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M(NO3)x
� ions are generated by electrospray ionization (ESI) of metal solutions in nitric acid

in negative ion mode. Collision-induced reactions of these ions are monitored in a tandem
mass spectrometer (MS) of quadrupole-octopole-quadrupole (QoQ) geometry. For Group 1and
2 elements, the M(NO3)x

� ions dissociate into NO3
� and neutral metal nitrate molecules. These

elements also form someMx(NO3)x�1
� clusters, especially Li�. Metal nitrate ions from transition

elements and Group 13 elements fragment into oxo products and also undergo internal
electron transfer to leave the M atom in a lower oxidation state. To calibrate the collision
energy, the dissociation energy of O-NO2

� is found to be 5.55 eV, about 0.76 eV lower than a
value derived from thermochemistry. The product ions from Fe(NO3)4

� ions have low
formation thresholds of only 0.5 to 2 eV. (J Am Soc Mass Spectrom 2003, 14, 671–679) © 2003
American Society for Mass Spectrometry

After the pioneering studies of Yamashita and
Fenn [1], ESI-MS has revolutionized the analy-
sis of biological molecules [2–5]. This method

also provides valuable information about inorganic and
organometallic compounds [6–8] and the interactions
and binding of metal ions to biological molecules
[9–11]. The use of high mass resolution allows identifi-
cation of the metal atom [12] and even its oxidation
state [13] using intact metal-protein ions.
Most studies of small inorganic ions have been done

in positive ion mode [14–18]. Many metal-solvent clus-
ters, e.g., Mx�(H2O)n, n � 1 to 6, are typically formed
under “soft” ion extraction conditions [7, 17, 18]. Highly
charged metal ions tend to react with solvent molecules
to yield hydroxy or methoxy ions when energetic
collision conditions are used to remove solvent during
ion extraction. Preserving the original form of the metal
ion in positive mode generally requires element-specific
optimization of ion extraction conditions and leads to a
variety of ion-solvent clusters.
Previous work from our group [19] showed that an

excess of nitric acid can be used to produce M(NO3)x
�

ions in negative ion mode. A single set of ion extraction
conditions yields these ions for many elements. This
early work was done with only one stage of MS. The
present work reports collision-induced dissociation
(CID) reactions of these M(NO3)x

� ions in a triple

“quadrupole” MS, actually a QoQ instrument. The
properties of these ions are relevant in a number of
areas. Nitrate is an important agricultural material and
can be a pollutant. Nitrate and nitric acid cluster ions
are also the main negative charge carriers in certain
regions of the Earth’s atmosphere [20(a), 20(b)]. The
related neutral compounds NO2 and NO3 and their
acids HNO2 and HNO3 are also important atmospheric
species [21]. Metal nitrate compounds are used as
explosives; Zhao and Yinon [22] recently described ESI
mass spectra and CID properties of complexes and
clusters of alkali metals and ammonium with various
anions, including nitrate.

Experimental

Samples and Sample Preparation

Concentrated nitric acid was purchased from J. T. Baker
(Phillipsburg, NJ) and used without further purifica-
tion. Aliquots of the concentrated acid were mixed with
HPLC grade methanol and deionized water (18 M�,
Barnstead Nanopure, Newton, MA) to form a solvent of
0.05% nitric acid in 25% water:75% methanol. Aliquots
of aqueous, acidic metal stock solutions (1000 ppm,
Spex Certiprep, Metuchen, NJ ) were diluted with
solvent to the desired concentrations.

ESI-MS

A triple quadrupole MS (TSQ 7000, Thermo Finnigan,
San Jose, CA, m/z range 10 to 2500) equipped with an
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on-axis electrospray source was used. Solutions were
infused continuously with a syringe pump (5 �L/min,
Model 22, Harvard Apparatus, Southnatic MA). Nitro-
gen (60 psi) and high-purity Ar were used as nebulizing
gas and collision gas, respectively. The ESI capillary
voltage was �2.5 kV, and the heated capillary was kept
at 250 °C, �5 V. The ring electrode, skimmer and first
octopole were at �4.7, 0, and �3 V, respectively. The
pressure in the gas line into the octopole collision cell
was usually 0.13 Pa but was reduced to 0.026 Pa for
threshold measurements. The collision energies (i.e.,
potential offsets between grounded skimmer and colli-
sion cell) were 10 to 30 eV (lab frame) for normal
tandem MS and 3 to 43 eV for single reaction mode
(SRM) experiments. The resolution of the first mass
analyzer was reduced deliberately to obtain better sig-
nals in tandem MS experiments.

Results and Discussion

Comparison of Ion Extraction Methods

In the previous work, a PE Sciex API1 instrument was
used; ions were extracted through a single, thin metal
orifice (250 �m diameter) directly through a supersonic
jet and into RF only rods at a background pressure of
�1 mPa. During ion extraction, the ions underwent
collisions only with the N2 in the curtain gas and
supersonic jet. Few collisions with the metal walls are
expected with this extraction device.
The Finnigan TSQ 7000 (San Jose, CA) used in the

present work has a heated capillary interface. Here the
ions are entrained in gas flow through a long, thin
stainless steel tube (114 mm long � 400 �m i.d.). The

ions then pass through a supersonic expansion and
skimmer into an octopole ion guide, which transports
the ions into a third chamber housing the MS.
In general, it is much more difficult to observe metal

chloride ions MClx
� using the heated capillary interface.

M(NO3)x
� ions often dominate even if the sample con-

tains no HNO3 and percent levels of HCl. Recent
measurements on a API 3000 triple quadrupole instru-
ment at PE Sciex corroborate these observations [23]. In
wet atmospheric aerosols, nitric acid sticks readily to
surfaces and displaces HCl, with replacement by
HNO3. Sea salt particles of sodium chloride can be
converted to sodium nitrate in this fashion [21]. Perhaps
analogous processes occur during droplet production,
desolvation, or ion extraction in ESI, especially when
the ions pass through a long, narrow tube in a heated
capillary extraction device.

MS and CID of Nitrate Complexes of Group 1 and
2 Metals

A mass spectrum for a Li sample is shown in Figure 1.
Nitrate monomer (NO3

�, m/z � 62) and protonated
dimer (H(NO3)2

�, m/z � 125) are the main background
ions. Alkali metals are singly charged in solution and
thus yield M(NO3)2

� ions.
A typical CID product ion spectrum is shown for

Li(NO3)2
� in Figure 2. Nitrate is the only product ion

observed from CID of any Group 1 M(NO3)2
� species.

Presumably, the remaining products are neutral MNO3
molecules. The only CID reaction for these ions can be
written as follows:

Figure 1. Mass spectrum of 0.1 mM Li in 25/75 water/methanol solvent with 0.05% HNO3. Cluster
ions Lin(NO3)n�1

� (n � 1–13) are observed.
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M�NO3	2
� 3 NO3

� � MNO3 (1)

The neutral MNO3 species is shown in italics here and
in subsequent reactions to indicate that its formation is
inferred but not observed directly.
As shown for Li in Figure 1, a variety of cluster ions

with several metal atoms are also observed. These
cluster ions have the general formula Mx(NO3)x�1

� and
are especially abundant for Li, less so for Na and other,
heavier alkali metal ions. For example, Lix(NO3)x�1

� (x 

1) clusters are 82% of the total Li ions observed and
progress to x � 13 (Figure 1), Nax(NO3)x�1

� clusters are
71% of the total Na ions seen and stop at x � 8 (data not
shown), while Cs(NO3)2

�, Cs2(NO3)3
� (17%) and

Cs3(NO3)4
� (4%) are the only Cs nitrate species seen

(data not shown). These cluster ions are also much more
abundant from the heated capillary interface than from
the curtain gas interface used previously [19]. In gen-
eral, the intensity distributions of the Li isotope peaks in
the cluster ions correspond to the expected patterns, as
shown by the measured and calculated spectra for
Li8(NO3)9

� in Figure 3.
A product ion spectrum from CID of the cluster

Li2(NO3)3
� is shown in Figure 4. The only ionic product

is the next lower species Li(NO3)2
�; nitrate is not

formed. CID of the larger lithium nitrate clusters yields
various Lix(NO3)x�1

� products, in decreasing abundance
as more LiNO3 molecules are lost (Figure 5). Again, no
free NO3

� is formed from metal nitrate clusters with
more than one metal atom.
The Group 2 metals give primarily M(NO3)3

� ions,
with some M2(NO3)5

� clusters (Figure 6), as expected for
metal ions in the 2� oxidation state. On CID the
M(NO3)3

� ions give only NO3
� , and the M2(NO3)5

�

clusters give only M(NO3)3
� (Figure 7).

M�NO3	3
� 3 NO3

� � M�NO3	2 (2)

M2�NO3	5
� 3M�NO3	3

� � M�NO3	2 (3)

These ions thus behave like those from the Group 1
metals. No MI(NO3)2

� ions are formed, i.e., the M2� ion
is not reduced during CID reactions of MII(NO3)3

� for
the Group 2 elements.

Figure 2. CID product spectrum of Li(NO3)2
� (m/z 131), which

fragments into LiNO3 and NO3
�. The collision energy and collision

gas pressure were 15 eV lab and 0.13 Pa.

Figure 3. Expanded scan of isotope peaks of Li8(NO3)9
�. Thin

black lines are the measured intensities, gray bars are the calcu-
lated isotope distributions.

Figure 4. CID product spectrum of Li2(NO3)3
� (m/z 200), which

fragments into Li(NO3)2
� and LiNO3. Note that Li2(NO3)3

� does not
make NO3

� directly. The collision energy and collision gas pres-
sure were 10 eV lab and 0.10 Pa.

Figure 5. CID product spectrum of Li4(NO3)5
� (m/z � 338), which

fragments into various Li nitrate clusters, but not NO3
�. The

collision energy and collision pressure were 22 eV lab and 0.10 Pa,
respectively.
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MS and CID of Nitrate Complexes of Transition
Metals and Group 13 Metals

In the previous paper, 3� metal ions in solution gave
mainly M(NO3)4

� ions. Those elements with a stable 2�
oxidation state in solution were also seen as M(NO3)3

�

ions [19]. With the present system, more in-source
fragmentation is observed, as shown in the spectrum
for Fe3� in Figure 8. While Fe(NO3)4

� is the most
abundant ion from the Fe3� sample , there is a substan-
tial amount of the oxo product FeO(NO3)3

� and also
Fe(NO3)3

�. A small amount of the cluster Fe2O(NO3)5
� is

observed. The assignment of this ion is confirmed by
the expanded view of the spectrum in Figure 9. The
signal ratio for (m/z 436/m/z 438) is 0.12, in approximate
agreement with the value of 0.126 expected for a species
with Fe2 stoichiometry.
The various ions observed and their CID reactions

are summarized in Table 1. A typical product ion
spectrum is shown for Y(NO3)4

� in Figure 10. The
product ions are similar to the fragments observed just
from CID in the ESI source. For example, the CID
spectrum of Fe(NO3)4

� looks much like the source
spectrum in Figure 8, without the cluster Fe2O(NO3)5

�,
of course.

In general, the CID products observed correspond to
the following reactions, which can occur either in the
source and/or during CID in the collision cell. Again,
the neutral molecules written in italics are identified by
implication; they are not observed directly.
1. Elimination of NO2 with formation of oxo-nitrate

complex.

M�NO3	4
� 3MO�NO3	3

� � NO2 (4)

3MO2�NO3	2
� � 2NO2 (5)

3MO3�NO3	
� � 3NO2 (6)

These reactions are favored for early transition metals
but occur to some extent for Cu2� and Zn2� as well.
Initially, we felt the metal atom was oxidized to higher
oxidation states during these reactions. For example,
the Fe atom in FeO(NO3)3

� could be considered to be in
the �4 state, if O is present as the conventional O2�.
However, the ionization energy of Fe3� is almost 55 eV

Figure 6. Mass spectrum of 0.1 mM Ca in 25/75 water/methanol
solvent with 0.05% HNO3. Ca(NO3)3

� (m/z � 226) and Ca2(NO3)5
�

(m/z � 390) were observed.

Figure 7. CID product spectrum of Ca2(NO3)5
� (m/z � 390),

which fragments into Ca(NO3)2 and Ca(NO3)3
�. Collision energy

and pressure are 20 eV lab and 0.13 Pa.

Figure 8. Mass spectrum of 50 ppm Fe in 25/75 water/methanol
solvent with 0.05% HNO3. The major ions are Fe(NO3)4

� (m/z 304),
FeO(NO3)3

� (m/z 258) due to in-source fragmentation, and some
FeII(NO3)3

� (m/z 242) from reduction of FeIII(NO3)4
�. See next figure

for enlargement of region around m/z � 438.

Figure 9. Expanded scan of region containing Fe2O(NO3)5
� ions.

The gray bars show the calculated isotope distribution for the four
most abundant ions at m/z 435.81 (12.64%), 437.81 (100%), 438.81
(7.01%), and 439.81 (3.98%).
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[24], too high to be accessible with the collision energies
used here. Thus, we consider that the metal atom stays
in the same oxidation state in the oxo-nitrate complex,
with the O atom present as O�.
2. Reduction of metal atom with oxidation of nitrate

to NO3.

CuII�NO3	3
� 3 CuI�NO3	2

� � NO3 (7)

FeIII�NO3	4
� 3 FeII�NO3	3

� � NO3 (8)

The metal atom is reduced, while a nitrate ion is
oxidized to NO3. The NO3 product molecule may also

dissociate. Ions containing Fe2� from solutions of Fe3�

were originally attributed to electrochemical reduction
in solution at the ESI needle [19]. The fact that they can
also be observed as CID products shows that such ions
can be formed in the gas phase via this internal redox
process. For the metals In3� and Ga3�, this internal
redox process can occur to yield M2�, detected as
MII(NO3)3

�, even though the 2� oxidation state is not
common in solution for these elements. In contrast,
YIII(NO3)4

� yields YI(NO3)2
� but not YII(NO3)3

� (Figure
10).
3. Elimination of nitrate, generation of neutral metal

nitrate complex.

Fe�NO3	4
� 3 NO3

� � Fe�NO3	3 (9)

Complexes with one transition metal or Group 13 metal
atom yield NO3

� as a minor CID product, in contrast to
the Group 1 and 2 metals, where NO3

� is the only
product ion.

Threshold Kinetic Energy Measurements for NO3
�

3 NO2
� � O

Armentrout [25, 26] describes a number of validation
criteria for determining the kinetic energy threshold for
CID reactions [27–29]. These validation experiments are
particularly important here because the present work is
done with a commercial triple quadrupole MS built for
chemical analysis, not for accurate thermochemical
measurements [30–34].
One point is to evaluate the kinetic energy spread of

the ion beam. Application of a stopping potential to the
quadrupole rods indicates the ion energy spread is�0.7
eV FWHM in the lab frame. A second point is to use a
low collision gas pressure to minimize complications
due to multiple collisions. For threshold measurements
the inlet pressure is reduced from 0.13 to 0.026 Pa. At
0.026 Pa the mean free path in the collision cell is
estimated to be approximately 24 cm, slightly longer
than the ocotopole (18 cm). Thus, there still may be

Table 1. CID reactions of nitrate complexes of transition metal
and Group 13 metal ions

Metal complex/parent Product(s)/Reactions

Sc(NO3)4
� 3 ScO(NO3)3

� � NO2

Sc(NO3)4
� Sc(NO3)4

� 3 ScO2(NO3)2
� � 2NO2

Sc(NO3)4
� 3 NO3

� � Sc(NO3)3

Cr(NO3)4
� 3 CrO(NO3)3

� � NO2

Cr(NO3)4
� Cr(NO3)4

� 3 CrO2(NO3)2
� � 2NO2

Cr(NO3)4
� 3 CrO3(NO3)� � 3NO2

Cr(NO3)4
� 3 NO3

� � Cr(NO3)3

Mn(NO3)3
� 3 MnO(NO3)2

� � NO2

Mn(NO3)3
� Mn(NO3)3

� 3 MnO2(NO3)� � 2NO2

Mn(NO3)3
� 3 NO3

� � Mn(NO3)2

Fe(NO3)4
� 3 FeO(NO3)3

� � NO2

Fe(NO3)4
� 3 FeO2(NO3)2

� � 2NO2

Fe(NO3)4
� Fe(NO3)4

� 3 FeO3(NO3)� � 3NO2

Fe(NO3)4
� 3 NO3

� � Fe(NO3)3

FeIII (NO3)4
� 3 FEII (NO3)3

� � NO3

FeO(NO3)3
� 3 FeO2(NO3)2

� � NO2

FeO(NO3)3
� FeO(NO3)3

� 3 FeO3(NO3)� � 2NO2

Fe(NO3)3
� 3 FeO(NO3)2

� � NO2

Fe(NO3)3
� Fe(NO3)3

� 3 FeO2(NO3)� � 2NO2

Fe(NO3)3
� 3 NO3

� � Fe(NO2)2

Co(NO3)3
� 3 CoO(NO3)2

� � NO2

Co(NO3)3
� 3 NO3

� � Co(NO3)2

Ni(NO3)3
� Ni(NO3)3

� 3 NiO(NO3)2
� � NO2

Ni(NO3)3
� 3 NO3

� � Ni(NO3)2

CuII(NO3)3
� 3 CuI(NO3)2

� � NO3

CuII(NO3)3
� 3 NO3

� � CuII(NO3)2

CuI(NO3)2
� 3 CuIO(NO3)� � NO2

CuI(NO3)2
� 3 NO3

� � CuI(NO3)
Zn(NO3)3

� Zn(NO3)3
� 3 ZnO(NO3)2

� � NO2

Zn(NO3)3
� 3 NO3

� � Zn(NO3)2

Fe2O(NO3)5
� 3 Fe2O2(NO3)4

� � NO2

Fe2O(NO3)5
� Fe2O(NO3)5

� 3 Fe2O3(NO3)3
� � 2NO2

Fe2O(NO3)5
� 3 Fe2O4(NO3)2

� � 3NO2

Y(NO3)4
� 3 YO(NO3)3

� � NO2

Y(NO3)4
� 3 YO2(NO3)2

� � 2NO2

Y(NO3)4
� Y(NO3)4

� 3 Y(NO3)2
� � 2NO3

Y(NO3)4
� 3 NO3

� � Y(NO3)3

Al(NO3)4
� 3 AlO(NO3)3� � NO2

Al(NO3)4
� Al(NO3)4

� 3 AlO2(NO3)2
� � 2NO2

Al(NO3)4
� 3 NO3

� � Al(NO3)3

Ga(NO3)4
� 3 GaO(NO3)3

� � NO2

Ga(NO3)4
� GaIII(NO3)4

� 3 GaII(NO3)3
� � NO3

Ga(NO3)4
� 3 NO3

� � Ga(NO3)3

In(NO3)4
� 3 InO(NO3)3

� � NO2

In(NO3)4
� InIII(NO3)4

� 3 InII(NO3)3
� � NO3

In(NO3)4
� 3 NO3

� � In(NO3)3

Figure 10. CID product spectrum of Y(NO3)4
� (m/z � 337), which

fragments into YO(NO3)3
�, YO2(NO3)2

�, Y(NO3)2
�, and NO3

�. The
collision energy and pressure are 20 eV lab and 0.13 Pa.
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some contribution from multiple collisions. Reducing
the pressure attenuates the product ions to only a few
percent of the parent ion signal, but measurable signals
remain.
A third criterion is to calibrate the collision energy

using a known process. We measure CID of NO3
�,m/z �

62, a species produced in the same fashion as the
M(NO3)x

� complexes of direct interest.

NO3
� 3 NO2

� � O (10)

D0(O-NO2
�) � D0(O-NO2) � EA(NO2) � EA(NO3) �

4.648 � (�2.273) � (�3.937) � 6.312 eV [35, 36]. NO2
� is

the only measurable product.
One plot in Figure 11 shows the measured cross

section for Eq 10 as a function of collision energy in the

center-of-mass frame of reference. These data are also
converted to cross sections by the method described by
Armentrout, [26, Eq 7] with �0 � 18, n � 1.1, E0 � 5.55.
The measured threshold for appearance of NO2

� is 5.55
eV, lower than the calculated value by 0.76 eV. If
anything, the apparatus underestimates the actual col-
lision energy.

Threshold Measurements for Daughter Ions from
Fe(NO3)4

�

Data obtained in single reaction mode for three CID
products from Fe(NO3)4

� are shown in Figure 12. The
thresholds for production of FeO(NO3)3

� and Fe(NO3)3
�

are very low, only 0.5 and 0.8 eV, respectively. Those for
FeO2(NO3)2

� and FeO(NO3)2
� are slightly higher, 1.5 and

Figure 11. Cross section for NO3
� 3 NO2

� � O versus collision energy in center of mass frame of
reference. The diamonds are the direct experimental results, while the dashes are the converted
experimental results using the procedure in reference [26]. NO2

� has an appearance threshold of 5.55
eV.

Figure 12. Measured cross sections for production of FeO(NO3)3
�, Fe(NO3)3

�, and FeO2(NO3)2
� from

Fe(NO3)4
�. The thresholds are only 0.5, 0.8, and 1.5 eV, respectively.
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1.8 eV (data for the latter value are not shown). These
values should be treated as approximations only, as the
0.76 eV offset found from dissociation of NO3

� and other
sources of error in the threshold measurements may be
substantial. The main point is that low collision energy
is sufficient to initiate these CID processes.
The threshold for elimination of NO3

� from Fe(NO3)4
�

is presented in Figure 13. Nitrate ion is a minor product,
so there is more scatter in the plot than in those of
previous figures. Nevertheless, the threshold for nitrate
elimination (Eq 9) can be assigned to be approximately
2.0 eV. If the offset found for NO3

� 3 NO2
� � O is

added, the actual threshold is 2.76 eV, a reasonable
value for a bond energy between a metal ion and an
anionic ligand of moderate complexing strength.

Thermochemical Considerations

Consider the following thermodynamic cycle for con-
version of Fe(NO3)4

� to Fe(NO3)3
�:

Most of the Fe–NO3
� dissociation energies are not

known, but the difference between the D0 sums for the
Fe3� and Fe2� nitrates can hardly be more than a few

eV. Thus, the very large negative value for the third
ionization energy of Fe should make this reaction
highly exothermic. It is interesting that the ion
Fe(NO3)4

� survives the collisions in the extraction pro-
cess at all; it is, in fact, the most abundant ion from Fe3�

solutions under the conditions used.

Conclusion

The observations reported herein can be summarized as
follows: (1) Complexation with nitrate can stabilize
some highly reactive species with high internal ener-
gies. (2) Some metal nitrate ions undergo internal redox
processes during CID, such as conversion of M3� to
M2�, even for elements like In3� and Ga3� that do not
normally have lower oxidation states in solution. Pre-
sumably, such reductions are accompanied by oxida-
tion of NO3

� to NO3. (3) Oxo ions are prominent from
CID of triply charged metal nitrate complexes, as ex-
pected for “hard” metal cations. (4) Cluster ions with
more than one metal atom are most evident for small
metals with low charges. (5) The type of ion extraction
device affects the species observed. Nitrate ions are

Figure 13. Measured cross sections for production of nitrate: Fe(NO3)4
� 3 NO3

� � Fe(NO3)3. The
threshold is 2.0 eV.

Fe�NO3	4
� 3 Fe�NO3	3 � NO3

� D0�
�O3N� Fe�NO3	3	 � 2.76 eV

Fe�NO3	33 Fe3� � 3NO3
� �D0�Fe

3� � NO3
�	 � ?

Fe3� � e� 3 Fe2� � IE�Fe2�	 � � 30.651 eV

NO3
� 3 NO3 � e� � EA�NO3	 � 3.937 eV

Fe2� � 3NO3
� 3 Fe�NO3	3

� � �D0�Fe
2� � NO3

�	 � ?

Fe�NO3	4
� 3 Fe�NO3	3

� � NO3

�11	
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apparently enhanced by the heated capillary interface.
The ESI conditions may also play a role. (6) The CID
reactions of Fe(NO3)4

� ions have low kinetic energy
onsets of ��0.5 to 2 eV and are expected to be
exothermic.
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