3OH)2+ 12 6 12
MLNO3

+ 31 16 6 11 19
MLCl+ 29 30 22 17 18 39
M(L–H)+ 19 38 37 40 36 27

The relative abundances, averaged over the whole range of DP, are given in
percentage with an estimated accuracy of 8% (they do not take into account
other non-metallated ions).
J. Anichina, D.K. Bohme / International Jou

s capable of forming four coordinative bonds with a metal ion
hrough the lone pairs of its nitrogen atoms, two of which belong
o the primary amino groups and the other two to the secondary
nes. Metal ion–ligand coordination results in the formation of
10-membered chelate ring [16].

Here we report the results of a study of the complexation
f the doubly charged first-row transition-metal ions by triethy-
ene tetramine in water–methanol solutions utilizing ESI–MS,
ncluding a comparative investigation of the gas-phase collision-
nduced dissociation (CID) pathways and stabilities of various
ther species either present in solution or formed as the result
f electrospray ionization.

. Experimental

Electrospray data were acquired in the positive ion mode
sing an API 2000 (MDS-SCIEX, Concord, Ont., Canada)
riple quadrupole (Q1q2Q3) mass spectrometer equipped with
“Turbo Ion Spray” ion source. Experiments were performed

t an ion spray voltage of 5500 V, a ring-electrode potential of
00 V (used for ion beam confinement) and a range of potential
ifferences between the orifice and the skimmer. N2 was used as
curtain gas at a setting of 10 psi and air was used as a nebulizer
t a flow rate of 8 L min−1. Samples were directly infused into
he electrospray source at a flow rate of 3 �L min−1.

MS/MS was performed in the product ion and multiple reac-
ion monitoring (MRM) modes with N2 as collision gas at a
ressure estimated to be about 3 mTorr (viz. multi-collision con-
itions). The collision offset voltage (the potential difference
etween the quadrupole entrance lens (q0) and the collision
ell quadrupole (q2)), which nominally gives the laboratory
rame collision energy, was adjusted between 5 and 130 V at
V intervals. Space charge and contact potentials, field pene-

ration and field distortion all can influence the actual collision
nergy but were not taken into account. The zero of energy was
ot measured. Product ion spectra were then obtained by scan-
ing Q3 over the range m/z = 10–650. The inter-quadrupole lens
otentials and the float potential of the resolving quadrupole Q3
ere linked to the q2 potential to maintain proper transmission

hrough Q3.
The onset energy of a particular primary dissociation was

etermined by extrapolating the steepest slope of a plot of the
um of the relative intensities of the primary dissociation prod-
cts and their further fragments (the “refined curve”) versus the
pplied collision energy, to the x-axis, as shown in Fig. 1. The
recision of the onset energies is taken to be one standard devia-
ion from the mean onset energy value obtained in several (three
r more) repeated experiments. In each experiment Gaussian
moothing was applied twice to the ion signals measured at each
ollision voltage, each accumulated for a dwell time of 200 ms,
n order to remove local variations caused by noise. We have
hosen this approach over reporting separately the onsets for
ndividual primary product ions. The inclusion of the further dis-

ociation product ions improves the determination of the onset
nergy, especially for those primary ions that quickly dissociate
urther. For primary dissociations leading to charge separation
oth primary product ions and their respective secondary and

i
1
f
e

um of the intensities of all the dissociation products in the collision-induced
issociation of the ligated metal dication [FeTrien]2+.

igher-order fragment ions (if any) are all added together. This
pproach is somewhat different from those reported previously,
uch as the E1/2 method of David and Brodbelt [17] and the
D (or tangent) and other methods described by Forbes et al.

18]. The onset energies were not measured as a function of
ressure.

Ligated Mn(II), Co(II), Ni(II), Cu(II) and Zn(II) were gen-
rated from their nitrate hydrates (Aldrich, p.a. ≥99.99%)
hile iron(II) sulfate heptahydrate (Aldrich, p.a. ≥98.%) was
sed as the source of Fe(II) ions; triethylenetetramine (Trien)
ydrochloride was purchased from Aldrich p.a. ≥98.%. HPLC
egree methanol and Millipore (18.2 m�) water were used
o prepare the solvent mixture. The Trien was dissolved in

(1:1) water/methanol mixture at a concentration of 10 �M
nd the appropriate metal salt was added to five-fold molar
xcess.

. Results and discussion

.1. Ions emerging from the electrospray source

Five different types of metal complexes were observed to pre-
a The samples were electrosprayed at concentration ratios of 5:1 metal
on:ligand with the concentration of the ligand = 10 �M from solutions of
:1 water:methanol. Cu(II), Zn(II), Co(II), Ni(II) and Mn(II) were generated
rom their nitrate hydrates and Fe(II) from its sulfate heptahydrate. The tri-
thyleneteramine ligand was utilized in the form of its hydrochloride.
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0 �M triethylenetetramine (Trien). These are summarized in
able 1. The relative intensities of the complexes vary as a
unction of the Declustering Potential (DP), the instrumental
arameter that has the greatest effect on the fragmentation in the
rifice—skimmer region of the electrospray ionization source.
MTrien]2+ dications were found to predominate in the electro-
pray spectra of solutions of copper, nickel, iron and cobalt in
he range of DP 0–30 V, while these were minor ions for M = Mn
nd Zn. The latter presumably is due to relatively low stability
onstants. For example, in the known case of Mn, the values of
og K in aqueous solution for the equilibrium M2+ + L ↔ ML2+

re 5, 7, 8, 11.3, 14.5 and 20 for Mn(II), Fe(II), Co(II), Ni(II)
nd Cu(II), respectively [15].

Two types of ion pairs, [MTrienCl]+ with M = Mn, Fe, Co,
i, Cu and Zn and [MTrienNO3]+ with M = Mn, Co, Ni, Cu

nd Zn, were observed to be present over the entire range of DP
0–200 V). These ion pairs presumably are formed in the electro-
pray process as ion concentrations in the droplets increase due
o solvent evaporation. These ion pairs arise from the electrolytic
issociation of the metal salts and the Trien hydrochloride. The
itrate ion was not observed in the ESI spectrum of the iron
ontaining system for which sulfate was used as the source
f iron dications. MLCl+ and MLNO3

+ undergo elimination
f the corresponding acid (HCl or HNO3) to form M(L–H)+.
t is also interesting to note that the CH3OH complexes, even
hen they are seen, are minor. They may be dissociating in the

pray.

.2. Fragmentation of metal–Trien species
.2.1. Collision induced dissociation of [CuTrien]2+

The CID of the [CuTrien]2+ dication leads exclusively to
harge separation with the formation of two singly charged

h
r
t
n

Scheme 1. Proposed mechanism for the dissociation o
ig. 2. (Top) ESI spectrum of the Cu(II) triethylene tetramine at DP = 0 V
L = triethylene tetramine). (Middle) CID spectrum of m/z = 104.5 (CuL2+) at
V. (Bottom) CID profiles monitored for the dissociation of CuL2+.

pecies with m/z 73 and 136. The former corresponds to exactly

alf the mass of the neutral Trien molecule while the latter cor-
esponds to the copper monocation attached to the other half of
he Trien molecule (see Scheme 1 and Fig. 2). The accompa-
ying C C bond dissociation can be viewed to be heterolytic

f [CuTrien]2+ via remote C C bond activation.
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and FeL(CH3OH)2+ were observed to lose methanol first upon
CID and then to dissociate further in a manner observed for
CoL2+, NiL2+ and FeL2+, respectively.
Scheme 2. Observed primary and higher-order dissociations of

nd driven remotely by N–Cu+ bond formation via a proton
ransfer from –NH– to –CH2

−. The Cu2+ is reduced concomi-
antly by the transfer of an electron from –N– to Cu2+ which has
high electron recombination energy, IE(Cu+) = 20.31 eV [19]

nd achieves a filled Cu+(d10) electronic configuration. Further
ragmentation of both monocations takes place at elevated val-
es of the laboratory collision energy and this is indicated in
cheme 1.

.2.2. Collision induced dissociation of [MTrien]2+ with
= Mn, Fe, Co, Ni and Zn
In contrast to the CID spectrum of the copper complex,

n(II), Fe(II), Co(II), Ni(II) and Zn(II) containing complexes
ere observed to dissociate predominantly by the sequential loss
f one, two and in some cases even three hydrogen molecules.
he charge separation (C C bond cleavage) channel seen with
u(II) also was observed to compete, but only in a minor way:
n(95:5), Fe(75:25), Co(95:5), Ni(95:5) and Zn(70:30). These

ranching ratios are estimated to have an accuracy within ±5%.
hese metals all have IE(M+) < IE(Cu+) and there is no strong
orrelation of the branching fraction for charge separation with
he magnitude of IE(M+).

The observed primary and higher-order dissociations are
resented in Scheme 2. The dissociations of [M(L–H2)]2+

nd [M(L–2H2)]2+ were measured separately. Fig. 3 provides
xperimental results obtained for the dissociations of [CoL]2+,
Co(L–H2)]2+ and [Co(L–2H2)]2+. In each case the dissocia-
ion by H2 loss was predominant but competed with one or two
harge separation channels in a ratio of 95:5, 90:10 and 90:10,
espectively.

CID experiments using the deuterium labeled triethylene
etramine (ND2(CH2)2ND(CH2)2ND(CH2)2ND2) revealed that

he hydrogen atoms that are lost as molecular hydrogen originate
rom both the –ND2 and –CH2 substituents (Fig. 4).

The onset energies of the predominant dissociations of
ML]2+ are given in Table 2. With the exception of the

F
[
p
a

with M = Mn, Fe, Co, Ni and Zn and L = triethylenetetramine.

issociation of [NiL]2+, the onset energies increase with decreas-
ng IE(M+).

The methanol adduct ions CoL(CH3OH)2+, NiL(CH3OH)2+
ig. 3. CID profiles of the dissociation of [CoL]2+ (upper spectrum),
Co(L–H2)]2+ (middle spectrum) and [Co(L–2H2)]2+ (bottom spectrum). The
rofiles of the ions whose intensities were smaller than 10% of the total intensity
re not shown.



260 J. Anichina, D.K. Bohme / International Journal of Mass Spectrometry 267 (2007) 256–262

F
5

3
a

o
s
M
d
a

s
[
c
s
L
i
m
N
d
N
w
t

C
H
h

S
[

t
o
C

p
e
energies for the loss of acid increase with decreasing IE(M ).

T
M

M

C
N
Z
C
F
M

R
w
e

i

ig. 4. CID spectrum of deuterated nickel(II)–Trien dication averaged for the
–20 V range of the laboratory collision voltage.

.3. Collision induced dissociation of the ion pairs MLCl+

nd MLNO3
+

The monocations [MTrienCl]+ and [MTrienNO3]+ were
bserved to dissociate exclusively by the loss of the corre-
ponding acid, HCl and HNO3, respectively, and formation of
(Trien–H)+. CID experiments with deuterium labeled Trien

emonstrated that the protons of both acids originate from the
mino groups of the ligand.

Further analysis of the dissociation pattern of Cu(Trien–D)+

uggests that the deuterium that is lost from the N-deuterated
CuTrienCl]+ comes from the primary amino groups. This
onclusion was reached on the basis of the higher-order dis-
ociations that were observed and are indicated in Scheme 3.
oss of DX (where X− = NO3

− or Cl−) from copper-containing
on pairs leads to the formation of a fragment characterized by
/z 213 that corresponds to [Cu(Trien–D)]+. The latter loses an
D2CH2

. radical producing a radical-cation of m/z = 181 whose
issociation continues in two competitive channels: NDCH2 and
DCHCH2 molecule losses. Neither of these reaction pathways
ould be possible if the protons in DX originated from one of

he secondary amino groups (Scheme 3).
The secondary dissociation of [M(L–H)]+ with M = Mn, Fe,
o, Ni and Zn that occurs after loss of acid corresponds to loss of
2, loss of NH3 and loss of NH2–CH2 radical and is followed by
igher-order dissociations. Scheme 4 provides an overview of all

T
d
o

able 2
easured onset energies for dissociation reactions (1), (2) and (3)

etal Reaction (1) Reaction (2)

OElab
b OECM

c OElab
b

u 6.3 ± 0.3 1.5 7.2 ± 0.2
i 8.2 ± 0.3 1.2 7.9 ± 0.4
n 7.3 ± 0.2 1.7 8.3 ± 0.2
o 9.6 ± 0.4 2.3 8.1 ± 0.4
e 9.8 ± 0.3 2.4 12.5 ± 0.2
n 10.1 ± 0.2 2.5 13.8 ± 0.3

eaction (1) [CuL]2+ → [Cu(1/2L)]+ + (1/2L)+ and [ML]2+ → [M(L–H2)]2+ + H2, w
here M = Mn, Fe, Co, Ni, Cu and Zn. Reaction (3) [MLNO3]+ → [M(L–H)]+ + HN

nergies of the metals, IE(M+).
a Second ionization energy of the metal cation in eV [19].
b Measured onset energy in Volts.
c Apparent center-of-mass energy OECM = OElab × z × m × (m + M)−1, where m re

nvestigated. z is the charge of the ion.
cheme 3. Proposed mechanism for the dissociation of N-deuterated
CuTrienCl]+.

he observed dissociations that were initiated by the dissociation
f the ion pairs MLCl+ and MLNO3

+. Fig. 5 provides measured
ID profiles for the dissociation of NiLNO3

+.
The onset energies of the predominant dissociations of the ion

airs [MLCl]+ and [MLNO3]+ are included in Table 2. Without
xception within the uncertainty of the measurements, the onset

+

his is in line with an increase in the endothermicity of the
issociation that is expected as the energy gained in the reduction
f M2+ decreases.

Reaction (3) IE(M+)a

OECM
c OElab

b OECM
c

0.7 6.1 ± 0.2 0.6 20.31
0.8 6.4 ± 0.3 0.6 18.17
0.8 6.9 ± 0.3 0.6 17.96
0.8 7.8 ± 0.2 1.0 17.06
1.3 11.3 ± 0.3 1.1 16.18
1.5 12.5 ± 0.2 1.2 15.64

here M = Mn, Fe, Co, Ni and Zn. Reaction (2) [MLCl]+ → [M(L–H)]+ + HCl,
O3, where M = Mn, Co, Ni, Cu and Zn. Also given are the second ionization

presents the mass of the collision gas (N2) and M is that of the molecular ion
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Scheme 4. Observed primary and higher-order dissociations of the ion pairs MLCl+ a
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[8] S.-S. Sun, A.J. Lees, Inorg. Chem. 40 (2001) 3154.
ig. 5. CID profiles monitored for the dissociation of NiLNO3 . The profiles of
he ions whose intensities were smaller than 10% of the total intensity are not
hown.

. Conclusions

Electrospraying solutions of triethylene tetramine and
rst-row transition-metal nitrates or sulfates provides a con-
iderable variety of complexes of doubly charged first-row
ransition-metal cations ligated with Trien: [MTrien]2+,
MtrienCH3OH]2+, [M(Trien–H)]+, [MTrienCl]+ and
MTrienNO3]+.

There is a uniformity in the CID of the mass-selected
MTrien]2+ and [M(Trien–H)]+ leading to the sequential loss of
t least two hydrogen molecules by C–H and N–H activation that
pplies to all metal complexes except that containing Cu which
refer to dissociate by C C bond cleavage. The heterolytic
issociation of CuL2+ via charge separation into the two mono-
ations NH2(CH2)2NHCH2

+ and CuNH2(CH2)2NHCH2
+ may

e attributed to the tendency for Cu2+(d9) to achieve the Cu+(d10)
onfiguration.

The ion pairs MLCl+ and MLNO + undergo exclusive elim-
3
nation of the corresponding acid (HCl or HNO3) to form

(L–H)+ with the proton originating from one of the amino
roups. The onset energies for the loss of acid increase with

[
[

nd MLNO3
+ with M = Mn, Fe, Co, Ni, Cu and Zn and L = triethylenetetramine.

ecreasing IE(M+) and this is in line with an increase in the
ndothermicity of the dissociation that is expected as the energy
ained in the reduction of M2+ decreases. Further dissociation
f M(L–H)+ proceeds by loss of H2, NH3 and NH2CH2 rad-
cals with all metals except Cu which loses NH2CH2 radicals
xclusively.
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