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Spontaneous ligand loss by soft landed [Ni(bpy)3]
2+ ions on 

perfl uorinated self-assembled monolayer surfaces 

Soft landing of mass-selected ions off ers the fi rst insights 
into the degradation of transition metal complexes at 
interfaces. When nickel-bipyridine complexes are deposited 
on surfaces, they spontaneously lose one or two ligands. 
These losses are driven by structural changes resulting from 
surface interactions and electron transfer from the surface, 
which reduces the complex. Co-depositing these complexes 
with stable anions inhibits ligand loss by minimizing 
cation-surface interactions and preventing charge reduction 
of the cation.
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Transition metal (TM) complexes are widely used in catalysis, photochemical energy conversion, and

sensing. Understanding factors that affect ligand loss from TM complexes at interfaces is important both

for generating catalytically-active undercoordinated TM complexes and for controlling the degradation

pathways of photosensitizers and photoredox catalysts. Herein, we demonstrate that well-defined TM

complexes prepared on surfaces using ion soft landing undergo substantial structural rearrangements

resulting in ligand loss and formation of both stable and reactive undercoordinated species. We employ

nickel bipyridine (Ni-bpy) cations as a model system and explore their structural reorganization on

surfaces using a combination of experimental and computational approaches. The controlled

preparation of surface layers by mass-selected deposition of [Ni(bpy)3]
2+ cations provides insights into

the chemical reactivity of these species on surfaces. Both surface characterization using mass

spectrometry and electronic structure calculations using density functional theory (DFT) indicate that

[Ni(bpy)3]
2+ undergoes a substantial geometry distortion on surfaces in comparison with its gas-phase

structure. This distortion reduces the ligand binding energy and facilitates the formation of the

undercoordinated [Ni(bpy)2]
2+. Additionally, charge reduction by the soft landed [Ni(bpy)3]

2+ facilitates

ligand loss. We observe that ligand loss is inhibited by co-depositing [Ni(bpy)3]
2+ with a stable anion such

as closo-dodecaborate dianion, [B12F12]
2−. The strong electrostatic interaction between [Ni(bpy)3]

2+ and

[B12F12]
2− diminishes the distortion of the cation due to interactions with the surface. This interaction

stabilizes the soft landed cation by reducing the extent of charge reduction and its structural

reorganization. Overall, this study shows the intricate interplay of charge state, ion surface interactions,

and stabilization by counterions on the structure and reactivity of metal complexes on surfaces. The

combined experimental and computational approach used in this study offers detailed insights into

factors that affect the integrity and stability of active species relevant to energy production and catalysis.
Introduction

The adsorption of molecules or ions is a powerful strategy for
designing efficient functional interfaces.1–5 Recent advances in
the fabrication of efficient electrocatalysts, photovoltaic, and
photoelectrochemical devices rely on the control of the chemical
sity, West Lafayette, IN 47907, USA.

4-5434

und Theoretische Chemie, Universität

nas.warneke@uni-leipzig.de

ng (IOM), Permoserstraße 15, 04318

(ESI) available: Instrumental settings
easured and expected m/z values of
is work. Ex situ nano-DESI MS over

ots of [Ni(bpy)3]
2+ analyzed with (a)

ano-DESI solvent. Mass spectrum of

4 and 15 mM bpyD measured right

10783
stability of redox mediators at complex interfaces.6–9 Transition
metal (TM) complexes are widely used as photosensitizers in
photovoltaic devices10 and as active species for electrocatalytic
water and CO2 reduction reactions11–13 and semihydrogenation of
alkynes.14 All of these processes rely on interactions of TM
complexes with interfaces. Loss of ligands from TM complexes
aer preparing the solution (top) and aer 3 hours of preparing the solution
(bottom). Abundance ratio of [Ni(bpy)2]

2+/[Ni(bpy)3]
2+ across the deposition

spot for the deposition of [Ni(bpy)3]
2+. Mass spectra of the surface where

[Ni(bpy)3]
2+ was deposited on two different regions of the deposition area. Ex

situ mass spectrum of the surface prepared by co-deposition of [Ni(bpy)3]
2+

and [B12F12]
2− analyzed with (a) ACN and (b) 3 mM bpyD in ACN as the

nano-DESI solvent. Line scans of the mass spectra in Fig. 6a. Calculated
angles between two bpy of [Ni(bpy)3]

2+, [Ni(bpy)2]
2+ and [B12F12]

2−[Ni(bpy)3]
2+

in the gas phase and in the presence of the model surface C54H72.
Visualization of the angle between the planes spanned by two bpy molecules
for [Ni(bpy)2]

2+ singlet and [Ni(bpy)3]
2+ triplet. Link to database containing the

calculated structures. See DOI: https://doi.org/10.1039/d4sc02527j
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adsorbed onto surfaces that generates undercoordinated species
is one of the key degradation pathways of functional
interfaces.12,15–17 At the same time, ligand loss from a TM complex
is necessary to generate undercoordinated species of interest to
electrocatalysis.14,18,19 The design of stable functional interfaces
and efficient electrocatalysts require a detailed understanding of
the role of the surface on the properties of the adsorbed analytes.
Because of the complexity of solid/air and solid/liquid interfaces,
understanding the impact of TM complex interactions with
interfaces on their degradation and catalytic activity presents
a signicant challenge.14,20

One approach to studying the properties of complex mole-
cules and ions on surfaces employs their controlled deposition
from the gas phase using a technique known as ion so landing.
Ion so landing enables the preparation of well-dened ionic
interfaces by the deposition of mass-selected ions onto
surfaces.21–24 The emergence of electrospray ionization (ESI),
a so ionization technique that enables transferring of intact
ions from solution into a mass spectrometer, has facilitated the
deposition of a broad range of ions for the analysis of their
structures and reactivities on substrates.25–32 For example, scan-
ning tunneling microscopy of cis-bis(isothiocyanato)bis(2,20-
bipyridyl-4,40-dicarboxylato)-ruthenium(II) on a Au(III) surface
revealed that its gas-phase geometry is distorted on the surface to
maximize ligand–surface interactions.33 In another study, so
landed vanadium-benzene sandwich clusters were shown to
orient on a CH3-terminated self-assembled monolayer on gold
(HSAM) to maximize interactions between the aromatic rings of
the cluster and methylene groups of the HSAM.34

Charge reduction by so landed ions is another important
phenomenon that affects their properties on surfaces.35,36 The
accumulation of cations on surfaces facilitates charge reduction
or neutralization through either proton detachment or electron
recombination.37,38 The deposition of mass-selected ions on
surfaces enables the study of how the charge state of ions
inuences their structures32,39 and reactivity on surfaces.40,41

Herein, we demonstrate that both structural reorganization and
charge reduction contribute to the spontaneous loss of ligands
from [Ni(bpy)3]

2+, a model system for Ni(II) complexes
commonly used in photoredox catalysis and electrocatalytic
applications.42 It has been demonstrated that the electro-
chemical reduction of [Ni(bpy)3]

2+ in solution may result in
ligand loss from the complex,8,43 but this process at interfaces
has not been previously explored.

In this study, we provide rst fundamental insights into the
role of ion–surface interactions on the structure and stability of
[Ni(bpy)3]

2+ on self-assembled monolayer (SAM) surfaces. We
have previously demonstrated that an analogous [Ru(bpy)3]

2+

complex does not undergo substantial charge reduction44 and
remains intact aer so landing on surfaces.45 In a striking
contrast with [Ru(bpy)3]

2+, this study shows that so landed
[Ni(bpy)3]

2+ dissociates generating [Ni(bpy)] and [Ni(bpy)2]
species (presumably in different charge states). Our experi-
mental observations indicate that both geometry reorganization
aer so landing and charge reduction contribute to the
observed dissociation of [Ni(bpy)3]

2+. These results are sup-
ported by density functional theory (DFT) calculations of model
© 2024 The Author(s). Published by the Royal Society of Chemistry
systems that enable qualitative understanding of the effect of
the surface on the structure of the deposited species. Based on
our experimental observations and DFT calculations, we
propose that so landed [Ni(bpy)3]

2+ cations undergo confor-
mational changes to maximize their interaction to surfaces.
These changes reduce ligand binding energy and facilitate
ligand loss from the fully coordinated species. Remarkably, co-
deposition of [Ni(bpy)3]

2+ with stable anions substantially
reduces the extent of dissociation of this complex on surfaces
indicating that this approach may be used to preserve the fully
coordinated Ni-bpy ions on surfaces. The results of this study
provide a better understanding of the factors that control the
structure and reactivity of TM complexes at interfaces.

Experimental section
Chemicals

Nickel(II) sulfate hexahydrate (NiSO4$6H2O) was purchased
from Fisher Scientic (Waltham, MA). 2,20-Bipyridine (bpy) and
1H,1H,2H,2H-peruorodecanethiol (CF3(CF2)7(CH2)2SH, FSAM)
were purchased from MilliporeSigma (St. Louis, MO). 2,20-
Dipyridyl-d8 (bpyD) was purchased from CDN Isotopes (Pointe-
Claire, Quebec, Canada). Cesium dodecauoro-closo-dodeca-
borate Cs2B12F12 salts were purchased from MilliporeSigma (St.
Louis, MO). Solutions of these analytes were prepared by dis-
solving them in methanol (HPLC grade, Fisher Scientic).

ESI-MS measurements

Direct infusion electrospray ionization mass spectrometry (ESI-
MS) measurements were typically performed on an Agilent 6560
ion mobility quadrupole time-of-ight (QTOF) mass spectrom-
eter (Santa Clara, CA, USA). A syringe pump (Legato 101,
KDScientic, Holliston, MA) with a 1.0 mL Hamilton (Reno, NV)
syringe is used to propel the solvent with the analytes at a ow
rate of 0.3 mL min−1 through a fused silica capillary (Polymicro,
150 mm O.D., 50 mm I.D.) to the mass spectrometer inlet where
they are ionized by ESI. The ESI voltage was−4.0 kV, fragmentor
voltage was 400 V, and octupole RF peak-to-peak voltage was
750 V. Although these settings on the QTOF instrument are
tuned to prevent collisional activation of ions in the front end of
the instrument, we still observed some in-source fragmentation
of [Ni(bpy)3]

2+. To evaluate the extent of fragmentation occur-
ring in the QTOF we also acquiredmass spectra using an Agilent
6230B time-of-ight (OTOF) mass spectrometer (Santa Clara,
CA, USA) with a milder ESI source. Analytes were introduced
into the mass spectrometer inlet in a similar fashion to the one
described for the QTOF. The ESI voltage was −3.5 kV, frag-
mentor voltage was 100 V, skimmer voltage was 80 V, and
octupole RF peak-to-peak was 550 V. Data acquisition and
analysis was performed using Agilent Qualitative Navigator
soware and ChemCalc online tool.46

Surface preparation

FSAM on a gold surface was prepared following literature
procedure.47 Briey, a 10 × 10 mm gold coated silicon wafer
(500 Å Au layer and 50 Å chromium adhesion layer, Angstrom
Chem. Sci., 2024, 15, 10770–10783 | 10771
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Engineering, ON, Canada) was cleaned using a UV ozone
cleaner for 20 min and immersed in a glass scintillation vial
containing a 50% v/v thiol solution in ethanol. The monolayer
was assembled for at least 12 h and then ultrasonically washed
in methanol for 10 min. The surface was rinsed with ethanol,
dried under nitrogen, and mounted onto a sample holder for
so landing experiments.
Ion so landing experiments

So landing experiments were performed using a specially-
designed instrument described elsewhere.45 Briey, ions are
generated in an ESI interface by spraying a 150 mM solution of
an analyte. For ESI, a high voltage is applied to the syringe
needle containing the solution, which is delivered to the
instrument inlet by a syringe pump at a ow rate of 1 mL min−1.
Charged microdroplets generated in this process are trans-
ferred into vacuum through two stainless steel heated inlets
(1.0 mm I.D.) maintained at 160 °C where desolvation takes
place. Two independent ESI interfaces for producing ions of the
same or opposite polarity are used in this system. Both ion
beams are introduced orthogonally into a high-pressure ion
funnel (HPF), followed by a low-pressure funnel (LPF), and
transferred into a collision cell (CC), which can be operated
either as an ion guide or as an ion trap. Aer the CC, the ion
beam is transferred through a 90° bent ion guide (BF), which
helps eliminate neutral molecules coming from the ionization
source along the instrument axis. Ions leaving the ion guide are
transferred through a conductance limit into the so landing
chamber. In this chamber, maintained at 8 × 10−6 torr, ions
are mass-selected using a quadrupole mass lter (9.5 mm rod
diameter, 4.137 mm inscribed radius, Extrel CMS, Pittsburgh,
PA) and focused by an einzel lens onto a surface. All the voltages
applied to different elements of the instrument are provided by
a Modular Intelligent Power Sources (MIPS) system from GAA
Custom Electronics LLC (Kennewick, WA).

The surface is located approximately 1 cm away from the
einzel lens. A metal mask with a 3 mm diameter aperture is
placed in front of the surface to conne the deposition area. The
ion current on the surface is measured using a picoammeter
(RBD Instruments, Bend, OR). All samples were prepared by
depositing about 2.1 × 1013 ions (35 pmol) onto a 3 mm
diameter area, which corresponds to a full monolayer coverage.
The kinetic energy of the ions is determined by the potential
applied to the CC bias.45 To minimize ion fragmentation during
deposition, we used a low landing kinetic energy of 5 eV/z,
which was achieved by applying a retarding potential to the
surface.

ESI of a Ni(bpy)3SO4 solution generates both [Ni(bpy)3]
2+ and

its fragment ion produced by neutral ligand loss, [Ni(bpy)2]
2+.

We used low RF peak-to-peak voltage in the HPF to minimize
the extent of fragmentation of [Ni(bpy)3]

2+. Table S1 in the ESI†
provides a summary of typical pressures and voltage settings for
ion transmission of the [Ni(bpy)3]

2+. Typical ion currents of
mass-selected [Ni(bpy)3]

2+ was 1.0 nA. Co-deposition of Ni-bpy
cations with [B12F12]

2− anions (typical ion current: −0.9 nA)
was performed using a voltage switching approach described in
10772 | Chem. Sci., 2024, 15, 10770–10783
a previous study by our group.48 In these experiments, a custom-
designed automated script that controls the MIPS system is
used to switch between the optimized voltage settings of the
corresponding analyte ions. The duration of each sub-
deposition event and total deposition time are selected to
reach a desired ion coverage for each ion.
Surface analysis using nano-DESI

Nanospray desorption electrospray ionization (nano-DESI)49

experiments were performed using a custom-designed source
interfaced with the QTOF mass spectrometer. Surface analysis
was performed using acetonitrile as the extraction solvent. The
nano-DESI probe is assembled by forming a liquid bridge
between the primary and nanospray fused silica capillaries
(Polymicro, 150 mm O.D., 50 mm I.D.). A syringe pump (Fusion
101A, Chemyx, Stafford, TX) with a 1.0 mL Hamilton (Reno, NV)
syringe is used to propel the solvent at a ow rate of 0.3
mL min−1 through the nano-DESI probe. Analytes extracted into
the liquid bridge are delivered to the mass spectrometer inlet
through the nanospray capillary and ionized by ESI. The voltage
settings are the same as the ones used for the ESI-MS
measurements. The surface is mounted onto a sample holder
and positioned using a motorized XYZ stage (Zaber Technolo-
gies Inc., Vancouver, BC, Canada). The XYZ stage is controlled
by a custom-designed Labview program.50 We performed line
scans through the deposition area by scanning the sample
under the nano-DESI probe at 20 mm s−1 while acquiring mass
spectra. To obtain the mass spectrum of the surfaces, the
chromatograms of the line scans were integrated over the
deposition spot and subtracted from the blank. To probe the
reactivity of so landed ions, we acquired nano-DESI line scans
using ACN containing 3 mMbpyD. Data acquisition and analysis
was performed using Agilent Qualitative Navigator soware and
ChemCalc online tool.46 Some measurements were also per-
formed on a Q-Exactive HF-X Orbitrap mass spectrometer
(Thermo Fisher Scientic, San Jose, CA), which affords milder
source settings that prevent ion fragmentation in the ion
transfer region of the instrument. The electrospray voltage was
4.0 kV and the RF drive of the ion transfer funnel was set to 10%
to diminish in-source fragmentation. Data acquisition and
analysis was performed using Xcalibur soware (Thermo Fisher
Scientic) and Chemcalc online tool.46
Theoretical calculations

Quantum chemical calculations performed using Gaussian 16
C.02.51 Geometry optimization of the investigated systems were
performed using DFT calculations with the B3LYP52 functional
and Ahlrich-type basis set, def2SVPP.53,54 In order to correct for
the known underestimation of dispersion interactions by
B3LYP, we applied the Grimme correction (GD3BJ).55 Vibra-
tional frequency calculations were performed to conrm that
the structures correspond to minima on the potential energy
surface. To qualitatively describe the structural changes that
different Ni-bpy complexes undergo on a surface, we used
hydrogen terminated diamond-like surface.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 ESI-MS of solutions prepared by mixing NiSO4 and bpy in a 1 : 3
molar ratio measured on the (a) QTOF (harsher conditions) and (b)
OTOF (softer conditions) instruments. The pictograms symbolize the
number of ligands coordinated to Ni. Green symbols represent the bpy
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Results and discussion

In solutions where bpy ligand is present in more than three-fold
excess with respect to Ni2+, the formation of the fully coordi-
nated [Ni(bpy)3]

2+ species is preferred over the formation of its
undercoordinated analogs due to the high stability of the
complex (log(K1) = 7.1, log(K2) = 6.7, and log(K3) = 6.1).56 The
undercoordinated species may be formed either by decreasing
the amount of the ligand in solution below the Ni : bpy 1 : 3
stoichiometric ratio or by electroreduction of [Ni(bpy)3]

2+.8,57

Similarly, gas phase studies indicate that the fully coordinated
[Ni(bpy)3]

2+ is stable and ∼200 kJ mol−1 are required to remove
one bpy ligand from this cation.58 Based on the energy
requirement for generating undercoordinated Ni-bpy
complexes, it is not surprising that these species are elusive in
the condensed phase. In this work, we examined the stability of
[Ni(bpy)3]

2+ on surfaces using so landing of mass-selected
ions. Using nano-DESI MS analysis, we observed extensive
dissociation of these ions on surfaces resulting in formation of
undercoordinated species containing one or two ligands.
ligand.

Table 1 Assignments of some of the species observed on surfaces
shown in this work

Label Assignment

1 [Ni(bpy)3]
2+

1a [Ni(bpy)2(bpyD)]
2+

1b [Ni(bpy)(bpyD)2]
2+

1c [Ni(bpyD)3]
2+

2 [Ni(bpy)2]
2+

2a [Ni(bpy)(bpyD)]2+

2b [Ni(bpyD)2]
2+

3 [Ni(bpy)]2+

4 [Ni(bpy)2Cl]
+

5 [Ni(bpy)2(C16H31O2)]
+

6 [Ni(bpy)2(C18H35O2)]
+

7 [Ni]+

8 [Ni(bpy)(CH3CN)]
2+

9 [Ni(bpy)]+

10 [Ni(bpy)(OH)]+

11 [Ni(bpy)(Cl)]+

12 [Ni(bpy)(C3H5O3)]
+

i [bpy]+

ii C9H19N2
+

ESI-MS of Ni-bpy solutions

To establish a baseline for surface characterization using nano-
DESI MS, we rst examined the distribution of Ni-bpy species in
solutions prepared by mixing NiSO4 and bpy in different ratios.
For these measurements, a small droplet (∼20 mL) of the
mixture was placed on top of an FSAM surface. The surface with
the droplet was placed in front of a mass spectrometer; a small
fused silica capillary was used to sample from the liquid droplet
and transfer the solution into a mass spectrometer. In this
approach, the ionization step is the same as in nano-DESI
analysis, which enables a direct comparison with the analysis
conducted for the so landed samples.

Fig. 1 shows ESI-MS spectra of Ni-bpy solutions obtained
using two different mass spectrometers: QTOF and OTOF
characterized by harsher and soer source conditions, respec-
tively. Table 1 provides a summary of the assignments and
Table S1† contains a full list of the measured and calculatedm/z
of all the species observed in this and subsequent experiments.
Both mass spectra are quite complex and contain an abundant
peak of [Ni(bpy)3]

2+ (1). It is remarkable that although the
solution contains a sufficient amount of bpy ligand to form
[Ni(bpy)3]

2+ (1), this ion is not the most abundant species in
both mass spectra. Instead, the mass spectrum obtained using
QTOF (Fig. 1a) is dominated by the peak corresponding to
[Ni(bpy)2]

2+ (2). Meanwhile, [Ni(bpy)2(CH3CN)2]
2+ (17) is the

most abundant peak in the mass spectrum obtained using
milder source conditions of OTOF (Fig. 1b). This peak corre-
sponds to the undercoordinated complex with two bpy ligands
and two solvent (CH3CN) molecules coordinated to the metal
center. It is reasonable to assume that solvent molecules are
weakly bound to the complex and are readily removed by in-
source fragmentation in the QTOF. We propose that peak (2)
in the spectrum obtained using QTOF (Fig. 1a) is generated
through in-source fragmentation of peak (17) formed under
milder source conditions of OTOF (Fig. 1b). Other peaks
© 2024 The Author(s). Published by the Royal Society of Chemistry
observed in Fig. 1 (4–6 and 18–24) correspond to adducts of (2)
with solvent molecules and carboxylates present in the solvent.
The presence of (17) and multiple adducts of [Ni(bpy)2]

2+, which
are particularly pronounced in Fig. 1b may be attributed to
complex equilibria either in the bulk solution or during the
ionization process,59,60 in which some coordinating species
present in the solvent displace bpy from the metal center.
Despite the complexity of this system, these results indicate that
surface analysis using nano-DESI MS should be able to detect
intact (1) when it is present on a surface. Although the abun-
dance ratio of (1) and (2) must be treated with caution, changes
Chem. Sci., 2024, 15, 10770–10783 | 10773

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc02527j


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
de

 ju
ny

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
9/

1/
20

26
 1

0:
09

:1
6.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
in the relative abundance of (1) and (2) observed using the same
instrument are meaningful. Unless otherwise noted, mass
spectra presented in this work were acquired using QTOF due to
its high mass resolution and ability to perform tandem mass
spectrometry (MS2) experiments, which were used for the
identication of some of the species present on surfaces and in
solutions.
So landing of [Ni(bpy)3]
2+

An ex situ nano-DESI mass spectrum of [Ni(bpy)3]
2+ so landed

at 5 eV/z is shown in Fig. 2a. The mass spectrum shows
a distribution of ions related to so-landed species all of which
are listed in Table 1. In addition to peaks corresponding to so
landed species, the mass spectrum contains peaks corre-
sponding to background molecules on the surface or in the
extraction solvent which are not labeled for simplicity. The
same mass spectrum shown over a wider m/z range is provided
in Fig. S1a.† We observe that [Ni(bpy)3]

2+ (1) is signicantly
lower in abundance (lower than 30%) than [Ni(bpy)2]

2+ (2) and
[Ni(bpy)]2+ (3) ions that are dominant species in the mass
spectrum shown in Fig. 2a. This is a striking nding given that
[Ni(bpy)3]

2+ is one of the major species in the ESI-MS spectra of
Ni-bpy solutions shown in Fig. 1. Furthermore, [Ni(bpy)]2+ (3) is
a new species that was not observed in the mass spectra of
solutions shown in Fig. 1.

The low abundance of [Ni(bpy)3]
2+ in the mass spectrum of

the deposition spot (Fig. 2a) indicates that the stability of this
ion is substantially reduced on the surface and that it undergoes
losses of one or two ligands to form [Ni(bpy)2]

2+ and [Ni(bpy)]2+,
respectively. The mass spectrum in Fig. 2a also contains several
peaks corresponding to products of reactions between
[Ni(bpy)]2+ and backgroundmolecules present in the nano-DESI
solvent. For example, ion (8) is an adduct of [Ni(bpy)]2+ with
Fig. 2 Ex situ nano-DESI MS of the deposition spots of [Ni(bpy)3]
2+

analyzed with (a) ACN and (b) 3 mM bpyD in ACN as the nano-DESI
solvent. Ion assignments are listed in Table 1. The pictograms
symbolize the number of ligands coordinated to Ni. Green and pink
symbols represent bpy and bpyD, respectively. Peaks originating from
the solvent are not marked in the spectra for simplicity.

10774 | Chem. Sci., 2024, 15, 10770–10783
CH3CN and ions (10–12) are reaction products with anions
present in the solvent such as OH−, Cl−, and lactate, respec-
tively. The high reactivity of [Ni(bpy)]2+ is consistent with the
expected tendency of an undercoordinated metal center to
recover its coordination shell. The mass spectrum also contains
some free Ni+ (7), [Ni(bpy)]+ (9), and bpy+ (i) ions. It is important
to note that most of the features observed in the mass spectrum
of so landed [Ni(bpy)3]

2+ (Fig. 2a) are absent in the ESI-MS
spectra of Ni-bpy solutions shown in Fig. 1. Specically,
neither [Ni(bpy)]2+ (3) nor [Ni(bpy)]2+-containing species (8, 10–
12) are observed in Fig. 1 while in Fig. 2a they constitute
a majority of the Ni-containing species. These observations
show that the observed dissociation of [Ni(bpy)3]

2+ into
[Ni(bpy)]2+ cannot be attributed to the ESI process. Collectively,
the results presented in Fig. 2a indicate that so landing of
[Ni(bpy)3]

2+ generates a distribution of products on the surface,
which is attributed to the loss of ligands by the so landed
cation.

It is important to distinguish which of the chemical species
in Fig. 2a are present on the surface and which ones are formed
during nano-DESI analysis. For example, some [Ni(bpy)3]

2+

observed in Fig. 2a could be formed by the reaction of
[Ni(bpy)2]

2+ and bpy aer the extraction into the nano-DESI
solvent. To examine which of the species observed in Fig. 2a
are present on the surface, we performed a reactive nano-DESI
analysis using 3 mM bpyD in ACN as the extraction solvent.
The rationale for choosing bpyD is that this molecule is
a deuterated analog of the bpy ligand and has a high binding
affinity to the metal center. If [Ni(bpy)3]

2+ were not present on
the surface and instead were formed in the nano-DESI solvent,
the high concentration of bpyD in the solvent would eliminate
[Ni(bpy)3]

2+ and promote the formation of the fully coordinated
complex containing both bpy and bpyD ligands such as
[Ni(bpy)2(bpyD)]

2+. In addition, we anticipate that bpyD added
to the solvent will effectively compete with background mole-
cules for binding to any undercoordinated Ni-bpy species, thus
reducing the abundance of adducts (8) and (10–12) in the mass
spectrum. To guide our observations, we rst acquired ESI mass
spectra of a solution prepared by combining 15 mMNi(bpy)3SO4

with 15 mM bpyD immediately aer mixing and 3 hours aer
preparing the solution. Both mass spectra are presented in
Fig. S2† and show that ligand exchange is a slow process and
occurs to a signicant extent only 3 hours aer preparing the
solution. It follows, that if species with bpyD are observed in the
reactive nano-DESI analysis of the surface, they are either
formed by ligand pickup or ligand exchange of the under-
coordinated metal centers, but not through ligand exchange by
the fully coordinated [Ni(bpy)3]

2+.
The nano-DESI mass spectrum of so landed [Ni(bpy)3]

2+

obtained using bpyD in the solvent is presented in Fig. 2b. The
same mass spectrum shown over a wider m/z range is provided
in Fig. S1b.† To ensure that the result of this measurement is
comparable with the result shown in Fig. 2a, we acquired both
mass spectra by alternating the acquisition between regular and
reactive nano-DESI in adjacent line scans across the same
deposition spot. The addition of bpyD to the extraction solvent
signicantly simplies the observed product distribution by
© 2024 The Author(s). Published by the Royal Society of Chemistry
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eliminating ions (3), (7), (9), and the products of reaction with
background molecules (8, 10–12). This is consistent with the
expectation that bpyD effectively competes with molecules and
ions in the solvent for binding to the undercoordinated Ni-
containing species. We observe that the reactive nano-DESI
analysis generates several [Ni(bpy)x(bpyD)y]

2+ species. Speci-
cally, we observe an abundant [Ni(bpy)(bpyD)]2+ (2a) in the
region of the spectrum containing doubly ligated complexes.
Meanwhile, both [Ni(bpy)2(bpyD)]

2+ (1a) and [Ni(bpy)(bpyD)2]
2+

(1b) are observed in the m/z region containing the fully coor-
dinated Ni-bpy species. The high abundance of bpyD-
containing species indicates that ligand exchange and ligand
pickup for the undercoordinated species are fast compared to
the timescale of the analysis. When comparing Fig. 2a and b,
[Ni(bpy)3]

2+ is still observed even when bpyD is present in the
solvent, which conrms that this ion is already present on the
surface and not formed during the nano-DESI analysis. Fig. 2b
also shows ion (1a) which is likely formed through ligand
pickup from (2). In addition (2a), is now the most abundant
species in the mass spectrum in Fig. 2b. We propose that (2a) is
formed by the reaction of (3) with bpyD or ligand exchange in
(2).

Collectively, the results shown in Fig. 2 indicate that
[Ni(bpy)3]

2+ precursors so landed onto an FSAM surface
undergo one or two ligand losses to form [Ni(bpy)2]

2+ and
[Ni(bpy)]n+ (n = 1, 2). This striking observation is in contrast
with the high stability of [Ni(bpy)3]

2+ in both the solution
(log(b3) = 19.9)56 and gas phase (ligand dissociation energy of
∼200 kJ mol−1).58 Previous studies by our groups and others
have explored the physicochemical processes on surfaces that
affect the structure and/or reactivity of so landed ions.33,61

Based on these studies, we consider three main processes that
could rationalize the observed dissociation of so landed
[Ni(bpy)3]

2+: (1) vibrational excitation of the precursor ion
during its collision with the surface (crash landing), (2) charge
reduction resulting in change of the coordination geometry of
the ion and, (3) structural rearrangement induced by ion–
surface interactions. In the following sections, we will discuss
the contribution of these three processes to the product distri-
bution generated by so landing of [Ni(bpy)3]

2+.
Fig. 3 Ex situ mass spectra of [Ni(bpy)3]
2+ deposited at (a) 2 eV/z and

(b) 15 eV/z.
Effect of the landing kinetic energy on the stability of
[Ni(bpy)3]

2+ on surfaces

Ion so landing dened as intact deposition of ions is one of
several pathways that ions can undergo aer colliding with
a surface.21 Although ion so landing is the dominant process at
low kinetic energies, ions can also undergo scattering, reactive
landing, and surface-induced dissociation at higher kinetic
energies.21,62 The observed dissociation of the so landed
[Ni(bpy)3]

2+ (Fig. 2a) may be attributed to the vibrational exci-
tation of the ion upon collision with the surface (crash
landing).25,63,64 To investigate the effect of the kinetic energy, we
compared product distributions obtained aer so landing of
[Ni(bpy)3]

2+ at 2 eV/z and 15 eV/z. Nano-DESI mass spectra of
surfaces prepared by depositing the precursor ion at 2 eV/z and
15 eV/z are shown in Fig. 3a and b, respectively. Similar to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
results obtained at 5 eV/z (Fig. 2a), the deposition of [Ni(bpy)3]
2+

at 2 eV/z (Fig. 3a) generates abundant [Ni(bpy)2]
2+ (2) and

[Ni(bpy)]2+ (1) species whereas [Ni(bpy)3]
2+ (3) is present in less

than 20% abundance on the surface. The only notable differ-
ence between the two mass spectra shown in Fig. 3 is that no
intact (3) ions are present on the surface prepared using 15 eV/z
deposition (Fig. 3b). This difference may be attributed to crash
landing of [Ni(bpy)3]

2+ at elevated kinetic energies. The simi-
larity of the composition of the surfaces prepared using so
landing at 2 eV/z (Fig. 3a) and 5 eV/z (Fig. 2a) indicates that the
observed fragment distribution generated by so landing of
[Ni(bpy)3]

2+ at these kinetic energies cannot be attributed to
collisional activation. In addition, although crash landing of
[Ni(bpy)3]

2+ could generate [Ni(bpy)2]
2+, the formation of

[Ni(bpy)]2+ at the time of collision is highly unlikely owing to the
high barrier associated with the removal of two ligands from
[Ni(bpy)3]

2+.58 It is remarkable that the singly coordinated
species is abundant even when low kinetic energies are used for
the deposition (Fig. 2a and 3a); an observation that will be
addressed later in the text. In summary, both the similarity
between product distributions on surfaces prepared using
deposition at 2 eV/z and 5 eV/z and the increase in the extent of
fragmentation at 15 eV/z indicate that crash landing is not
a dominant process contributing to the observed dissociation of
[Ni(bpy)3]

2+ deposited onto surfaces at lower kinetics energies.
Charge reduction of [Ni(bpy)3]
2+ on the surface

The observed dissociation of [Ni(bpy)3]
2+ on surfaces may be

attributed to changes in the coordination geometry of the metal
center induced by a change in its oxidation state. Solution phase
studies have shown that the electrochemical reduction of
[Ni(bpy)3]

2+ produces the unstable [Ni(bpy)3]
0 species which

undergoes ligand loss to form [Ni(bpy)2]
0 and bpy.8,57 We

hypothesize that so landed [Ni(bpy)3]
2+ ions get partially or

fully reduced on the surface which results in ligand loss. In ion
so landing experiments, ion accumulation on top of a SAM
Chem. Sci., 2024, 15, 10770–10783 | 10775
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Fig. 4 Line scan profiles of (a) [Ni(bpy)]+, (b) [Ni(bpy)]2+, (c) [Ni(bpy)3]
2+,

and (d) [Ni(bpy)2]
2+ observed in the mass spectrum in Fig. 2a. The

diameter of the deposition area containing Ni-bpy species is approx-
imately 6.0 mm and is centered at 0.0 mm. The area where charge
reduction was observed is between the blue dashed lines. Despite
using a 3.0 mm diameter mask to confine the ion beam, the retarding
potential applied to the surface likely defocuses the ion beam.We note
that the signal tails outside the region where analytes are expected to
be observed. Ni-bpy species are “sticky” and likely get adsorbed on the
walls of the secondary nano-DESI capillary. They also have a high
ionization efficiency such that the small amount of the extracted
analytes temporarily retained in the secondary capillary of the nano-
DESI setup generates a measurable signal that causes some “carry-
over” from the center of the deposition spot during the line scan. The
signals disappear ∼30 s after the nano-DESI probe is lifted off the
sample.
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surface results in the formation of charge-imbalanced layers.22

Charge accumulation generates a potential build-up across the
SAM interface, which may cause charge reduction of so landed
ions once the potential exceeds the dielectric barrier provided
by the SAM (approximately 2.4 × 1011 doubly charged ions
deposited onto a 3 mm diameter area representing 1% of a full
monolayer coverage).65 Charge reduction of so landed cations
of peptides,32,66 gold clusters,67–69 and organometallics40,44,70 has
been previously explored. These studies have demonstrated that
loss of charge by so landed cations involves either electron
capture or proton loss on surfaces. Based on the solution phase
electrochemical studies referenced earlier, we hypothesize that
charge reduction of [Ni(bpy)3]

2+ may result in ligand losses from
the complex.8,57 We have previously demonstrated that charge
reduction is most efficient in the center of the deposition area
generated by a Gaussian ion beam.67–69 This phenomenon was
attributed to the more efficient accumulation of charge in the
center of the spot, which facilitates electron tunneling and
charge reduction of the deposited cations. It is reasonable to
assume that products of surface reactions initiated by charge
reduction are localized closer to the center of the deposition
spot than products generated by other processes. To test this
assertion, we examined line proles showing the variations in
the abundance of different species obtained across the depo-
sition spot using nano-DESI MS. We note that a direct obser-
vation of charge-reduced species on surfaces using ex situ nano-
DESI MS is challenging because the species present on the
surface can be reionized during the analysis. We infer processes
associated with charge reduction from the observed differences
in the localization of different species across the deposition
spot revealed by line proles.

Fig. 4 shows line proles of [Ni(bpy)3]
2+ (1), [Ni(bpy)2]

2+ (2),
[Ni(bpy)]2+ (3), and [Ni(bpy)]+ (9) across the deposition area. We
observe that the signal of [Ni(bpy)]+ (9) is abundant in the center
of the deposition spot (between 2.8 and 5.2 mm) and depleted at
the edges. Because [Ni(bpy)]2+ (3) is colocalized with (9), we
conclude that (3) is likely generated through the reionization of
[Ni(bpy)]+ or [Ni(bpy)]0 during the analysis. In contrast, we
observe that [Ni(bpy)3]

2+ (1) is depleted with respect to the ex-
pected Gaussian distribution in the center of the deposition
spot and is more abundant at the edges. This distribution is
consistent with previously published localization of so landed
ligated cationic gold clusters that undergo charge reduction in
the regions of higher ion accumulation on a SAM surface.69 As
indicated earlier, a larger amount of ions is accumulated in the
center of the deposition spot as compared to the edges. Cations
deposited onto areas that accumulate ions faster are more likely
to undergo charge reduction67,69 caused by electron tunneling
from the gold substrate through SAM. The enhancement of the
signals of (3) and (9) and the depletion of the signal of (1) in the
center of the deposition area indicate that the formation of
singly coordinated Ni-bpy species is likely attributed to charge
reduction of [Ni(bpy)3]

2+. It is reasonable to assume that when
enough [Ni(bpy)3]

2+ ions get accumulated, they undergo charge
reduction to form [Ni(bpy)3]

0, which then undergoes ligand
losses to produce mainly [Ni(bpy)]0. This species is oxidized
10776 | Chem. Sci., 2024, 15, 10770–10783
either upon exposure to air or during the nano-DESI analysis
and observed as ions (9) and (3).

The line prole of [Ni(bpy)2]
2+ (2) resembles the line prole of

(1) at the edges but does not show as much attening of the
signal at the center of the deposition spot as (1). Fig. S3† shows
the abundance ratio of (1)/(2) across the line scan which conrms
that there is a difference in the line proles of (1) and (2) beyond
the experimental error. Fig. S4† shows the mass spectra of the
regions at the center and outskirts of the deposition spot
© 2024 The Author(s). Published by the Royal Society of Chemistry
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demonstrating that these two areas have distinct chemical
composition. Since there is a slightly higher abundance of (2) at
the center of the deposition spot, we infer that charge reduction
plays a role in the formation of this product. The presence of (2)
at the edges of the deposition spot (compared to (9) and (3) that
are depleted) suggests that another process is responsible for the
efficient formation of (2) across the entire deposition area. We
propose that this process involves structural rearrangement of
so landed [Ni(bpy)3]

2+on the surface resulting in formation of
a stable [Ni(bpy)2]

2+ product through the loss of one ligand as
discussed later in the text.
Fig. 5 Ex situMS of the co-deposition experiments of [Ni(bpy)3]
2+ with

[B12F12]
2− measured with (a) ACN and (b) 3 mM bpyD in ACN as the

nano-DESI solvent. The pictograms symbolize the number of ligands
coordinated to Ni. Green symbols represent bpy. No species con-
taining bpyD are observed in panel (b). Peaks originating from the
solvent are not marked in the spectra for simplicity.
Co-deposition experiments with [B12F12]
2−

As described earlier, an excess surface charge is generated as
ions accumulate on top of a SAM surface. When this charge
surpasses the dielectric barrier of the SAM, electron tunneling
from the gold surface through the SAM becomes efficient. We
hypothesize that so landed Ni-bpy cations may undergo either
partial charge reduction or complete neutralization on the
surface, resulting in the formation of complexes with Ni(I) or
Ni(0), respectively. The change in the oxidation state of the
metal center may affect the geometry of the complex.71,72 For the
so landed [Ni(bpy)3]

2+, this change in geometry may result in
ligand losses and the formation of [Ni(bpy)]0 species.

To explore the effect of charge reduction on the product
distribution on the surface, we designed an experiment in
which we co-deposited [Ni(bpy)3]

2+ with [B12F12]
2− anions. This

anion was selected based on its structural and electronic
stability that make it chemically inert.73,74 We have previously
demonstrated that co-deposition of cations with stable perha-
logenated-closo-dodecaborate anions ([B12X12]

2−, X= F, Cl, Br, I)
may be used to inhibit charge reduction by so landed
cations.48 In a co-deposition experiment, a relatively low
number of cations is continuously deposited onto the surface to
achieve a coverage that is below the threshold for charge
reduction.22,65,75 At this point, the polarity of the instrument is
reversed to allow the transmission of negative ions to the
surface. When the number of negative charges deposited on the
surface equals the number of positive charges, the sub-
monolayer is said to be charge balanced and charge reduction
of ions is inhibited. The alternating co-deposition of cations
and anions (polarity switching) is continued until the desired
ion coverage is obtained. In this study, we used polarity
switching48 to deposit 2.1× 1011 ions (∼1.5% of a monolayer) of
each doubly charged species in each segment onto an FSAM
surface for 100 cycles to obtain a total ion coverage of 2.1 × 1013

ions (∼1 monolayer). The experiment was designed to maintain
ion coverage deposited in each segment below the threshold at
which charge reduction takes place on FSAM surfaces.22,65,75

Surfaces prepared using this approach were analyzed ex situ
using nano-DESI MS as described earlier. Similar to previous
experiments, we acquired alternating line scans across the
deposition spot using ACN and 3 mM bpyD in ACN as extraction
solvents. The results of these measurements are shown in Fig. 5.
The same mass spectra over a wider m/z range are shown in
Fig. S5.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
In stark contrast with the result obtained for the deposition
of [Ni(bpy)3]

2+ without the anion (Fig. 2a), we observe an
abundant peak of intact [Ni(bpy)3]

2+ on the surface prepared by
co-deposition of [Ni(bpy)3]

2+ and [B12F12]
2− (Fig. 5a). This

observation indicates that the presence of [B12F12]
2− anions on

the surface hinders ligand loss from [Ni(bpy)3]
2+. Furthermore,

peaks corresponding to singly ligated Ni-bpy and its reaction
products with molecules and ions in the solvent, which were
abundant in Fig. 2a are absent in the mass spectrum shown in
Fig. 5a. In fact, the mass spectrum in Fig. 5a closely resembles
the one acquired from a solution containing Ni and bpy in a 1 : 3
molar ratio (Fig. 1a). We note that mass spectra in Fig. 5 contain
a new abundant species assigned as C9H19N2

+ (ii). The fact that
this ion appears in these mass spectra, regardless of the
composition of the nano-DESI solvent, indicates that it does not
originate from species present in the solvent. Previous studies
by our groups have shown that organic molecules present in the
so landing chamber are co-adsorbed with so landed anions
during the so landing experiment.76–78 The line scan used to
obtain the average mass spectrum shown in Fig. 5a (Fig. S6†)
indicates that (ii) is localized in the deposition area. Further-
more, the mass spectrum of the surface in negative mode
(Fig. S7†) shows that (ii) and [B12F12]

2− form ion pair complexes.
While we cannot provide further insights into the origin of this
ion observed in co-deposition experiments with [B12F12]

2−, we
hypothesize that it does not play a role in the stabilization of
[Ni(bpy)3]

2+ on the surface. This is further conrmed by the
results of co-deposition with other anions that are presented in
the next section in which ion (ii) is not observed on the surface.

The result of surface analysis using reactive nano-DESI is
shown in Fig. 5b. Unlike the result obtained without the anion
(Fig. 2b), there are no discernible products corresponding to
Chem. Sci., 2024, 15, 10770–10783 | 10777
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bpyD ligand pick-up in the spectrum. The absence of species
containing bpyD in the spectrum of a surface prepared by co-
depositing [Ni(bpy)3]

2+ and [B12F12]
2− conrms that no singly-

ligated species that pick up bpyD from the solvent are present
on the surface. It follows, that the anion stabilizes [Ni(bpy)3]

2+

on the surface. Because [Ni(bpy)3]
2+ undergoes slow ligand

exchange in solution (Fig. S2†), no ligand exchange or pick up
by this ion occurs on the timescale of the analysis. Collectively,
our results indicate that the co-deposition of [Ni(bpy)3]

2+ with
[B12F12]

2− anions prevents charge reduction of the cations and
inhibits the dissociation of [Ni(bpy)3]

2+ into [Ni(bpy)]n+ (n = 0,1)
on the surface.
Co-deposition of [Ni(bpy)3]
2+ with other anions

To conrm that the stabilizing role of [B12F12]
2− on [Ni(bpy)3]

2+

is not related to the inherent properties of the anion, we per-
formed two co-deposition experiments with different anions. In
these experiments we used either [B12Br12]

2− which is struc-
turally similar to [B12F12]

2− but has a larger size and lower
surface charge density or Keggin-polyoxotungstate
([PW12O40]

3−, [WPOM]3−), an anion with high electron
density, higher charge state, and larger size in comparison with
[B12X12]

2−. Co-deposition experiments of [Ni(bpy)3]
2+ with these

anions were conducted as described earlier. Ex situmass spectra
of these surfaces are shown in Fig. 6. Regardless of the identity
of the anion, an abundant [Ni(bpy)3]

2+ peak is observed on the
surface. This observation conrms that co-deposited anions
inhibit charge reduction of the cation and help preserve the
intact [Ni(bpy)3]

2+ on the surface. Other minor differences
between these spectra and the spectrum of the surface prepared
using [B12F12]

2− (Fig. 5a), such as the presence of [Ni(bpy)]2+ in
Fig. 6a and the intensity ratios of [Ni(bpy)2]

2+ and [Ni(bpy)3]
2+,

can be attributed to a slight misalignment between positive and
negative ion beams and differences in the analysis conditions.
Fig. 6 Ex situ MS of surfaces prepared by co-depositing [Ni(bpy)3]
2+

with (a) [B12Br12]
2−, and (b) [WPOM]3−. Both surfaces show an

increased abundance of [Ni(bpy)3]
2+ and only minor products of

dissociation.
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Summary of the observed species on surfaces prepared by so
landing of [Ni(bpy)3]

2+

Table 2 provides a summary of the major species observed on
surfaces prepared in this work. The results obtained using ESI
of Ni-bpy solutions are also included for comparison. In Table 2,
chemical species observed with a relative abundance lower than
25% are marked in blue to highlight their low abundance, while
species observed in high abundance (>25%) are marked in
green. We note that the experimental conditions, such as
humidity and the positioning of the nano-DESI probe relative to
the MS inlet, can affect the relative abundances observed in the
mass spectra. Nevertheless, the 25% threshold offers a fair
qualitative description of the data.

Table 2 shows that the ESI mass spectrum of a solution
containing NiSO4 and bpy primarily displays [Ni(bpy)3]

2+ and
[Ni(bpy)2]

2+ ions, with no presence of [Ni(bpy)]2+. This obser-
vation indicates that [Ni(bpy)]2+ is not produced during the
electrospray process. Meanwhile, nano-DESI mass spectra of
surfaces prepared by so landing of [Ni(bpy)3]

2+ at lower
landing kinetic energies (2 and 5 eV/z) contain a low-abundance
peak corresponding to intact [Ni(bpy)3]

2+, which is not observed
on surfaces prepared using a higher kinetic energy of 15 eV/z
due to vibrational excitation of [Ni(bpy)3]

2+ upon collision with
the surface. Instead, mass spectra of surfaces prepared by
depositing [Ni(bpy)3]

2+ contain abundant signals of [Ni(bpy)2]
2+

and [Ni(bpy)]2+ ions. As discussed earlier, [Ni(bpy)]2+ is likely
formed through the charge reduction of [Ni(bpy)3]

2+. Mean-
while, [Ni(bpy)2]

2+ is formed through the loss of a ligand from
[Ni(bpy)3]

2+ promoted by geometry rearrangement of this ion on
the surface. Finally, the codeposition of [Ni(bpy)3]

2+ with anions
prevents charge reduction of the cation on the surface. The
mass spectrum of this surface reveals abundant [Ni(bpy)3]

2+ and
[Ni(bpy)2]

2+ ions, a pattern resembling the results obtained
using ESI MS of the solution containing NiSO4 and bpy.
Conrming structural transformations of Ni-bpy on surfaces
using theoretical calculations

As previously suggested, the structural rearrangement of so
landed [Ni(bpy)3]

2+ is a major process that facilitates the
dissociation of the cation on surfaces. Because it is difficult to
study this phenomenon experimentally, we conducted
a computational study to evaluate this assertion. We used a at,
hydrogen-terminated surface (C54H72) as a model system of an
inert interface. Geometry optimization of [Ni(bpy)3]

2+ and
[Ni(bpy)2]

2+ both in the gas phase and in the presence of the
surface was carried out to gain further insights into the possible
geometry distortion of [Ni(bpy)3]

2+ and the stabilization of the
undercoordinated [Ni(bpy)2]

2+. It should be noted that no
quantitative conclusions can be drawn from this model. The
interaction of an ion with the model interface used in this study
is dominated by van der Waals forces and is therefore expected
to underestimate the inuence of the real surface on the
structure of the complexes. A complete treatment of a surface
must include the interfacial properties of the FSAM, image
charge generated by so landed ions in a conductive grounded
surface used in the experiment (the computational model uses
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of the soft landing experiments of [Ni(bpy)3]
2+. Species observed in the mass spectrum with a relative abundance of higher

than 25% are highlighted in green, while low-abundance species are highlighted in blue. Species that were not observed in mass spectra are
highlighted in red
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a total charge state of 2+), and the electronic band structure of
the metal surface. A reliable treatment of these parameters
would require the development and validation of a large-scale
model, which is beyond the scope of this experimentally
focused study. Nevertheless, if the comparatively weak interac-
tions included in the simpliedmodel result in the distortion of
[Ni(bpy)3]

2+ and the stabilization of [Ni(bpy)2]
2+ on the surface,

it is plausible to expect that a more comprehensive model that
takes into account stronger interactions would likewise predict
a similar or even greater structural change.

The structures of gaseous [Ni(bpy)3]
2+ and [Ni(bpy)2]

2+ have
been previously reported.58 It has been shown that in the
absence of solvent, the most stable structure of [Ni(bpy)3]

2+ is
a triplet state in an octahedral geometry. We have recalculated
the energy differences between the singlet and triplet states
using a larger basis set (def2-TZVPP), adding the Grimme
correction for B3LYP, and including the zero-point energy
Fig. 7 Comparison of the optimized structures of (a) [Ni(bpy)2]
2+, (b) [N

terminated interface. For comparison, the optimized geometries of the
structures of the ions in contact with the interface. Note that for the bpy l
(c) for clarity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
correction. For [Ni(bpy)3]
2+ the triplet state is preferred to the

singlet state by 119 kJ mol−1. Meanwhile, the singlet state of
[Ni(bpy)2]

2+ is 36 kJ mol−1 lower in energy than the triplet state.
The structures of [Ni(bpy)2]

2+ and [Ni(bpy)3]
2+ on a model

surface are shown in Fig. 7a and b, respectively. Remarkably,
the interaction with the surface causes a signicant distortion
of both [Ni(bpy)3]

2+ and [Ni(bpy)2]
2+ structures. Table S3†

provides a summary of all the calculated angles. The octahedral
[Ni(bpy)3]

2+ “attens out” on the surface. This major geometry
distortion likely destabilizes the complex and promotes ligand
loss. In contrast, the tetrahedral [Ni(bpy)2]

2+ changes its
geometry towards an almost square planar complex. To visu-
alize these changes, Fig. 7a and b show the optimized geome-
tries in contact with the interface overlayed with the optimized
geometries of the free gas phase ions (pink). In contrast, when
[Ni(bpy)3]

2+ is paired with a [B12F12]
2− counterion (Fig. 7c), the

reduced contact of [Ni(bpy)3]
2+ with the surface reduces the
i(bpy)3]
2+, and (c) [Ni(bpy)3]

2+[B12F12]
2− in the presence of a small C–H

isolated gas phase structures are plotted in pink and overlaid with the
igands pointing to the surface, only one pyridine ring is shown in (b) and

Chem. Sci., 2024, 15, 10770–10783 | 10779
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inuence of the interface on its structure. Thus, the model
conrms that, aside from charge reduction (omitted in this
model), the observed dissociation of [Ni(bpy)3]

2+ and stabiliza-
tion of [Ni(bpy)2]

2+ on surfaces may result from the interaction
of the doubly charged complexes with the interface. The stabi-
lization of [Ni(bpy)3]

2+ by [B12F12]
2− could result not only from

hindering electron transfer but also from an enhanced geom-
etry preservation of the [Ni(bpy)3]

2+ by the anion.

Conclusions

In this study, we examine for the rst time the effect of charge
reduction and structural rearrangement on the stability of well-
dened [Ni(bpy)3]

2+ ions on surfaces. Our ndings show that
charge reduction by so landed [Ni(bpy)3]

2+ ions is one of the
competing pathways for its dissociation that may generate
[Ni(bpy)3]

0, which likely undergoes two ligand losses to form
[Ni(bpy)]0. We demonstrate that the dissociation of [Ni(bpy)3]
into [Ni(bpy)] on surfaces may be inhibited by co-depositing
[Ni(bpy)3]

2+ with stable anions. Ion so landing enables co-
deposition of ions of opposite polarities to prevent charge
reduction of the ions by preventing the potential build up across
the interface. Our ndings reveal that the interaction of the fully
coordinated [Ni(bpy)3]

2+ cation with a surface is another
competing pathway that induces a signicant geometric
distortion of the ion, which results in a facile ligand loss to form
[Ni(bpy)2]

2+. The electrostatic interaction between anions and
[Ni(bpy)3]

2+ on the surface reduces the distortion of the geom-
etry of the so landed [Ni(bpy)3]

2+ caused by the surface. This
study also establishes that co-deposition of cations with stable
anions as an effective strategy to suppress cation–surface
interactions and prevent charge reduction of the cations. Our
ndings offer valuable insights for the design of stable func-
tional interfaces using TM complexes.

Data availability

Additional details regarding experimental procedures are
provided in the ESI.† The link to the database containing the
calculated structures is provided in the ESI.†
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