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Electrospray ionization (ESI) of uranyl nitrate solutions generates a wide variety of positively
and negatively charged ions, including complex adducts of uranyl ions with methoxy,
hydroxy, and nitrate ligands. In the positive ion mode, ions detected by Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometry are sensitive to instrumental tuning param-
eters such as quadrupole operating frequency and trapping time. Positive ions correspond to
oligomeric uranyl nitrate species that can be characterized as having a general formula of
[(UOL)(A)(CH,0H),]™ or [(UO,),(0)(A)m(CH;OH),]" withn = 1-4,m = 1-7,s = 0 or 1, and
A = OH, NO,, CH;0 or a combination of these, although the formation of NO;-containing
species is preferred. In the negative ion mode, complexes of the form [(UO,)(NO;),]” (m =
1-3) are detected, although the formation of the oxo-containing ions [(UO,)(O),(NO;),.]~ (n =
1-2, m = 1-2) and the hydroxy-containing ions [(UO,)(OH),(NOs),]~ (n = 1-2, m = 0-1) are
also observed. The extent of coordinative unsaturation of both positive and negative ions can
be determined by ligand association/exchange and H/D exchange experiments using D,O
and CD;OD as neutral reaction partners in the gas-phase. Positive ions are of varying stability
and reactivity and may fragment extensively upon collision with D,O, CD;OD and N, in
sustained off-resonance irradiation/collision-induced dissociation (SORI-CID) experiments.
Electron-transfer reactions, presumably occurring during electrospray ionization but also in

SORI-CID, can result in reduction of U(VI) to U(V) and perhaps even U(IV).
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portant technological, biological, and geochemi-

cal processes involving this element, including its
mobility and fate in the geologic subsurface, bioavail-
ability and carcinogenicity, the genesis of uranium
mineral deposits and uranium mining, nuclear fuel
reprocessing, and the migration of nuclear wastes.
However, while great strides have been made in under-
standing uranium speciation in aqueous systems and
the thermodynamic properties of organic and inorganic
uranium complexes, the complexity of uranium chem-
istry sustains existing confusion regarding the existence
of individual species under particular conditions of pH,
temperature, ionic strength, solution concentration of
uranium, and potential complexing ligands. One major
difficulty is the paucity of methods that can be used to
distinguish specific molecular species at low concentra-
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tion in solution. Electrospray ionization mass spectrom-
etry (ESI-MS) can provide molecular weight and struc-
tural information and has been used successfully for
molecular characterization of U(VI) complexes with
ligands of environmental or biological interest [1-5].
However, much fundamental work on the complex
gas-phase chemistry of U(VI) and U(VI)-containing
species remains to be done before ESI-MS can be used to
characterize U(VI) species in natural waters.

Previous studies on the gas-phase reactivity of ura-
nium ions have been reported. Many of these studies
have focused on the reactions of U" and UO* with
alkanes [6, 7], alkenes [8], alcohols, thiols and ethers [9],
arenes [10], and other small molecules [11-16]. Re-
cently, the hydration reactivities of UO*, UO;, and
UO3" were examined using secondary ion mass spec-
trometry [17]. These studies used surface ionization [11,
12], pulsed glow discharge [13, 14], or laser ablation
[6-11, 13, 16, 17] techniques to create uranium ions for
study. In addition, several studies have used electros-
pray ionization combined with an ion trap instrument
to generate various UO3*-ligand complexes from solu-
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tion and study their gas-phase reactivity with neutral
solvent molecules [18-21].

In the present study, we use Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometry to
elucidate the gas-phase behavior of uranyl-containing
species. To the best of our knowledge, this is the first
systematic investigation using FIT-ICR mass spectrom-
etry to obtain accurate mass measurements on gas-
phase uranyl-containing ions, as well as to examine
ligand association/exchange and H/D exchange reac-
tions of these species.

Experimental

Uranyl nitrate hexahydrate, UO,(NOs), - 6 H,O (J. T.
Baker) was received as a gift from the University of
Arizona Radiation Control Office and recrystallized
before use. Water (18 M), total organic carbon <10
ppb) was purified with a Milli-Q UV system (Millipore
Corporation, Billerica, MA). D,0O (99.9% D) and CD;0OD
(99.8% D) were purchased from Cambridge Isotopes
(Andover, MA) and were introduced into the ICR cell
through a leak valve after several steps of degassing.

Samples were prepared from a 1 mM stock solution
of uranyl nitrate in H,O. Samples for FT-ICR MS
measurements were prepared by diluting the stock
solution with methanol. Solutions from which positive
ion spectra were acquired were 330 pM in UO3* and
660 uM in NO; in a 66% CH;OH/33% H,O (vol/vol)
solvent system; solutions from which negative ion spec-
tra were acquired were 50 uM in UO3" and 100 uM in
NO; in a 95% CHZ;OH/5% H,O (vol/vol) solvent
system.

An IonSpec 4.7 T Fourier ion cyclotron resonance
(FT-ICR) instrument (Lake Forest, CA) was used for
ultrahigh resolution/accurate mass measurements, as
well as for gas-phase ligand association/exchange and
H/D exchange studies. Ions were generated using an
Analytica (Branford, CT) second-generation electro-
spray source. Ions were introduced into the instrument
by infusing sample solutions using a stainless steel
microelectrospray needle (0.10 mm i.d.) at a flow rate of
2 uL/min. The capillary temperature was kept at 60 °C.
For positively charged ions, a needle voltage of 3.8 kV
was applied, while —2.5 kV was used in the negative
ion mode. Once generated, the ions pass through a
skimmer that retards the passage of neutral molecules
and restricts the pressure, and then are accumulated in
an external RF-only hexapole for 400-1000 ms. The
accumulated ions are passed through the high-speed
shutter into the RF-only quadrupole ion guide where
they are focused and guided into the ICR cell where
they are trapped. The quadrupole ion guide acts as a
mass filter and has two operating frequencies, 1820 and
965 kHz. According to the manufacturer, these two
frequencies allow trapping of ions in the ranges of m/z
100-1000 and m/z 4002500, respectively.

This instrument was modified in-house to accommo-
date ligand association/exchange and H/D exchange
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reactions by incorporating the pulsed-leak configura-
tion described by Jiao et al. [22]. Typical analyzer base
pressures are 7 X 107" torr. The pulsed-leak configu-
ration allows introduction of reagent gas into the ana-
lyzer region at a constant partial pressure for a specified
period of time.

The ion gauge used to determine reagent gas pres-
sures was calibrated using betaine, which contains one
exchangeable proton with a known exchange rate con-
stant [23]. The partial pressures of D,O and CD;OD
exchange reagents were corrected for ion gauge sensi-
tivities [24]. The corrected, calibrated pressure of D,O
gas used for these experiments was (2.4 + 0.5) X 107°
torr, while the corrected, calibrated pressure of CD;OD
gas was (4.8 = 0.3) X 10~ torr. Ion-molecule reaction
times were varied from 10 to 180 s. For H/D and ligand
exchange experiments, all trapped ions except those of
interest are ejected from the ICR cell via a chirp fre-
quency sweep. The isolated ions are allowed to cool for
several seconds before the reagent gas is leaked into the
analyzer region. At the end of a specified reaction time
under constant exchange reagent pressure, neutral re-
agent gas was pumped away during a 30 s pump-down
to reach the very low pressures necessary for FT-ICR
analysis. Pressure in the ICR cell at the time of detection
was ~3.5 X 1077 torr.

Various spectral calibration procedures were used to
obtain exact mass values. For positively-charged uranyl
nitrate-containing species of m/z >900, a peak matching
procedure using Ultramark 1621 (Lancaster Synthesis,
Inc., Lancashire, UK) was used. For positive species of
lower mass, ions previously reported were used for self-
internal calibration. For MS/MS and D,0O/CD;OD ion-
molecule reaction spectra, ions previously assigned using
Ultramark 1621 were used whenever possible for self-
internal calibration. For negative ions, linear alkylbenzene
sulfonates (LAS) were initially used for internal calibra-
tion and to verify ion assignments. For subsequent stud-
ies, unambiguously-assigned uranyl-containing ions were
used for self-internal calibration. Ions used for calibration
are marked with an asterisk in the tables.

Results and Discussion

Influence of Tuning Parameters
on ESI Mass Spectra

Electrospray ionization of uranyl nitrate solutions gener-
ates a wide variety of positively charged uranyl-contain-
ing ions. These species include not only the relatively
simple [(UO,)(A)S,]" ions, where A is CH;0, OH, or NO,
and S is either CH;OH or H,O as described in Van
Stipdonk et al. [18, 20, 21] and in Chien et al. [19], but also
more complex positively charged oligomeric species at
higher m/z, as well as a number of simple, nitrate-contain-
ing, negatively-charged species.

In the positive ion mode, the types of uranyl-contain-
ing ions detected using FT-ICR are dependent on such
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Figure 1. Ions resulting from a solution 330 uM in UO3* and 660
uM in NOj in a 66% CH;OH/33% H,O (vol/vol) solvent system
to indicate the influence of quadrupole trapping frequency, pulse
length, and hexapole trapping time on ions in positive ion mass
spectra. (a) 1820 kHz, 2.881 ms, 1000 ms, (b) 965 kHz, 3.167 ms, 400
ms, (c) 965 kHz, 3.800 ms, 1000 ms.

instrumental tuning parameters as hexapole trapping
time, quadrupole trapping time, and operating fre-
quency, while negative ion spectra are relatively unaf-
fected by changes in these parameters. The different
response to instrumental tuning parameters is most
likely attributable to the different spray and solvent
conditions used for experiments in the positive and
negative ion modes. The dependence of ions detected in
the positive ion mode on tuning conditions is illustrated
in Figure la, b, and c. These ESI-MS spectra were
acquired under three different ion accumulation condi-
tions, but identical electrospray conditions. Measured
and calculated masses of the most abundant ions ob-
served in Figure la, b, and c are given in Table 1.
Although the measurements discussed in this paper
cannot provide direct evidence for the structures of
these ions since only chemical composition can be
determined by accurate mass measurement, structural
features such as those shown in Table 1 and throughout
this report are suggested to aid the reader’s understand-
ing. It should be noted in this regard that certain
structures could involve different atom oxidation states.
Since based on m/z values alone, charge state assign-
ment for individual moieties cannot be made unambig-
uously, the convention used throughout this work is
not to show charges on individual moieties in the
complexes, as suggested and applied by Van Stipdonk
et al. [21]. Thus, in this format, ions in which different
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uranyl oxidation states could be present are treated as
equivalent.

Use of the higher quadrupole operating frequency
(1820 kHz), a relatively short quadrupole trapping
pulse length of 2.881 ms, and a hexapole trapping time
of 1000 ms results in the detection of [(UO,)(CH;0)]*
m/z 301 (Figure la). The use of a lower operating
frequency (965 kHz) with a longer quadrupole trapping
pulse length (3.167 ms) results in the detection of more
complex adducts (Figure 1b). Here, a hexapole trapping
time of 400 ms was used together with a two-step
filament trapping in which the plate potential was
first decreased from 10 to 4 V and then to 0 V. The
detected species include [(UO,)(CH;O)(CH;OH),]* and
[(UO,)(NOZ)(CH;OH),]™" at m/z 365 and m/z 396, respec-
tively (Table 1). These ions have been previously char-
acterized by Van Stipdonk et al. [18] in an ion trap mass
spectrometer. The inset of Figure 1b shows doubly-
charged species corresponding to the radical-containing
ions of [(UO,)(CH;0)(CH;OH),1**" (m/z 182.5579, Table
1) and [(UO,)(NO5)(CH;OH),*" (m/z 198). The highest
mass ion in Figure 1b appears at m/z 790 and can be
assigned as [(UO,),(NO3);(CH;OH),] . A related spe-
cies, [(UO,),(NO3);(H,0),]*, has been detected by Van
Stipdonk et al. [18]. Still more complex species were
detected with the use of the lower frequency coil (965
kHz), a significantly longer quadrupole trapping pulse
length of 3.800 ms, and a hexapole trapping time of 1000
ms (Figure 1c). In this case, only ions of m/z >500
appear in the spectrum. Ions with higher mass (>700
Da) correspond to oligomeric uranyl nitrate species that
can be characterized as having a general formula of
[(UOL)n(A)m(CH;OH)] " or [(UO,)1(O)(A)(CH;OH),]
withn =2-4, m = 1-7,and s = 0 or 1. In both cases, A can
be OH, NO;, CH;0 or a combination of these, although
the formation of nitrate-containing species is clearly pre-
ferred (Table 1 for details).

The use of different tuning parameters is obviously
important in gaining a more detailed understanding of
the formation of gas-phase uranyl species during elec-
trospray ionization. It is difficult to say whether the
spectral sensitivity to tuning parameters is (1) due
exclusively to possible ion-molecule reactions during
the hexapole trapping time, or (2) related to the differ-
ent hexapole/quadrupole transmittance of ions origi-
nally formed in the ESI process. (Note that external ESI
source parameters were not changed during these mea-
surements, i.e., the same spray was used, and that the
spectra obtained by different tuning parameters were
remarkably reproducible.) In any case, the variety of
ions detected clearly indicates that the doubly charged
UO3 ™ participates in rich reaction chemistry during the
ESI process, forming numerous chemically- and struc-
turally-distinct species. Given the lack of available
information on the solvation of UO3" in dilute solutions
containing high concentrations of alcohols, it is difficult
to say whether any of the detected ions are actual
solution-phase species or if they are simply formed
during the electrospray process.
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Table 1. Assignments for positive ions resulting from a solution 330 uM in UO3* and 660 uM in NOj in a 66% CH;OH/33% H,O
(vol/vol) solvent system

Nominal m/Z2 Observed m/z Calculated m/z Assignment

301 301.0590 301.0590 [(UO,)(CH50)1

183 182.5579 182.5557 [(UO,L)(CH30)(CH30H),12*
198 198.0424 198.0404 [(UOZ)(NO3)(CH5OH),1%*
365* 365.1114 365.1114 [(UO,)(CH30)(CH30H),] "
396 396.0797 396.0809 [(UO,)(NO3)(CH30H),1*
790 790.1009 790.0971 [(UO,),(NO3)5(CH5;0H),] "
572% 572.0711 572.0711 [(UO,),(0),1*

587 587.0949 587.0945 [(UO,),(0)(CH;0)1*

615 unassigned

618 618.0639 618.0640 [(UO,),(0)(NOg)1*

726 726.0465 726.0447 [(UO,)2(NO3)51*

981 981.1155 981.1108 [(UO,)3(0)(NO3),(CH;0)] "
1012 1012.0760 1012.0802 [(UO,)3(0)(NO3),1 *
1044 1044.1065 1044.1064 [(UO,)5(0)(NO3)5(CH;0H) ™
1152 1152.0856 1152.0871 [(UO,)5(NO3)s(CH;OH)I*
1406 1406.0990 1406.0964 [(UO,)4(O)(NO3)s]™
1469 1469.0967 1469.0921 [(UO,)4(NO3)6(OH)*
1483 1483.1106 1483.1077 [(UO,)4(NO3)6(CH50)]*
1546 1546.1078 1546.1034 [(UO,)4(NOg),(CH;0H)]*
1800 1800.0585 unassigned

2m/z Species denoted with * indicate ions used for calibration; ions of m/z >900 were calibrated using Ultramark 1621.

Table 2. Assignments for positive ions resulting from reaction of D,O with high-mass positive ions at selected m/z

Nominal m/z° Observed m/z Calculated m/z Assignment
1483* 1483.1077 1483.1077 [(UO,),(NO3)¢(CH;0)1*
1502 1502.1260 1502.1246 [(UO,)4(NO3)g(CH;0)(HOD)] *
1503 1503.1322 1503.1309 [(UO,)4(NO3)g(CH30)(D,0)1*
1519 1519.1600 1519.1592 [(UO,),(NO3)g(CH,0)(CD,0D)]*
1012 Not obs. 1012.0802 [(UO,)3(0)(NO;),1*
1051 1051.1227 1051.1202 [(UO,)5(0)(NO3)s(D,0)(HOD)I *
1052 1052.1268 1052.1264 [(UO,)3(0)(NO3)5(D,0),]*
1068 1068.1597 1068.1546 [(UO,)3(0)(NO,)5(D,0)(CD;0D)] *
1069 1069.1322 1069.1307 [(UO,)3(0)(NO3)5(HOD),1*
1070 1070.1365 1070.1370 [(UO,)3(0)(NO3)3(D,0)(HOD),] "
1071 1071.1410 1071.1433 [(UO,)3(0)(NO3)5(D,0),(HOD)]*
1072*% 1072.1496 1072.1496 [(UO,)5(0)(NO3)5(D,0)5]*
1086 1086.1672 1086.1652 [(UO,)5(0)(NO3)5(D,0)(HOD)(CD;0OH)] *
1087 1087.1720 1087.1715 [(UO,)3(0)(NO3),(D,0),(CD;0H)1*
1088 1088.1800 1088.1778 [(UO,)5(0)(NO;),(D,0),(CD;0D)]*
1103 1103.2029 1103.1997 [(UO,)5(0)(NO3)5(D,0)(CD;0D)(CD;0H)] *
1104 1104.2091 1104.2060 [(UO,)5(0)(NO)5(D,0)(CD;0D),1*
618* 618.0640 618.0640 [(UO,),(0)(NO;)I*
637 637.0816 637.0808 [(UO,),(0)(NO,)(HOD)] *
638 638.0874 638.0871 [(UO,),(0)(NO)(D,0)I*
654 654.1172 654.1153 [(UO,),(0)(NOg)(CD;0D)1*
656 656.0974 656.0976 [(UO,),(0)(NO3)(HOD),1 *
657 657.1031 657.1039 [(UO,),(0)(NO5)(D,0)(HOD)I *
658 658.1086 658.1102 [(UO,),(0)(NO,)(D,0),]*
676 676.1218 676.1208 [(UO,),(0)(NO3)(D,0)(HOD),]*
677 677.1289 677.1270 [(UO,),(0)(NO3)(D,0),(HOD)]*
678 678.1347 678.1333 [(UO,),(0)(NO3)(D,0),1*
693 693.1543 693.1552 [(UO,),(0)(NO3)(D,0),(CDzOH)] *
694 694.1596 694.1615 [(UO,),(0)(NO3)(D,0),(CD;0D)] *
574 574.0835 574.0852 [(UO,),(0)(0D)]*
587+ 587.0945 587.0945 [(UO,),(0)(CH;0)1*
590 590.1139 590.1164 [(UO),(OH)(CH50D)1*
606 606.1105 606.1114 [(UO,),(0)(CH;0)(HOD)]*
607 607.1165 607.1176 [(UO,),(0)(CH;0)(D,0)]*
610 610.1368 610.1396 [(UO,),(OH)(CH,0D)(D,0)1*
626 626.1324 626.1345 [(UO,),(0)(CH;0)(D,0)(HOD)*
627 627.1383 627.1408 [(UO,),(0)(CH;0)(D,0),1*

2Reacted ions in bold.
®my/z Species denoted with * indicate ions used for calibration.
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Figure 2. Ions produced by ion-molecule reactions between D,O
and high-mass positive ions at (a) m/z 1483, (b) m/z 1012, (c) m/z
618, and (d) m/z 587. Reaction time was 10 s in each case with a
D,O pressure of 2.4 X 107% torr.

The MS/MS fragmentation patterns of the low mass
species (<500 Da) in Figure 1la and b have been previ-
ously discussed [18]. The fragmentation patterns of the
higher mass species shown in Figure 1c are discussed
below.

Ion-Molecule Reactions in the Gas-Phase
with D,0 and CD;0D as Reaction Partners

Ion-molecule reactions in the gas-phase have been
used extensively to gain information on the chemistry
and reactivity of metals in coordination complexes, as
well as the structures of these metal-ligand com-
plexes [25-34]. In our studies, D,O and adventitious
CD;0D were used as neutral reaction partners with
several of the more abundant ions in Figure lc to
assess the degree of coordinative unsaturation of the
uranyl in each of the selected species. Representative
spectra of the reaction region obtained after reaction
of the major ions in Figure 1c with D,O for 10 s at 2.4
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X 107® torr are shown in Figure 2a, b, ¢, and d.
Introduction of D,O into the FT-ICR cell results not
only in reaction products but also in some fragmen-
tation of the selected ion. As an example, a represen-
tative full-scale spectrum of products appearing upon
reaction of [(UQO,);(0)(NO;);]" (m/z 1012) with D,O is
shown in Figure 3. Assignments and exact mass
values for the ions shown in Figure 2a, b, ¢, and d and
Figure 3 are provided in Table 2.

Upon examination of the spectra in Figure 2a, b, c,
and d and the data in Table 2, two patterns emerge.
First, the selected ion may undergo a simple addition of
one or more D,O ligands, and the number of D,O
ligands accepted appears to depend on the structure of
the ion. H,O and HOD additions also occur, indicating
the presence of residual H,O in the FT-ICR cell that
participates in H/D exchange reactions with D,O. Ad-
ditions of CD;OD are also apparent and must result
from residual CD;OD in the analyzer region of the
system or the exchange reagent reservoir/pulsed leak
system.

The highest mass ion selected, [(UO,),(NOs)s
(CH;0)]" at m/z 1483, undergoes only a simple single
addition of HOD, D,0, or CD;0D, forming ions at m/z
1502, 1503, and 1519, respectively (Figure 2a). These
products are also the only ones formed after a 60 s D,O
reaction time (data not shown). Although based on
these data alone the structure of this ion cannot be
definitely determined, its lack of reactivity is one indi-
cation that the uranyl centers are as fully coordinatively
saturated as possible except for one site; therefore, the
ion is unable to accept more than one ligand at this
pressure. Although the full spectrum is not shown here,
an ion at m/z 270 also appears in the spectrum. This ion
corresponds to UO5, and it is observed in the fragmen-
tation spectra of other positively charged uranyl-con-
taining species as well. The intensity of this ion is an
indicator of the extent of ion fragmentation that must be
related to the stability of a given uranyl complex. Upon
reaction of [(UO,),(NO,)(CH;0)]" (m/z 1483) with
D,0, the UO; peak is small, indicating that the ion is
relatively stable and does not fragment extensively.
Presumably, the four UO3" groups are coordinatively
saturated by nitrate in an oligomeric structure, although
it is difficult to predict the structure of this ion based
only on its presence and stability.

Another “nonreactive” ion is [(UO,);(NO;)s
(CH;OH)]" at m/z 1152. This ion apparently frag-
ments on collision with D,O, but does not add a D,O
ligand, indicating again that all coordination sites are
filled (spectrum not shown).

[(UO,)5(0)(NO,),]" at m/z 1012 is significantly more
reactive than [(UO,),(NO;)s(CH;0)]" and undergoes
addition of up to three more ligands (Figure 2b, Table
2). After a D,O reaction time of 10 s, the parent ion has
completely disappeared. The greater reactivity of this
ion at this pressure is an indication that the uranyl
groups in [(UO,);(O)(NO;);]* are coordinatively less
saturated than those in [(UO,),(NO)s(CH,O)]" (m/z
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Figure 3. Representative mass spectrum showing fragmentation
of m/z 1012 and its reaction products after 10 s reaction with D,O
(2.4 X 1078 torr).

1483), and implies structural differences between the
two ions. [(UO,);(0O)(NO;);]" contains what may be a
bridging oxygen ligand between the three uranyl
groups. The addition of three D,O or CD;OD ligands
suggests that each uranyl moiety can accommodate
only one more ligand in addition to the nitrates, which
probably have bidentate coordination to the uranyl.
[(UO,)5(0)(NO;);]" also undergoes more extensive
fragmentation upon reaction with D,O (Figure 3) than
does [(UO,),(NO;)s(CH;0)]*, which is evidence that it
is the more fragile species.

It is interesting to compare the reactions of
[(UO,),(0)(CH50)]" at m/z 587 and [(UO,),(0)(NO5)]
at m/z 618 with D,0, as these ions differ only in whether
they contain a methoxy or a nitrate ligand (Figure 2c
and d, Table 2). Interestingly, [(UO,),(O)(NO,)]" adds
three ligands after a 10 s reaction time, while
[(UO,),(O)(CH;0)]* only accommodates two. DFT cal-
culations indicate that nitrate can coordinate to uranyl
in either a bidentate or monodentate configuration in
gas-phase [(UO,)(NO;)(H,0);]" complexes [19]. A mo-
nodentate bridging nitrate ligand in [(UO,),(O)(NO5)]*
could, in theory, provide a free nonbridging oxygen
atom of the nitrate with which additional D,O or
CD;0D could interact through hydrogen bonding. Un-
der this scenario, a free oxygen atom is not available for
such hydrogen bonding when methoxy replaces nitrate
in the complex, and therefore, fewer ligands can be
added. Interestingly, [(UO,),(O)(NO5)]" fragments less
extensively than [(UO,),(O)(CH;O)]" upon reaction
with D,O, indicating that it is the more stable ion
(spectrum not shown). One other major difference be-
tween the two ions is that [(UO,),(O)(CH,O)]* under-
goes a methoxy/deuteroxy replacement reaction, form-
ing [(UO,),(O)(OD)]* at m/z 574 (Figure 2d). A similar
replacement is not seen for [(UO,),(O)(NO,)]* consis-
tent with the above contention of its greater stability.

As mentioned above, fragmentation of the selected
ions occurs during reaction with D,O, indicating that
these species are fragile. The full-scale spectrum of
[(UO,)5(0)(INO,)5]" (m/z 1012) after reaction with D,O
is shown in Figure 3 as an example. Characteristic ions
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appearing in all reaction spectra include UO™ at m/z
254, UO5 at m/z 270, and [(UO,)H,O]" at m/z 288 or
[(UO,)OH] " at m/z 287. [(UO,),(0)] " and [(UO,),(O),] *,
which appear at m/z 556 and 572, respectively, are also
seen in the MS/MS spectra obtained using sustained
off-resonance ionization collision-induced dissociation
(SORI-CID) with N,. The ion [(UO,);(O)]" at m/z 826 is
unique to the D,O reaction spectrum of
[(UO,)3(0)(NO;);]", and may be evidence for oxygen
bridging between three reduced uranyl groups. How-
ever, [(UO,),(O)]", [(UO,),(0),]" and [(UO,);(O)]"
have also been reported from fast atom bombardment
studies of inorganic and organic uranyl complexes
[35-38], and could result from rearrangements occur-
ring upon fragmentation.

Other ions in Figure 3 are due to formal addition of
D’ or exchange of D* for H" in OH™ to yield OD~,
giving the assignments of [(UO,)D]™" (m/z 272) (not
visible in spectrum), [(UO,),(OD)]" (m/z 558), and
[(UO,),(O)(OD)]" (m/z 574). The appearance of deute-
rium in these ions is interesting, since it has been
proposed previously that hydrated UO3" in solution
abstracts a hydrogen atom from water during photoly-
sis, ultimately forming UO, and H" along with an OH
radical [39]. A similar solution reaction has been pro-
posed with CH;OH [39].

Despite the observed differences in stability of these
oligomeric uranyl ions, clearly they add ligands only up
to the point of coordinative saturation of the uranyl
centers at the applied D,O pressure. Interestingly, as
shown by the data in Table 2, for ions containing two,
three or four uranyl centers, coordinative saturation is
achieved with fewer ligands per uranyl center than
observed previously for ions with a single uranyl center
[18]. This observation clearly supports the presence of
bridging ligands in ions containing multiple uranyl
centers that are not possible in ions containing a single
uranyl center.

As demonstrated above, most of the selected ions
react extensively with D,O. It is desirable, therefore, to
determine how readily the “naked” UO, singly
charged cation (m/z 270) reacts with D,O and CD;0D in
the FT-ICR cell. In both experiments, the ion-molecule
reaction times were the same as for m/z 301 (180 s) but
the pressures were slightly different (2.4 X 10~ torr for
D,O and 4.8 X 10°® torr for CD,OD). UO; reacts
readily with CD;OD by adding three and four CD;OD
molecules leading to the [(UO,)(CH;OD),]" ion at m/z
378 and the [(UO,)(CH,OD),)]" ion at m/z 414 (spec-
trum not shown). In contrast, no D,0O addition was
observed when D,O was used as a reaction partner. The
absence of adducts with D,O does not necessarily mean
that addition reactions do not occur. These adducts
could easily fragment under these relatively low-pres-
sure conditions because of the lack of efficient colli-
sional cooling. This explanation is further supported by
the observation of [UO,(H,0);]* and [UO,(H,0),]" in
ion trap studies at higher partial pressures of water [17].

Another interesting difference is that doubly-



236 PASILIS ET AL.

a
410
. 100
[X]
g
E:
E 348
=
T 456
ks
o
& 366
& | 507
ULL;LIJI._JI s Ll i
[]

1 1 1 1 1
100 200 300 400 500 600 700 800

miz
b 205
o 10-
o
: 174
E] 228
b= 136
L) 5-
=
k| 255 283
L 116
~ 102 152 265
= \ 183
0 | i | el I. Il
1] 1 1 1
100 150 200 250 300
miz

Figure 4. Negative ion ESI mass spectra of a solution containing
50 uM UO3" and 100 uM NO; in 95% CH;OH /5% H,O (vol/vol).
(a) Full-scale with singly-charged ions indicated. (b) Expanded
view of low mass region showing multiply-charged ions.

charged UO3" (m/z 135) appears in the spectrum after
reaction with D,O, but is absent when CD,;0D is used
(spectra not shown). The doubly-charged UO3" ob-
served at m/z 135 in the presence of D,O can result
from DO’ radical addition followed by DO™ anion
elimination as suggested earlier [39]. The absence of
doubly-charged UO3" in the spectrum resulting from
reaction with CD;OD indicates that a similar process
does not occur with the methoxy radical.

In addition to conventional methanol adducts, ions
associated with the addition of CD;OCD; are also
observed. The most prominent of these are the
[(UO,)(D)(CD,OD)(CD,OCD;),]* at m/z 412 and the
[(UO,)(CD;0D),(CD,0OCD5),] " at m/z 446. The perdeu-
terodimethyl ether can form either in the cell at the
partial pressure of CD;OD used for these studies (~4.8
X 107% torr) [40, 41] or at the uranyl (“catalytic”)
centers. A more detailed investigation of the m/z 411-
414 region also reveals another ion at m/z 412 corre-
sponding to [(UO,)(CD;0)(CD;0OD),] ™.

Negative Ions Containing Uranyl and Nitrate
Generated by ESI

Alkali and transition-metal cations are known to form
complexes with nitrate when an excess of NOj; is
present in solution [42, 43]. Generally, these complexes
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are of the form [(UO,)(NO3),, ]~ (m = 1-3), although the
formation of oxo-nitrate ([(UO,)(O)(NO3),,]” (m = 1-2)
and hydroxy-nitrate ([(UO,)(OH),(NO3),,]~ (n =12, m
= 0-1) products are also observed [43]. In agreement
with these previous observations, we have also detected
uranyl nitrate and oxo-nitrate gas-phase complexes in
the negative ion mode (Figure 4a). An expanded view
of the low mass region is shown in Figure 4b. Measured
and calculated masses of the ions observed are given in
Table 3. These negative ion spectra were acquired using
a quadrupole operating frequency of 1820 kHz with a
quadrupole trapping pulse length of 3.200 ms. In con-
trast to the behavior observed with positive ions, chang-
ing these ion accumulation parameters did not affect
the negative ion species detected.

The three most intense ions in Figure 4a appear at
m/z 348, 410 and 456. The ion at m/z 456 is assigned
to [(UO,)(NO3)3]™. This gas-phase ion is identical to
the solution-based uranyl trinitrate complex,
[(UO,)**(NO3)s]~, known to form in ketones, ethers
and alcoholic solvents; the stability of the complex
decreases in the order ketone > ether > alcohol >
water, which indicates a competition between solvent
and nitrate for positions in the coordination sphere of
UO3" in solution [44]. Therefore, complexation by
nitrates can easily occur during desolvation, when
coordinating solvent molecules are stripped away. In
the crystal structure of Rb[(UO,)(NO3);], each nitrate
group chelates uranyl in a bidentate fashion, and the
conformation around U(VI) is hexagonal bipyramid
[45]. The coordination of [(UO,)(NOj3);]™ in the gas-
phase is presumed to be similar.

The ion at m/z 410 can be assigned to
[(UO,)(O)(NOs),]~, which is supported by the obser-
vation that O*” may undergo oxidation to form O~ in
gas-phase metal oxo-complexes [43]. However, note
again that based solely on m/z determination, the
charge states of individual components of these com-
plexes cannot be definitively known. The ion at m/z
348 is assigned as [(UO,)(O)(NO;3;)]”. Two ions of
lower intensity appear at m/z 366 and m/z 507. The
first may be assigned to [(UO,)(OH),(NO;)]~, while
the second corresponds to [(UO,)(NO;),(CF;COO)]™
and is the result of reaction with residual trifluoro-
acetate contaminant in the ESI source.

The corresponding doubly, triply, and quadruply-
charged ions of the singly-charged species described
above are seen in the spectrum below rm/z 250 (Figure 4b,
Table 3). If they are not exclusively overtones, these ions
may contain uranium in the U(VI), U(V), or U(IV) oxida-
tion states as a result of reduction reactions occurring
during electrospray ionization in the negative ion mode.
The appearance of the ions [(UO,)(O)NO,),I*" (m/z
102.5), [(UO,)(O)(NO,)I*™ (m/z 116), and [(UO,)(NOs)s
(m/z 152) is particularly interesting as they may contain
uranium in the U(IV) oxidation state and indicate that
both one and two electron additions to UO3" may occur
during electrospray ionization.

Product-ion spectra of the uranyl-nitrate complexes
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Table 3. Assignments for negative ions resulting from a solution containing 50 uM UO3" and 100 uM NO; ™ in 95% CH,OH/5%
H,O (vol/vol)

Nominal m/Z2

Observed m/z

Calculated m/z

Assignment

102.5
116
136.6
152
174
183
205*
228
255
265
283
293
302
303
304
317
321
348
364
366
367
367
368
368
382
394
410*
411
412
413
425
428
453
456
507

102.5040
116.0081
136.6734
152.0017
174.0105
183.0163
205.0056
228.0004
255.2316
265.1469
283.2633
293.1783
302.0301
303.0379
304.0445
317.0538
321.0043
348.0217
364.0185
366.0340
367.0222
367.0401
368.0468

382.9930
394.0178
410.0112
411.0202
412.0153
413.0150
425.0361
428.9866
453.0317
456.0022
507.0042

102.5028
116.0078
136.6704
152.0014
174.0117
183.0169
205.0056
228.0020

302.0304
303.0383
304.0461
317.0539

348.0233
364.0183
366.0339

367.0417
368.0465

410.0112

413.0147

456.0041
507.0013

[(UOL)(0)(NO3), 14~
[(UOL)(O)NO3)I*~
[(UO,)(0)(NO3), 13~
[(UOL)(NO3)513~
[(UOL)(O)NOS)I?~
[(UO,)(OH),(NO3)12~
[(UO,)(O)(NO3),1*~
[(UOL)(NO3)5]2~

[(UO,)(0),]™
[(UO,)(O)(OH)]~
[(UO2)(OH),]~
[(UO,)(0)(CH;0)1~

[(UO,)(O)NO3)1~
[(UO,)(0),(NOg)]~
[(UO2)(OH),(NOg)]~

[(UO2)(OH),(NOg)(H,0)]~
[(UO,)(OD),(NO,)I~
[(UO,)(0O)(NO3)(D,0)]1~
contaminant

[(UO,)(O)NO3),1~

[(UOL)(F)NOs),1~

[(UO,)(NO3)5]~
[(UO,)(NO3),(CF;CO0)]~

2m/z Species denoted with * indicate ions used for calibration.

obtained using SORI-CID are shown in Figure 5a, b, ¢, and [(UO%*)(NO; )3]_ (m/ z 456) —

d. These fragmentation reactions follow a pattern similar 24N f N1

to those described for transition-metal nitrate complexes, [(UOF)(O7)(NO;), ] (m/z 410) +NO, @
involving loss of NO, and the formation of an oxo-nitrate 2 _ N -

complex followed by loss of NO; and reduction of the [(UO2")(0")(NO;),] (/= 410)

metal [43]: [(UO07)(07)(NO3)] (m/z 348) + NO, )

Table 4. Assignments for ions resulting from the reaction of [(UO,)(NO;),(CF;COO)]~, [(UO,)(OH),(NO5)]™ and [(UO,)(O)(NO3)]™
with D,O

Nominal m/z°

Observed m/z

Calculated m/z

Assignment

348
368
410
456*
507

366
367
367
368*
384
410
456

348
367
368*
384

348.0231
368.0465
410.0111
456.0041
507.0015

366.0326
367.0220
367.0393
368.0465
384.0750
410.0117
456.0056

Not obs.
367.0411
368.0465
384.0763

348.0233
368.0465
410.0112
456.0041
507.0013

366.0339

367.0388
368.0465
384.0747
410.0112
456.0041

348.0233
367.0388
368.0465
384.0747

[(UO,)(O)(NO3)I~
[(UO)(OD),(NO3)]~
[(UO2)(0)(NO3),1~
[(UO2)(NO3)s]™
[(UO,)(NO3),(CF;COO0)]~

[(UO)(OH),(NO3)]~

[(UO,)(OH)(OD)(NO)]~
[(UO,)(0D),(NO,)]~
[(UO,)(0)(NO3)(CD;0D)]™
[(UO2)(0)(NO3),1~
[(UO2)(NO3)s]~

[(UO,)(O)NO3)I™
[(UO,)(OH)(OD)(NOs)]~
[(UO,)(O)(NO3)(D,0)]~
[(UO,){0)(NO4)(CD;0D)]~

aReacted ions in bold. P’m/z Species denoted with *indicate ions used for calibration.
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Figure 5. SORI-CID spectra of negatively charged ions at (a) m/z
456, (b) m/z 410, (c) m/z 366, and (d) m/z 348.

Note that tentative charge states of individual species of
the complexes are suggested in eqs 1 and 2 to illustrate
possible reduction of the uranyl center. The stable
[(UO,)(O)(NO3)]™ ion (m/z 348) cannot be further frag-
mented under our SORI-CID conditions. SORI-CID of
[(UO,)(OH),(NOs)] ™ (m/z 366) results in a simple loss of
H,O, forming [(UO,)(O)(NO;)]™ at m/z 348. A small
peak at m/z 364 is attributed to the loss of two hydrogen
atoms or H, from [(UO,)(OH),(NO;)] ", with the forma-
tion of [(UO,)(0),(NO3)]™ (Figure 5c¢).

Ion-Molecule Reactions with Negative Ions
Using D,0O

D,O was used as a neutral reaction partner to compare the
reaction chemistry of the anionic uranyl nitrate ions with
the chemistry of the positive species discussed above.
Representative spectra of the reaction region for the major
ions in Figure 4a are collected in Figure 6a, b, ¢, and d.
Assignments and exact mass values are provided in Table
4. All spectra shown in Figure 6a, b, ¢, and d were
obtained through selection and reaction of the ion of
interest with D,O for 180 s at 2.4 X 1078 torr.
Examination of the spectra in Figure 6a, b, ¢, and d
indicates that the negative uranyl nitrate-containing ions
do not undergo the extensive series of reactions upon
collision with D,O as seen for the positively charged
uranyl nitrate species (Figure 2a, b, ¢, d, and Figure 3).
With the exception of [(UO,)(O)(INO3)]™ at m/z 348, D,O
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additions are not observed, indicating that these ions are
coordinatively saturated.

Neither [(UO,)(NOs)s;]~ (m/z 456) nor [(UO,)(O)
(NOgy),l~ (m/z 410) react with D,O at the pressure used
for these experiments (Figure 6a and b). The
[(UO,)(NOs3);]~ ion, with its presumed bidentate nitrate
groups, is coordinatively saturated and cannot accept a
D,0 ligand. [(UO,)(O)(NOs3),]” most likely has a pen-
tagonal bipyramidal conformation with two bidentate
nitrate groups and a single oxygen ligand. Gas-phase
uranyl-containing ions with this type of conformation
are quite stable [19]. Assuming bidentate coordination
by nitrate, [(UO,)(OH),(NOs)]™ (m/z 366) presumably
has a conformation in which there is coordination at
only four equatorial sites, yet the complex does not
accept a D,O ligand but only undergoes an H/D
exchange reaction to form [(UO,)(OD),(NO)]™ (m/z
368). Only [(UO,)(O)(NO3)]™ (m/z 348) can accept a D,O
ligand, forming [(UO,)(O)(NO;)(D,O)]™ at m/z 368. In
both of the latter two cases, a small ion at m/z 384
appears as a reaction product. This ion is tentatively
assigned to [(UO,)(O)(NO;)(CD;OD)]™ and may result
from trace amounts of CD;OD in the D,O reagent used
for these reactions. Finally, we note that the ions at m/z
410, [(UOL)(O)(NOs),]” and 456, [(UO,)(NO3);]", in
Figure 6c, are presumably the result of multiple colli-
sion reactions occurring with nitrate-containing species
in the FT-ICR cell.
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Figure 6. Ions produced by reactions (180 s reaction time)
between D,O (2.4 X 10~® torr) and negative ions at (a) m/z 456, (b)
m/z 410, (c) m/z 366, and (d) m/z 348.
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Conclusions

Electrospray ionization of uranyl nitrate solutions gen-
erates a wide variety of positively and negatively
charged ions, including complex adducts of uranyl,
methoxy, hydroxy, and nitrate ligands, as well as oxy-
gen. In the positive ion mode, the ions detected are
highly sensitive to instrumental tuning parameters such
as quadrupole operating frequency and trapping time.
Ions formed are of varying stability and reactivity with
some undergoing extensive fragmentation upon colli-
sion with D,O and others not. The extent of coordina-
tive unsaturation of both positive and negative ions can
be investigated using D,0O and CD;OD as neutral
reaction partners within the applied pressure range.
Electron-transfer reactions, presumably occurring dur-
ing electrospray, can result in reduction of U(VI) to
U(V) and perhaps even U(IV). SORI-CID fragmentation
processes are often coupled with electron-transfer in-
volving both the uranyl moiety and the oxygen ligand,
if present.

This simple uranyl nitrate system provides a wealth
of both simple and complex ions and illustrates the
complexity of the chemical reactions that occur between
injection of solution into the ESI source region and
analysis in the ICR cell. Most, if not all, of the ions
detected were not solution-phase species, but were
generated during desolvation or during gas-phase re-
actions in the instrument. This work demonstrates the
utility of FT-ICR, with its ultrahigh resolution and mass
accuracy, for the study of the gas-phase reaction chem-
istry of uranyl and its complexes.
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