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ABSTRACT: A series of light- and air-stable silver(I)
pyrazolylmethylpyridine complexes [Ag(LR)]n(BF4)n (L =
pyrazolylmethylpyridine; R = H, 1; R = Me, 2; R = i-Pr, 3)
and [Ag(LR)(NO3)]2 (L = pyrazolylmethylpyridine; R = H, 4;
R = Me, 5; R = i-Pr, 6) has been synthesized and structurally
and spectroscopically characterized. In all of the molecular
structures, the pyrazolylmethylpyridine ligands bridge two
metal centers, thus giving rise to dinuclear (2, 4, 5, and 6) or
polynuclear structures (1 and 3). The role played by the
counteranions is also of relevance, because dimeric structures are invariably obtained with NO3

− (4, 5, and 6), whereas the less-
coordinating BF4

− counteranion affords polymeric structures (1 and 3). Also, through atoms-in-molecules (AIM) analysis of the
electron density, an argentophilic Ag···Ag interaction is found in complexes 2 and 4. Thermogravimetric analysis (TGA) shows
that the thermolytic properties of the present complexes can be significantly modified by altering the ligand structure and
counteranion. These complexes were further investigated as thin silver film precursors by spin-coating solutions, followed by
annealing at 310 °C on 52100 steel substrates. The resulting polycrystalline cubic-phase Ag films of ∼55 nm thickness exhibit low
levels of extraneous element contamination by X-ray photoelectron spectroscopy (XPS). Atomic force microscopy (AFM) and
scanning electron microscopy (SEM) indicate that film growth proceeds primarily via an island growth (Volmer−Weber)
mechanism. Complex 4 was also evaluated as a lubricant additive in ball-on-disk tribological tests. The results of the friction
evaluation and wear measurements indicate a significant reduction in wear (∼ 88%) at optimized Ag complex concentrations
with little change in friction. The enhanced wear performance is attributed to facile shearing of Ag metal in the contact region,
resulting from thermolysis of the silver complexes, and is confirmed by energy-dispersive X-ray analysis of the resulting wear
scars.

■ INTRODUCTION

The excellent characteristics of metallic silver coatings, such as a
great thermal and oxidative stability, high chemical resistance,
high melting point, softness, plasticity, and high electrical
conductivity compared to polymeric coatings or other carbona-
ceous materials, make them excellent candidates for techno-
logical applications that include bactericidal coatings,1 coatings
for superconducting materials,2 optical filters,3 electrodes for
dielectric layers,4 solid lubricants,5 and contacts in micro-
electronic circuitry.6 Silver films have been deposited by many
techniques that can be divided into nonvapor phase (electro-

deposition,7 sol−gel,8 photochemical deposition9) and vapor
phase (sputtering,5w,10 pulsed laser deposition,11 electron-beam
evaporation,12 chemical vapor deposition5d,n,6) techniques. The
choice of the deposition technique is strictly related to the
chemical and physical properties of the silver precursor and the
nature of the substrate. The design of silver precursors is
therefore as important as the growth technique in order to
achieve superior films for applications. It has also been shown
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that precursor counterions can play a key role, such as in
supramolecular architectures where they can influence the
ultimate physicochemical properties.13 In principle, coordinat-
ing counterions can also complete the coordination sphere of
the metal ion and tune precursor reactivity for specific
technology properties (i.e., facilitating film formation by
controlling the thermal stability of the precursor).14

Silver complexes have garnered much attention as additives
for tribological applications, because the organic ligand
stabilizes the high oxidation state of silver, promoting a lower
decomposition temperature. In addition, the decomposition
temperature can be tuned by modifying the ligand structure,
tailored for the particular additive application. The function of
the organic ligand is to deliver and release (decomposition)
metallic silver to the point of contact. Silver−organic complexes
are chosen as additives in this study instead of pure silver metal
nanoparticles or inorganic silver salts for multiple reasons, such
as ease of synthesis, environmental stability, and relatively low
decomposition temperatures. Metallic silver nanoparticles are
more difficult to synthesize and require a stabilizing suspension,
or surfactant, to avoid nanoparticle aggregation, whereas
AgNO3 decomposes at 440 °C, which is well above the typical
operating temperature of engine oils. The intended applications
of these silver−organic complex additives are for use in heavy
duty vehicles or machinery that operate at extremely high
temperatures and may experience liquid lubricant starvation, at
which point the use of a solid lubricant to supplement base oil
would assist in a more stable operation of the lubricated engine
components.
One of the primary issues in metallic silver deposition is the

final film purity, in that ligand decomposition can leave residual
organic contaminants such as P, B, N, and halogens. The
requirements for the design of optimal metal−organic silver
precursors include: (i) straightforward, cheap, high-yield ligand
synthesis; (ii) tunable precursor decomposition temperature so
that the onset of metallic film growth can be customized for the
application; (iii) both light and air stability so that the precursor
is easily stored and handled. A significant number of silver
precursors have been reported for various growth processes,
ranging from β-diketonates to carboxylates, lactams and olefins,
isocyanides, thioureas, and tertiary phosphine adducts.15 A
principal goal in recent years has been the realization of silver
precursors which achieve metallic film growth at relatively low
temperatures.
In the present investigation, we report the synthesis and

characterization of new air- and light-stable silver precursors for
thin film growth. The goal is to obtain high-purity silver films
with minimal contaminants. The present precursor complexes
contain pyrazolylmethylpyridine N,N′ donor ligands, the
hydrophobicity and steric properties of which are modulated
by the substituents on the pyrazole 3 and 5 positions (Scheme
1). The molecular structures of these precursor complexes are
elucidated by single-crystal X-ray diffraction. In most cases, the
compounds have dinuclear structures with ligand-supported
argentophilic interactions. To evaluate counteranion influence
on physicochemical properties with particular focus on efficacy
of silver film growth, two types of counteranions are employed:
non/weakly coordinating BF4

− and coordinating NO3
−.

Furthermore, substituting NO3
− for BF4

− should avoid fluoride
contaminants during thermally activated film growth while
lowering thermolysis temperatures if redox properties are
involved. Here, the growth of thin silver films on 52100 steel
surfaces is performed via a solution-phase technique. The

resulting film properties are characterized by scanning electron
microscopy (SEM) and atomic force microscopy (AFM), with
characterization of film composition by energy dispersive X-ray
spectroscopy (EDS), X-ray photoelectron spectrometry (XPS),
and glancing X-ray diffraction (GXRD). It will be shown here
that metallic silver films can be grown with negligible traces of
contaminants (silver oxide and carbon). Furthermore, the
complex [Ag(LH)(NO3)]2 (4, see below) is evaluated as an
engine oil lubricant additive using a standard ball-on-disk
tribological test and is shown to be promising for wear
reduction.16

■ EXPERIMENTAL SECTION
Materials and Methods. All reagents and solvents were

purchased from Sigma-Aldrich and used as received. All deuterated
solvents (99+ atom %D) were purchased from Cambridge Isotope
Laboratories and used as received. The ligand syntheses were
performed as previously reported.17 The 52100 steel bar stock was
cut into 1 cm × 1 cm squares and polished to ∼10 nm roughness as
measured by AFM. Elemental analyses were performed by Midwest
Microlabs, Inc. Indianapolis, Indiana (U.S.A.) and Galbraith
Laboratory, Knoxville, Tennessee (U.S.A.). NMR spectra were
recorded on a Bruker Avance 300 spectrometer (FT; 300 MHz, 1H)
and Bruker AVANCEIII spectrometer (FT; 125 MHz, 13C). Chemical
shifts (δ) for 1H and 13C spectra were referenced using internal solvent
resonances and are reported relative to tetramethylsilane (TMS).
FTIR spectra (4000−700 cm−1) were recorded on a Nicolet Nexus
spectrophotometer equipped with a Smart Orbit HATR diamond
crystal accessory. An LTQ XL linear ion trap instrument (Thermo
Electron Corporation) equipped with an ESI/API Ion Max source was
used for mass spectrometry. The ESI source was connected to a
solvent delivery system (Finnigan Surveyor, MS Pump Plus) that was
used to pump a continuous flow of methanol solution (200 μL min−1).
Instrumental tuning was performed by direct infusion of freshly
prepared methanol solution (1 nM) of 1−6 into the continuous flow
of methanol from the pump. Working parameters were set as follows:
spray voltage, 3.5 kV; capillary voltage, 15 V; capillary temperature,
200 °C; tube lens, 65 V. Samples were analyzed in flow injection mode
using a six-port valve equipped with a 2 μL sample loop. Mass spectra
were recorded in full scan analysis mode in the range 0−1500 m/z.
Thermogravimetric analysis (TGA) was performed on a TA Q50
ultramicro balance instrument (ramp rate = 5 °C min−1 and under a
N2 flow rate of 90 mL min−1 at atmospheric pressure. The silver
precursor solution (0.08 M in THF/DMSO 4:1 v/v) was spin-coated
onto 52100 steel substrates at a speed of 1000 rpm with an
acceleration of 1500 rpm/sec for 2 min. The spin-coated films were
then annealed on a hot plate at 310 °C for 10 min. Film thicknesses
were measured with a Veeco Dektak 150 surface profilometer, and film
chemical compositions were assessed with an Omicron ESCA Al Kα
probe X-ray photoelectron spectrometer (XPS) under high vacuum
(<10−8 Torr). Ag film phase purity was also examined using θ−2θ
scans on a computer-interfaced Rigaku DMAX-A powder diffrac-

Scheme 1. Molecular Structures of the
Pyrazolylmethylpyridine Ligands LH, LMe, and LiPr
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tometer using Ni-filtered Cu Kα radiation. Glancing angle/incidence
X-ray diffraction (GXRD; angle of incidence α = 0.3°) θ−2θ scans
were recorded on a computer-interfaced Rigaku ATX-G diffractom-
eter. Film microstructure and morphologies were assessed with a
Hitachi S4800−II scanning electron microscope (SEM) and a Digital
Instruments Nanoscope III atomic force microscope (AFM) operating
in the contact mode.
Synthesis of Silver Complexes 1−6. [Ag(LH)]n(BF4)n (1). A

solution of AgBF4 (77 mg, 0.39 mmol) in 5 mL of acetone was added
to a solution of LH (100 mg, 0.39 mmol) in 5 mL of acetone. After 15
min of stirring, the solvent was concentrated under vacuum, and a
white solid was precipitated after addition of diethyl ether. The solid
was collected by filtration and dried to yield [Ag(LH)]n(BF4)n (1) as a
white microcrystalline powder (117 mg, 65%). Colorless crystals
suitable for X-ray data collection were obtained by layering diethyl
ether over an acetone solution of 1. IR (cm−1): 3118w, 2942w, 1594w,
1479m, 1446w, 1403m, 1293m, 1271 m, 1238w, 1014s, 882m, 767s,
641m, 608m, 520m. 1H NMR (300 MHz, acetone-d6): δ = 2.34 (s, 3H,
CH3), 2.51 (s, 3H, CH3), 3.91 (s, 3H, CH3O), 5.89 (s, 2H, CH2), 6.56
(t, J = 2.1 Hz, 1H, CH pyrazole), 7.79 (d, J = 2.1 Hz, 1H, CH
pyrazole), 8.26 (d, J = 1.4 Hz, 1H, CH pyrazole), 8.42 (s, 1H, CH
pyridine) ppm. 13C NMR (125 MHz, CDCl3): δ = 11.73, 24.5, 58.01,
60.96, 107.62, 129.38, 134.26, 143.23, 152.38, 153.58 ppm. Anal. Calcd
for C12H15AgBF4N3O (411.94): C, 34.99; H, 3.67; N, 10.20. Found:
C, 35.24; H, 3.64; N, 9.87%. ESI-MS (p.i., CH3OH, m/z, I%): 324.02,
[Ag(L)]+; 541.15, [Ag(L)2]

+.
[Ag(LMe)]2(BF4)2 (2). The procedure used to prepare 1 was applied

to a mixture of AgBF4 (73 mg, 0.37 mmol) in 5 mL of acetone and LMe

(105 mg, 0.37 mmol) in 5 mL of acetone. A white microcrystalline
powder of [Ag(LMe)]2(BF4)2 (2) was obtained (112 mg, 65%).
Colorless crystals suitable for X-ray data collection were obtained by
layering hexane over a CH2Cl2 solution of 2 corresponding to
[Ag(LMe)]2(BF4)2·CH2Cl2. IR (cm−1): 2970w, 2926w, 2860w, 1594w,
1556m, 1485m, 1403m, 1293m, 1254m, 1019s, 986s, 887w, 805m,
520m.1H NMR (300 MHz, acetone-d6): δ = 2.24 (s, 3H, CH3), 2.31
(s, 3H, CH3), 2.51 (s, 6H, 2 CH3), 3.91 (s, 3H, OCH3), 5.64 (s, 2H,
CH2), 6.16 (s, 1H, CH pyrazole), 8.33 (s, 1H, CH pyridine) ppm. 13C
NMR (125 MHz, CDCl3): δ 11.54, 11.68, 13.67, 14.48, 54.27, 60.94,
107.43, 128.70, 128.98, 143.88, 150.88, 152.35, 153.75, 167.18 ppm.
Anal. Calcd for C28H38Ag2B2F8N6O2 (880.00): C, 38.22; H, 4.35; N,
9.55. Found: C, 37.07; H, 4.28; N, 9.61%. ESI-MS (p.i., CH3OH, m/z,
I%): 246.16, [LH]+; 352.05, [Ag(L)]+; 597.21, [Ag(L)2]

+.
[Ag(Li‑Pr)]n(BF4)n (3). The procedure used to prepare 1 was applied

to a mixture of AgBF4 (65 mg, 0.33 mmol) in 5 mL of acetone and
Li‑Pr (100 mg, 0.33 mmol) in 5 mL of acetone. A pale pink
microcrystalline powder of [Ag(Li‑Pr)]n(BF4)n (3) was obtained (131
mg, 79%). Colorless crystals suitable for X-ray data collection were
obtained by layering diethyl ether over a methanolic solution of 3. IR
(cm−1): 2964w, 2931w, 2866w, 1578w, 1540w, 1468m, 1402w,
1282m, 1260m, 1172w, 1041s, 991s, 882w, 789m, 515m. 1H NMR
(300 MHz, acetone-d6): δ 1.26 (d, J = 4.6 Hz, 6H, CH3 i-Pr), 1.31 (d, J
= 4.6 Hz, 6H, CH3 i-Pr), 2.30 (s, 3H, CH3 pyridine), 2.54 (s, 3H, CH3
pyridine), 2.99 (m, 1H, CH i-Pr), 3.36 (m, 1H, CH i-Pr), 3.90 (s, 3H,
OCH3), 5.63 (s, 2H, CH2), 6.29 (s, 1H, CH pyrazole), 8.27 (s, 1H,
CH pyridine) ppm. 13C NMR (125 MHz, CDCl3): δ = 11.57, 13.60,
23.10, 23.34, 29.41, 52.91, 60.85, 100.13, 128.11, 128.68, 151.96,
152.55, 153.84, 161.06, 166.92 ppm. Anal. Calcd for C18H27AgBF4N3O
(496.11): C, 43.58; H, 5.49; N, 8.48. Found: C, 43.18; H, 5.42; N,
8.30%. ESI-MS (p.i., CH3OH, m/z,I%): 302.22, [LH]+; 408.12,
[Ag(L)]+; 597.21, [Ag(L)2]

+.
[Ag(LH)(NO3)]2 (4). A solution of AgNO3 (145 mg, 0.86 mmol) in 2

mL of water was added to a solution of LH (216 mg, 0.86 mmol) in 5
mL of methanol. The mixture was stirred for 15 min. The solvent was
then removed under vacuum, and hexane (5 mL) was added. After 5
min of ultrasonic titration, a white solid precipitated and was collected
by filtration and dried to yield [Ag(LH)(NO3)]2 (4) as white
microcrystalline powder (271 mg, 75%). Colorless crystals suitable
for X-ray data collection were obtained by layering hexane over a
CH2Cl2 solution of 4. 1H NMR (500 MHz, acetone-d6): δ = 2.29 (s,
3H, CH3), 2.52 (s, 3H, CH3), 3.86 (s, 3H, OCH3), 5.75 (s, 2H, CH2),

6.47 (t, J = 2.1 Hz, 1H, CH pyrazole), 7.71 (d, J = 2.1 Hz, 1H, CH
pyrazole), 8.14 (d, J = 2.4 Hz, 1H, CH pyrazole), 8.34 (s, 1H, CH
pyridine) ppm. 13C NMR (125 MHz, acetone-d6): δ = 11.58, 13.35,
55.63, 61.07, 107.59, 127.75, 128.45, 132.64, 142.28, 151.88, 153.56,
166.34 ppm. Anal. Calcd for C24H30Ag2N8O8 (774.29): C, 37.23; H,
3.91; N, 14.47. Found: C, 37.29; H, 3.93; N, 14.37. ESI-MS (p.i.,
CH3OH, m/z, I%): 106.91, [Ag]

+; 150.09, [PyCH]+; 218.13, [LH]+;
324.03, [Ag(L)]+; 388.18, [Ag(L)(NO3)H]

+; 541.15, [Ag(L)2]
+.

[Ag(LMe)(NO3)]2 (5). The same procedure used to prepare 4 was
applied to a mixture of AgNO3 (129 mg, 0.76 mmol) in 2 mL of water
and LMe (214 mg, 0.76 mmol) in 5 mL of methanol. A white solid was
precipitated using diethyl ether, which was filtered and dried to yield
[Ag(LMe)(NO3)]2 (5) (182 mg, 53%). Colorless crystals suitable for
X-ray data collection were obtained by layering hexane over a CH2Cl2
solution of 5 corresponding to [Ag(LMe)(NO3)]2·1/2(H2O)·1/
2(CH2Cl2).

1H NMR (300 MHz, acetone-d6): δ = 2.17 (s, 3H,
CH3), 2.23 (s, 3H, CH3), 2.45 (s, 3H, CH3), 2.46 (s, 3H, CH3), 3.84
(s, 3H, OCH3), 5.51 (s, 2H, CH2), 6.04 (s, 1H, CH pyrazole), 8.16 (s,
1H, CH pyridine) ppm. 13C NMR (125 MHz, acetone-d6): δ = 11.61,
11.62, 13.58, 14.29, 52.20, 60.56, 106.57, 127.01, 127.98, 142.51,
149.41, 151.16, 154.36, 166.10 ppm. Anal. Calcd for C28H38Ag2N8O8
(830.50):C, 40.50; H, 4.61; N, 13.49. Found: C, 40.73; H, 4.63; N,
13.77. ESI-MS (p.i., CH3OH, m/z, I%): 106.91, [Ag]+; 150.09,
[PyCH]+; 246.16, [LH]+; 352.06, [Ag(L)]+; 599.21, [Ag(L)2]

+.
[Ag(Li‑Pr)(NO3)]2 (6). Complex 6 was synthesized using the same

procedure employed to prepare 4 but with a mixture of AgNO3 (117
mg, 0.69 mmol) in 2 mL of water and Li‑Pr (207 mg, 0.69 mmol) in 5
mL of methanol. A white solid was precipitated with diethyl ether
which was collected by filtration and dried to yield [Ag(Li‑Pr)(NO3)]2
(6) (130 mg, 40%). Colorless crystals suitable for X-ray data collection
were obtained by layering hexane over a THF solution of 6. 1H NMR
(300 MHz, acetone-d6): δ = 1.25 (d, J = 4.8 Hz, 6H, CH3 i-Pr), 1.27
(d, J = 4.5 Hz, 6H, CH3 i-Pr), 2.29 (s, 3H, CH3), 2.50 (s, 3H, CH3),
3.00 (m, 1H, CH i-Pr), 3.29 (m, 1H, CH i-Pr), 3.83 (s, 3H, OCH3),
5.58 (s, 2H, CH2), 6.21 (s, 1H, CH pyrazole), 8.30 (s, 1H, CH
pyridine) ppm. 13C NMR (125 MHz, acetone-d6): δ 11.60, 14.29,
23.16, 26.61, 51.48, 60.34, 99.91, 127.24, 128.20, 151.93, 151.93,
152.83, 160.50, 172.94 ppm. Anal. Calcd for C36H54Ag2N8O8
(942.61): C, 45.87; H, 5.77; N, 11.89. Found: C, 45.74; H, 5.82; N,
11.79. ESI-MS (p.i., CH3OH, m/z, I%): 106.90, [Ag]

+; 302.22, [LH]+;
408.12, [Ag(L)]+; 711.34, [Ag(L)2]

+.
Single Crystal X-ray Structures. Single-crystal data were

collected with a Bruker Smart APEXII area detector diffractometer
(Mo Kα; λ = 0.71073 Å). Cell parameters were refined from the
observed setting angles and detector positions of selected strong
reflections (Table S1). Intensities were integrated from several series
of exposure frames that covered the sphere of reciprocal space.18 A
multiscan absorption correction was applied to the data using the
program SADABS.19 The structures were solved by direct methods20

and refined with full-matrix least-squares (SHELXL-97),21 using the
Wingx software package.22 Graphical material was prepared with the
Mercury 3.0 program.23

Tribology Experiments. The lubricating quality of oil−silver
complex mixtures was evaluated through ball-on-disk tests using a
UMT high-temperature tribotester.5a,16 Silver complex 4 was
combined with 15W-40 military-grade engine oil with a viscosity of
0.26 Pa·s at 25 °C. The complex was dissolved in a minimal amount of
DMSO24 (1.3 mL per 1 g silver complex) and then added to the oil to
achieve complex concentrations of 0.5, 1.0, 2.5, and 5.0 wt %. Before
testing, the oil−silver complex mixtures were stirred vigorously with a
magnetic stir bar for at least 30 min to ensure homogeneous dispersion
of the silver complexes in the base oil. This mixture was applied to the
disk surface immediately prior to ball-on-disk friction tests to provide
flooded lubrication at the point of contact. The balls were made of
M50 bearing steel with 62 HRC hardness and a diameter of 4 mm.
Disks were 51200 steel typically used in bearings, heat-treated to 50
HRC hardness, then ground and polished to a mirror finish. Tests
applied a 25 N vertical load to the stationary ball, which contacted the
disk rotating at 200 rpm. Real-time friction measurements were
recorded over the duration of the tests. After friction tests were
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completed, disks were cleaned in an acetone ultrasonic bath.
Measurements of the wear scar were made using an ADE phase
Shift MicroXAM white light interferometer. Each additive concen-
tration in oil was tested twice for friction and wear performance.
Heating coils surrounding the disk maintained a chamber temperature
of 200 °C throughout the 30 min tests. This temperature was chosen
to replicate the higher end of operating temperatures in an internal
combustion engine.25

■ RESULTS AND DISCUSSION
Silver Precursor Synthesis and Characterization. The

synthesis of the new pyrazolylmethylpyridine silver(I) com-
plexes with two different counteranions (NO3

− and BF4
−) is

first presented. The solid-state molecular structures are then
discussed, and on the basis of thermogravimetric data, three of
these compounds are selected for metallic silver thin film
growth on 52100 steel substrates. These thin silver layers are
then fully characterized by means of AFM, XPS, GXRD, and
SEM techniques in order to analyze the morphology and purity
of the metallic films.
The ligand syntheses were previously described17 and are

briefly summarized in Scheme 2. A phase-transfer catalyst

(Bu4N
+OH¯) is employed due to the differing solubilities of

pyrazole (water) and chloromethylpyridine (toluene). The
steric encumbrance of the pyrazoles influences the reactivity
and ultimately the final yield, although the ligands are obtained
in moderate to good yields. These ligands were previously
investigated in regard to their coordination behavior with Zn2+

and Cu2+ with which they yielded mononuclear or dinuclear
complexes, with the ligand always behaving as an N,N′
bidentate chelate.17 In the present contribution, we wished to
investigate their behavior with respect to a softer metal ion such
as Ag+, for which low coordination number complexes are
common. The synthesis of the present silver complexes is
performed at room temperature using equimolar amounts of
ligands and AgBF4 or AgNO3 (Scheme 3). The presence of the
nitrate anion gives rise to dinuclear complexes, whereas with
BF4

−, dinuclear complexes and two polymeric structures are
obtained instead (vide infra). The complexes were fully
characterized in solution by means of NMR techniques and
ESI-MS spectrometry. Specifically, ESI-MS spectrometry
provides useful information on molecular aggregation, which
in turn can influence thermolysis pathways. In fact, Ag+ and
[Ag(L)2]

+ signals are identified in the ESI mass spectra of all
complexes (Supporting Information, Figures S1−S6), even at
very low cone voltage. The occurrence of such species suggests
the lability of the dinuclear/polynuclear complexes, the
fragmentation of which may represent the initial step in silver
film deposition. X-ray crystallographic results reveal that
complexes [Ag(LH)]n(BF4)n (1) and [Ag(Li‑Pr)]n(BF4)n (3),
reported in Figure 1 and Table 1, exhibit similar polymeric
structures. In both structures, the Ag+ ion exhibits a distorted
linear geometry, with a N(21)−Ag−N(13) angle of 159.59(2)°
for 1 and 168.2(2)° for 3. In both structures, the Ag−Npyrazole
coordination distance (2.145(3) and 2.132(5) Å) is significantly
shorter than that Ag−Npyridine coordination distance (2.176(3)

Scheme 2. Synthesis of Pyrazolylmethylpyridine Ligands LH,
LMe, and LiPr

Scheme 3. Synthesis of Silver Complexes 1−6
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and 2.153(6) Å) (Table 1). A weak interaction between the
BF4

¯ counteranion is responsible for the metal geometry
distortion (d[Ag···F(1)] = 2.829(5) Å for 1 and 2.794(5) Å for
3).26 The nitrogen atoms of the pyrazole and pyridine rings
point in nearly opposite directions and are bound to different
silver ions. This generates a coordination polymer molecular
chain that can be viewed as a zigzag chain. In contrast, the
complex [Ag(LMe)]2(BF4)2 (2) reported in Figure 2 exhibits a
dinuclear structure in which two metal ions are bound by two
N,N′ donor ligands. The Ag+ ion is in a distorted linear
geometry with N−Ag−N coordination angles of ∼167°. The
distortion from the ideal linear geometry is presumably a

consequence of the Ag···F interaction between the metal ion
and the disordered BF4

¯ anion (Ag···F distance ≈2.7 Å). In this
complex, the two metal ions give rise to a weak Ag···Ag
argentophilic interaction, as evidenced by the intermetallic
distance of 3.309(1) Å, which is slightly less than the v.d.W.
radii sum (3.44 Å).27 Note that using the more strongly
coordinating NO3

¯ anion in place of BF4
¯, dinuclear structures

are invariably observed. In fact, the complexes [Ag(LH)(NO3)]2
(4), [Ag(LMe)(NO3)]2 (5), and [Ag(Li‑Pr)(NO3)]2 (6) have
very similar molecular structures (Figures 3 and 4; Table 2) in
which two silver ions are bridged by two N,N′ donor ligands,
and the coordination is completed by nitrate anions.

In all of the present structures, the Ag+ ions assume
coordination geometries that are intermediate between trigonal
planar and the distorted tetrahedral. In fact, the NO3¯ anions
act as O,O bidentate ligands but are coordinated unsymmetri-
cally to the metal centers, with one of the Ag···O distances
invariably longer than the other, as summarized in Table 2.28

The structure of complex 5 differs slightly from that of 4 in that
it exhibits a different mutual orientation of the two ligands in
the dinuclear entity (Figure 3). The asymmetric unit of
complex 6 (Figure 4) is composed of two distinct molecular

Figure 1.Molecular structures of complexes 1 (above, ′ = x + 1/2, 1/2
− y, z) and 3 (below, ′ = x, 1 − y, 1/2 + z). Thermal ellipsoids are
drawn at the 30% probability level. Hydrogen atoms are omitted for
clarity.

Table 1. Relevant Bond Distances (Å) and Angles (deg) for
Complexes [Ag(LH)]n(BF4)n, [Ag(L

Me)]2(BF4)2·CH2Cl2, and
[Ag(Li‑Pr)]n(BF4)n

a

[Ag(LH)]n(BF4)n

Ag−N(21) 2.145(3) N(21)−Ag−N(13)′ 159.6(1)
Ag−N(13)′ 2.176(3) N(21)−Ag−F(1) 79.4(2)
Ag−F(1) 2.829(5) F(1)−Ag−N(13)′ 120.5(2)

[Ag(LMe)]2(BF4)2·CH2Cl2
Ag(1)−N(24) 2.112(3) N(24)−Ag(1)−N(13) 166.8(1)
Ag(1)−N(13) 2.147(3) N(21)−Ag(2)−N(16) 167.7(1)
Ag(2)−N(21) 2.115(3) Ag(2)−Ag(1)−N(13) 65.44(8)
Ag(2)−N(16) 2.141(3) N(24)−Ag(1)−Ag(2) 101.44(8)
Ag(1)−Ag(2) 3.309(1) N(21)−Ag(2)−Ag(1) 101.42(8)

N(16)−Ag(2)−Ag(1) 66.36(7)
[Ag(Li‑Pr)]n(BF4)n

Ag−N(21) 2.132(5) N(21)−Ag−N(13)# 168.6(2)
Ag−N(13)# 2.153(6) N(21)−Ag−F(1) 82.4(4)
Ag−F(1) 2.794(5) F(1)−Ag−N(13)# 93.0(4)

aPlease note that the symbol in parentheses ( ′ ) = x + 1/2, 1/2 − y, z.
Please note that the symbol in parentheses (#) = x, 1 − y, 1/2 + z.

Figure 2. Molecular structure of complex 2. Thermal ellipsoids are
drawn at the 30% probability level. Hydrogen atoms are omitted for
clarity.

Figure 3. Molecular structures of complexes 4 (left) and 5 (right).
Thermal ellipsoids are drawn at the 30% probability level. Hydrogen
atoms are omitted for clarity.
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fragments (Figure 4A,B) as a consequence of the different
bridging geometries of the NO3

− anion. The O(116) oxygen
atom bound to Ag(4) links together two dinuclear entities, thus
forming a tetranuclear complex, whereas the O(114) atom in
the first dinuclear entity interacts only weakly with the Ag(2)
ion of an adjacent dimer (Ag(2)−O(114)′ = 2.863(9) Å, ′ = 1
− x; −y; −z). In complex 6, the pyridine rings of each dinuclear
moiety give rise to a partial π-stack (N(13)−N(16) = 3.29(1)
Å, C(53)−C(56) = 3.35(1) Å for one dimer, and N(19)−
N(112) = 3.29(1) Å, C(59)−C(512) = 3.27(1) Å) for the
second dimer. Interestingly, in 4, the short Ag···Ag distance of
2.945(1) Å supports the presence of a weak Ag···Ag interaction.
This type of interaction is absent in 5 and 6, judging by the
Ag···Ag distances within the dimers, which exceed 4 Å.27e The
atoms-in-molecules (AIM) analysis of electron density29 has
proven to be a powerful tool for studying various chemical
interactions.30 AIM analysis was applied to dinuclear complexes
2, 4, and 5 in order to substantiate the assertion that a metal−
metal interaction is present in 2 and 4 as judged by the short

intermetallic distances. Because 5 and 6 exhibit very similar
geometries, the AIM analysis was applied only for 5 as
representative of both structures. This analysis shows that there
is a significant electron density accumulation between the two
Ag centers in 2 and 4, as confirmed by the presence of a bond
critical point (BCP). In contrast, there is no BCP in the
intermetallic region of 5, in agreement with the longer
intermetallic distance (see the Supporting Information (SI),
Figures S12−S14).
In all of the molecular structures reported, the pyrazolyl-

methylpyridine ligands bridge two Ag centers, affording
polynuclear (1 and 3) or dinuclear (2, 4, 5, and 6) structures.
Despite the different molecular arrangements, both types of
structures can be described as in Scheme 4. The presence of the
central methylenic spacers between the pyridine and pyrazole
rings imparts substantial conformational flexibility to the
ligands, but in none of the present structures do the ligands
adopt a conformation that is suitable for chelating a single
metal center.31 The role played by the anions is also relevant,
because dimeric structures are invariably obtained with NO3

−

(4, 5, and 6), whereas the less-coordinating BF4
− anion

preferentially yields polymeric structures (1 and 3). It can be
tentatively proposed that the greater coordinative capabilities of
NO3

−, when compared to BF4
−, saturate the stereoelectronic

requirements of Ag+, leading to the formation of complexes
with lower nuclearity. For the sake of completeness, note that

Table 2. Relevant Bond Distances (Å) and Angles (deg) for
Complexes [Ag(LH)(NO3)]2, [Ag(L

Me)(NO3)]2·1/2(H2O)·
1/2(CH2Cl2), and [Ag(Li‑Pr)(NO3)]2

a

[Ag(LH)(NO3)]2

Ag−N(21) 2.237(3) N(21)−Ag−N(13)′ 131.8(1)
Ag−O(14) 2.627(3) N(21)−Ag−O(24) 121.3(1)
Ag−O(24) 2.508(4) N(13)′−Ag−O(24) 106.9(1)
Ag−N(13)′ 2.309(3) N(21)−Ag−O(14) 89.0(1)
Ag−Ag′ 2.945(1) N(13)′−Ag−O(14) 126.0(1)

[Ag(LMe)(NO3)]2·1/2(H2O)·1/2(CH2Cl2)
Ag(1)−N(24) 2.184(5) N(24)−Ag(1)−N(13) 141.9(2)
Ag(1)−N(13) 2.227(5) N(24)−Ag(1)−O(17) 112.8(2)
Ag(1)−O(17) 2.590(6) N(24)−Ag(1)−O(27) 104.8(2)
Ag(1)−O(27) 2.629(5) N(13)−Ag(1)−O(27) 113.1(2)
Ag(2)−N(21) 2.168(5) N(13)−Ag(1)−O(17) 96.6(2)
Ag(2)−N(16) 2.219(5) N(21)−Ag(2)−N(16) 147.5(2)
Ag(2)−O(18) 2.540(5) N(21)−Ag(2)−O(18) 110.3(2)
Ag(2)−O(28) 2.639(7) N(21)−Ag(2)−O(28) 107.1(2)
Ag(1)−Ag(2) 4.163(1) N(16)−Ag(2)−O(18) 102.1(2)

N(16)−Ag(2)−O(28) 96.2(2)
[Ag(Li‑Pr)(NO3)]2

Ag(1)−N(21) 2.170(6) N(21)−Ag(1)−N(16) 126.9(2)
Ag(1)−N(16) 2.284(6) N(21)−Ag(1)−O(213) 137.3(2)
Ag(1)−O(213) 2.431(6) N(16)−Ag(1)−O(213) 94.2(2)
Ag(1)−O(113) 2.569(6) N(16)−Ag(1)−O(113) 109.2(2)
Ag(2)−N(24) 2.201(6) N(21)−Ag(1)−O(113) 114.3(2)
Ag(2)−N(13) 2.267(6) N(24)−Ag(2)−N(13) 129.9(2)
Ag(2)−O(114) 2.472(7) N(24)−Ag(2)−O(114) 115.7(2)
Ag(2)−O(214) 2.672(6) N(13)−Ag(2)−O(114) 114.5(2)
Ag(3)−N(27) 2.265(6) N(24)−Ag(2)−O(214) 117.5(2)
Ag(3)−N(112) 2.279(6) N(13)−Ag(2)−O(214) 97.4(2)
Ag(3)−O(115) 2.461(7) N(27)−Ag(3)−N(112) 122.4(2)
Ag(3)−O(215) 2.512(7) N(27)−Ag(3)−O(115) 134.1(2)
Ag(4)−N(210) 2.196(5) N(112)−Ag(3)−O(115) 98.6(3)
Ag(4)−N(19) 2.245(6) N(27)−Ag(3)−O(215) 114.2(2)
Ag(4)−O(116) 2.550(7) N(112)−Ag(3)−O(215) 118.5(3)
Ag(4)−O(116) 2.585(7) N(210)−Ag(4)−N(19) 137.5(2)
Ag(1)−Ag(2) 4.373(2) N(210)−Ag(4)−O(116) 108.1(2)
Ag(3)−Ag(4) 4.584(2) N(19)−Ag(4)−O(116) 109.7(2)

N(210)−Ag(4)−O(116) 118.1(2)
N(19)−Ag(4)−O(116) 95.4(2)

aPlease note that the symbol in parentheses ( ′ ) = 1 − x; −y; −z.

Figure 4. (A and B) Molecular structures of the two dinuclear entities
that comprise the asymmetric unit of 6 with hydrogen atoms omitted
for clarity. Solid thermal ellipsoids are reported at the 30% probability
level. (C) Portion of the crystal packing of 6 showing the different
environments of the two dinuclear entities. Symmetry codes: ′ = 1 − x;
−y; −z. ′′ = 1 − x; −y; 1 − z.
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several complexes have been reported with pyrazolylmethyl-
pyridine ligands in which the pyridine ring is unsubstituted.32 In
particular, pyrazolylmethylpyridine ligands were extensively
used for the complexation of transition metal ions in
mononuclear complexes,33 whereas dinuclear complexes with
nickel, palladium, and cobalt have been reported in which the
anions acts as bridging units between two metal−ligand
moieties.34

Silver Complex Thermolysis. Atmospheric pressure
thermogravimetric analysis (TGA) of silver complexes 1−6
was performed under N2 to evaluate the temperature at which
they undergo thermolysis. Powder X-ray diffraction (PXRD)
and X-ray photoelectron spectroscopy (XPS) were then
performed to gain insight into the composition of the residual
material. TGA and PXRD data for 1−6 are reported in Figure
5. By inspection of the TGA profiles, it is evident that the
complexes containing the NO3

− anion (4−6) have increased
weight loss at lower temperatures than the BF4

¯ complexes (1−
3). The PXRD analysis of the thermolysis products confirms
the presence of metallic silver. For all complexes, the residual
weight corresponds to the calculated weight percentage for
silver with an additional weight percentage (∼10%) due to the

formation of amorphous carbonaceous material (confirmed by
elemental analysis: C, 9.27; H, 0.12%) and a very thin Ag2O
layer on the surface.35 From the molecular structures discussed
above, the presence of the coordinating NO3

− anion affords
neutral molecular assemblies whereas the weakly interacting
BF4

− anion leads to complexes with greater ionic character.
Furthermore, NO3

− is a stronger oxidizing agent which may
assist ligand decomposition.14 Thus, silver film deposition on
52100 steel substrates was investigated with complexes 4−6.

Silver Film Deposition and Surface Analysis. As
indicated in the previous section, complexes 4−6 were
investigated for metallic silver film deposition on 52100 steel
substrates according to their promising thermolysis properties.
Silver thin film formation on clean 52100 steel coupons was
investigated under varied deposition conditions, including silver
complex concentration (0.02 to 0.1 M), solvent (acetone, THF,
methanol, t-butanol, DMSO), temperature (180−400 °C), time
(2, 5, 10, 20 min), and spin-coating rate (200 to 2000 rpm).
Overall, optimum thin film performance (homogeneity,
roughness, and thickness) is achieved with spin-coating at
1000 rpm of 0.08 M solutions of complexes 4−6 in 4:1 THF/
DMSO followed by annealing at 310 °C for 10 min. This
procedure yields Ag films with an average thickness of ∼55 nm
and an AFM-derived RMS roughness of ∼18.5 nm. The
morphology of the Ag thin films was analyzed by SEM (Figure
6A) and AFM (Figure 6B). The AFM image of the 4-derived
film shows a relatively homogeneous deposition on the
substrate, implying an island growth mechanism (Volmer−
Weber) typical of Ag film growth on oxide and semiconductor
surfaces.36 Some accumulation of the metal in certain areas is
probably due to the rapid heating. The results obtained for 5
and 6 are comparable to those of 4, and these are reported in
the SI (Figures S19−S20). In addition, energy-dispersive X-ray
spectroscopic analysis (EDS, Figure 6C) confirms a prepon-
derance of Ag on the 52100 steel substrate. The purity of the
Ag film was also investigated by X-ray photoelectron spectros-
copy (XPS) and glancing angle/incidence X-ray diffraction
(GXRD; Figure 7). The XPS spectra exhibit characteristic
metallic Ag 3d5/2 and 3d3/2 signatures,

37 with negligible traces
of contaminants, whereas the GXRD reveals cubic metallic Ag.
Due to the limited film thickness/inhomogeneity of the thin
films, both XPS and GXRD exhibit additional peaks typical of
the 52100 steel substrate (XPS: Fe, O, and C, Figure S21)38

and Ag2O. The latter contaminant arises from surface oxidation
of the Ag film.

Evaluation of Silver Complex 4 as a Lubricant
Additive. Friction and Wear Measurements. High temper-
ature ball-on-disk tests were performed to evaluate complex 4
as a lubricant additive at 200 °C.16 Formulated 15W-40 engine
oil containing various concentrations of complex 4 (0.5, 1, 2.5,
and 5.0 wt %, with a minimum amount of DMSO) provided
fully flooded lubrication between the steel ball and disk. Figure
8A shows the average friction measured over the 30 min tests,
in addition to wear measurements of the resulting wear scars on
the disks. The wear rate is the volume of material removed
from the surface of the disk per unit sliding distance,
normalized by the applied load. No appreciable difference in
the coefficient of friction is noted between the four oil−silver
complex mixtures. However, higher concentrations (2.5 and 5
wt %) of the silver complex in oil result in significantly reduced
wear compared to the pure oil, with a remarkable 88%
reduction in average wear rate at 2.5 wt %. In addition, EDS
analysis reveals small amounts of silver-based particles39 in the

Scheme 4. Schematic Description of the Ligand
Arrangements in the Present Dinuclear and Polynuclear
Pyrazolylmethylpyridine Complexes

Figure 5. (A) Atmospheric pressure thermogravimetric analysis
(TGA) of complexes 1−6. The weight loss data were recorded at
the ramp rate of 5 °C min−1 and a 90 mL min−1 N2 flow rate. (B) X-
ray powder diffractograms performed on residues of 1−6 after the
thermolysis. The simulated spectrum of cubic phase metallic silver is
shown for comparison (PDF 04-0783).
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wear scar, along with other elements (mainly, Fe and Cr)
composing the 52100 steel disk (Figure 8B). These findings
provide evidence to the protective effect exhibited by
compound 4 when employed as an antiwear additive in oil.

■ CONCLUSIONS

Six cationic silver complexes with pyrazolylmethylpyridine
ligands and BF4

− (1−3) and NO3
− (4−6) counteranions were

synthesized and chemically/structurally characterized. The
complexes with NO3

− exhibit dinuclear structures with the
NO3

− strongly coordinated to the metal center. In contrast, the
BF4

−-containing complexes have more varied molecular
geometries, including dinuclear and polynuclear structures. In
all cases, BF4

¯ is only weakly coordinated to Ag+, implying a
more pronounced ionic character in 1−3 than in 4−6. This is
also reflected in the TGA profiles, with complexes 4−6 being
less thermally stable. Given the low decomposition temper-

atures, 4−6 were further investigated as silver film precursors
using spin-coated films, followed by annealing at 310 °C. The
resulting 55 nm films are composed primarily of metallic silver
with traces of Ag2O and carbon impurities (assessed by EDS,
XPS, and GXRD). Moreover, preliminary tribological studies
show that complex 4, [Ag(LH)(NO3)]2, when added to engine
oil at 2.5 and 5 wt %, provides significant wear reduction. The
enhanced wear performance is attributed to the lubricious
properties of pure metal silver, which is a thermolytic product
of the complex at elevated temperatures. Deposition of the
silver-based complexes in the wear scar is confirmed by energy-
dispersive X-ray analysis.

■ ASSOCIATED CONTENT

*S Supporting Information
ESI-MS spectra of complexes 1−6, X-ray powder diffraction of
complexes 2−6. Atoms-in-molecules (AIM) analysis of the

Figure 6. Images of the thin Ag film deposited on a 52100 steel substrate after thermolysis of compound 4. (A) Scanning electron microscopy
(SEM). (B) Atomic force microscopy (AFM) image, Rrms = 18.5 nm. (C) Energy-dispersive X-ray spectroscopy (EDS) spectrum of the Ag layer.

Figure 7. Ag film deposited on 52100 steel substrate after thermolysis of 4. (A) XPS spectrum. (B) GXRD diffractogram (θ−2θ) in blue. Peak
positions and relative intensities for the powder pattern of cubic phase Ag (PDF 04-0783) are presented in red. The GXRD diffractogram of the
52100 steel is given in green for comparison. * = Ag2O.

Figure 8. (A) Measured wear rate and coefficient of friction for ball-on-disk tests using various amounts of silver complex 4 in oil. Error bars
represent ± one standard deviation. (B) EDS spectrum of a sample area in a wear scar after tribological testing.
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electron density. Silver layer characterization: glancing X-ray
diffraction, atomic force microscopy, scanning electron
microscopy, and energy dispersive X-ray spectroscopy. This
material is available free of charge via the Internet at http://
pubs.acs.org. CCDC 818740−818742 and 906519−906521
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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