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Mono- and dications of microsolvated nickel complexes of acetonitrile are probed by means
of ion-mobility mass spectrometry. Specifically, the complexes [(CH3CN)"Ni]+, [(CH:;CN),INi]Z",
[(CH,4CN),NiOH]*, and [(CH3CN)nNiCl]+ (n = 0-6) are compared to each other and their re-
actions with background water are probed. In general, the arrival times of the ions in the
ion-mobility experiment linearly increase with the mass-to-charge ratio, but for the smaller,
more reactive complexes, the arrival times are notably larger than expected from their mass.
This effect is attributed to the markedly larger reactivity of these particular ions, as reflected
in both charge-separation processes as well as adduct formation upon interaction with back-
ground water.
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Nickel.

About a decade ago, RuliSek and Havlas investigated the coordination
chemistry of 3d-transition-metal dications in a series of seminal papers.
Starting with simple organic and inorganic ligands? they went on to more
complex biomolecules®¢, and still today their investigations receive broad
attention of coordination chemists. In about the same period, the gas-phase
chemistry of ligated metal dications’ has experienced a boost due to the
development of electrospray ionization (ESI) mass spectrometry'?. As being
among the most popular solvents in organic synthesis and analytical chem-
istry, acetonitrile has often been chosen as a ligand and numerous com-
plexes of the type [(CH;CN),M]?** have been investigated using ESI-MS 11-21,
For some trivalent metals, even the formation of free, triply charged com-
plexes with acetonitrile in the gas phase have been reported??. Upon trans-
ter of such ions from solution to the gas phase, solvation is of crucial
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352 Schroder:

importance for the relationship between the formal oxidation state of the
metal and the real Coulomb charge of the complexes?3.

MXZ,SOIV - Mx+solv + X_SOIV (1)
Mx+solv - M2+solv + X_solv (2)
M2+solv + HZO - MOH+SOIV + H+solv (3)

In a dipolar solvent, a salt of a divalent metal MX, (X = monovalent
counterion such as Cl etc.) undergoes heterolytic dissociation according to
reactions (1) and (2) to afford mono- and dicationic species which can be
detected by ESI-MS in the positive ion mode. In the presence of water, the
solvated dications can also recombine with a hydroxide ion to form
monocationic hydroxo complexes in conjunction with the liberation of
protons (reaction (3)). The ratio between the MX*,, and M?*,, ions de-
pends on the nature of the counterion X, the concentration of the solution,
and the ionization conditions. The extent of reaction (3) obviously depends
on the amount of water being present. In general, poorly coordinating
counterions, e.g. ClO,~, increase the dication yields, whereas better coordi-
nating anionic ligands give significant amounts of the monocations MX*,,
(e.g. X = Cl). In a first approximation, the total concentration of the metal
salt in solution affects the MX*,,/M?*,, ratio via the mass-action law in
that ion-pairing?* is more pronounced at higher concentrations and hence
associated with an increase of MX*,, 2>2°. The ionization conditions cru-
cially influence the amount of microsolvation of the ions formed?”28, At
soft conditions of ionization (i.e. low source temperature and gentle focus-
ing potentials), highly solvated ions are formed, even including species
with second solvation shells?*3°. At higher temperatures or with an increas-
ing amount of energizing collisions due to elevated potentials in the source
region, the ionization conditions become harder, leading to partial or even
complete desolvation of the initial ions. By tuning the various parameters,
a manifold of ions ranging from large solvate clusters to atomic cations is
therefore accessible via electrospray ionization for more detailed investiga-
tions in subsequent mass-spectrometric experiments?2931,32,

Here, we describe gas-phase experiments on several cationic nickel com-
plexes with acetonitrile as a solvating ligand33. As precursors for the
electrospray ionization studies, we use a solution of Ni(ClO,), in acetoni-
trile and a solution of NiCl, in water/acetonitrile (2:1) from which the fol-
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lowing ions can be prepared in yields sufficient for subsequent studies:
[(CH3CN),Ni]* (n = 1-3), [(CH,CN),NiOH]* (1 = 1-3), [(CH;CN),NiCI]* (n =
0-3), and [(CH;CN),Ni]?* (n = 2-6). Note that the formal nickel(I) species
[(CH;CN),Ni]* are formed in charge-separation reactions of the [(CH;CN),Ni]**
dications at enforced ionization conditions (reaction (4))1521,

[(CH,CN),Ni]?* = [(CH;CN),_;Ni]* + CH,CN* (4)

The ions were investigated using ion-mobility mass spectrometry (IM-MS)
with which not only ion masses, but also their apparent cross section in the
interaction with a quasi-inert gas can be probed?*-3¢. Although this tech-
nique itself is already quite old, it only recently found wide applications
due to the introduction of a commercial instrument. Therefore, it appears
appropriate to briefly introduce the method which involves three crucial
steps: (i) ion generation, mass selection and accumulation, (ii) injection of
these ions at a given time (¢t = 0) into a mobility cell in which a non-
reactive gas (here nitrogen) is present at a pressure in the mbar range, while
an accumulative potential gradient is used to maintain the forward move-
ment of the ions, and (iii) time-dependent extraction, mass analysis and
ion detection which leads to arrival time distributions (ATDs) for each ion
mass. Depending on the ions’ mass-to-charge ratio (m/z) and their interac-
tions with the gas in the mobility cell, the ions reach the detector at differ-
ent arrival times (f,), where small and light ions are faster than large and
heavy species. To a first approximation, ion mobility of gaseous ions may
be compared to chromatography in the condensed phase. In this analogy,
the electric field gradient serves as mobile phase and nitrogen acts as the
stationary phase and providing a resistance against forward-transport of the
ions. For two isobaric ions of different shape (“potato and cigar”), the more
compact one interacts less with the buffer gas and thus arrives earlier at the
detector than the more extended ion of identical mass. Therefore, IM-MS
provides the molecular shape as a additional dimension in mass spectrome-
try. So far, IM-MS has mostly been used for either atomic systems or rather
large molecules and most present applications are in the area of
biomolecules and polymers, whereas small or medium-sized molecules were
much less often studied using IM-MS 3436, Here, we report about first re-
sults of this interesting technique when used for the investigation of me-
dium-sized microsolvated transition-metal complexes. As demonstrated
below, quite significant deviations from the typical behavior of ions in
IM-MS are observed for coordinatively significantly unsaturated metal com-
plexes.
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EXPERIMENTAL

The experiments were performed with a SYNAPT G2 ion-mobility instrument3”3%. In brief,
the instrument has an ESI source from which the ions are extracted towards a quadrupole
mass filter for the selection of parent ions. In the ion-mobility mode, the mass-selected ions
enter an argon-filled linear ion trap in which they are collected and then admitted in pulses
via a helium cooling cell to a drift tube in which nitrogen is present at an approximate pres-
sure of 2 mbar. After extraction from the drift tube, the ions pass a transfer cell and enter
the source region of a reflectron time-of-flight (TOF) mass spectrometer, which quasi contin-
uously records mass spectra with a mass resolution (m/Am) of ca. 25000. In the ion-mobility
experiments described below, the desired [(CH3CN),,N1X]+/2+ cations (n = 0-5, X = none, OH,
Cl) were mass-selected using Q1 at unit mass resolution and the ion mobility was recorded
in time steps of about 0.05 ms required for recording and processing TOF spectra from m/z
50 to 1200. In order to minimize fragmentation of more weakly bound complexes, the po-
tentials in ion transfer to the drift cell were lowered as much as possible, while still main-
taining acceptable ion transmission®?. For a given ion of interest, the amount of
fragmentation can in each case still be lowered significantly, but this procedure critically de-
pends on the bias voltage of the linear ion trap which turns out to be mass-sensitive, how-
ever. Accordingly, a compromise between the amount of fragmentation and transmission of
the ions in the mass range investigated (m/z 70-216) was chosen. The elemental composi-
tion of all ions was confirmed by examination of the associated isotope envelopes in the
source spectra and the exact ion masses which had an average error of 0.0006 amu com-
pared to the theoretical masses with maximal deviations of 0.0014 amu in the cases of
[(CH3CN)2Ni]2+ and [(CH;CN)NICI]*. Note that the high mass resolution of the back-end
TOF detector often allows to separately follow the various ions even if nominally isobaric
ions not resolved by Q1 may interfere.

It is important to note that the absolute values of the arrival times in the SYNAPT G2
very much depend on the adjustments of the pressures and the voltage settings. Any com-
parison can therefore only be made relative to each other under identical settings. For a
given set of gas flows and voltages, however, the arrival times are quite well reproducible
and do not show day-to-day variations or similar imponderable effects. Further noteworthy
is that significant amounts of the solvent used in the ESI source may diffuse into the mobil-
ity section and give rise to association processes and charge-separation reactions in the case
of gaseous dications (see below). While the amounts of the more volatile acetonitrile in the
mobility unit were found to be almost negligible, water can obviously reach this region
better?®. Moreover, the amount of water also depends on the history of the machine: when
switching from pure water for overnight cleaning to a solution of Ni(ClO,), in pure acetoni-
trile, the amount of water present in the mobility cell is first quite large and then slowly de-
creases during several hours. For this reason, we refrain from a strictly quantitative analysis
of the reactions observed with background water, while relative comparisons between differ-
ent ions generated from a certain solution in a short period of time can still be made.

As precursors for ion generation, 1073 M solutions of Ni(ClO,), (Fluka) and NiCl, (Sigma-
Aldrich), respectively, in HPLC-grade acetonitrile (Sigma-Aldrich) or water/acetonitrile (2:1)
were used, which were infused to the ESI at a flow rate of 5 ul min~'. The desolvation tem-
perature was 200 °C and the ESI source was kept at 80 °C to avoid contamination.
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RESULTS AND DISCUSSION

A central part of the discussion will concern reactions occurring within the
ion-mobility set-up which are manifested in the mass spectra as well as the
arrival time distributions. Therefore, prior to the presentation of the results
for the cationic nickel complexes of acetonitrile, it is considered necessary
to outline the basic features of the experiment. The general scheme of the
instrument is shown in Fig. 1.

When operating in the IM-MS mode, the ions generated in the ESI source
are transferred to the vacuum manifold using a traveling wave guide which
can optionally be filled with argon for cooling. Then, the ion of interest is
mass-selected using the quadrupole analyzer Q1, the ions are collected in a
linear ion trap filled with argon from which they are injected as a single
pulse at t, = 0 via a helium cell to the ion-mobility separator (IMS) in which
nitrogen is present at a pressure of about 2 mbar. Depending on the mass-
to-charge ratio and the interaction with the nitrogen, the ions need differ-
ent times for the passage of the IMS which are reflected in their arrival
times (t,) at the detector. Afterwards, the ions reach a transfer cell filled
with argon in which they are stored for short time intervals before being di-
rected into a reflectron time-of-flight mass spectrometer recording a mass
spectrum. 200 of these TOF spectra are taken in each duty cycle and these
serve as the time axis for ion mobility. The set of TOF mass spectra permits
the construction of various ion-mobility graphs with the dimensions ion
mass, arrival time, and intensity.

l() mbar
I mbar Iram~l'cr \ IMS cell Transfer Pusher
DI Q1 0L ORI A |L —Data
= (=D IIIIIIIIIIIII ||| || TN I l i<
ESI_J ( ) 10°° mbar Ar N~ =
1 bar 1073 mbar 107> mbar 2 mh:lr 1072 mbar
MS1 IMS TOF
(107 mbar) (ca. 1 mbar) (107 mbar)

FiGg. 1
Schematic set-up of the SYNAPT G2 instrument used for ion-mobility mass spectrometry:
Q, quadrupole analyzer; IMS, ion-mobility separator; TOF, time-of-flight mass spectrometer
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For illustration, let us consider a hypothetical experiment conducted
with three different ions: a light (red) and a heavier (green) ion with similar
sizes and an extended ion (purple) isobaric to the heavier one. Scheme 1a
shows the effect of the m/z ratio which is due to the fact that at a given
setting of the potential gradient in the IMS cell, the lighter ion moves faster
than the heavier one and thus the former arrives first at the detector and
has a smaller f,. Scheme 1b illustrates the situation of two isobaric ions of
different shapes, where the more compact (green) ion interacts less with the
nitrogen gas in the IMS cell and thus travels faster than the more extended
(purple) ion which collides more often and thus arrives at a larger t,. When
all ions are admitted to the IMS unit (i.e. no mass selection in Q1), a three-
dimensional representation as shown in Scheme 1c is obtained.

In the case of small or medium-sized molecules, there arises an additional
problem, however, which is inherent to the conception of the IM-MS ex-
periment. Specifically, ion extraction from the source and mass selection in
the quadrupole require the ions to be accelerated to some non-zero voltage
to allow proper manipulation. When entering the IMS region, these ions
thus exhibit excess kinetic energy relative to the gases in the trap, mobility
and transfer cells. Neither for atoms nor for large molecules the resulting
conversion of kinetic into heat really matters, but small or medium-sized
molecules can undergo collision-induced dissociation (CID).

Irap IMS cell Transfer

- © :_> - O

miz [

(a) Different mass, similar shape

(X o —> ° o

Wy |

miz [

(b) Same mass, different shape

Relative Intensity

t,

(c) Resulting 3D plot

SCHEME 1
Sketch of the IMS separation for ions of different mass and similar shape (a), isobaric ions of
different shape (b), and the corresponding 3D plot (c)
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As shown further below, also other chemical reactions can occur during
the passage of the mobility cell, which turn out to be of crucial importance
for the nickel/acetonitrile complexes with low coordination numbers.
Therefore, let us consider a second hypothetical scenario in which an ion
AB* and its fragment A* are sampled via IM-MS. In the absence of fragmen-
tation or other chemical reactions, a single peak is obtained in both the
mobility and the mass spectrum (Scheme 2a). If ion dissociation occurs
in the trap prior to the IMS unit, the parent AB* and the daughter A* enter
the IMS cell at t, = 0 and the lighter and smaller fragment A* will reach the
detector first (Scheme 2b). In the case that the fragmentation occurs at
some stage of the IMS separation, the apparent ion mobility of A* is in-
between those of AB* and A*. Assuming that the propensity for dissociation
is the same in the entire IMS cell, this will lead to non-zero baseline be-
tween £,(A*) and £,(AB*) as shown in Scheme 2c. Dissociation upon transfer
will show up in the mass spectra, but not in the mobility trace because only
intact AB* passed the IMS cell (Scheme 2d). In the resulting ion-mobility
spectra including all three options in Schemes 2b-2d, AB* shows a single
peak, because any fragments would appear at different masses (Scheme 2e).
Instead, the trace of the fragment A* has three components (Scheme 2f),
an early from dissociation in the trap, a raised baseline from fragmentation
within the IMS, and a late peak due to fragmentation of intact AB* upon
transfer. Similar arguments can be used to explain the effects observed
when ion association, hence formation of heavier ions, occurs in the mobil-
ity step.

After having introduced the experimental technique, the dication
[(CH;CN);Ni]** (m/z 90.5 for the 38Ni isotope) is considered in more detail
as an example, in order to illustrate the kind of information achieved in

AB* . AB* AB" || AB*->A"—> . AB*
L |AF || e L || ar— || A _—A;
miz t, m/z A ta
(a) No dissociation (c) Dissociation in IMS cell (e) ATD of AB*
AB* [| A* —— . AB* AB* Ar+ABY
+ A n - l ﬂ
Am/z AB*—> T, mlz he i I t
(b) Dissociation in trap (d) Dissociation in transfer (f) ATD of A*
SCHEME 2

Sketch of the consequences of ion dissociation within different parts of the IMS unit and the
resulting arrival time distributions of the hypothetical parent ion AB* and its ionic fragment A*
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IM-MS measurements. As outlined above, a significant amount of fragmen-
tation is observed upon injection of mass-selected [(CH;CN);Ni]?* into the
mobility unit which leads to the smaller dication [(CH;CN),Ni]?* at m/z 70
according to reaction (5) and is indicated by a red arrow in Fig. 2. Traces of
water present in the mobility unit lead to sequential additions of water to
the various dications (reaction (6)) with m = 1, 2 for n = 2, 3) as indicated
by the blue arrows in Fig. 2.

From the intensity patterns of the microhydrated [(CH;CN),Ni(H,0),,]**
dications it is obvious that the affinity for water addition is much larger for
the dication with two only acetonitrile ligands compared to that with n = 3,
i.e. [(CH;CN),Ni(H,0)]?>* is more abundant than [(CH;CN),Ni]?*, whereas
[(CH3CN);Ni(H,0)]?* is less than half of [(CH;CN);Ni]?>* in the blue spec-
trum of Fig. 2. A third type of reaction involves charge separation concomi-
tant with proton transfer (PT) to yield the monocationic nickel hydroxo
complexes [(CH3;CN),NiOH]* (reactions (7) and (7a))*°; in the low mass
range, the concomitant protonated acetonitrile has been observed also
(Mey, = 42.0349, M, = 42.0344). In Fig. 2, the color code of these three dif-
ferent type of pathways is red for the collision-induced loss of acetonitrile,
blue for the association with water, and green for the proton-transfer chan-
nel of the dication to the hydroxo monocations.

[(CH3CN)3NiJ?*

1 .
1 -cHieN
o 4
[8)
=
=
©
c |
=
Fo:
© 4
o
> |
©
T .
o i (CH3CN)NIOH]
] N | [(CH3CN),NiOH]*
0 I ———
50 75 100 125 150 175 200

m/z

FiG. 2
Mass spectra resulting from injection of mass-selected [(CH3CN)3N1]2+ (m/z 90.5 for 58Ni) into
the ion-mobility cell. The red spectrum was obtained from Ni(ClO,), dissolved in pure
acetonitrile and the blue spectrum from NiCl, solution in water/acetonitrile (2:1)
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[(CH;CN);Ni]?* — [(CH;CN),Ni]?* + CH,CN (5)
[(CH,CN),Ni]?* + m H,0 — [(CH;CN),Ni(H,0),,]2* (6)
[(CH,CN);Ni]?* + H,0 — [(CH,;CN),NiOH]* + CH,CNH* 7)

[(CH,CN),Ni]?* + H,0 — [(CH,CN)NiOH]* + CH,CNH* + CH,CN (7a)

The assignment of these reactions to the presence of water is further sup-
ported by the same experiment conducted with the precursor ion not gen-
erated form Ni(ClO,), in acetonitrile (red spectrum in Fig. 2), but from
NiCl, in water/acetonitrile (blue spectrum in Fig. 2). Obviously, a notable
amount of the water used as a solvent in electrospray can diffuse into the
mobility section (see experimental details). Comparison of the red and blue
spectra demonstrates that the water does not stem from the mobility unit
itself, because the interference is minor when pure acetonitrile is used as a
solvent. Interesting to note is that the effect is much smaller for the more
volatile acetonitrile in that upon magnification only a very small signal
corresponding to the adduct [(CH3;CN),Ni]>* can be observed in the red
spectrum of Fig. 2, suggesting that the more sticky water is more likely to
diffuse into the difference components of the vacuum system?841,

Next let us consider the associated arrival time distributions of the ions
formed in this particular experiment which are recorded parallel to the mass
spectra. Thus, each trace in Fig. 3 shows the intensity of selected ion(s) as
a function of arrival time. The parent ion [(CH;CN);Ni]?>* has a nearly
Gaussian-type ATD at t, = 5.43 ms with a slight tailing to larger arrival
times. The water adducts [(CH;CN);Ni(H,0),,]>* (m = 1, 2) also peak at t, =
5.43 ms, but their tailing to larger arrival times is more pronounced (label a
in Fig. 3). This tailing effect is attributed to significant interactions of these
dications with traces of water being present in the mobility cell which lead
to the formation of transient adducts [(CH;CN);Ni(H,0),,]** (m > 2) which
move slower in the mobility cell, but dissociate prior to detection. Tailing,
rather than a distinct peak in the mobility trace, is a direct consequence of
the fact that most collisions in the IMS occur with nitrogen gas and only
traces of water interfere. Accordingly, one might expect a better separation
in the IMS, if only water were used as an interacting partner. This favorable
effect has indeed been observed in the separation of protonated amino ac-
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ids upon addition of polar additives*’. In the present case, however, it
would obviously lead to exclusive association for the more reactive,
coordinatively unsaturated nickel complexes and is thus obsolete. The
[(CH;CN),Ni(H,0),,]** (m = 0-2) dications formed upon loss of one aceto-
nitrile ligand from the parent have a composite ATD, where the component
labeled b peaks peak at t, = 5.43 ms like the parent ion itself and mostly
comprises the non-hydrated fragment [(CH;CN),Ni]?*. In contrast, the sec-
ond component at t, = 5.81 ms is mostly composed of the microhydrates
[(CH3CN),Ni(H,0),,]** (m = 1, 2). The products of proton transfer according
to reaction (7) show a very broad distribution of arrival times which has an
onset like the parent ion, peaks at t; = 5.81 ms (label ¢) and vanishes at
about t, = 7.22 ms (label d), which corresponds to the arrival time of inde-
pendently sampled [(CH;CN),NiOH]* (see below). The broad distribution
of the latter products illustrates the concepts outlined in Scheme 2 in that
reaction (7) can occur in all parts of the mobility unit thereby leading to a
nearly plateau-type feature.

After the detailed discussion of the results for [(CH;CN);Ni]?*, the data
obtained for the other [(CH;CN),Ni]?* dications accessible from Ni(ClO,),
in acetonitrile are given in Table I in a summarized form, where the frac-
tions x; refer to the contributions of the separate channels with Zx; = 1. Spe-

1 [(CH3CN)3Ni?
1 -

Q
o
c
S |
= 72
_8 : 2+
o 2 [(CH3CN)3Ni(H,0),,]
(O]
= b .
£ ]2x \,__[(CH3CN);Ni(H,0) 1"
= c P . .
2 Y vt | [(CHACN),NiOH]

0 5 10 fa

FiG. 3
Arrival time distributions upon injection of mass-selected [(CH3CN)3Ni]2+ (m/z 90.5 for >®Ni)
into the ion-mobility cell. The upper black trace shows the parent ion, the blue trace the sum
of the water adducts [(CH3CN)3Ni(HZO)m]2+ (m =1, 2), the red trace represents the sum of the
bisacetonitrile complexes [(CH3CN)2N1(HZO)m]2+ (m = 0-2), and the green trace the hydroxo
monocations [(CH;CN),(H,0), NiOH]* (m = 0, 1; n = 1, 2). The data refer to the experiment
with a NiCl, solution in water/acetonitrile (2:1) as a precursor (blue spectrum in Fig. 2)
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cifically, Xp,rene stands for the fraction of the mass-selected parent ion
[(CH;CN),Ni]** which is recovered from the ion-mobility cell, x-;, summa-
rizes the abundances of the fragment ions formed via loss of acetonitrile,
X, denotes the associations with background water to form [(CH3;CN),-
Ni(H,0),,]** (m =1, 2 for n = 3 and m = 1 for n = 4), and x,; stands for the
proton-transfer channel to afford [(CH;CN), NiOH]* monocations (n’ < n)
according to reaction (7). All conclusions derived from the data shown in
Table I are further supported by the associated ATD of the various parent
and product ions in analogy to Fig. 3. However, for the sake of brevity in
presentation, we restrict ourselves to a summary of the key results in the
form of a table.

Although in these experiments pure acetonitrile was used as a solvent,
the bisligated dication [(CH;CN),Ni]?* shows a very high affinity to water,
resulting in either addition to afford the dications [(CH;CN),Ni(H,0),,]**
(m=1, 2) at m/z 79.0 and 88.0, respectively, or charge separation concomi-
tant with proton transfer to afford [(CH;CN)NiOH]* at m/z 116. Interest-
ingly, the arrival time of [(CH5CN),Ni]?* (¢, = 5.61 ms) is somewhat larger
than those for [(CH;CN);Ni]?* and [(CH;CN),Ni]?>* to which we return fur-
ther below. In comparison to the bisligated species [(CH;CN),Ni]?*, the
trisligated dication [(CH;CN);Ni]?*, discussed in detail above (Figs 2 and 3),
is much less reactive and the spectrum is dominated by the intact parent

TABLE 1
Summarized results from the ion-mobility studies of mass-selected [(CH3CN)nNi]2+ dications
(n = 2-6) generated from a 103 M solution of Ni(ClO,), in pure acetonitrile with the molar
fractions” x; of the parent ion, the dicationic fragments formed by loss of acetonitrile’, the
adducts due to association with water, and the monocations [(CH;CN), NiOH]* formed via
proton transfer in the mobility cell. Further, the arrival times (in ms) of the mass-selected
parent ions are given

Parent ion n m/z Xparent o Xas Xpr© t,(parent)
[(CH,CN), Ni>* 2 70.0 0.24 0.03 0.29 0.44 5.61

3 90.5 0.90 0.06 0.03 0.01 5.34

4 111.0 0.44 0.55 0.01 5.09

5 131.5 0.01 0.98 0.01 5.94

6 1520 1 0.99 0.01 -

“ Molar fractions with Zx; = 1. b This column includes exchange of one acetonitrile ligand by
water. © For all ions, the predominating product of hydrolysis is [(CH;CN)NiOH]* (m/z 116).
9 No intact m/z 152.0 detected.
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ion with £, = 5.34 ms. Collision-induced dissociation (CID) becomes of con-
siderable importance for the larger members [(CH;CN),Ni]** with n > 3. For
n =4 (t, = 5.09 ms), more than half of the incident ions undergo CID, al-
most complete fragmentation to smaller [(CH;CN),Ni]** dications occurs
for n =5 (t, = 5.94 ms), and for [(CH;CN)/Ni]** no transmission of the in-
tact dication is observed at all. In fact, the mass spectra of [(CH;CN),Ni]?*
with n = 4-6 are almost identical to each other with the major signals due
to [(CH3CN);Ni]** and [(CH;CN),Ni]?*. This finding indicates that the ion-
mobility experiment has a lower stability limit when it comes to multiply
solvated ions. As far as the arrival times are concerned, the expected mass-
dependence is only obeyed by [(CH;CN),Ni]?* and [(CH;CN)Ni]?**, whereas
the two smaller dications are less mobile than expected from their mere
mass (see below).

In order to increase the database for understanding the ion mobilities, a
solution of NiCl, in water/acetonitrile was used as an additional precursor.
Depending on the conditions in the ion source, this solution provides
simultaneous access to the dications [(CH;CN),Ni]** (except n = 2) as well
as various monocations such as the chloro complexes [(CH;CN),NiCl]*, the
hydroxo complexes [(CH;CN),NiOH]*, and the nickel(I) species [(CH;CN),Ni]*;
the latter are only formed at harder conditions of ionization and are thus
not due to possible electrochemical processes occurring in solution*3, but to
CID of the dications according to reaction (4)!544-46 The rich data obtained
in the mobility experiments are summarized in Table II, in which we again
restrict the presentation to the key information while the individual ATD
traces of the various ions fully support the conclusions derived. Further
note that in comparison to Table I, the arrival times of the [(CH;CN),Ni]?*
dications are slightly larger which may be a result of the increased water
content in the IMS when using water as a solvent in the electrospray. How-
ever, the variation is almost within the data spacing of the associated IMS
traces (ca. 0.05 ms).

There are some general trends evolving from the data which follow those
outlined above for the dications. Thus, monocations with low coordination
numbers show a large amount of adduct formation in the mobility cell. An
extreme example is the diatomic NiCl* dication, for which only a fraction
below 1% remains unassociated, while the spectrum is dominated by the
water adducts [(H,0),NiCl]* with n = 1-3. In turn, the monocations with
larger coordination numbers show a large amount of dissociation upon
injection into the mobility unit, e.g. more than 90% CID for the ions
[(CH3CN);Ni]*, [(CH3CN);NiOH]* and [(CH;CN);NiClJ*, respectively. In the
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TABLE IT
Summarized results from the ion-mobility studies of mass-selected [(CH;CN), NiX mono-
and dications (n = 0-5; X = OH, Cl, none) generated from a 103 M solution of NiCl, in
water/acetonitrile (2:1) with the molar fractions? x; of the parent ion, the ionic fragments
formed by loss of acetonitrileb, the adducts due to association with water, and the
monocations [(CH;CN), NiOH]* formed via proton transfer”? in the mobility cell. Further,
the arrival times ¢, (in ms) of the mass-selected parent ions are given

]+/2+

Parent ion n  m/z xpa[em XCIDb Xass XPTC'd t,
[(CH;CN),Ni]?* 2 7006 ¢ - ¢ - 5.69¢
3 90.5 0.57 0.09 0.30 0.04 5.43
4 1110 0.25 0.71 0.04 5.15
5  131.5 0.01 0.96 0.03 6.03
[(CH,CN), Ni(H,0)]* 3 995 0.31 0.64 0.01 0.04 5.43

3 n 2

[(CH,CN), NiOH]* 1 116.0 0.77 0.01 0.22 - 6.73
2 157.0 0.47 0.52 0.01 - 7.22
198.0 0.02 0.98 - 8.93
[(CH;CN),(H,O)NiOH]* 1 136.00  0.30 0.70 = 6.77
[(CH;CN), NiCl[* 0 93.0 0.01 0.99 - 8.01
1 13600  0.18 0.01 0.81 d 7.92
2 175.0 0.72 0.20 0.08 - 8.46
3 216.0 0.06 0.94 d 10.45
[(CH;CN),(H,O)NiCl]* 1 152.0 0.68 0.19 0.13 - 7.92
[(CH4CN),(H,0),NiCI]* 1 170.0 0.04 0.96 d 8.03
[(CH,CN), Ni]* 1 99.0 0.06 0.02 0.928 d 6.29
2 140.0 0.20 0.80 d 6.46
181.0 0.09 0.91 d 8.39
[(CH3CN),,(H,O)Ni]* 1 117.0 0.80 0.17% 0.03 - 6.29
2 158.0 0.02 0.98 - 7.52

@ Molar fractions with Zx; = 1. b This column includes exchange of one acetonitrile ligand by
water. ¢ For all ions, the predominating product of hydrolysis is [(CH\;CN)NiOH]+ (m/z 116).
4 Column does not apply for monocation precursors. ¢ This ion is not generated in the
source in the presence of water. The arrival time is converted from Table I by reference to
that of m/z 111.0. / ®Ni isotope selected due to overlapping dications for *®Ni. ¢ Includes
adduct with N, at m/z 127.0.
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case of the monoligated [(CH;CN)Ni]* cation as well as for [(CH;CN)Ni(H,O)]*,
we further note the formation of a significant amounts of an adduct with
nitrogen at m/z 127 (i.e. [(CH3CN)Ni(Np)]*, My, = 126.9689, my . = 126.9680).
The observation of this particular nitrogen adduct is consistent with the
preferential coordination of N, by low-valent transition metals in the gas
phase as well as condensed media%’~%°, whereas the formal nickel(Il) species,
e.g. NiCl*, are harder acids and thus prefer coordination to water. Notwith-
standing, the observation of N, complexes underlines the non-negligible
interactions of the ions under study with the nitrogen gas serving as colli-
sion partner in the ion-mobility separation.

Finally, let us inspect the arrival times in some more detail. Figure 4 sum-
marizes the arrival times for all nickel species studied in this work. Most of
the t, values show the expected dependence from the m/z values as indi-
cated by the diagonal grey rectangular in Fig. 4. However, the species with
low coordination numbers (the latter are indicated close to the symbols in
Fig. 4) show significantly larger arrival times and hence smaller mobilities
than expected from their mere mass. As demonstrated by the graph, this
effect is not at all unique to a certain type of ions, but appears as a general

t, (ms)
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M Chlorides
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FiG. 4
Arrival times t, (in ms) of all ions listed in Table II as a function of their mass-to-charge ratios
under identical conditions. Linear regression of the points within the grey rectangular gives t,
=(0.0475 m/z - 0.07) ms with % = 0.976. The numbers close to the symbols indicate the formal
coordination numbers of the ionic species, where the ligand count includes the anionic lig-
ands (e.g. 1 for NiCl*, 2 for [(CH3CN)ZNiJZ+, 3 for [(CH;CN),NiOH]*, etc.)
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phenomenon of the nickel complexes with low coordination numbers. For
example, t, of the biscoordinated dication [(CH;CN),Ni]?* is larger than
those of [(CH3CN);Ni]** and [(CH;CN),Ni]?* and likewise the monocations
[(CH;CN)Ni]?*, [(CH3;CN)NiOH]*, and [(CH;CN)NiCl]* have much larger ar-
rival times than expected from their masses. This results in a behavior
which follows the expected dependence from the m/z value for larger coor-
dination numbers and then reaches a plateau-type region for the low-
coordinated ions. Qualitatively, this observation can be understood by the
formation of transient associates either with background water or with the
nitrogen present in the mobility cell which are of higher mass and hence
smaller mobility.

To a first approximation, the deviation from the expected linear depend-
ence of m/z value and t, seems to show a correlation with the amount of as-
sociation observed. To illustrate this effect, in Fig. 5 the deviation of the
measured arrival times from the expected values based on the m/z values is
plotted against the amount of association x,, (Table II). The trend in Fig. 5
is thus consistent with the proposed formation of transient complexes
within the mobility cell.

So far, we have learned a lot about the ion-mobility experiment for
microsolvated ions, but yet it remains the justified question what informa-
tion can be extracted from the mobility data about the ions themselves. At
first, the results demonstrate the almost trivial finding that low-coordinated
nickel species are more reactive and show a higher tendency for associa-
tion. Vice versa, the larger ions are more likely to undergo collision-induced
dissociation. However, there is some additional information which can be

A

1 1

7
©
<

FiG. 5
Deviation of the arrival times At, as determined from the measured values and those derived
from a linear fit of the data in the grey square box in Fig. 4 as a function of the amount of as-
sociation with water. The green sigmoid line does not result from a fit, but should only guide

the eyes. Note that due to the definition of x,, its range is 0 < x,; < 1
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derived from the results. Upon inspecting Fig. 4 it is obvious that the ions
belong to “families” which follow common trends, reaching different pla-
teau values. For example, the hydroxo complexes converge to arrival times
slightly below 7 ms for the lowest coordination numbers, whereas the chlo-
ro complexes converge at about 8 ms. This may in fact appear surprising,
because chloride is often quoted as the best mimic for hydroxo ligands in
(neutral) metal complexes®®. In fact, an effect due to the net Coulomb
charge of the gaseous cations is likely to be the reason for the violation of
this otherwise useful analogy. Specifically, the larger arrival times of the
cationic chloro complexes can be ascribed to the higher effective charge of
the metal atom compared to the cationic hydroxo complexes in which the
OH-proton can carry part of the net positive charge?>26°1-54, As a result,
the electrophilicity of the metal center in a given [L,NiOH]* species is lower
than that in the corresponding [L,NiCl]* ion with the consequence that the
association with the gases in the mobility cell is more pronounced for the
chloro complexes. This deduction finds direct support in the data of Table
II which show much more pronounced association in the cases of the chlo-
ro complexes [(CH;CN)NiCl]* and [(CH;CN),NiCI]* (x,, = 0.81 and 0.08, re-
spectively) compared to the analogous hydroxo complexes
[(CH3;CN)NiOH]* and [(CH;3CN),NiOH]* (x,, = 0.22 and 0.01, respectively).
The mobility data reported here thereby provide a direct experimental indi-
cation for the differential electrophilicity of the metal-ion cores, which so
far could only indirectly be derived from thermodynamic data or theoreti-
cal calculations?%26:51-55,

CONCLUSIONS

Ion-mobility mass spectrometry (IM-MS) is applied to a series of cationic
nickel complexes with acetonitrile. The choice of this reasonably coherent
set of ions provides some fundamental insight into the value of ion-
mobility studies for the investigation of microsolvated ions. Inter alia, the
present study demonstrates that it is possible to achieve useful information
about the coordination properties of medium-sized metal complexes using
IM-MS. Moreover, a conceptional model for the understanding of reactive
events occurring within the mobility unit is outlined. Two obvious chal-
lenges identified for future research are (i) the association of reactive metal
species with background impurities, which are in part difficult to avoid be-
cause some of them stem from the solutions used as precursors, and (ii) the
partial or even complete dissociation of more labile coordination com-
plexes upon injection into the ion-mobility unit.
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For low-coordinated nickel complexes, the ion mobilities significantly
deviate from the common dependence from the mass-to-charge ratio and
are instead larger than expected. This anomaly is ascribed to the formation
of transient associates with the gases present in the mobility cell, some of
which are also detected experimentally, e.g. [(CH;CN);Ni(H,0),]** and
[(CH3CN)Ni(N,)]*. In addition to the information gained about the ion-
mobility experiment itself, the present study provides experimental evi-
dence for the conception that in cationic hydroxo complexes the HO pro-
ton carries a significant amount of the positive charge which leads to a
decrease of the electrophilicity of the metal-ion core.

This work was supported by the European Research Council (AdG HORIZOMS) and the Czech
Academy of Sciences (Z40550506).
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