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Copper can have a beneﬁcial or unfavorable eﬀect on coating performance, depending on the additives present
in the formulation. The distribution of copper was studied in acrylic coating formulations on brass substrates
with and without benzotriazole to gain insights into the role of copper ions. Using depth proﬁling secondary ion
mass spectrometry it was found that on ageing copper migrated from the coating towards the substrate in the
presence of benzotriazole, possibly due to inhibition at the coating-metal interface. However, closer inspection
by ToF-SIMS shows an even distribution of BTA in the coating and no evidence of inhibition via complexation or
chemisorption on the metal surface.

1. Introduction

complex interplay of these factors makes it diﬃcult to predict the
structure and in turn the inhibitor performance.
BTA is a mixed-type inhibitor, as it has been found to retard metal
oxidation as well as cathodic processes. The barrier properties of either
chemisorbed or complexed surface structure can explain the performance of the BTA-inhibited surface compared to bare metal [8]. A dual
layer system has been conﬁrmed by ellipsometry and electrochemical
methods whereby polymeric Cu(I)-BTA forms on top of the initial
chemisorbed layer [17,22,23]: using a rotating-disk electrode the chemisorbed layer was found to be the most resistive whereas the Cu(I)BTA complex was found to be porous [23]. Speciﬁcally regarding
chloride corrosion, BTA was shown to complex alternately with
chloride and copper [24], thus preventing a chloride-induced catalytic
reaction.
The inhibition and structure of BTA on copper alloy has been mostly
studied using immersion treatment in hot, dilute solution [25,26] or
impregnation under vacuum [27]. However, BTA is often incorporated
into coating formulations as an anti-corrosion additive and for its UV
absorption properties [28,29]. For example, Incralac is an acrylic
coating made up of Paraloid™ B44, benzotriazole, a carrier solvent and
levelling agent [30]. Paraloid™ B44 is a methylmethacrylate (MMA) copolymer, which has been found to contain MMA, ethyl acrylate (EA)
and n-butyl methacrylate (BMA) in a 70:28:1 ratio [31,32]. Incralac
was developed in the 1960′s to satisfy demand for a long-lasting
treatment for the protection of copper. It has been widely used since
then for the conservation of copper and bronze outdoor works of art

The presence of copper ions in coatings can be constructive or destructive. On one hand, copper ions can interact with additives to inhibit corrosion [1], while on the other hand it has also been reported
that copper ions can alter the properties of the polymer coating [2–4],
for example causing chemical degradation. How do we decide whether
the action of copper ions is of cause for concern?
The additive to be investigated in this work is benzotriazole (BTA).
BTA is a commonly used copper corrosion inhibitor against a variety of
pollutants, for example anthropogenic gases [5–7], aqueous chlorides
[8–10] and acidic media [11,12]. While it is employed as a corrosion
inhibitor in a wide range of industries (e.g. power, water, oil), BTA is
often used in the stabilization of copper-based artefacts [13,14], especially for the treatment of chloride corrosion (also known as “bronze
disease”). It was originally suggested using electrochemical methods
and infrared spectroscopy that chelation of copper ions with a lone pair
of electrons on the azole ring leads to a linear polymeric Cu(I)-BTA
complex formation [15,16], formed during immersion of copper in a
near-neutral solution of BTA. The production and transport of soluble
copper ions from the metal was found to be the determining factor for
growth of this structure. An alternative surface structure, elucidated by
surface sensitive techniques, ellipsometry and molecular modelling, is
simply chemisorption of BTA onto the copper surface [9,17,18]. The
structure of the surface depends on the pH [8,19], oxidation of the
copper substrate [20] and BTA concentration [21]. However, the
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in high-current bunched-mode using the 25-keV Bi+3 cluster with a prebunched pulse-width of 640 ps and a measured target current of 0.3 pA.
Images were collected to the static SIMS limit with a pixel density of
128 × 128 pixels; all secondary ions were extracted with ± 2 kV into
the TOF mass analyzer and given a 10 kV post-acceleration for detection. A low energy electron ﬂood gun was used for charge compensation
allowing samples to be imaged without a coating of gold. ToF-SIMS
images were taken on the edge of a crater sputtered using a 4 kV Ar+2000
gas cluster ion beam (GCIB).

with some inconsistency in positive reports of performance [33].
In order to further investigate the mechanism of BTA and the involvement of copper within coatings on copper alloys, depth proﬁling
was carried out using secondary ion mass spectrometry (SIMS). Static
SIMS is an ion probe technique used to study surface composition to
parts-per-billion resolution [34]. Dynamic SIMS has been used to study
polymer composition and properties in depth resolution [35–37], but
has less often been utilized to measure substrate element distribution in
polymers [38]. Poly(methyl methacrylate) (PMMA) on silicon or glass
has been studied extensively due to this system’s use in the semiconductor industry: the ingress of elements from these inert substrates
has been reported as negligible [39]. In this study, elemental depth
proﬁles from aged coatings on a copper alloy could be matched with
Time-of-Flight (ToF)-SIMS images to cross-reference molecular features
from a coating cross-section.

3. Results and discussion
3.1. Depth proﬁling
Depth proﬁling was carried out on aged and unaged coated brass
samples to measure the distribution of elements within the polymer.
Subsequently, the coating thickness was measured to inform depth
proﬁle analysis. Both aged and unaged coats were found to be
(1.6 ± 0.3) μm thick.
It is important to consider factors which could have implications for
analysis of depth proﬁles due to the depth resolution uncertainties. For
example, it has been found on analogous samples that the experimental
error of SIMS crater depth measurements can be ± 15% [38]. This is
due to the properties of organic polymers and their susceptibility to
chemical or physical changes that may be caused by implantation of the
primary ion beam and sputtering [39,42–46]. For example beam damage in a similar polymer, PMMA, has been characterized as main
chain scission and side-chain loss [47].
Fig. 1 shows a depth proﬁle of unaged coating 1 on a brass substrate. The intensities of the secondary ions are shown in counts per
second. The depth of the coating is approximated to sputtering time:
from 0 to 4000 s the beam etches from the coating surface towards the
metal substrate. The primary ion beam intensity of 10 nA at 23 keV
would only deposit 0.23 mW onto the samples surface, and the resulting
temperature change is negligible. Data at < 1 cps have a high signal-tonoise due to Poisson statistics.
A range of isotopes was investigated using depth proﬁling: 63Cu,
64
Zn, 12C and 16O. Nitrogen, although present in the coating additives,
could not be detected due to the use of the 16O− ion beam. Copper and
zinc make up the metal substrate so an increase in Cu and Zn signal
denotes approaching coating-metal interface. Fig. 1 shows a sharp increase in copper and zinc signals at 1000 s indicating that the ion beam
is approaching the metal surface in depth, but also that the substrate
elements are detected in the coating before ageing. After this sharp

2. Materials and methods
2.1. Depth proﬁling
Samples were cut from Commercial Bronze sheet (90 Cu:10 Zn,
McMaster-Carr, USA) to 7 × 7 cm squares. (The Commercial Bronze
alloy is classed as a brass [40], and will be referred to as such in the
remainder of the paper.) Prior to coating, the surface was mechanically
polished to a mirror ﬁnish with silicon carbide paper (P1200 Grit),
followed by alumina (0.1 μm, aqueous dispersion) on a MicroCloth (all
Buehler, Germany). The samples were then rinsed with DI water and
ultrasonically cleaned in ethanol for 60 min [41].
Samples were spin-coated (Chemat Technology, Inc.) with a 4 mL
aliquot of the coating (Table 1) at 500 rpm (10 s) then 2.5 krpm (60 s)
to achieve a 1.5 ± 0.1 μm thick coating. Thickness was measured
using a Multimode IV atomic force microscope equipped with a J-type
piezo (Veeco Metrology Group, Santa Barbara, CA). Silicon tips from
Bruker were used in tapping mode (Bruker Inc., Billerica, MA). Samples
were aged artiﬁcially in an Atlas Ci4000 Weather-O-meter® (ISO 48922:2013; ﬁltered xenon arc UV-B: 340 nm; cycle: 102 min light at 65 °C
and 18 min condensation; irradiance: 60 W/m2) for 72, 240 and 720 h
then cut to 1 cm2 diameter using a cleaned metal die. Samples were left
to dry for 24 h then coated with gold to assist in sample surface charge
compensation during the SIMS depth proﬁle.
Depth proﬁling was carried out at the UCLA-NSF National Ion
Microprobe Facility, UCLA on the Cameca 1290 SIMS instrument by
using a mass-ﬁltered 16O− beam, with an impact energy of 23 KeV
(−13 KeV at the source and +10 KeV at the sample) and an ion current
of 10 nA. Secondary ions were collected with the axial electron multiplier (EM) under mass resolution (M/ΔM) of ∼2000.
2.2. ToF-SIMS
Samples were aged artiﬁcially (as described above) for 720 h then
cut to 1 cm2 diameter using a cleaned metal die.
Analysis was carried out on a TOF-SIMS IV system (upgraded to
TOF-SIMS V capabilities) (ION-TOF GmbH; Münster, Germany) at the
Surface Analysis Facility in the Department of Chemistry and
Biochemistry, University of Delaware. Measurements were performed
Table 1
Coating formulation for samples analysed by depth proﬁling SIMS and ToF-SIMS. Coating
1 is an imitation Incralac [30]; coating 2 is an imitation Incralac minus the anti-corrosion
additive BTA.
Ingredients (manufacturer)

Coating 1

Coating 2

Paraloid™ B44 (Dow, USA)
Benzotriazole (TCI, Japan)
Toluene (Merck, USA)
Paraplex® G-60 (Hallstar, USA) [Epoxidised Soybean Oil]

17 g
0.25 g
100 mL
1.7 g

17 g
–
100 mL
1.7 g

Fig. 1. Depth proﬁle of unaged coating 1 on a brass substrate. The counts per second from
four isotopes were analysed during a 4000 s measurement.
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the thickness of the coating and polymer properties. From time
0–1000 s the carbon signal remains ﬂat as the beam sputters the
homogenous coating. A ﬂat carbon signal has previously been attributed to the random orientation of copolymer molecules [35]. At 1000 s,
where the Cu and Zn signals increase, the carbon signal drops oﬀ −
carbon traces in the metal could be a result of impurity in the alloy. The
oxygen signal decreases from 0 to 1000 s due to the oxidation of the
coating [48] possibly caused by damage to the acrylic [42]. At the
coating-metal interface the signal increases then plateaus possibly due
to a reaction of the oxide on the metal surface.
Substrate elements have been shown in Fig. 1 to have similar depth
proﬁles. However, subsequent analyses of depth proﬁles focus on the
copper and carbon signals only in order to further investigate the involvement of copper within aged coatings on copper alloys.
Fig. 2 shows the carbon and copper proﬁles from aged coating 1 and
2 on a brass substrate. The aged coating 1 data shows a gradual shift in
the onset of copper proﬁles on ageing. The coating-substrate interface
characterized by the copper/carbon crossover is at 3000–3500 s for all
aged coating 1 samples. Compared to the unaged coating (Fig. 1) the
onset remains at 500 s but the interface is measured at 1100 s, which
suggests a change in coating properties on ageing. Sputter rates for
coating 1 are 10.7 ± 1.7 nm3/ion and 1.7 ± 0.1 nm3/ion for the
unaged and aged respectively.
After 72 h artiﬁcial weathering there is a stepwise increase of
copper from the coating to the brass interface from 500 s. The curve
ﬂattens out at 3000 s as the primary ion beam interacts with the brass
only. After 240 h artiﬁcial ageing there is no copper found in the
coating until 1500 s after which a gradual increase in copper signal
from 0 to 80000 cps occurs during 2000 s. After 720 h artiﬁcially
ageing, there is no copper detected in the coating until 2500 s. On
ageing, the slope of the copper proﬁles for coating 1 also increases from
the point of onset to plateau. The shift in copper proﬁle onset suggests
that on application of the coating, copper ions are dispersed some
nanometers into the coating (Fig. 1) and that on ageing copper ions
migrate from the coating to the brass surface. The migration of copper
in an analogous substrate (PMMA) has been attributed to several phenomena [49]: 1) traces of acid could cause copper salt or soap formation leading to migration, 2) interchain alignment allows copper to
travel through the polymer matrix, and 3) Cu (II) interaction with
electric ﬁeld gradients. It has also been suggested that changes in
polymer structure could aﬀect the diﬀusion of copper ions [50].
Therefore it is possible that the shift in copper proﬁle on ageing is a
reﬂection of structural polymer degradation during artiﬁcial ageing
[36,51]. The shift is unlikely to be due to ion-induced degradation
because PMMA has been found to be more susceptible to chemical
changes in the beam than structural alterations [44].
The carbon proﬁles of coating 1 samples aged 240 and 720 h show a
decrease in signal to zero at the coating-substrate interface as copper
(and zinc) replaces the coating. The same behavior is not observed with
the least aged sample nor the unaged sample (Fig. 1): at the perceived
interface, the carbon signal stays level and does not decrease steeply as
the beam reaches the metal.
Depth proﬁles for coating 2 on a brass substrate do not show signiﬁcant change with ageing. Copper proﬁles for these coats increase
sharply from 0.1–80,000 cps at 500 s followed by a plateau, which
suggests a) a very clear coating-metal interface and b) that no copper is
present in the coating. Carbon proﬁles show a sharp dip after 100 s,
followed by a slow decrease in intensity – the clear coating-substrate
interface observed in Fig. 1 is not present. This could be due to ioninduced damage accumulation which is not removed by the primary ion
beam [46,52].
If the copper-carbon proﬁle crossover is indicative of the coatingsubstrate interface, Fig. 2 shows that the sputter rate is much faster into
coating 2 than the coating 1. This suggests that the BTA in coating 1
also improves the stability of the layer in the ion beam, which could be
caused by increased coating stability due to additional hydrogen

Fig. 2. Copper (solid line) and carbon (dotted line) depth proﬁles of coating 1 (black) and
coating 2 (red) artiﬁcially aged (A) 72, (B) 240 and (B) 720 h. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

increase, the Cu and Zn signals plateau as a results of the ion beam
penetrating into the homogenous metal substrate. Carbon and oxygen
are the major elements in the coating so the C and O signals can infer
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Fig. 3. ToF-SIMS images of an aged spin-cast ﬁlm cross-section of coating 1 on a brass coupon formed by sputtering with a GCIB (see Experimental section for details). (A) is the copper
image as an addition of Cu+ and 65Cu+ mass fragment images. (B) is the zinc image as an addition of Zn+ and 66Zn+ mass fragment images. (C) is the acrylic image as an addition of
+
+
+ +
+
+
C2 H3O+
2 , C2H5O , and C3 H5 O2 mass fragment images. (D) is the BTA image as an addition ofNH 4 N3 , C6 H5 N3 , and C6 H 4 N3 mass fragment images. (E) is an overlay of images (A) through
(D) with the following color channels: (A) blue, (B) cyan, (C) red, (D) green. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

which remains uncomplexed to copper can form CN−, C3N−, C6H4N−
and C6H4N3− ions. MMA and ethyl acrylate (EA) fragments should be
recognizable from the Paraloid™ resin which makes up the bulk of the
coating. The most recognizable features come from the side groups of
the MMA and EA monomers (C2H3O2+ and C3H5O2+ respectively)
[56,57]. However, the ions of the acrylic resin measured can vary according to ion source and dose [39].
Fig. 3 shows the ToF-SIMS images for individual coating components (A–D) and the overlaid images (E). The coating-metal interface is
clearly evidenced by the copper signal. The zinc signal is lower than the
copper, as expected for this alloy (also Fig. 1). Both metals show a
decrease in signal prior to the interface. Synchronously, an observed
drop in acrylic molecular signal is present at the acrylic-brass interface.
This is in line with the observations made in Fig. 2 for the same sample:
the steep copper depth proﬁle close to the coating-metal interface infers
less copper in the coating than younger coatings. Fig. 3(D) shows that
BTA molecules are dispersed throughout the coating after ageing. There
is no clear increase in BTA concentration at the coating-metal interface,
as one would expect from proposed inhibition mechanisms for the inhibitor [1]. However, the images show BTA mass fragments are detected on top of the copper and zinc signals, which could suggest
complexation or chemisorption. That said, no deﬁnitive copper-BTA
molecular fragments were measured; thus the Cu-BTA complex was not
positively identiﬁed on the coating-metal interface nor dispersed within
the coat. This could be due to the instability of the Cu-BTA complex
under these experimental conditions or the relatively low concentration
of the expected Cu-BTA in comparison to previous literature that investigated the complex [55].

bonding between BTA and the acrylic [53].
As shown in Table 1, benzotriazole is found in coating 1 only.
Therefore the diﬀerence in depth proﬁles could be attributed to the
presence of this anti-corrosion additive. The coating containing BTA has
a lower sputtering time than without. It was also found that coating 1
depth proﬁles show a migration of copper from the coating to the metal
interface on ageing. This could be due to Cu-BTA complex formation at
the copper surface creating a copper ion concentration gradient. It has
been shown the concentration of BTA determines if the Cu-BTA complex is formed; at the concentration shown in Table 1, BTA is known to
complex with copper in solution [21]. The results of the complex formation phenomena have been observed with solid phase chemistry
when evaluating the coating’s performance [54]. However, with this
depth proﬁling technique we cannot diﬀerentiate between Cu and CuBTA in the coating.
Migration of copper in the presence of BTA on ageing has been
shown using depth proﬁling SIMS. By using ToF-SIMS imaging, BTA
distribution in an aged coating is further investigated to deduce whether it remains dispersed in the dried resin, is found mostly at the
coating-metal interface and whether it is occurring in a complexed CuBTA form.
3.2. Time-of-Flight SIMS
ToF-SIMS was employed in order to see if the copper ingress observed in depth proﬁling of aged ﬁlms could be attributed to formation
of the Cu-BTA complex. Prior to ToF-SIMS measurements, expected
peaks were elucidated from earlier work. Notoya measured the ToFSIMS signals from copper immersed in BTA [55]. It was found that CuBTA complexes exist in oligomers with up to 5 monomers (positive ion
beam) or 3 monomers (negative ion beam) of BTA. In addition, BTA
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4. Conclusions
The distribution of copper ions through aged acrylic coatings was
measured using depth proﬁling SIMS in order to gain an understanding
of the protective mechanism with or without the addition of benzotriazole. General trends were observed because quantitative measurements are diﬃcult when measuring elements within polymers using this
technique [38]. In the coating containing BTA, copper ions migrated
out of the coating towards the coating-copper interface which implied
the formation of a Cu-BTA protective layer, a mechanism also suggested
when BTA is applied to a metallic substrate via immersion [1]. Conversely, the copper depth proﬁle did not change when a coating omitting BTA was aged which implies no copper migration.
ToF-SIMS imaging was employed to locate the inhibitive Cu-BTA
complex. We are not able to measure deﬁnitive copper-BTA molecular
fragments expected at the interface possibly due to the instability or
concentration of the complex during measurement. Nevertheless, an
even dispersion of BTA within the coating was measured. This could
have the eﬀect of increasing absorption of damaging UV light [48,58]
which can also improve the performance of the coating.
The 16O− ion source used for the depth proﬁling SIMS does not
allow for detection of N. If a Cs+ beam has been utilized, CN− would
have been detected but Cs+ is a much heavier ion and would have
caused greater sample damage. Although the very low primary ion
beam current did not induce much temperature change on the surface,
beam damage and polymer degradation caused by ion bombardment
was unavoidable and possibly reduced the depth resolution of the
measurements. However, the higher impact energy was necessitated by
the fact that higher energy primary ions were needed to measure the
copper signal.
While this work has focused on the protective properties of a conservation coating, ongoing work looks at the detrimental substrate effects of copper on the acrylic. It has been reported that copper ions or
salts can have a degradative eﬀect on polymer coatings, by causing ﬁlm
thinning through promoting thermal oxidative degradation [4] or
acting as a catalyst for radical production [2]. Future work will therefore apply depth proﬁling of pure polymer coatings on copper and precorroded surfaces, which can be more easily cross-referenced to molecular damage signals from corresponding ToF-SIMS data.
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