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Multiply deprotonated hexadeoxyadenylate anions, (A6�nH)
n�, where n � 3–5, have been

subjected to reaction with a range of divalent transition-metal complex cations in the gas
phase. The cations studied included the bis- and tris-1,10-phenanthroline complexes of CuII,
FeII, and CoII, as well as the tris-1,10-phenanthroline complex of RuII. In addition, the
hexadeoxyadenylate anions were subjected to reaction with the singly charged FeIII and CoIII

N,N=-ethylenebis(salicylideneiminato) complexes. The major competing reaction channels are
electron-transfer from the oligodeoxynucleotide anion to the cation, the formation of a
complex between the anion and cation, and the incorporation of the transition-metal into the
oligodeoxynucleotide. The latter process proceeds via the anion/cation complex and involves
displacement of the ligand(s) in the transition-metal complex by the oligodeoxynucleotide.
Competition between the various reaction channels is governed by the identity of the
transition-metal cation, the coordination environment of the metal complex, and the oligode-
oxynucleotide charge state. In the case of the divalent metal phenanthroline complexes,
competition between electron-transfer and metal ion incorporation is particularly sensitive to
the coordination number of the reagent metal complexes. Both electron-transfer and metal ion
incorporation occur to significant extents with the bis-phenanthroline ions, whereas the tris-
phenanthroline ions react predominantly by metal ion incorporation. To our knowledge this work
reports the first observations of the gas-phase incorporation of multivalent transition-metal cations
into oligodeoxynucleotide anions and represents a means for the selective incorporation of
transition-metal counter-ions into gaseous oligodeoxynucleotides. (J Am Soc Mass Spectrom
2008, 19, 281–293) © 2008 American Society for Mass Spectrometry

The development of gentle ionization methods
such as matrix-assisted laser desorption ioniza-
tion (MALDI) [1–5] and electrospray (ESI) [6–8]

have allowed the formation of gas-phase ions of
biopolymers, including oligodeoxynucleotides (ODNs),
making these ions amenable to study by mass spec-
trometry. Like peptides and proteins, ODNs are ampho-
teric, [9] allowing formation of either positively or nega-
tively charged ions. Formation of negatively charged
oligonucleotides is quite facile using ESI and, as a result,
negatively charged ODN ions have been the most widely
studied [9]. Oligodeoxynucleotide ions with bound met-
als formed by MALDI or ESI, especially those contain-
ing transition metals, have shown fragmentation behav-
ior, which is distinct and complementary to that of ions
devoid of metals [6–8].

The study of the interaction of transition metals with
DNA is of critical importance, given the variety of roles
such interactions fulfill. Transition-metal complexes
display nuclease activity and consequently complexes
such as (methidium-propyl-EDTA)iron(II) have been
utilized as footprinting agents [10]. Ruthenium(II) com-
plexes have been extensively examined as spectroscopic
probes of local DNA structure [11, 12]. The mechanism
of action of the chemotherapeutic agent cisplatin in-
volves binding to DNA to prevent replication [13–15].
Mass spectrometry has been used as a tool for the
examination of ODN complexes with metal ions [16]. To
date, in mass spectrometric studies, metal ion incorpo-
ration into the ODN occurs before, or in conjunction
with, the ionization step, typically through the addition
of metal salts to the sample matrix. This approach has
the disadvantage of leading to a mixture of ions with
different numbers of metal ion adducts, and in the case
of ESI, different charge states.
Ion/ion reactions have been used to study the pri-

mary structure of biopolymers through processes such
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as electron-transfer dissociation (ETD), to manipulate
charge states, and to form novel ion types which may
not be available directly from ESI [17, 18]. Ion/ion
reactions can be generally categorized into three types:
charge-transfer (including proton and electron-transfer),
complex formation, and metal cation exchange. Careful
choice of reagents for ion/ion reactions can provide
some control over the extent to which each of these
reaction pathways contributes to the ion/ion reaction
products observed [19, 20]. Factors that play important
roles in determining the relative contributions of these
reaction pathways are the reactant identities, the charges
of the reactant ions, and the reaction exothermicity.
Metal cation exchange is a type of ion/ion reaction

that may be used to synthesize new species in the gas
phase. Such reactions have largely been used to substi-
tute metal ions for protons in peptide ions. For example,
metal containing anions of the form MetalX2� where
Metal is a singly charged alkali or transition-metal and
X is a common counter ion such as a halide, acetate, or
nitrate have been used as reagents [21–24]. Gas-phase
metal containing peptide ions formed in this way have
exhibited dissociation behavior identical to those formed
in solution by mixing the metal salt with the peptide. The
advantage of forming metal containing biopolymer ions
via the ion/ion reaction approach is that it provides
greater control over the selection of the reactant species
and allows for independent optimization of ionization
conditions for the analyte ion and the reagent ion.
Cationic metal complexes provide an opportunity for

the gas-phase synthesis of new transition-metal-ODN
complex ions via metal cation exchange reactions. These
novel transition-metal-ODN ions can also provide a
method to study the various factors influencing the
relative contributions of electron-transfer, proton trans-
fer, complex formation, and cation exchange in gas-
phase ion/ion reactions with ODN anions. In addition,
these transition-metal containing ions may provide new
and complementary fragmentation information when
subjected to collision induced dissociation (CID) or
other dissociation techniques. Previous studies have
shown that ESI can be used to readily form gaseous
complex ions composed of a transition-metal and one or
more multi-dentate ligands [25–28]. Such metal com-
plex ions have been the subject of extensive study
including CID [29–33] and ion/molecule reactions [34–
36]. These studies have clearly shown the importance of
coordination geometry and ligand identity on the reac-
tivities of these ions and are consistent with the much
larger body of work devoted to the chemistry of gas-
eous transition-metal ions [37–43]. They strongly sug-
gest that a degree of control over ion/ion reactivity
might be afforded by selection of metal, metal oxidation
state, ligand, and ligand number.
Here, multiply charged hexadeoxyadenylate (hexa-dA)

anions, (A6�nH)
n�, where n � 3–5, have been used as

models for ODN anions in a study of the ion/ion reaction
behavior of multiply charged anions with multiply
charged divalent transition-metal multi-dentate ligand

complex cations. The ion/ion reaction behavior of late-
first row divalent transition metals Cu(II), Co(II), and
Fe(II) in complexes with 1,10-phenanthroline (denoted
herein as “phen”) is emphasized. Results obtained with
complexes of trivalent cobalt or iron and N,N=-ethyl-
enebis(salicylideneiminato) (denoted herein as “salen”)
complexes as well as those for [RuII(phen)3]

2� are also
presented to illustrate the range of ion/ion reaction
phenomenology observed.

Experimental

Mass Spectrometry

Nanospray emitters were pulled from borosilicate cap-
illaries (1.55 mm o.d., 0.86 mm i.d.) using a P-87
Flaming/Brown micropipet puller (Sutter Instruments,
Novato, CA). The electrospray solutions were loaded
into these nanospray emitter tips, and a wire was
inserted into the tip to make electrical contact with the
analyte solution. For hexa-dA, a stainless steel wire was
used, while a platinum wire was used for metal com-
plex solutions.
Ionization was performed using a home-built pulsed

dual nanoelectrospray ionization (nano-ESI) source that
has been described previously [44]. Briefly, this pulsed
dual source was comprised of two nano-ESI emitters,
which were pulsed alternately on or off in each scan by
the software. High voltages applied to the nano-ESI
emitters were optimized separately and were indepen-
dently generated by two high-voltage power supplies
from the instrument and a fast high voltage pulser
(GRX-1.5K-E; Directed Energy Inc., Fort Collins, CO).
Ions of either polarity could be independently opti-
mized and directed into the mass spectrometer using
this method.
All experiments were performed with a quadrupole/

time-of-flight tandem mass spectrometer (QSTAR XL;
Applied Biosystems/MDS SCIEX, Concord, ON, Can-
ada) that has been modified for ion/ion reactions [45].
Molecular nitrogen was used as the collision gas. The
instrument was controlled by Daetalyst software, a
research version of software developed by MDS SCIEX,
which provided full control for initiating each ion
source and for applying the appropriate potentials and
their timing to the ion path.
In a typical experiment, hexa-dA anions were pro-

duced via the negative nano-ESI source and the ions of
interest were isolated as they passed through Q1. The
isolated anions were subsequently directed into the Q2
linear ion trap (LIT) (50 ms), where they were trapped.
Reagent cations of interest were then similarly gener-
ated in the gas phase by positive nano-ESI of the
corresponding metal solution, and similarly the reagent
ion of interest was selected isolated in Q1, and intro-
duced into the Q2 LIT (30–100 ms), where ions of both
polarities were allowed to react in the LIT over a
variable reaction period (20–200 ms). Note that due to
significant variations in numbers of ions from one
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experiment to the next, the overall ion/ion reaction
rates were variable. Reaction times were varied to
maintain comparable extents of reaction. In particular,
reaction times were varied to yield good signal-to-noise
ratios for the first generation ion/ion reaction products
while minimizing the appearance of products from
sequential ion/ion reactions. Ion/ion reaction products
were finally mass analyzed by a reflectron time-of-flight
(TOF) analyzer (20–50 ms). The spectra shown in this
study were typically an average of 50–200 scans. Data
shown were normalized to the most abundant product
ion. The reaction time (the time in which both positive
and negative ions are present in the trap) consisted of
two parts: the cation injection time and the subsequent
mutual storage time. The data listed in Table 1 are the
averages of at least three experiments, and these results
are reported with the standard deviations of these
experimental results.
In some cases, post ion/ion reaction spectra follow-

ing reactions of the (A6�3H)
3� and (A6�4H)

4� anions
showed highly variable abundances of ions that corre-
sponded to [MII(A6�4H)]

2� and [MII(A6�5H)]
3�, re-

spectively (data not shown). Data shown in Figures 1, 2,
and 3 were obtained with very careful isolation of the
reagents before ion/ion reaction, and these results show
little or no evidence of metal transfer to the hexa-dA
and proton transfer from the hexa-dA to one of the
phenanthroline ligand products. We therefore conclude
that the signals consistent with [MII(A6�4H)]

2� and
[MII(A6�5H)]

3� arise from ion/ion reactions of the next
higher hexa-dA charge state that persist after the ion
isolation step. It is also noteworthy that these products
are largely absent when the reactions are conducted on

a hybrid linear ion trap system (data not shown), which
is consistent with there being deficiencies in the ion
isolation procedures used in the hybrid quadrupole/
time-of-flight instrument.

Preparation of 5=-d(A6)-3= Solutions

Oligodeoxynucleotide 5=-d(A6)-3= was obtained from
IDT (Coralville, IA) and used without further purifica-
tion. Ultrapure water was provided from a NANOpure
Infinity ultrapure water system (Barnstead/Thermolyne
Corporation, Dubuque, IA). Oligodeoxynucleotide sam-
ples were diluted to a concentration of 55 �mol L�1 (0.1
mg mL11) in water, and directly electrosprayed from
this solution.

Preparation of Solutions of Metal Complexes

Preparation of [MII(phen)x]2� Where M � Co, Cu,
or Fe, and x � 2 or 3

In many cases, preparation of the desired metal com-
plex simply involved mixing of the appropriate metal
salt and ligand in a methanolic solution to afford a final
concentration of 0.1 mg mL�1. Metal-phenanthroline
solutions formed in this way generally produced both
the bis- and tris-phen complexeswith the transitionmetals
upon nanospray ESI. Metal salts used for phenanthroline
complexes were copper(II) nitrate hemi(pentahydrate),
cobalt(II) chloride hexahydrate, iron(III) chloride hexa-
hydrate, and iron(II) sulfate heptahydrate. These metal
salts were obtained from Sigma-Aldrich (St. Louis, MO)

Table 1. Normalized abundances of the primary product ions from ion/ion reactions for the [CuII(phen)x]
2�, [CoII(phen)x]

2�,
[FeII(phen)x]

2� complexes. The electron transfer relative abundance also includes the signal from the oxygen adduct noted in the text
as well as signals due to fragmentation

Reactants Reaction 1 (electron transfer) Reaction 2 (metal transfer)

[CuII(phen)2]2� � (A6 – 3H)3– 0.71 � 0.05 0.29 � 0.05
[CoII(phen)2]2� � (A6 – 3H)3– 0.43 � 0.03 0.57 � 0.03
[FeII(phen)2]2� � (A6 – 3H)3– 0.39 � 0.07 0.61 � 0.07

[CuII(phen)3]2� � (A6 – 3H)3– 0.16 � 0.03 0.84 � 0.03
[CoII(phen)3]2� � (A6 – 3H)3– 0.04 � 0.01 0.96 � 0.01
[FeII(phen)3]2� � (A6 – 3H)3– 0.02 � 0.006 0.98 � 0.006
[CuII(phen)2]2� � (A6 – 4H)4– 0.52 � 0.07 0.48 � 0.07
[CoII(phen)2]2� � (A6 – 4H)4– 0.35 � 0.05 0.65 � 0.05
[FeII(phen)2]2� � (A6 – 4H)4– 0.25 � 0.05 0.75 � 0.05

[CuII(phen)3]2� � (A6 – 4H)4– 0.15 � 0.04 0.85 � 0.04
[CoII(phen)3]2� � (A6 – 4H)4– 0.10 � 0.01 0.90 � 0.01
[FeII(phen)3]2� � (A6 – 4H)4– 0.06 � 0.02 0.94 � 0.02
[CuII(phen)2]2� � (A6 – 5H)5– 0.71 � 0.05 0.29 � 0.05
[CoII(phen)2]2� � (A6 – 5H)5– 0.65 � 0.03 0.35 � 0.03
[FeII(phen)2]2� � (A6 – 5H)5– 0.69 � 0.07 0.31 � 0.07

[CuII(phen)3]2� � (A6 – 5H)5– 0.36 � 0.05 0.64 � 0.05
[CoII(phen)3]2� � (A6 – 5H)5– 0.42 � 0.04 0.58 � 0.04
[FeII(phen)3]2� � (A6 – 5H)5– 0.42 � 0.04 0.58 � 0.04

The data for each combination of metal complex and (hexa-dA) charge state are the average of three or more experiments, shown with the standard
deviations of the results. Data were corrected for electron emission from pre-ion/ion data that showed emission rates about 10 times lower than the
ion/molecule proton transfer rate for (A6–5H)5–, and an emission rate about 100 times lower for both (A6–4H)4– and (A6–3H)3–.
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and used without further purification. For example,
mixing copper(II) nitrate hemipentahydrate (�0.1 mM)
with three equivalents of 1,10-phenanthroline (Sigma-
Aldrich) in methanol provided both the bis- and tris-
complexes, [CuII(phen)x]

2� (x � 2, 3), upon nanospray
ESI.

Preparation of [RuII(phen)3](BF4)2

The ruthenium(II) tetrafluoroborate was received from
Sioe See Volaric and used without further purification.
Briefly, the ruthenium(II) tris-phenanthroline tetraflu-

oroborate was synthesized by refluxing a mixture of
ruthenium(III) chloride (50 mg) (Sigma-Aldrich, Syd-
ney,Australia)and1,10-phenanthroline(180mg)(Sigma-
Aldrich) over a mercury/zinc amalgam. Following hot
filtration, tetrafluoroboric acid (50%, 0.5 mL) was added
to the filtrate and the solution was allowed to cool to
room temperature to afford [RuII(phen)3](BF4)2, which
was used without further purification. Ruthenium solu-
tion for ESI was prepared by diluting [RuII(phen)3](BF4)2
with methanol to a final concentration of 0.1 mg mL�1. It
should be noted that this solution formed only the tris-
phen complex of RuII under nano-ESI conditions.

Preparation of [MIII(salen)]�

Salen was prepared as reported previously [46]. Solu-
tions of [FeIII(salen)]� and [CoIII(salen)]� were formed
on mixing stoichiometric quantities of iron(III) nitrate
nonahydrate (Strem Chemicals, Newburyport, MA) or
cobalt(II) chloride with salen in methanol.

Computational Chemistry

All calculations were conducted with the Gaussian03
suite of programs [47]. Geometry optimizations were
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Figure 1. Negative post-ion/ion reaction product spectra for the
reaction of (A6�3H)

3� with (a) [CuII(phen)2]
2�, (b) [CoII-

(phen)2]
2�, and (c) [FeII(phen)2]

2�. The asterisk symbol indicates
remaining precursor ion, the number symbol indicates ions that
were observed in the pre-ion/ion spectra and are not the result of
ion/ion reactions. All spectra are normalized to the most abun-
dant product peak. The ion labeled w1� refers to a sequence ion
defined by the commonly used nomenclature [54].
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Figure 2. Negative post-ion/ion reaction product spectra for
the reaction of [CuII(phen)2]

2� with (a) (A6�4H)
4� and (b)

(A6�5H)
5�. The asterisk symbol indicates remaining precursor

ion. B� corresponds to the adenine anion, and w1� refers to a
sequence ion defined by the commonly used nomenclature.
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performed at the B3-LYP level of theory with a 6-31G(d)
basis set for C, H, N, and O, and the SDD basis set and
effective core potential on the transition metals. Opti-
mized structures were subjected to frequency calcula-
tions to ensure they corresponded to minima on their
respective potential energy surfaces. It should be noted
that in some cases it proved impossible to achieve
convergence below the threshold for displacements.
Full details are provided in Supplementary Material. In
addition, the stability of the calculated wavefunction
was tested using the stable keyword in G03 to ensure
that the calculated wavefunction corresponded to the
ground electronic state. The vertical recombination en-
ergy (RE) was calculated by optimizing the geometry in
the �2 charge state and then performing a single point
calculation at the same geometry for the �1 charge
state. All complexes were assumed to be in their high
spin state. Full details of optimized geometries and
energies are provided as Supplementary Material.

Results and Discussion

Reaction Phenomenology

Figures 1–4 show results from selected ion/ion reac-
tions, which are used to illustrate the different types of
reactions observed between metal complex cations
([MII(phen)x]

2� where x � 2 or 3) and the oligode-
oxynucleotide anions, (A6�nH)

n�. The major first gen-
eration sets of products and the principal ion/ion
reactions that give rise to them are listed numerically in
Scheme 1. The arrows in the scheme are intended to
contrast the possible competing reaction dynamics
associated with the various sets of products. All the
products may conceivably be formed via a long-lived
(many vibrations) ion/ion reaction complex,
[(A6�nH)

n� � [MII(phen)x]
2�](n�2)�*. Additionally,

the products of reaction 1, corresponding to electron-
transfer, may also arise via charge-transfer at a crossing
point without proceeding through a long-lived com-
plex. Previous ion/ion reaction studies involving mul-
tiply charged ions have suggested that charge-transfer
at crossing points without long-lived complex forma-
tion can contribute significantly, in at least some cases,
to electron-transfer [13–15]. Reactions 2 and 3, on the
other hand, are expected to proceed via a long-lived
complex. Reaction 2 corresponds to a net transfer of the
divalent metal to the hexa-dA anion and requires the
displacement of the phen ligands by groups within the
hexa-dA. Reaction 3 corresponds to an adduct forma-
tion whereby the activated intermediate is stabilized
(presumably by emission and collisional cooling in the
ion trap) such that it survives detection. Fragmentation
products attributable to the hexa-dA are sometimes
observed but are not indicated in the scheme as these
products are presumed to arise from the electron-
transfer channel, as has been noted previously with
other reagent cations [48–52].
In the case of the Cu(II), Co(II), and Fe(II) phenanthro-

line cation reactions, little or no attachment reaction 3
occurs for any of the hexa-dA charge states. Post ion/ion
reaction spectra for the reactions between these complexes
and (A6�3H)

3� are provided in Figure 1. Peaks corre-
sponding to charge reduced hexa-dA anions (denoted
as (A6�3H)

2�·) that arise from electron-transfer reaction
[1] are observed in all the product spectra. The electron-
transfer product is most prominent in the reaction with
[CuII(phen)2]

2� but makes smaller relative contribu-
tions to the spectra derived from reactions with [FeII-
(phen)2]

2� and [CoII(phen)2]
2�. The other major ion/ion

reaction channel noted corresponds to reaction 2, which
leads to transition-metal ion incorporation into the
hexa-dA. Note that a doubly charged product ion is also
observed at m/z � 922.7 for all of the reagents in
reaction with the (A6 � 3H)3� species. This ion does not
correspond to a fragment ion of the hexa-dA, as its mass
is greater than that of the intact doubly charged mole-
cule. The mass is also independent of metal ion, which
precludes the possibility that this is a complex between
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Figure 3. Negative post-ion/ion reaction product spectra for the
reaction of (A6�3H)

3� with (a) [Cu(phen)3]
2�, (b) [Co(phen)3]

2�,
and (c) [Fe(phen)3]

2�. The asterisk symbol indicates remaining
precursor ion, the number symbol indicates ions that were ob-
served in the pre-ion/ion spectra and are not the result of ion/ion
reactions.
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the metal ion and part of the hexa-dA. In addition, there
is no evidence in the positive post-ion/ion reaction
product spectrum (data not shown) for the transfer of
part of a phenanthroline ligand to hexa-dA. The most
likely interpretation is that this species arises from attach-
ment of molecular oxygen to the (A6�3H)

2�· anion radi-
cal. Oxygen attachment to peptide radical cations formed
via ion/ion electron-transfer has recently been noted in
the apparatus used in these studies [53].
For all hexa-dA charge states, proton transfer to the

(A6�nH)
n� species to yield the (A6�(n�1)H)(n�1)� ion

leads to signals that overlap with the isotope peaks
associated with the (A6�nH)

(n�1)�· ion. Deconvolution of
these envelopes enables quantification of the contribution
from each product set. The contribution of proton transfer
to the charge reduction of (A6�nH)

n� increases with n.
That is, it is least prominent with the (A6�3H)

3� ion and
most prominent with the (A6�5H)

5� species. The proton
transfer product apparently arises exclusively from ion/
molecule reactions with species present in the background
gas. Direct evidence for proton transfer via an ion/ion
reaction is absent. Specifically, the [MII(phen)(x�1)(phen-

b) (A6–4H)4– + [RuII(phen)3]2+

100

500 1300300 1100 1500700 1700900 1900100

(A6–4H)4–
[RuII(phen)3(A6–4H)]2–

R
el

at
iv

e 
A

bu
nd

an
ce

(A6–4H–B)3–

*

604 605

(A6–3H)3–/(A6–4H)3–●

a) (A6–3H)3– + [RuII(phen)3]2+

[RuII(phen)3(A6–3H)]–

(A6–3H)3–

(x3)

A6
2–

500 1300300 1100 1500700 1700900 2900100

100

R
el

at
iv

e 
Ab

un
da

nc
e

23002100 2500 27001900

906 908 909907

*~
(A6–2H)2–/(A6–3H)2–●

c) (A6–5H)5– + [RuII(phen)3]2+

100

500 1300300 1100 1500700 1700900 1900100

R
el

at
iv

e 
A

bu
nd

an
ce

(A6–5H)5–

A6
3–

[RuII(phen)3(A6–5H)]3–
B–

452 453

A6
4–

[RuII(phen)3(A6–5H)]2–

[RuII(phen)3(A6–5H–B)]2–

*
(A6–4H)4–/(A6–5H)4–●

m/z

b) (A6–4H)4– + [RuII(phen)3]2+

100

500 1300300 1100 1500700 1700900 1900100

(A6–4H)4–
[RuII(phen)3(A6–4H)]2–

R
el

at
iv

e 
A

bu
nd

an
ce

(A6–4H–B)3–

*

604 605

(A6–3H)3–/(A6–4H)3–●

b) (A6–4H)4– + [RuII(phen)3]2+

100

500 1300300 1100 1500700 1700900 1900100

(A6–4H)4–
[RuII(phen)3(A6–4H)]2–

R
el

at
iv

e 
A

bu
nd

an
ce

(A6–4H–B)3–

*

604 605

(A6–3H)3–/(A6–4H)3–●

604 605

(A6–3H)3–/(A6–4H)3–●

a) (A6–3H)3– + [RuII(phen)3]2+

[RuII(phen)3(A6–3H)]–

(A6–3H)3–

(x3)

A6
2–

500 1300300 1100 1500700 1700900 2900100

100

R
el

at
iv

e 
Ab

un
da

nc
e

23002100 2500 27001900

906 908 909907

*~
(A6–2H)2–/(A6–3H)2–●

a) (A6–3H)3– + [RuII(phen)3]2+

[RuII(phen)3(A6–3H)]–

(A6–3H)3–

(x3)

A6
2–

500 1300300 1100 1500700 1700900 2900100

100

R
el

at
iv

e 
Ab

un
da

nc
e

23002100 2500 27001900

906 908 909907

*~
(A6–2H)2–/(A6–3H)2–●

c) (A6–5H)5– + [RuII(phen)3]2+

100

500 1300300 1100 1500700 1700900 1900100

R
el

at
iv

e 
A

bu
nd

an
ce

(A6–5H)5–

A6
3–

[RuII(phen)3(A6–5H)]3–
B–

452 453

A6
4–

[RuII(phen)3(A6–5H)]2–

[RuII(phen)3(A6–5H–B)]2–

*
(A6–4H)4–/(A6–5H)4–●

m/z

c) (A6–5H)5– + [RuII(phen)3]2+

100

500 1300300 1100 1500700 1700900 1900100

R
el

at
iv

e 
A

bu
nd

an
ce

(A6–5H)5–

A6
3–

[RuII(phen)3(A6–5H)]3–
B–

452 453452 453

A6
4–

[RuII(phen)3(A6–5H)]2–

[RuII(phen)3(A6–5H–B)]2–[RuII(phen)3(A6–5H–B)]2–

*
(A6–4H)4–/(A6–5H)4–●

m/z

Figure 4. Negative post-ion/ion reaction product spectra for the reaction of [RuII(phen)3]
2� with (a)

(A6�3H) [3], (b) (A6�4H)
4�, and (c) (A6�5H)

5�. The asterisk symbol indicates remaining precursor
ion. B� corresponds to the adenine anion. The inserts show that charge reduction of the hexa-dA
occurs via both proton and electron-transfer, although proton transfer is believed to arise from
reaction with back-ground neutrals.
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H)]� ion, which would represent the positive ion part-
ner of [A6�(n�1)H](n�1)� if proton transfer occurred in
an ion/ion reaction, is absent from the corresponding
positive mode post-ion/ion spectra (data not shown).
Furthermore, ion/ion reactions using cationic reagents
comprised of fully deuterated phenanthroline showed
no evidence for deuteron transfer (data not shown).
Control experiments where the isolated hexa-dA anions
were stored without cations but under identical condi-
tions to those used for ion/ion reactions showed ion-
molecule proton transfer reactions occurring with the
rates of these reactions following the trend (A6�5H)

5�

��(A6�4H)
4��(A6�3H)

3� (data not shown). No effort
was made to attempt to identify the adventitious neu-
tral proton donors present in the vacuum system.
Reactions of the (A6�4H)

4� and (A6�5H)
5� ions

proceed via the same generic reactions as the
(A6�3H)

3� anions shown in Scheme 1, although the
relative partitioning between channels differs (see Fig-
ure 2 for data collected with [CuII(phen)2]

2� and Table
1). There tends to be a greater degree of fragmentation
of the hexa-dA for both the (A6�4H)

4� and (A6�5H)
5�

ions than for (A6�3H)
3�. Fragmentation associated

with ion/ion electron-transfer from ODN anions has
been reported previously [45]. For a given reaction time
and a given number of cationic reagents the possibility
of contributions due to sequential ion/ion reactions
involving the anions increases with anion charge state,
as the reaction rates are proportional to the product of
the squares of the reaction charges [18]. Hence, some
product ions correspond to sequential ion/ion events.
For example, the post ion/ion spectrum of [CuII-
(phen)2]

2� and (A6�4H)
4� (Figure 2a) shows product

ions corresponding to (A6�4H)
2�. This product arises

from sequential ion/ion electron-transfer reactions, as
determined from selective ejection of the intermediate
(A6�4H)

3�· ion (data not shown). Likewise, products
that may only be readily rationalized as arising from
sequential ion/ion reactions are also apparent follow-
ing reaction of the (A6�5H)

5� species (see Figure 2b).
For example, the (A6�5H)

3� ion can be accounted for
by two successive electron-transfer reactions, and the

[CuII(A6�5H)]
2� species can be rationalized as resulting

from independent electron-transfer (reaction 1) and
metal transfer reactions (reaction 2). Those species in-
dicated as second generation ion/ion reaction products
also show different time-dependent abundance changes
than the first generation ion/ion reaction products (i.e.,
the second generation products continue to increase in
relative abundance when the first generation products
begin to show a decrease in abundance).
Reactions of the tris-phen complexes, [MII(phen)3]

2�,
for M � Cu, Co, and Fe, with the hexa-dA anions
proceed through the same primary pathways as the
corresponding bis-phen complexes and the relative
contributions of reactions 1 and 2 are summarized in
Table 1. Results of ion/ion reactions between
(A6�3H)

3� and tris-phen complexes are shown in Fig-
ure 3. Inspection of Table 1 reveals a significant differ-
ence between the bis- and tris-phen complexes, in the
relative extents of electron and metal transfer (Figure 3).
Specifically, the extent of electron-transfer is signifi-
cantly diminished in the tris-phen complexes compared
with their corresponding bis-phen counterparts. In-
deed, not only is electron-transfer less prominent when
comparing the tris-phen complex with the bis-phen
complex for a particular metal and charge state of
hexa-dA, but the proportion of electron-transfer upon
reaction with any of the tris-phen complexes is less than
with any of the bis-phen complexes for a particular
charge state of hexa-dA.
In addition to the cationic complexes examined

above, we have also examined [RuII(phen)3]
2�. In con-

trast to the complexes discussed above, reaction with
the hexa-dA anions results in competition between
electron-transfer (reaction 1) and complex formation
(reaction 3). Metal transfer (reaction 2) does not make a
significant contribution to the ion/ion chemistry of the
RuII complex. The formation of a complex between the
two reagent ions is readily rationalized as occurring
through an intimate collision between the two reagent
ions in which the long-lived excited complex thus
formed may then undergo relaxation (either through
collisional deactivation or radiative emission). In con-

Scheme 1. A summary of the major first generation ion/ion reactions of [MII(phen)x]
2� where (x �

2 or 3) species with hexa-dA anions.
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trast, the first row transition-metal phenanthroline com-
plexes discussed above are assumed to undergo rapid
elimination of the neutral phenanthroline ligands upon
the formation of such a complex. It is interesting to note
in this context that a striking feature of the chemistry of
ruthenium(II) is its comparatively high kinetic stability to
substitution compared with kinetically labile transition
metals such as those studied here [55]. This result pro-
vides a clear example of the identity of the transition-
metal having a dominant influence in directing the chem-
istry following an ion/ion reaction.
It is clear from the results described above that

incorporation of the metal ion into the oligonucleotide
with concomitant ligand loss takes place with little or
no competition from oligonucleotide fragmentation. In
fact, the only instances where there is clear evidence for
oligonucleotide fragmentation in conjunction with cat-
ion/anion attachment is in the reactions of [RuII-
(phen)3]

2� with (A6�4H)
4� and (A6�5H)

5�. Relatively
small signals are observed for loss of neutral adenine
from the [RuII(phen)3(A6�4H)]

2� complex and loss of
the adenine anion from the [RuII(phen)3(A6�5H)]

3�

complex (see Figure 4b and c, respectively). Hence,
oligonucleotide fragmentation is competitive only
when the ligand displacement channel is inhibited.
Even in this instance, however, fragmentation of the
oligonucleotide is a minor process. This is consistent
with previous ion/ion reaction studies involving pro-
tein anions and cations that show no covalent bond
cleavage associated with anion/cation complex forma-
tion [19]. It is apparent that the lifetimes of the anion/
cation complexes are sufficiently large and the cooling
processes are sufficiently fast to enable observation of
the stabilized complexes noted in Figure 4. When par-
ticularly facile dissociation channels are present, as is
apparently the case for ligand losses from the FeII, CuII,
and CoII complexes, no evidence for the intermediate
complex is observed. Perhaps the key difference is that
ligand loss is very likely to be a displacement reaction in
which new interactions with the metal ion occur in
conjunction with the loss of interaction with the ligand.
Hence, in contrast with covalent bond dissociation
associated with base loss, which is expected to endoer-
gic by roughly 1 eV [56], the displacement reaction for
the FeII, CuII, and CoII complexes (but not for the RuII

complex) may require much less energy and, in fact,
may very well be exoergic.
Reactions between the hexa-dA anions and both FeIII

and CoIII complexes with the di-anionic Schiff base
ligand salen ([FeIII(salen)]� and [CoIII(salen)]�) have
also been examined (see Supplementary Figure S1 for
selected spectra). Scheme 2 shows the reactions that
compete during ion/ion reactions of [MII(salen)]� and
hexa-dA anions. Post ion/ion reaction spectra show
products corresponding to electron-transfer (reaction
4), metal transfer to the hexa-dA (reaction 5), and
formation of a ternary complex between the hexa-dA
and the metal-salen complex (reaction 6). These reac-
tions are largely analogous to reactions 1–3 summarized

in Scheme 1 for the [MII(phen)x]
2� cations, although in

the case of metal transfer, elimination of the salen
ligand as a neutral species requires the transfer of two
protons from the hexa-dA anion. As the hexa-dA is
essentially a pentaprotic acid (due to the five phos-
phodiester groups on the backbone), the ternary com-
plexes formed upon reactions with (A6�4H)

4� and
(A6�5H)

5� do not lead to the elimination of a neutral
salen ligand, unlike the (A6�3H)

3� species, but rather
to abundant product ion peaks corresponding to the
ternary complexes. In contrast to the behavior of the
[FeIII(salen)]� ions, reaction between [CoIII(salen)]�,
and [A6�3H]

3� leads to noticeably less elimination of
the salen ligand. Rather, a relatively intense ternary com-
plex peak is observed. The cobalt complexes also typi-
cally lead to a greater proportion of electron-transfer
than their ferrous counterparts. Cobalt(III) is far more
kinetically inert to substitution than iron(III) [57] and
this is apparently also reflected in the gas-phase ion/ion
reaction chemistry.

Qualitative Trends in Product Partitioning

The reactions of the [CuII(phen)x]
2�, [CoII(phen)x]

2�,
[FeII(phen)x]

2� (x � 2, 3) species with the hexa-dA
anions are largely partitioned into the two channels
leading to products 1 and 2 indicated in Scheme 1. Table
1 summarizes the relative abundances of the primary
product anions from these two processes. This sum-
mary highlights several general trends that are relevant
to the use of ion/ion reactions for forming different
types of hexa-dA product ions. The general tendency
for the electron-transfer channel is that, for a given
metal, it is more prevalent for the reagent complexes in
which two, rather than three, phenanthroline ligands
are coordinated to the metal. For a given number of
ligands, the copper complexes undergo more electron-
transfer than their corresponding cobalt or iron coun-

Scheme 2. Reaction scheme for [MIII(salen)]� complexes and
hexa-dA anions.
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terparts. There does not appear to be a clear trend in the
extent of electron-transfer with increasing hexa-dA
charge state, however. In general, for a given reagent
cation, more electron-transfer relative to metal transfer
is observed from the (A6�5H)

5� charge state than either
the (A6�4H)

4� or (A6�3H)
3� charge states, with the

only exception that [CuII(phen)2]
2� shows the same

amount of electron-transfer reaction with (A6�3H)
3�

and with (A6�5H)
5� (0.71� 0.05 for both these anions).

There tends to be more electron-transfer with the bis-
phen cations with the (A6�3H)

3� anion than with the
(A6�4H)

4� anion (see Table 1).
If it is assumed that electron-transfer (et) occurs

exclusively at an avoided crossing and that metal ion
incorporation occurs exclusively via the break-up of a
long-lived chemical complex formed by a “hard-
sphere” (hs) collision, it is possible to predict, at least
qualitatively, the expected partitioning between the two
channels based on estimated cross-sections for the
two processes. The cross section (�) for each of these
two-body interactions is given by

�rxn � Prxn�brxn
2 (1)

where Prxn is the probability of reaction at classical
impact parameters brxn.
The square of the impact parameter of each of these

interactions (in atomic units) takes the form [58]:

brxn
2 � rrxn

2 �1�
2�Z1Z2�
rrxn��rel

2 � (2)

where Z1 and Z2 are the unit charges of the reagent ions;
�rel is the relative velocity of the ions; � is the reduced
mass, and rrxn is the reaction distance. In the case of the
hard-sphere collision, rhs can be estimated from the sum
of the radii of the reactants. In the case of electron-
transfer, an estimate for ret can be taken as the distance
at which the ground state curves of the entrance and
exit channels cross, which, in atomic units, is given by:

ret �
(Z1Z2	 Z3Z4)


Het

(3)

where Z1 and Z2 are the unit charges of the reactions, Z3
and Z4 are the unit charges of the products, and �Het is
given by


Het�EA((A6	nH)(n	1)	·)	RE ([MII(phen)x]
2�) (4)

where EA represents electron affinity and RE represents
recombination energy.
In the case of the hard-sphere collision, Phs can be

assumed to approach unity such that the cross-section
for complex formation can be estimated from �bhs

2 . The
probability for electron-transfer at the point at which
the entrance and exit channels cross, Pet, on the other
hand, requires use of a model for the probability of

transition between adiabatic states. A commonly used
approach is based on Landau-Zener theory [59, 60]. Pet
is determined by the non-adiabatic transition probabil-
ity between states at the avoided crossing, PLZ, by the
relation:

Pet � 2PLZ(1	 PLZ) (5)

The expression for PLZ is:

PLZ � exp�
2�H12

2

dr

dt�Z1Z2

ret
2 	

Z3Z4

ret
2 �� (6)

where H12 is the coupling matrix element at the point of
closest approach, dr/dt is the radial velocity of the reac-
tants at the crossing point, and the remainder of the
denominator gives the differences in the slopes of the
entrance and exit channels at the crossing point. The
radial velocity at the crossing point can be estimated by:

dr

dt
��2�Z1Z2�

ret�
�0.5 (7)

The coupling matrix element, which indicates the
strength of the electronic coupling between states, is
extremely difficult to determine a priori for such large
systems. A parameterized expression for H12 described
by Olson and coworkers [61, 62] and based on data
collected for the reactions of a number of relatively
small singly charged ions was used recently in an
examination of parameters that affect proton transfer
and electron-transfer in ion/ion reactions of polypep-
tide cations [20]. This expression allows for an estima-
tion of the coupling matrix based upon EA and RE
values:

H12� (1.044	EA	REx) · exp(	0.875x) (8)

where

x �
ret

2

	2EA � 	2RE�

With the relationships just presented and parameters
that are either known or can be estimated, it is possible
to examine the dependence of the fractional contribu-
tion of electron-transfer upon cation RE, anion EA, and
reactant ion charges predicted by this model. For exam-
ple, the fraction of electron-transfer products can be
estimated by

�et

�tot

�
Pet�bet

2

Pet�bet
2� (1	 Pet)�bhs

2 (9)

The electron-transfer cross-section is based on a
point charge model such that the use of ret for rrxn in
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relation 2 for the determination of bet
2 and the use of rhs

for rrxn in relation 2 in determining bhs
2 effectively places

the point charges at the centers of the reactants. This
is clearly an oversimplification, particularly for the
hexa-dA anions, and is expected to give rise to an
underestimation of the electron-transfer channel. An-
other approximation is to use the following relation for
the square of the electron-transfer impact parameter:

bet
2 � (ret � rhs)

2�1�
2�Z1Z2�
ret��rel

2 � (10)

This approximation effectively places the point
charges on the surfaces of the ions closest to one
another. This approximation is likely to overestimate
the electron-transfer contribution. Given the uncertain-
ties in several of the other parameters used in the
model, a more sophisticated set of assumptions regard-
ing the charge locations is probably unjustified. In any
case, similar trends are expected with any set of as-
sumptions regarding the charge distribution within the
ions.
The two main parameters in the H12 expression are

the relevant values of EA and RE. These values are also
important in determining ret. The computed REs for the
bis- and tris-phenanthroline complexes of CuII, CoII,
and FeII are listed in Table 2 [63, 64]. The REs for the
bis-phenanthroline complexes are greater than the cor-
responding tris-phenanthroline complexes and, within
each set of complexes with the same ligand number, the
RE follows the order Cu � Co 	 Fe.
The EA values of the hexa-dA anions are expected to

decrease with the increase of absolute charge due to the
destabilizing electrostatic field [65, 66]. Indeed, recent
photo-electron spectroscopy studies by Kappes and
coworkers on (A5�4H)

4� demonstrate the fourth verti-
cal electron affinity to be 0.11 eV (the adiabatic electron
affinity was reported to be slightly negative) [65, 66].
Hence the EA values of the hexa-dA charge states
studied here can be expected to be small for the
(A6�3H)

3� species and to decrease or even be negative
for the (A6�4H)

4� and (A6�5H)
5� species. Unfortu-

nately, the approximation for H12 cannot accommodate
EA values less than or equal to zero and is not expected
to fit well for EA values of less than about 0.3 eV.
Figure 6ÅshowsÅplotsÅofÅtheÅpredictedÅcontribution

from electron-transfer for the (A6�3H)
3� anion derived

from relation 9 using ret
2 in relation 2 (dashed curve) and

using relation 10 (solid curve) as a function of cation
recombination energy. The plot also shows the individ-
ual data points of the measured contribution of elec-
tron-transfer for each of the [MII(phen)x]

2� for M � Cu,
Co, or Fe, and x � 2 or 3 metal complexes studied. The
calculation was based on the following parameters: 300
K ions, a cation mass of 450 Da, an anion mass of 1800
Da, cation hard-sphere cross-section of 150 Å2, anion
hard-sphere cross-section of 400 Å2, and anion electron
affinity of 1.0 eV. In the case of constant electron
affinity, reaction exothermicity increases directly with
RE. (Note that there is experimental and theoretical
support for minimal internal heating of polyatomic ions
by the electrodynamic field of the ion trap, provided
that they are not stored close to a stability boundary
[67–71].ÅTheÅkineticÅenergiesÅofÅtheÅionsÅcomeÅintoÅplay
in the model via the relative velocity term in relation 2.
When comparing the relative partitioning between ion/
ion reaction channels, the relative velocity term tends to
cancel because it is present for all channels. Hence, the
plotsÅofÅFiguresÅ5ÅandÅ6ÅareÅinsensitiveÅtoÅionÅkinetic
temperature over many thousands of degrees.) The two
approaches to determining bet

2 show the same qualita-
tive dependence upon recombination energy but, as
expected, the approximation that places the assumed
point charges at the ion centers (dashed curve) leads to
a smaller contribution from electron-transfer than does
the placement of point charges at the ion surfaces. For
this case, a broad maximum is noted for �et/�tot over
the range of RE � 8–9.5 eV. This suggests that the
recombination energy and, therefore, the reaction exo-
thermicity, can be either too low or too high for elec-
tron-transfer to occur. However, the model assumes

Figure 5. Predicted contribution from electron-transfer for the
(A6�3H)

3� anion as a function of recombination energy (in eV).
The solid line represents the contribution to electron-transfer if the
charges are assumed to be at the reactant surfaces, while
the dashed line represents the contribution to electron-transfer if
the charges are assumed to be at the reactant centers. The data
symbols indicate the measured fraction of electron-transfer prod-
uct for each metal complex [CuII(phen)2]

2� (filled square), [CoII-
(phen)2]

2� (filled diamond), [FeII(phen)2]
2� (multiplication sym-

bol), [CuII(phen)3]
2� (filled triangle), [CoII(phen)3]

2� (plus
symbol), [FeII(phen)3]

2� (open circle).

Table 2. B3-LYP/6-31G(d) vertical recombination energies (eV)

Complex
Point
group

Vertical recombination
energy (eV)

[CuII(phen)2]2� D2 8.4
[CoII(phen)2]2� D2d 7.4
[FeII(phen)2]2� D2d 7.4
[CuII(phen)3]2� C1 6.9
[CoII(phen)3]2� D3 6.5a

[FeII(phen)3]2� D3 6.3a

aFails to converge on the displacement criteria.
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electron-transfer between reactant and product elec-
tronic ground states. Therefore, reactants with RE val-
ues higher than 9.5 eV may show significant electron-
transfer if an excited electronic state of a product is
formed. Hence, it is not clear that a cation RE can be too
high for efficient electron-transfer but it can be too low.
The calculated RE values for the divalent transition-
metalÅcomplexesÅstudiedÅhereÅ(TableÅ2)ÅtendÅtoÅfallÅon
the side where the slope of the �et/�tot versus RE curve
is positive. The Cu(II) complexes have the highest RE
values and show the most electron-transfer compared
with the Co(II) or Fe(II) analogs. The tris-phen complexes
have lower RE values than the corresponding bis-phen
complexes and also show significantly lower contribu-
tions from electron-transfer, which is consistent with the
plotÅofÅFigureÅ5.
The hexa-dA charge state affects the prediction made

by this model in several ways. As absolute charge state
increases, the anion EA value becomes less positive. For
a constant cation RE value, this increases reaction
exothermicity. For the RE values associated with the
cations in this work, the model predicts an increase in
�et/�tot as the EA decreases (over the range that the H12
relationship was initially established). Hence, an in-
crease in electron-transfer would be expected as the
absolute anion charge state increases. However, the
anion charge state also affects the terms in the denom-
inator in the exponential term of relation 6. It affects
both the difference in the slopes of the product and
reactant channels as well as the radial velocity at the
crossing point. The effect of the change in EA and the
effect of the charge state change are competing, as
illustratedÅinÅFigureÅ6.ÅThisÅfigureÅcomparesÅtheÅ�et/�tot

dependence on RE using relation 10 for betÅ[2]ÅforÅthe
(A6�4H)

4� anion and varying the EA of the anion. The
calculation used the same parameters described for
curvesÅassociatedÅwithÅFigureÅ5ÅandÅtheÅEAsÅshownÅare
EAÅ�Å1.0ÅasÅinÅFigureÅ5,ÅandÅEAÅ�Å0.3ÅeV.ÅInÅtheÅabsence
of a change in EA, the increase in the absolute charge of
the anion shifts the highest electron-transfer probability
to higher RE values. A reduction in the EA value of the
anion, however, tends to shift the maximum back to a
lower RE value. For an increase in electron-transfer to
be observed as the absolute charge of the anion in-
creases, the anion EA must decrease sufficiently to
overcome the effect of the changes in the difference of
the reactant and product slopes and radial velocity.
These competing effects may account for the fact that
the (A6�4H)

4� anion shows less electron-transfer than
either the (A6�3H)

3� or (A6�5H)
5� charge states with

the [MII(phen)2]
2� anions.

Considerations for Ion Transformation

The ion/ion reactions of the divalent transition-metal
complexes studied here can transform deprotonated
ODNs to charge reduced ODNs via electron-transfer
(Scheme 1, reaction 1, or to ODNswith divalent transition-
metal counter-ions (via reaction 2), or to adduct species
(e.g., via reaction 3). From an ion transformation stand-
point, transition-metal complexes do not appear to offer
particular advantages over other reagent ions for elec-
tron-transfer. Previous ion/ion reaction studies with
ODN anions have demonstrated reagent species that
can affect electron-transfer without complications from
adduct formation. It is the ability to insert multivalent
transition-metal ions into ODN anions that is unique to
the work presented here. The extent to which divalent
metal insertion competes with charge-transfer is af-
fected by such variables as the RE of the di-cation, the
coordination sphere of the metal, the nature of the ligand,
and the charge state and EA of the ODN. For the species
studied here, it is apparent that divalent metal ion
insertion to yield a single product ion type (via reaction
2) can be maximized by use of tris-phenanthroline
complexes. The use of the tris-phenanthroline com-
plexes minimizes the RE of the cation and thereby
minimizes electron-transfer.

Conclusions

Cationic complexes of multivalent transition-metal
complexes react with multiply charged hexa-dA anions
via two major competing pathways. These include
electron-transfer from the hexa-dA anion to the cation
and condensation of the anionic and cationic reactants
to form a long-lived complex. Depending upon the
metal and ligand, hexa-dA displacement of the ligands
can be a facile process that results in the incorporation
of the multivalent metal into the hexa-dA anion. For a
given hexa-dA anion, electron-transfer to the cation ap-
pears to correlate with the recombination energy of the

Figure 6. Effect of changing the electron affinity (EA) on the
contribution of electron-transfer as a function of recombination
energy (RE) for the (A6�4H)

4� anion. The dashed line represents
EA� 0.3 eV, and the solid line represents EA� 1.0 eV. The symbols
indicate the measured fraction of electron-transfer product for each
metal complex [CuII(phen)2]

2� (filled square), [CoII(phen)2]
2� (filled

diamond), [FeII(phen)2]
2� (multiplication symbol), [CuII(phen)3]

2�

(filled triangle), [CoII(phen)3]
2� (plus symbol), [FeII(phen)3]

2�

(open circle).
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transition-metal complex cation. The tris-phenanthroline
complexes have lower recombination energies than their
bis-phenanthroline counterparts and therefore generally
show less electron-transfer. The unique reaction channels
demonstrated by the transition-metal complexes are
those that lead to incorporation of the transition-metal
into the ODN.
In some cases, the adduct formation product result-

ing from the combination of the two oppositely charged
ions is observed. The tendency for this to occur appears
to correlate with the facility with which ligand substi-
tution is known to take place in solution. Overall, the
experiments described here indicate that the partition-
ing of ion/ion reaction products can be significantly
affected by judicious selection of the coordination envi-
ronment of the metal and that metal complexes of this
sort can be used as reagents for inserting multivalent
transition metals into oligodeoxynucleotides.
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