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ABSTRACT: Organometallics are widely used in catalysis and synthesis. Their analysis relies heavily on mass-spectrometric methods, among
which traveling-wave ion mobility spectrometry (TWIMS) has gained increasing importance. Collision cross sections (CCS) obtainable by
TWIMS significantly aid the structural characterization of ions in the gas phase, but for organometallics, their accuracy has been limited by
the lack of appropriate calibrants. Here, we propose tetraorganylborates and their alkali-metal bound oligomers [M,1(BR4).]~ (M = Li, Na, K,
Rb, Cs; R = aryl, Bt; n = 1-6) as calibrants for electrospray-ionization (ESI) TWIMS. These species chemically resemble typical organometal-
lics and readily form upon negative-ion mode ESI of solutions of alkali-metal tetraorganylborates. By combining different tetraorganylborate
salts, we have generated a large number of anions in a modular manner and determined their CCS values by drift-tube IMS (°"CCSg. = 81~
585, PTCCSxa = 130-704 A?). In proof-of-concept experiments, we then applied these ®"CCS values to the calibration of a TWIMS instrument
and analyzed phenylcuprate and argentate anions, [Li,.1M,Pha,]™ and [M,Ph,,.]” (M = Cu, Ag), as prototypical reactive organometallics. The
™WCCSn, values derived from TWIMS measurements are in excellent agreement with those determined by drift-tube IMS (< 2% relative
difference), demonstrating the effectiveness of the proposed calibration scheme. Moreover, we used theoretical methods to predict the struc-
tures and CCS values of the anions considered. These predictions are in good agreement with the experimental results and give further insight

into the trends governing the assembly of tetraorganylborate, cuprate, and argentate oligomers.

Organometallic compounds and transition-metal catalysts are of
outstanding practical importance. Many of these systems show a
high degree of complexity because of their propensity to adopt
different coordination, aggregation, and oxidation states and to
undergo fast intermolecular exchange processes, which renders
their analysis challenging."® Among the most useful methods for
analyzing organometallics and transition-metal catalysts is mass
spectrometry (MS).” Simple MS measurements can afford unam-
biguous stoichiometric information whereas MS/MS experiments
greatly facilitate the characterization by shutting down intermolec-
ular exchange reactions. Accordingly, mass spectrometry and relat-
ed gas-phase methods play an important role in identifying reactive
intermediates as well as determining the stability and reactivity of
organometallic compounds.*** These applications have considera-
bly benefitted from the introduction of electrospray ionization
(ESI)." This ionization technique has significantly extended the
range of accessible organometallic analytes and also enabled the
analysis of non-covalently bound complexes, which typically do not

survive harsher ionization conditions.'¢*

Despite these assets, conventional mass spectrometry suffers
from its inability to furnish detailed structural information or to
distinguish isomers. The high interest in structural information on

gaseous ions has led to the development of ion spectroscopy™™

and ion mobility spectrometry (IMS).*** While both techniques
can achieve the goal in quest in combination with computational
methods, IMS has the advantage of requiring a simpler apparatus.
For this reason, commercial ion mobility-mass spectrometers have
been available for more than ten years. Arguably, the most popular
type of instruments makes use of the traveling-wave technique
(TWIMS).**% This technique does not apply a static field, but
propagating electric field waves, which drive the ions through a cell
filled with an inert buffer gas (typically N2). However, the oscillat-
ing field also results in a more complex physics of the ion mo-
tion.>>** Therefore, the measured arrival time of an ion in TWIMS
instruments cannot be directly converted into its mobility and
collision cross section (CCS). Instead, it is common practice to
derive ion mobilities and ™CCS values® from a comparison with
calibrant ions, whose CCSs are known from drift-tube ion mobility
spectrometry (DTIMS) experiments.’*”” Thus, accurate ™CCS
values derived from TWIMS measurements require the application
of an appropriate calibrant.

Ideal calibrants for TWIMS should be easily available, stable,
and non-toxic. They should have high ionization efficiencies and
yield clean and simple mass spectra as well as symmetric and uni-
modal arrival time distributions (ATDs). In addition, calibrants
must cover a wide range of mobilities and CCS values to be appli-



cable to ions of various sizes. Finally, the calibrant ions preferably
have the same charge state as the analytes of interest and chemically
closely resemble the latter.**** These properties are of particular
importance for obtaining accurate ™CCSs from TWIMS experi-
ments, which explains that no universal TWIMS calibrant exists.
For instance, the commonly applied calibrant polyalanine has
proven to perform well for the TWIMS analysis of other polypep-
tides,* but is not the best choice for the investigation of glycans* or
lipids.*

Although several TWIMS calibrants have been established in re-

),3¥42453 none of these were

cent years (most of them being cationic
designed for the expressed purpose of analyzing typical organome-
tallics or transition-metal catalysts. Hence, the TWIMS investiga-
tion of this class of analytes currently lacks a sound foundation. To
address this shortcoming, we here propose easily available tetraor-
ganylborates BRs™ (Scheme 1) and their alkali-metal-bound oligo-
mers [M,-1(BR4),]™ as ESI-TWIMS calibrants for organometallic
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anions,***” such as organomagnesates,
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-ferrates,*>* -palladates,®*

¢ -cuprates,®®”® and -aluminates.”’* Tetraorganylborates resemble
typical organometallics, but are much less sensitive toward air and
moisture and, therefore, easier to handle.”>”® Moreover, it has been
shown very recently that Li*-bound dimers and trimers of BPhy~
can be prepared upon ESI of solutions containing LiBPh..”” As
these species form spontaneously in a modular manner, a small
number of M* and BR4~ building blocks is expected to yield a large

variety of gaseous [M,-1(BR4+),]” adducts.

Scheme 1. Tetraorganylborates considered in this work
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In the present study, we use DTIMS measurements to deter-
mine mobilities and absolute P"CCS values for BRs™ and
[M,-1(BR4),]" ions in both He and N buffer gases. Furthermore,
we elucidate the structural basis of the aggregation of the metal-

B(bPh),

bound oligomers with the aid of DFT and trajectory method calcu-
lations. As a proof of concept, we then demonstrate the suitability
of the tetraorganylborate species as TWIMS calibrants for phenyl-
cuprate and -argentate complexes. Finally, the comparison of exper-
imental and calculated CCSs leads to the first ion mobility spec-
trometry based structural characterization of reactive organometal-
lic anions.

EXPERIMENTAL AND COMPUTATIONAL SECTION

Materials and Synthesis. Alkali-metal tetraphenylborate salts
MBPh; (1,2-dimethoxyethane adduct for M =Li), NaBEt; and
poly-DL-alanine as well as all chemicals required for the synthesis of
NaBXy:, NaB(bPh): and organometallic reagents were used as
purchased. NaBXy. and NaB(bPh). were synthesized according to

literature procedures’™”

as described in the Supporting Infor-
mation (Section S1). The preparation of solutions of lithium phe-
nylcuprates and -argentates in tetrahydrofuran (THF) was adapted
from Putau et al.” (for details, see Section S1). Acetonitrile (HPLC
grade) was used as solvent for the preparation of solutions of
tetraorganylborate salts throughout. Following Forsythe et al.,*” the
polyalanine calibrant solution was obtained by dissolving the poly-
mer in water (Milli-Q°® grade; 0.01 mg mL™"). Although neat Na-
BEt: needs to be handled under an inert gas atmosphere (it ignites
when exposed to air/moisture), its solutions in acetonitrile were
found to be stable over a couple of weeks when stored at ~4 °C and
protected from sunlight. The other tetraorganylborate salts (as well
as their acetonitrile solutions) did not show any indication of air- or
moisture-induced decomposition even after several months of
storage.

Drift-Tube Ion Mobility-Mass Spectrometry (DTIM-MS)
Experiments and Analysis. DTIM-MS experiments were per-
formed in negative-ion mode on a modified Synapt G2-S HDMS
Q-IMS-ToF mass spectrometer located in Berlin (Waters) using a
nano-ESI or conventional ESI source (see below). The instrument
was equipped with an rf-confining drift cell (length:
250.5 £ 0.5 mm), allowing us to obtain ion mobilities (K) directly
from first principles by the stepped-field method. The mobilities
were converted into PTCCS values via the Mason-Schamp equa-
tion.***® PTCCS values were determined with He or N; as buffer gas
at ambient temperature and are denoted ""CCSu. and ""CCSx,

respectively.

For experiments with tetraorganylborates, ions were generated
with a nano-ESI source by applying 0.6 to 0.8 kV voltage to in-
house prepared, Pt/Pd-coated borosilicate capillaries, filled with
~5 puL of sample solution. The buffer gas pressure was 1.2 Torr for
both He and N.. Reported " CCSs are averages of 2 to 3 independ-
ent measurements performed on separate days. Air- and moisture-
sensitive phenylcuprate and -argentate complexes were measured
using a standard ESI source in a similar manner as described in the
next section, The buffer gas pressure was 1.8 Torr for both He and
N.. Reported PTCCS values are averages of 2 independent meas-
urements. Data processing and analysis were carried out using
MassLynx 4.1 (Waters) and Origin 2017 (OriginLab) software
packages (for further details, see the Supporting Information,
Section S2).

Traveling-Wave Ion Mobility-Mass Spectrometry (TWIM-
MS) Experiments and Analysis. TWIM-MS experiments were
carried out with a commercial Synapt G2-S HDMS Q-IMS-ToF
instrument located in Géttingen (Waters) equipped with an ESI
source and operated with N, as buffer gas. Organometallic and
calibrant solutions were injected into the mass spectrometer using a
gas-tight syringe at flow rates in the range of 8-33 yL min™". Before
the measurements of the phenylcuprates and -argentates, the
source ion block was kept at 150°C for several hours and the
source was flushed with dry THF (~10 mL) to remove traces of air
and moisture. Negative-ion mode ESI mass spectra and ATDs for
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each organometallic sample were recorded for six different travel-
ing-wave velocities (40 V wave height) well-suited for subsequent
measurements of the following calibrant solutions at identical
TWIMS settings: NaBPh,/CsBPhs (25/25 y.M), NaBXy./CsBPh,
(25/50 um), NaB(bPh)./CsBPh: (25/50 um), NaBEt./CsBPhy
(500/50 uM) and polyalanine. For each calibrant solution, mass
spectra and ATDs were recorded for three different wave velocities.
All TWIM-MS measurements were performed in duplicate (for
further details, see the Supporting Information, Section S3).

The software DriftScope 2.7 (Waters) was used for determining
the main m/z peak apices of each relevant species of the mass
spectra and those of the corresponding ATDs as well as for deriving
the ™CCSx, values of phenylcuprate and -argentate ions in the
following way: The experimental arrival times, f,, were corrected

m
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where ¢ is the enhanced duty cycle delay coefficient of the instru-

according to

ment.* For each calibration measurement, the parameters A and B
were determined by fitting the power law
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to the °"CCSx»' vs t,’ data of the calibrant ions, where °"CCSx,’ is
the normalized ""CCSx, (values of polyalanine anions taken from
Allen et al.**).¥” The wave velocity-specific sets of A and B parame-
ters were used to convert the corresponding .’ values of phenylcu-
prate and -argentate ions to ™CCSx; values on the basis of eq. 2.
The given ™ CCSx; values are the averages of the results obtained
for the different traveling-wave velocities.

DFT Calculations. The PBEO hybrid functional® was applied
for geometry optimizations, harmonic vibrational frequency calcu-
lations and the determination of partial atomic charges, which were
all carried out with the Gaussian 09 program package®** (Gaussi-
an09 settings: SCF=Tight, Int=Fine, Opt=Tight). Molecular
structures were optimized using the D3B] dispersion correction®*
as well as def2-SVP basis sets® for main group elements and quasi-
relativistic effective core potentials”® for copper and silver
(ECP10MWB and def2-ECP28MWB, respectively) together with
the corresponding valence basis sets.”* Moreover, a PBEQ/def2-
SVP/ECPMWB re-optimization was conducted for each of the
copper- or silver-containing PBE0-D3B]J/def2-SVP/ECPMWB
geometries. For every optimized structure, the corresponding DFT
electron density was used for computing partial atomic charges by
natural population analysis (NPA)* and according to the Merz-
Singh-Kollman (MK)®' scheme. In cases where two isomers were
identified for a species, their relative Gibbs energy at T=298.15 K,
AGass, was determined for each of the applied quantum chemical
methods. The Gass value for an individual structure was obtained by
adding together the electronic energy, the zero-point vibrational
energy and the thermochemical correction, which was calculated
by the quasi-RRHO approach (for further details, see the Support-
ing Information, Section $4).”

Theoretical CCS Calculations. Theoretical CCSu. and CCSx,

values were computed for the DFT-optimized structures. For
collisions with He, CCSs were determined with the projection

approximation (PA) method,” the exact hard sphere scattering
(EHSS) method® and the trajectory method (TM)® using a cus-
tomized version of the original MOBCAL program (MOBCALx:),
whereas CCSn values were calculated with the TM by means of
adapted variants of the modified MOBCAL version of Kim et al.”
(MOBCALx:). The TM calculations were carried out for
T=298K for both NPA and MK partial atomic charge distribu-
tions (for further details, see the Supporting Information, Sec-
tion S5, Table S1). For species, for which two energetically closely
lying conformers had been identified, the given theoretical CCS
value corresponds to the Boltzmann-weighted average of their
individual CCS values.

RESULTS AND DISCUSSION

DTIM-MS Measurements of Tetraorganylborate Monomers
and Homo-Oligomers. Upon ESI of acetonitrile solutions of
sodium tetraorganylborate salts (NaBRs with BRs™ = BPhs", BEts,
BXy.™ and B(bPh),; Scheme 1) in the negative ion mode, not only
BR4” ions could be generated, but also the spontaneous formation
of singly-charged aggregates with the general formula
[Na,-1(BR4),]™ occurred (n is referred to as aggregation number).”
Herein, aggregates are termed homo-oligomers if they contain
solely one of the four tetraorganylborate monomers. Aggregates
with different BR4™ units are called hetero-oligomers and will be
discussed further below.

First, ion mobilities of the four tetraorganylborate monomers
and those of the corresponding Na*-bound homo-oligomers were
measured in He using DTIM-MS, and then converted into " CCS.
values (Table S2). Although ""CCSu. values do not purely reflect
molecular surfaces, they are strongly related to the ions’ molecular
frameworks. Thus, they carry important information about the size
and shape of tetraorganylborate aggregates. ATDs of tetraorganyl-
borate monomers and homo-oligomers could be successfully fit
with single Gaussians, indicating well-defined gas-phase structures
and the lack of multiple structurally different and non-
interconverting isomers for a single species (Figure 1a). The linear
increase of the "TCCSu. values of the [Na,.1(BR4).]™ species with
increasing n suggests that highly ordered oligomers are formed,
displaying linear growth (Figure 1b). Each additional [Na(BR4)]
unit increases the growing aggregate’s surface area equally, which is
in strong contrast to the isotropic growth of spherical oligomers.”®
In the isotropic growth model, CCSs increase in direct proportion
to m*, m being the mass of the oligomers.””'® Following the
measurements of the [Na,1(BR4),]™ aggregates, analogous DTIM-
MS experiments were carried out on tetraphenylborate homo-
oligomers formed with the alkali metal ions Li*, K*, Rb* and Cs*.
Except for [Liw-1{BPhs).]”, where no oligomers with n >2 were
detected, similar linear growth trends were observed for every
system, irrespective of the nature of the cation (Table S2). The
absence of higher oligomers in the case of lithium most likely is the
consequence of a lower binding energy between the hard Lewis
acid Li* and the soft Lewis base BPh4~.'"! In addition, the ®*"CCSg.
values of corresponding homo-oligomers increased as a function of
the van der Waals radii of the metal centers,'”” e.g. for n=2, the
smallest and largest CCSs belong to [Li(BPhs),]” and
[Cs(BPhs)]", respectively.

Altogether, P"CCSy. values of 37 monoanionic tetraorganyl-
borate species were determined, ranging from 81 to 585 A2
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Figure 1. Gas-phase structures and aggregation properties of tetraorganylborate species probed by DTIM-MS and DFT calculations. (a)
Superimposed arrival time distributions (ATDs) of [Na,1(BPhs).]~ species obtained by DTIM-MS in 1.2 Torr He buffer gas at 75 V drift voltage.
The more intense signal of the monomer was normalized to the peak of the dimer to facilitate graphical representation. ATDs are unimodal and
highly symmetric, resembling Gaussian distributions (red dashed lines). (b) °*CCSge of tetraorganylborate monomers and homo-oligomers formed
with Na* (circles), depicted as a function of aggregation number n. Linear growth trends are apparent; slopes of the linear functions (lines, color-
coded equations shown in the figure) reflect the increase in the molecular surface upon the addition of [Na(BR4)] units. R? of the best-fit lines are
0.99996 for [Na,-1(BPhs),]™ (black), 0.99998 for [Na,-1(BXys).]™ (red) and 0.99986 for [Na,-1(B(bPh)s).]~ (green). (c) Gas-phase structures of
[Na,-1(BPh4),]~ species (n = 1-3) obtained from PBE0-D3BJ/def2-SVP calculations (H atoms omitted for clarity) and verified by comparing their
theoretical CCSs to those determined experimentally. The DFT calculations reveal the structural basis of the observed growth trend: alternating Na*
and BPhs™ ions — held together by cation—x interactions — form linear chains expanding along one dimension, making the accessible surface area

proportional to .

(Figure S1), which already highlights the potential of MBR, salts
for calibrating TWIMS data. In the context of the latter, N, buffer
gas plays a prominent role and therefore, we performed analogous
DTIM-MS experiments on tetraorganylborate monomers and
homo-oligomers in N.. Essentially the same species were character-
ized in both buffer gases (for °"CCSx, values, see Table S3) and the
above-mentioned linear growth trends were reproduced in N
(Figure S2). The uncertainties of the ""CCSs are estimated to be
below 2%.

Calculated Structures and Theoretical CCS Values of
Tetraorganylborate Species. The calculated PBEQ-D3BJ/def2-
SVP structures of [Na,-i(BPh.),]” (n=1-3) directly reflect the
experimentally observed linear growth trends for the [M,-1(BRx4).]
species and thereby suggest that the gaseous tetraorganylborate
homo-oligomers correspond to linear chains consisting of alternat-
ing M* and BR4 units (Figure 1c). According to the calculations,
these units are bound to each other by specific cation—m interac-
tions in the case of [Na(BPh.),]~ and [Na,(BPh.);]-, which results
in a well-defined coordination environment of the metal centers,
i.e,, two phenyl rings of one borate together with two phenyl rings

of a second borate form one coordination pocket. This structural
motif has also been identified in the solid state of alkali metal tetra-
phenylborate salts by X-ray diffraction.'” Most likely, it is generally
present in tetraorganylborate oligomers with aromatic R groups,
which rationalizes that these complexes do not feature multiple

isomers as implied by their ATDs.

Given the well-known good performance of the applied geome-
try-optimization method'® and the qualitative agreement of the
calculated structures of [Na,-1(BPh4),]” (n=1-3) with the experi-
mental results, we assume these structures to be quite accurate.
Therefore, we also expect the theoretical ™CCSs to reproduce the
measured ""CCSs in a quantitative manner, provided the former are
determined with an appropriately parametrized trajectory meth-
0d."*"%” Using MOBCALg. with Lennard-Jones parameters from
Campuzano et al. that were optimized for cationic compounds,'®
deviations below 0.4% were obtained between the ""CCSy. and
TMNPACCS. values for [Na(BPhs).]™ and [Na:(BPhs)s]™ as well as
for BXys and B(bPh),~ (Table 1; for the calculated structures of
the monomers, see Figure $3). This finding suggests that the calcu-
lated geometries are indeed consistent with the actual gas-phase
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structures of these species. However, even though the DFT struc-
ture for the smaller BPhs” monomer is certainly not more error-
prone than the others, its ™™"CCSx. value is significantly lower
than the experimental reference (—4.0%) and for BEts as the
smallest considered borate, the deviation is even more pronounced
(~14.0%; Table 1; for the calculated isomers of BEts;” and their
relative energies, see Figure S3, Table $4). Consequently, the
accuracy of the used TM apparently decreases below a certain
system size. In line with this trend, Lee et al. have reported similar
non-uniform  size-dependent deviations between °TCCSu. and
™CCSy. values for cationic species,'” which together with our
results indicates that the state-of-the-art TM approach does not
treat the interactions between molecular ions and buffer gases in an
universally correct manner. Nevertheless, there is no indication that
the excellent agreement between the "CCSu. and ™™*ACCSe.
values for the larger tetrarylborate species results from error com-
pensation. Thus, the applied TM appears well-suited for providing
reliable theoretical CCSge values for sufficiently large organometal-
lic anions (approx. ®*CCSw. > 160 A?). In addition, ™™ CCSg.
values were determined for the calculated tetraorganylborate struc-
tures as well and were found to be minimally smaller than their
TMNPACCSk, analogues (Table SS, Figure $4; "*CCSpe and ®CC-
St values are given for completeness).

In contrast to the results for He buffer gas, ™CCSx. values ob-
tained by MOBCALN: calculations employing optimized force field
parameters from Campuzano et al.'® (denoted as D/’ and «;" herein)
are much larger than the "CCSz values for BXy,, B(bPh). and
[Na,_1(BPh.),]” (=2, 3), which is more pronounced for NPA
charges (Table S6, Figure S5). This difference suggests that the
used force field parameters overestimate the attractive van der
Waals interaction between N, and the investigated anions. As the
latter is largely dominated by the C-N pair potentials, we deter-
mined scaling factors, scnea and scux, for the D¢’ parameter that
minimize the deviation of the ™™*CCSx; and ™™XCCSx, values
for the PBE0-D3BJ/def2-SVP structure of [Na(BPh,),]” from the
experimental reference.''* [Na{BPhs).]~ was chosen for the optimi-
zation procedure, because this ion is supposedly more rigid than
BXy.", B(bPh)s~ and [Nax(BPhs)s]~. For NPA and MK charges,
scaea=0.28 and scvx = 0.52 were ascertained as optimal scaling
factors, respectively. By means of these factors, nearly the same
agreement was achieved between the ®"CCSx, and ™ CCSy, values
for the tetraorganylborate species as in the case of He (Tables 1 and
S6, Figure SS5).""! The mean absolute relative deviation (MARD) of
the final ™™XCCSx, values is minimally smaller than for their
T™NPACCSx, counterparts. Furthermore, the deviations of the

™CCS8x;, values for BEt,” are not as pronounced as for the corre-
sponding ™CCSh. values, but also upon application of the re-
optimized TM for N, buffer gas, reliable theoretical CCSs can only
(approx.

be expected for anions

PTCCSn > 220 A2).

larger  organometallic

Full Set of °"CCS values of Tetraorganylborate Species. To
extend the set of tetraorganylborate species that can be used for
TWIMS calibration, we performed ESI-DTIM-MS measurements
of acetonitrile solutions containing NaBR+ (BRs = BPhy, BEty,
BXy.™ and B(bPh).") and CsBPhs with N buffer gas."'> Owing to
their spontaneous aggregation during the ESI process, this small set
of tetraorganylborate salts allowed us to measure °*CCSx; values of
a large number of sodium- and cesium-bound hetero-oligomers
(42) as well as additional Cs-bound homo-oligomers (Table $3;
heterometallic species were not considered). In total, 76 ""CCSx:
values of tetraorganylborate species were determined, ranging from
130 to 704 A* (Figure 2a). As all ®*CCSx, values correspond to
singly-charged ions, they cover not only a broad range of CCSs, but
also remarkably wide ranges of normalized CCSs and mobilities,
which substantially exceed those of the available polyalanine cali-
brant monoanions.®!

Figure 2b illustrates a selection of possibilities arising from the
modularity of the tetraorganylborate-alkali metal system. The four
two-component mixtures presented (NaBPhs/CsBPhs, Na-
BEt./CsBPh;, NaBXy./CsBPhs, NaB(bPh)./CsBPhs) offer the
coverage of different ranges of ®"CCSx; values and also differ with
respect to the number of calibrant ions attainable through their
application (for the corresponding calibration tables, see Ta-
bles S7-S10). On the basis of the full set of °"CCSx, values of
tetraorganylborate species determined in this study, we consider
these four mixtures as particularly useful for the calibration of
TWIMS measurements of a variety of samples and therefore tested
their performance in detail (see next section). However, they are
only representative examples. The flexibility of the [M,-1(BR4).]
systems allows analysts to tailor calibrant mixtures to their own
needs. Moreover, the pool of calibrant ions may be readily extend-
ed in the future by implementing further BArs~ building blocks that
are compatible with the current set of species.

Application of Tetraorganylborate Calibrants to TWIM-MS
Measurements of Phenylcuprates and -argentates. ESI-TWIM-
MS experiments on solutions of the prototypical organocuprate
LiCuPh,-Lil in THF yielded mass spectra similar to those previous-
ly recorded by ESI-quadrupole ion trap MS:”° the monomeric
[CuPh:]” complex and the lithium-bound trimer [Li:CusPhs]

Table 1. Comparison Between Experimental °"CCS and Theoretical ™CCS Values® of Tetraorganylborate Species.

DTCCSy. / A TMNPAC (S, / A2 At/ % DTCCSy; / A TMMKCCSyy* / A? Asb /%
BPhy” 1253 120.3 -4.0 1852 177.7 -4.0
[Na(BPhs)2]" 193.9 194.1 0.1 265.6 265.3 -0.1
[Naz(BPh4)s]~ 264.5 264.4 0.0 350.7 347.9 -0.8
BEts ¢ 80.7 69.4 -14.0 130.3 118.5 -9.0
BXy4~ 162.0 161.6 -0.3 224.0 224.3 0.2
B(bPh).+ 216.9 216.2 -0.3 294.4 298.3 1.3

Applied structures and partial charges obtained from PBEO-D3BJ/def2-SVP calculations. "Deviation of ™CCS from PTCCS relative to the latter in
percent. ‘Trajectory method has been optimized to reproduce the °"CCS: value of [Na(BPh4)»]; the scaling factor applied to the Dc’ parameter was

optimized with a precision of 0.01. “Theoretical CCS values are Boltzmann-weighted averages over two conformers.
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were obtained as the main species and the oligomeric complexes
[CwPh,n]™ (n=2,3) and [LiCu.Phs]" were observed as well (Fig-
ure 3a). This finding demonstrates that IM-MS, just as convention-
al MS, is an appropriate tool for the investigation of sensitive or-
ganometallic reagents. In addition, TWIM-MS measurements of
solutions of LiAgPh,.Lil in THF were also carried out and analo-
gous species were detected as in the case of the lithium phenylcu-
prate samples, which shows the similarity of the two coinage metal-
late solutions (Figure S6). For all of the observed phenylcuprate
and -argentate ions, unimodal ATDs were measured, indicating
that these are structurally well-defined species (Figure S6).

In order to obtain ™CCSx; values for the cuprate and -argentate
complexes, CCS calibration curves according to eq.2 were deter-
mined on the basis of TWIMS calibration measurements using the
aforementioned two-component tetraorganylborate salt mixtures
as well as polyalanine (for representative mass spectra of the for-
mer, see Figure $7). For the generation of the calibration curves
based on the NaBPhs/CsBPhs, NaBEt,/CsBPh,, NaBXy./CsBPhs,
NaB(bPh)./CsBPh, and polyalanine calibrants, 5, 12, 11, 8 and 15
calibrant ions were considered, respectively, spanning similar
PTCCSn, ranges (Tables $7-S10). In all cases, the average R* value
of the power-law fits for the P"CCSx,' vs t," data was at least 0.9998
(for representative calibration curves, see Figures 3b and S8; for A
and B values of all calibration measurements, see Table S11), which
highlights the internal consistency of the ""CCSx. values of the
tetraorganylborate ions. The average "™CCSx. values derived for
the phenylcuprate and -argentate species have relative standard
deviations below 0.2% on average for all considered calibrants
(Table S12) and are discussed in comparison with the correspond-
ing °TCCSx, values in the following section.

DTIM-MS Measurements of
and -argentates and Comparison with TWIM-MS Results.
Solutions of LiMPh,-Lil (M = Cu, Ag) in THF were also investi-
gated by ESI-DTIM-MS. In doing so, ion mobilities and **CCSs of
all phenylcuprate and -argentates ions detected by the TWIM-MS
measurements could be determined in both He and N (Tables S13

and S14). Furthermore, additional coinage-metal complexes were

Phenylcuprates

observed and characterized within the DTIM-MS experiments, viz.
[M,Ph,..]” (n=4, 5) and [LiMsPhs]~ as well as [CusPhy]~ and
[Ag.Ph,.]™ (n=6, 7). This manifold of detected species highlights
once more the well-known complexity of speciation of organome-
tallic reagents in solution."® As the P"CCS values are obtained from
first principles, they are ideal for benchmarking the corresponding
T™WCCSx, values and thus, to assess the suitability of the established
polyalanine and the here-introduced tetraorganylborate CCS cali-
brants for TWIM-MS measurements of organometallic anions.
Moreover, the PTCCS values serve as reference points for the com-
parison with theoretical CCSs to elucidate the structures of selected
phenylcuprates and -argentates.

Independent of the applied tetraorganylborate calibrant mix-
ture, all determined ™ CCSx, values for the coinage metallate spe-
cies deviate less than 2% from their °"CCSx, counterparts (Fig-
ures 3¢ and S9, Table $15),"*!!* although the [M,Ph,..1]~ complex-
es (n=1, 2) feature ""CCSx; values, which are slightly below the
CCS range of the NaBPhs/CsBPhs,, NaBXy./CsBPh, and
NaB(bPh)./CsBPh calibrants. In many cases, the deviation is even
below 1% and hence, well within the estimated experimental uncer-
tainty of the P"CCSy, values. In this regard, the MARDs associated
with the NaBEts/CsBPhs and NaBXys/CsBPh, calibrants are re-
markable in particular (0.7 and 0.5%, respectively), which might
result from the fact that these mixtures cover the CCS space in a
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comparison suggests that the Can-symmetric conformer is less populated than predicted by the DFT calculations.

more balanced manner than the others. Consequently, our bench-
mark study provides evidence that all considered BR4™ species and
their aggregates formed with alkali metal cations are ideal calibrant
ions for the determination of accurate ™"CCSx, values of organo-
metallic anions. In comparison with the tetraorganylborate cali-
brants, the application of polyalanine yields systematically smaller
™CCSx2 values for the coinage metallates (Figures3c and S9,
Table S15). However, their overall agreement with respect to the
reference values is quite good (MARD of 2.0%) and only for the
[MPh,]" species, they show deviations significantly larger than 2%.

Apart from their value for testing the applicability of the differ-
ent TWIMS calibrants, the obtained ®"CCSs for the coinage metal
complexes also afford information on the structures of the latter.
Pairs of matching phenylcuprate and -argentate species exhibit
strikingly similar ®"CCS values (Tables S13 and S14), which sug-
gests that they have analogous structures. Accordingly, identical
growth trends for [M,Ph,.1]" as well as for [Li,-iM,Phs,]" ions as
function of n could be ascertained irrespective of the coinage metal
M (Figure S10). While an approximately linear growth holds for

the [M,Ph,.1]™ species for n = 1-4, the addition of another [MPh]
unit to [M4Phs]™ leads to pentanuclear complexes with a more
compact structure compared to the lower oligomers.""* Likewise,
the pentanuclear [LixM3Phs]" ions are denser than the correspond-
ing lithium-bound dimers [LiM.Ph.]~. Thus, ESI-IMS affords
intimate insight into the structures of organometallate complexes.

Calculated Structures and Theoretical CCS Values of Phe-
nylcuprates and -argentates. For each type of the theoretically
investigated coinage metallate complexes, viz. [M,Ph,.1]~ (n=1-3,
5) and [Li-iM,Pha,]”™ (n =2, 3), analogous structures were identi-
fied by PBEQ-D3BJ/def2-SVP/ECPMWRB calculations for M = Cu
and Ag (Figures 3d and S11) in accordance with their ""CCS val-
ues. In the cases of [MiPhs]™ and [LiM,Ph.]", this equivalence
includes two conformers, respectively, which are both substantially
populated based on their Gibbs energy difference (Table S16). The
calculated geometries indicate that the [MPh,]" species are linear
complexes in agreement with the crystal structure'® found for
[CuPh,]™ and a previous gas-phase study'” on [AgPh.]". Further-
more, the larger [M,Ph,.1]~ aggregates can be considered as chains
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Table 2. Comparison Between Experimental °"CCS and Theoretical ™CCS Values® of Phenylcuprates and -argentates.

PTCCSp. / A2 TMNPAC S, / A2 Ayl /% DTCCSy, / A TMMKC Syt / A? Asl /%

[CuPh.]" 88.3 82.4 -6.6 140.0 135.1 -3.5
[LiCu,Phs]~ % 1389 130.8 -5.9 197.5 185.0 -6.3
C2 134.8 -2.9 189.3 4.1

Can 125.8 -9.4 179.8 -9.0

[Li2Cu3Phs]~ 161.4 157.8 -2.2 226.3 2122 -6.2
[AgPh.] 88.8 83.6 -5.9 141.8 138.3 -2.5
[LiAg:Ph,]~ % 140.6 134.9 4.1 202.5 190.3 -6.0
Cy 139.0 -1.1 194.3 -4.1

Can 129.1 -82 184.7 -8.8

[Li2AgsPhs]- 163.2 160.0 -2.0 229.5 215.1 -6.3

“Applied structures and partial charges obtained from PBE0-D3B]/def2-SVP/ECPMWB calculations. "Deviation of ™CCS from P*CCS relative to
the latter. “Trajectory method has been optimized to reproduce the °*CCSxz value of [Na(BPhs),] . “Theoretical CCS values are Boltzmann-weighted

averages over two conformers. ‘Theoretical CCS values of the individual conformers (Cz and Can) are also given.

consisting of alternating Ph™ and M* units for n =2 and 3, whereas
n =S5 involves a more compact arrangement, where the metal cen-
ters form a trigonal bipyramid and all phenyl groups correspond to
to-bridging ligands. Exactly this kind of structure is known for the
pentanuclear [CusPhs]", [Li2CusPhs]™ and [Li>AgsPhs] ™ ions in the
solid state’*"** and was also obtained for the latter two by our DFT
calculations. Similarly, the determined gas-phase geometries for the
[LiM:Ph.]" species are comparable to their homonuclear conge-
ners as well. Thus, the calculated structures for the phenylcuprate
and -argentate species are consistent with the experimentally ob-
served growth trends detailed above.

The comparison between the theoretical ™™ *2CCSx. values for
the [M,Ph,.1]” complexes (n = 1-3) and the corresponding ®"CC-
St values further confirms the validity of the DFT structures iden-
tified for these ions. While the agreement is excellent for n = 3, the
deviations increase with decreasing system size (-6.6/-5.9% for
n=1 for M= Cu/Ag; Tables2 and S$17, Figure S12) as expected
for the TM calculations on the basis of the results for the tetraor-
ganylborates. In contrast to this trend, the ™™ACCSg. values for
the [MsPhs]" species are noticeably smaller than the experimental
reference (~3.3/-3.2% for M = Cu/Ag), which also holds true for
the [LiM,Phs]~ and [LixM3Phs] complexes (Tables2 and S17,
Figure $12; "*CCSu. and *¥5CCSy. values are given for complete-
ness). Although these discrepancies are not large enough to point
to qualitatively wrong candidate structures, they suggest that the
DFT calculations predict too compact geometries for the penta-
nuclear ions as well as a too high population of the Cax-symmetric
[LiMPh.]-
TMNPACCSp. values than the corresponding C,-symmetric struc-
tures. Interestingly, using PBEO/def2-SVP/ECPMWB geometries
for the phenylcuprates and -argentates (Figure S13, Table S18)

conformers, which feature significantly lower

instead of the dispersion-corrected analogues causes the largest
increase of the ™™*ACCSy. values for the pentanuclear ions and the
lithium-bound dimers (Table S19, Figure S12; **CCSu. and
EHSSCCSue values are given for completeness). For the latter, this
effect mainly arises from the fact that the more compact Con-
symmetric conformers are not stable without the consideration of
dispersion interaction. Consequently, our findings may possibly
indicate that the PBE(Q-D3BJ/def2-SVP/ECPMWB approach
overestimates the dispersion interaction between neighboring
phenyl ligands. As with the tetraorganylborate species, ™™*CCSn.

values are very similar to the ™™PACCSu. values for the coinage
metallate complexes (Tables S17 and S19, Figure S14).

Contrary to the results for the tetraorganylborates, the ™CCSx,
values for the phenylcuprate and -argentate species determined
with the optimized TM approach show deviations from the corre-
sponding PTCCSx. values that significantly differ from those ob-
tained for He buffer gas in most of the cases (Tables2 and S20,
Figure S15). In particular, the ™™ACCSx, values appear to be
systematically too small, implying that the optimal scaling factor for
the D¢’ parameter is larger for the coinage metallates than for the
borates when NPA charges are applied. For MSK charges, this
inconsistency does not seem to hold, given that the agreement
between the P"CCSx, and ™MXCCSx; values for the [M,Ph,.i]"
complexes (n =1-3) is even slightly better than between their He
counterparts. However, for the pentanuclear [LizMsPhs]” and
[MsPhe]~ ions, also the ™2XCCSx; values deviate much more from
the experimental reference than in the case of He. Apparently, the
reliability of the employed TM for the computation of ™*CCS8x,
values cannot compete with that of the ™CCSg. calculations for
organometallic anions.

CONCLUSION

We have introduced and characterized a new class of CCS cali-
brants for TWIMS measurements of organometallic anions, which
are based on easily accessible alkali metal tetraorganylborate salts.
Upon ESI of solutions of these salts, not only borate monomers are
produced, but also a large number of alkali-metal-bound oligomers
form spontaneously in a modular manner. On this basis, starting
from only a few building blocks, we were able to determine °"CCS
values in He and N for a large number of monoanionic tetraor-
ganylborate species, spanning a broad range of 81-585 A? and 130-
704 A%, respectively. The aggregation of the borates is associated
with a linear growth, which originates from a well-defined chain-
like assembly of alternating borate and metal cation units as indi-
cated by structures from DFT calculations. While the latter were
confirmed by the comparison of their theoretical ™CCSg. values
with the corresponding experimental CCSs, the analogous compar-
ison for the results for N, buffer gas prompted us to derive an im-
proved Lennard-Jones parametrization for ™CCSx; calculations for
the considered compound class. Using the tetraorganylborate
calibrant ions for the CCS calibration of TWIMS measurements of
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organometallic  anions, viz.  phenylcuprates

prototypical
and -argentates, "YCCSx: values in excellent agreement with the
results from DTIMS experiments were obtained for these species
(MARD of ~1%), which highlights the utility of the novel cali-
brants. The experimental CCSs of the observed coinage metallate
complexes in combination with computational investigations reveal
the structural similarity between copper- and silver-containing
congeners and moreover, that the pentanuclear species feature the
same compact coordination motif in the gas phase as known from
the solid state. Thus, we have demonstrated the capability of IMS
experiments for the structural characterization of reactive organo-
metallic anions and in particular, the potential of tetraorganyl-
borate compounds for CCS calibration. The extension of this ap-
proach to the analysis of further classes of organometallics holds
great promise.
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