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Unraveling the Steric Link to Copper Precursor
Decomposition: A Multi-Faceted Study for the Printing of
Flexible Electronics

Shreya Mrig, Malavika A. Bhide, Ye Zhou, Nils Stanton, Jingyan Wang,
Samuel P. Douglas, Henry R. Tinker, Kristian L. Mears, Clare M. Bakewell,
and Caroline E. Knapp*

The field of printed electronics strives for lower processing temperatures to
move toward flexible substrates that have vast potential: from wearable
medical devices to animal tagging. Typically, ink formulations are optimized
using mass screening and elimination of failures; as such, there are no
comprehensive studies on the fundamental chemistry at play. Herein,
findings which describe the steric link to decomposition profile: combining
density functional theory, crystallography, thermal decomposition, mass
spectrometry, and inkjet printing, are reported. Through the reaction of
copper(II) formate with excess alkanolamines of varying steric bulk,
tris-co-ordinated copper precursor ions: “[CuL3],” each with a formate
counter-ion (1–3) are isolated and their thermal decomposition mass
spectrometry profiles are collected to assess their suitability for use in inks
(I1–3). Spin coating and inkjet printing of I1,2 provides an easily up-scalable
method toward the deposition of highly conductive copper device
interconnects (𝝆 = 4.7–5.3 × 10−7 𝛀 m; ≈30% bulk) onto paper and
polyimide substrates and forms functioning circuits that can power
light-emitting diodes. The connection among ligand bulk, coordination
number, and improved decomposition profile supports fundamental
understanding which will direct future design.
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1. Introduction

Economical, flexible, and compact elec-
tronic devices have become an im-
portant synthetic target as the mar-
ket for printed electronics continues to
expand.[1,2] Inkjet printing has emerged
as an attractive alternative[3–6] to more
conventional deposition methods. Metal-
organic decomposition (MOD) inks that
decompose at low temperatures are es-
sential to capitalize on this printing
technology.[7] Inks of this type gener-
ally incorporate a metal precursor, with
the central metal ion coordinated to lig-
ands that decompose to afford conductive
metal upon post-deposition (e.g., ther-
mal) treatment.[8] These inks have been
heralded as an alternative to their tra-
ditional nanoparticle counterparts ow-
ing to the easy tunability of their lig-
ands. Judicious ligand choice can al-
low for precursor decomposition at low
(< 200 °C) temperatures.[9] This lower
temperature processing has opened the

field of printed electronics to low glass transition (Tg) flexible
plastics and paper substrates.[10–12] As the third most conduc-
tive metal,[13] copper is an attractive choice for use in MOD
precursors.[14] The criteria for the suitability of a MOD ink for
inkjet printing include its ability to deposit coatings with conduc-
tivities comparable to that of the bulk metal at low temperatures
(<200 °C), short sintering times, a long shelf life (>6 months),
good substrate adhesion, and low environmental impact.[15]

There are several reports of MOD formulations that fulfil these
criteria;[16–18] however, there is little evidence to explain how the
ligands or additives used give rise to these desirable properties
as well-defined, discrete compounds are rarely isolated. Earlier
works present a multitude of thermal gravimetric analysis (TGA)
profiles which show that changing the coordinating ligand to a
central copper formate moiety can lead to a dramatic drop in de-
composition temperature (up to 100 °C); however, no clear trends
are highlighted.[19–21] Recently, hypothesized two-step decompo-
sition mechanisms, via transient Cu(I) intermediates for cop-
per(II) formate based precursors have been reported. TGA-mass
spectrometry (MS) detected CO2 as the first by-product leading to
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the conclusion that the two formate ligands are responsible for
the reduction of the copper.[22–25] Marchal et al. used in situ X-
ray absorption spectroscopy confirming the Cu(I) presence dur-
ing reduction,[23] following this work with a study showing that
bidentate ligands aided in oxidation prevention.[24]

A chemical explanation to this lowering effect upon coordi-
nation with alkanolamines remains unclear, highlighting the ur-
gent need to ascertain the link between molecular structure and
precursor properties[26] to make more informed decisions about
ligand choice.[27–29]

There are few literature reports that attempt to establish this
link[30] though Paquet et al.[31,32] have recently reported the iso-
lation of a range of MOD complexes synthesized by the reac-
tion of copper(II) formate with various pyridines and primary
and secondary amines. This study suggested a link between in-
creased H-bonding between the formate counter ion and the NH
group of the ligand (confirmed by single crystal X-ray diffraction
(SCXRD)) and rising decomposition temperatures from TGA.
Paquet et al. have also reported TGA-MS consistent with results
from Marchal, using electronic structure calculations to offer
mechanistic insight into the decomposition profiles of copper(II)
formate based precursors.[25] Ultimately however, the precursors
reported did not form conductive copper upon decomposition.

Our group recently investigated the effect of steric demands
of coordinating diamine/alkanolamines ligands on the decom-
position temperature of copper(II) nitrate MOD precursors.[33]

Using SCXRD, this work proposed that amine additives coordi-
nated to the metal atom lengthened the copper–nitrate distance;
thus, weakening the bond and lowering the decomposition tem-
perature. These precursors could not convert thermally but did
produce highly conductive (𝜌 = 1.5 ± 0.5 × 10−6 Ω m) copper
metal on glass when exposed to a reducing Ar/H2 plasma.

2. Outline

Owing to the large number of derivatives, commercial avail-
ability, and potential for multiple coordination modes, we be-
came interested in expanding the scope of these alkanolamine
ligands with copper(II) formate, with the aim of isolating dis-
crete complexes whose structure–reactivity relationship could be
probed. 4-coordinate square planar complexes were synthesized
by Bertrand and Muhonen[34,35] in the early 1980s from a hy-
drated copper source, but there is much scope for expansion both
in terms of coordination number and ligand type. Herein, we ex-
plore the coordination of a series of alkanolamine ligands with
copper(II) formate and for the first time, employ computational
analysis to aid our understanding of the structural and observed
decomposition profiles of the isolated complexes. This informa-
tion aids our design of precursors for the printing of copper metal
with high conductivity, suitable for electronic components from
the synthesized inks.

3. Probing the Relationship Between Structure and
Stability

3.1. Computational Studies

A series of copper complexes of the type [Cu(L)3]+[CHOO]− were
targeted, where L corresponds to alkanolamines with increasing

steric profile: 2-aminoethan-1-ol (L1), 1-aminopropan-2-ol (L2),
and 2-amino-2-methylpropan-1-ol (L3). These ligands have the
ability to bind through both the N and O substituents, with 4-,
5-, and 6-coordinate complexes possible.[36,37] Therefore, we first
used density functional theory (DFT) to gain an understanding of
the geometries that might be expected from the different ligand
combinations. A complex of the most simple alkanolamine, L1,
was modelled using a standard basis set (6-31G**/SDDAll) and a
series of functionals (Table S1, Supporting Information).[38–40] In
all cases, calculations consistently converged to complexes with
either a 4- or 5- coordinate geometry around the central Cu atom,
with attempts to model a complex where all three ligands were
bound to the metal through both the O- and N- atoms unsuccess-
fully. A variety of additional O…H or N…H hydrogen bonding in-
teractions were also observed, suggesting the ligand can provide
additional stabilization to the complex (Table S1, Supporting In-
formation). The formation of a 5-coordinate complex was found
to be slightly less energetically favorable than the 4-coordinate
complex (ΔGtetra–penta = −3.27 kcal mol−1; wB97×, ΔGtetra–penta =
−0.64 kcal mol−1; M06L). These results indicate that complexes
with a higher coordination number will be intrinsically less sta-
ble.

3.2. Synthesis

We next set about exploring these compounds experimentally,
with dehydrated Cu(II) formate combined with an excess of
L1–3, which doubled as the reaction medium (Scheme 1). Com-
pounds 1–3 were isolated as blue solids in high yields, with the
[Cu(L)3]+[COOH]− composition confirmed by mass spectrometry
(MS) and elemental analysis (EA). SCXRD was used to probe the
finer bonding picture, with single crystals grown from saturated
acetonitrile solution. FTIR (solid and solution) investigations of
1 and 2 showed only slight variation, indicating that structures
reported in the SCXRD are representative of what is happening
in solution. Compounds 1–3 were found to have drastically dif-
ferent solid state structures to each other, but in all cases, they
contained a [Cu(L)3]+ fragment (Figure 1) with a single formate
counter ion—in contrast to previously reported structures where
two formate ligands are directly bound to the Cu ion.[24] The coor-
dination number at copper reduced as the steric bulk of the ligand
increased: 1 was hexacoordinate, 2 was pentacoordinate, and 3
was tetracoordinate; but in all cases, the formate was never bound
to Cu2+. In 1, all three ligands coordinated to the central copper
ion in a bidentate fashion. As a result of steric constraints, O2 and
O3 only weakly coordinated to the copper atom, as could be seen
from their respective interatomic distances (Cu–O1: 1.9387(11)
Å, Cu–O2: 2.4734(14) Å, and Cu–O3: 2.5297(15) Å). The Cu–O1
bond length was significantly shorter than that reported for a tri-
flate analogue (Cu–O1: 1.960(2) Å),[36] which illustrates the im-
portance of both ligand and counterion in these systems.

We therefore revisited the reaction of L1 with
[Cu(CHOO)2(H2O)4] to investigate the coordination of L1 in
the presence of both co-ordinated formate and water molecules.
When a 1:1 stoichiometry was used, no reaction occurred
whilst 1:3 and greater would yield the previously reported CuL2
compound.[34,35] Interestingly, a 1:2 stoichiometry yielded a
tetrameric type-II cube-like copper alkoxide (4),[24,41] with the
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Scheme 1. Synthetic routes to compounds 1–4. Formate counter ions omitted for clarity, % yield given beneath.[34,35]

Figure 1. Molecular structures of 1 (left), 2 (middle), and 3 (right) with thermal ellipsoids drawn at 50% probability and selected hydrogen atoms and
counter ions are omitted for clarity. In 3, grey dashed lines indicate hydrogen bonding.

formula [Cu(CHOO)(L1)]4 (Figure S1, Supporting Information).
Here, each of the Cu atoms were coordinated by L1 in a 𝜅2

fashion (e.g., Cu–O1: 1.9460(12) Å, Cu–N1: 2.010(13) Å) and a
𝜂1-formate ligand (Cu–O2: 1.9613(12) Å). Bridging between Cu
atoms occurs through the oxygen atoms of the alkanolamine
such that each Cu is 4-coordinate.

In contrast to 1, due to the higher steric load on the carbon
backbone of L2, only two of the ligands display bidentate coordi-
nation in 2, while the third coordinates in a monodentate fashion

through N3. As in 1, compound 2 displays only one covalently
bonded alkanolamine ligand through O1 (Cu–O1: 1.9908(7) Å),
O2 datively coordinates (Cu–O2: 2.3087(13) Å) as do all the nitro-
gen atoms on the three ligands. The effect of the most sterically
hindered ligand (L3) results in the tetracoordinate compound 3,
which unlike 1 and 2, has two covalently bound ligands (via O),
resulting in shortened bond lengths of 1.901(2) Å (Cu–O1) and
1.910(2) Å (Cu–O2), both of which are significantly shorter than
Bertrand’s and Muhonen’s complexes (which include a nitrate
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counter-ion and water, respectively). A third L3 N-cation is weakly
coordinated to the O and N–H of the bound ligands through hy-
drogen bonding (Figure 1).

Thus, compound 1 showcases a [4 + 2] pseudo-octahedral ar-
rangement around the copper atom in the solid state. This [4
+ 2] coordination has been previously reported; however, ax-
ial sites are occupied either by counter ions[33] or molecules of
hydration.[32] Compound 2 is 5-coordinate in the solid state, with
𝜏5 = 0.20 (𝜏5 = 0 for square pyramid, 𝜏5 = 1 for trigonal bipyra-
midal) corresponding to a slightly distorted square-based pyra-
midal geometry. Compound 3 showcases a square planar geom-
etry 𝜏4 = 0.05 (𝜏4 = 0 for square planar, 𝜏4 = 1 for tetragonal),
which is structurally similar to those previously reported.[34,35]

The N–Cu–O internal bond angles at the copper atom are less
than 90° because of the steric strain induced by the short back-
bone chain (O1–Cu–N1: 85.6(1)°; O2–Cu–N2: 85.5(1)°). 𝜏 val-
ues can give insight into the suitability of these compounds as
precursors; higher distortion in precursors has previously been
correlated with a reduction in decomposition temperature.[42]

This would suggest that compound 2, with maximum distortion,
would display the lowest decomposition temperature.

3.3. Thermal Decomposition

Following the isolation of compounds 1–4, their thermal decom-
position behavior was investigated using thermal gravimetric
analysis (TGA) in open pans with a N2 shield gas to best repro-
duce real-world printing conditions. Following this, TGA-mass
spectrometry (MS) was carried out on 1 and 2 and their cor-
responding inks (Figure S4, Supporting Information). Isolated
compound 3 was found to be highly air sensitive and hygro-
scopic, with decomposition (Figure S2, Supporting Information)
rendering the collection of TGA data impossible. For compari-
son, TGA data for commercially available hydrated copper for-
mate and the in situ inks formulated from 1–3 in excess of their
respective alkanolamine were also collected (Figure 2). All TGA
profiles presented show a marked decrease in onset of decompo-
sition temperature following complexing with the alkanolamine
when compared to hydrated copper(II) formate alone (Figure 2,
blue line).[27] The cluster compound, 4, did not fully decompose
to copper metal (expected mass loss: 67.3%, actual: 45% at 168
°C) despite having a similar onset temperature to 1 and 2.

The decomposition products of 1 and 2 were found to be el-
emental copper (Figure S3, Supporting Information). Literature
precedent for a two-step decomposition for copper formate inks
with ethanolamine[22] is reproduced in this work as compound
1 degrades through a two-step thermal event which is initiated
at ≈95 °C (taken from the point at which the data first deviates
from dWt/dT = 0) and a second event at ≈195 °C, indicating that
for complete conversion to copper metal, a minimum sintering
temperature of 195 °C would need to be reached. Compound 2
appears to degrade through two thermal events which are ini-
tiated at ≈140 °C and ≈190 °C, indicating that deposition onto
low-cost flexible materials could still be feasible, concurrent with
our crystallographic findings that compound 2, with maximum
distortion, would fully decompose at low temperature. TGA re-
vealed that in situ inks saw a further reduction in onset of decom-
position temperature, likely owing to the excess of alkanolamine

Figure 2. Top: overlapping thermograms for commercially available hy-
drated copper formate (blue), isolated compounds (black): 1 (solid), 2
(dash), and 4 (dot/dash), and in situ inks (orange) formulated from 1
(solid), 2 (dash), and 3 (dot/dash); Bottom: offset derivatives of thermo-
grams for compounds 1 and 2.

present.[19] Whilst FTIR studies confirm the SCXRD structure
of 1 and 2 to be representative of the solution based structures,
TGA-MS was also carried out for solids (1, 2) and inks (I1, I2).

3.4. Printing Optimisation and Device Fabrication

The inks contain excess alkanolamines which can be detected in
the TGA-MS as evaporating throughout the decomposition (for I1

ethanolamine: m/z: 61; for I2 1-aminopropan-2-ol: m/z: 75); it is
also likely their incorporation aids in preventing oxidation con-
sistent with previous literature findings.[24] A key finding from
the TGA-MS of the isolated precursors, where no excess alka-
nolamines are present, is that decomposition products of both
the formate counter-ion (CO2: m/z 44) and fragments of the bro-
ken down alkanolamine (NH3: m/z 17) are detected for both com-
pounds 1 and 2. These data provide direct evidence that the alka-
nolamine ligand is involved in the reduction of the copper from
+2 to 0. Previous DFT calculations had indicated that two copper
bound formate ligands would be required to provide a sufficiently
reducing environment for the complete conversion to metallic
copper.[22–25] Boiling point of the alkanolamine has been previ-
ously demonstrated to alter the degradation profile of copper(II)
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Figure 3. Properties of inkjet printed conductive Cu tracks. Top left: XRD pattern of printed Cu film, along with ICSD standard. Top right: SEM image
of Cu on PI and (inset) cross-sectional SEM of Cu film on PI measuring 1.5 μm thickness. Bottom left: Cu 2p XPS of Cu film. Bottom right: Example of
inkjet printed Cu on tracing paper (and inset on PI tape) used to light LEDs in circuits from I1 and I2, respectively.

formate based inks; in the TGA-MS, the lower boiling point ad-
ditives (b.p. 1-aminopropan-2-ol: 150 °C) are released first, as ex-
pected, likely playing a role in the TGA profile of inks I1–3.[27,32]

Ultimately, it is likely that multiple decomposition pathways are
possible; the in situ inks, which contain two equivalents of the
formate counter-ion per copper ion in addition to excess alka-
nolamine would provide the best possible environment for re-
duction. Inclusion of formate counter ions in 1–3 as well as lig-
ated alkanolamines facilitate the reduction of the Cu2+ ion upon
heating, which certainly plays a part in lowering the energy re-
quirements for this process.[27]

In situ inks I1, I2, and I3 were then formulated for spin-coating
and printing by mixing copper(II) formate with excess L1, L2, and
L3, respectively at room temperature (see Supporting Informa-
tion). Initially, a proof-of-concept study was conducted to test the
suitability of the inks as low temperature precursors toward ele-
mental copper. Inks were drop cast or spin coated onto glass, pa-
per, and polymers (e.g., polyimide (PI) and polyethylene tereph-
thalate (PET)), followed by thermal sintering initially at 150 °C
under an N2 environment, which resulted in conductive copper
deposits from all three inks on glass and polymers; repeats at 125
°C were also successful (Table S4, Supporting Information). This
represents a reduction in processing temperature when com-
pared to similar copper formate based inks with two equivalents
of alkanolamines which required processing temperatures in the
range of 140–250 °C.[22] This strengthens the hypothesis that lig-
and coordination number impacts the decomposition profile of
the copper. Trial depositions onto paper were unsuccessful as the

drops of ink saturated the substrate. The deposits were character-
ized via XRD and X-ray photoelectron spectroscopy (XPS) which
confirmed their identity as elemental copper, and scanning elec-
tron microscopy (SEM) revealed good coverage on all three sub-
strates (Figures S4–S9, Supporting Information). While all three
inks produced conductive copper, only I1 and I2 were selected to
be inkjet printed.

The inkjet printing of two layers of I1 onto glass and PI, fol-
lowed by thermal sintering at 150 °C under an N2 blanket re-
sulted in highly conductive metallic copper (𝜌 = 4.7–5.3 × 10−7

Ω m) tracks. The printability of I2 was improved by addition of
ethanol which also facilitated superior wetting qualities onto pa-
per substrates (Figure S11, Supporting Information). As such, I2

in ethanol was inkjet printed onto paper and sintered at 150 °C
under a blanket of N2 producing conductive copper (𝜌 = 3.83 ×
10−6 Ω m). In all cases, the tracks were relatively well adhered
to the substrate, requiring physical abrasion with steel to cause
delamination.

The X-ray diffraction patterns of the tracks deposited on glass,
PI, and paper showed peaks indexed to the (111) and (200) planes
of elemental copper. X-ray photoelectron spectra confirmed the
presence of elemental copper, with peaks for the Cu 2p1/2 and Cu
2p3/2 states appearing at energies ≈951.0 eV and ≈932.00 eV, re-
spectively for all samples, in agreement with literature values.[43]

No peaks for copper(II) oxide were observed after a 300 s Ar-ion
etch on any samples. Scanning electron microscopy (SEM) im-
ages showed a fully connected array of similar sized particulates
coalesced together, consistent with the observed low resistivity.
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Whilst the properties of copper patterns are highly related to their
microstructure, the issue of pinholes in films can be easily reme-
died with a second pass on the printer; pinholes can be seen in
the SEMs of single layer deposits, and these are unique to the
use of molecular precursors as opposed to nanoparticle formula-
tions, owing to the formation of gas during molecular precursor
decomposition.[12]

Using these inkjet-printed copper interconnects as device elec-
trodes, closed series circuits were built from a 9 V battery and a
5 mm dual in-line package LED (Figure 3; Figure S17, Supporting
Information). This proof-of-concept experiment displayed the po-
tential of these MOD precursors to develop electrical circuits on
flexible materials at low temperatures.

4. Conclusion

In summary, ligand directed structural investigations have
yielded a series of 4-, 5- and 6-coordinate copper MOD precursors
(1–3). Whilst it may appear intuitive that the coordination num-
ber at copper will reduce as the steric bulk of the ligand increases,
the fact that we have isolated a 6-coordinate Cu compound, which
is counter-intuitive to our DFT predictions begins to build a pic-
ture as to why 1 acts as a superior ink additive.

The formation of these high-coordinate Cu complexes, which
were confirmed by SCXRD studies, was facilitated by the use
of a dehydrated copper(II) formate precursor. The strain of the
molecules could be measured by the 𝜏 values obtained from crys-
tallographic studies, which combined with DFT studies, indicates
a decrease in complex stability with an increase in coordination
number. Industrially, alkanolamine additives are routinely added
to metal inks in trial-and-error experiments with no explanation
given; however, we can confirm that the smaller the steric profile
of the ligand, the higher the coordination geometry observed at
the metal. Interestingly, crystallographic analysis revealed 2 to be
most strained, which was a good fit with the superior TGA profile
of the precursor, evidencing a subtle interplay between compet-
ing effects.

Ultimately the relative instability of the 5- and 6-coordinate
complexes translated to their reactivity, with both compounds
proving to be excellent MOD precursors. TGA-MS has shown
both alkanolamine and formate ligands to be necessary for the
complete reduction to metal in 1 and 2, with an excess of alka-
nolamines in the inks contributing to even lower decomposition
temperatures. Compounds 1 and 2 have been shown from TGA
and inkjet printing to be highly effective precursors to conductive
metallic copper interconnects onto PI (𝜌 = 4.7–5.3 × 10−7 Ω m)
and paper (𝜌 = 3.83 × 10−6 Ω m). This easily up-scalable method
has yielded printed features a few microns thick, resulting in the
realization of low-cost plastic or paper-based flexible electronics,
demonstrated with an electrical circuit, which could have poten-
tial for use in high frequency devices which will be targeted in
the lab for the next iteration.

For the first time, the combined analysis of complex structure,
computational modelling, and reactivity studies has been applied
to MOD precursors, unambiguously proving the complementary
nature of these techniques. These investigations offer a more se-
lective approach for the development of MOD precursors, and
highlight the future importance of rational systems design.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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