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ABSTRACT: Rapid chemical decoding of bulk alloys to obtain both organic and elemental composition is of sustainable interest
in multiple disciplines. Herein, an analytical strategy inherited from electrochemistry and mass spectrometry (MS) was developed
for direct molecular characterization of alloys. While the organics on the alloy surface were simply extracted into the solvent for
ESI-MS analysis, the components in the bulk alloy were successively converted into metal ions at appropriate electrolysis
potentials,which were online chelated with specific ligands for ESI-MS analysis. A single sample analysis took only few seconds
since no other sample pretreatment was required, and a detection limit of 0.1 ppb was achieved for a component in alloy with low
sample consumption (< 1.0 mg). Proof-of-concept application indicated that the presented method has unique capability for
successive analysis of organic and metallic components in liquids (e.g., engine oil), solids (e.g., alloy) and tunable spatial resolution
(~1.0 - 1.0 x 10-5 cm2) for molecular characterization of bulk alloys.

Alloys contain at least one metal element, and are ubiquitous
materials available in virtually any type of modern products
including the fillings in teeth," the wheels on cars® and the
space satellites,”® etc. The property of alloys varies
dramatically along with their elemental compositions,’
particularly for the alloys which are made up of multiple metal
elements.® In material science and engineering, tuning the
elemental composition may control the function of alloys,
leading to new functional materials.”® In mechanical industry,
alloy particles in the lubricating oil or exhaust gas are useful
indictors of the engine conditions.”'’ In manufacturing
industry, the elemental composition of alloy is a useful quality
index.” Thus the rapid characterization of alloys to obtain the
elemental composition is of sustainable interest in multiple
disciplines, including life science,'' material science,"
mechanical industry'® and biological engineering."*

To date, alloys are normally dissolved using various
chemical reagents to form analyte solutions prior to elemental
analysis. The sample solutions are usually offline analyzed by
either atomic emission spectrometry (AES),"” atomic
absorption spectrometry (AAS)'® or inductively coupled
plasma mass spectrometry (ICP-MS)."” The offline procedures
render a significantly long time for sample manipulation and
pretreatment,'® resulting in a low analytical throughput. Laser
ablation inductively coupled plasma mass spectrometr (LA-
ICP-MS) or laser ablation electrospray ionization mass
spectrometry have been attempted for online alloy analysis, "
but requiring expensive high energy laser generator and hard-
to-reach standards for quantitative analysis. No matter the
alloy is online or offline treated, ICP-MS provides only
elemental information due to the highly energetic ionization
process occurring inside the ICP torch.” Ideally, soft
ionization is preferable for mass spectrometry analysis of
alloys, particularly in the cases where the organics on the alloy
surface are of analytical interest.”

Herein, electrochemical ionization mass spectrometry (ECI-
MS) was developed to directly characterize alloys at the
molecular levels without tedious sample pretreatment, for
which sequential formation of metal ions of bulk alloys via

electrolysis was a crucial step. As schematically shown in
Figure 1, charged electrolytic solution (e.g., H,O/CH;CN, 1:1,
v/v) was injected at 2.0 uL/min by a syringe pump to flow
through a 50 pL fluid tight micro electrolytic cell (MEC),
inside which the organic chemical species on the alloy surface
took the precedence over the rest material to be extracted into
the solution. Once the metal was exposed to the solution, a
potential (e.g., 1.0 V) was applied to the working electrode
inside the MEC. Consequentially, the elemental components
were successively converted into the corresponding metal ions
by tuning the electrolysis potentials, ensuring the high
selectivity and specificity for metal ion generation.”' Note that
the electrolysis potential was floated on the ESI voltage (+3.0
kV), such that the ESI high voltage brought no interference to
the electrolysis.”>* Once the metal ions were formed, they
reacted immediately with specific organic ligands added in
excess into electrolyte solvent to form metal-organic
complexes, which were carried by the solvent flow towards
the outlet of the MEC to produce ambient ions, with the
assistance of the pneumatic system and the electric field, for
mass analysis using a LTQ-Orbitratp-MS instrument.
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Figure 1 Schematic illustration of the ECI-MS method for
analysis of alloys

EXPERIMENTAL SECTION

Construction of ECI-MS device: The analysis device
consisted of a MEC (about 50 pL), a nebulization system and
a mass spectrometer. The MEC employed two platinum wire
(Diameter = 500 pm) as working electrode and auxiliary
electrode, Ag/AgCl as reference electrode, respectively. In
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order to ensure the reproducibility of experimental behavior
and to avoid the need for the cleaning of electrode surface, a
new disposable MEC unit was assembled and used in every
experiment. Metal was connected to anode or acted as a
bipolar electrode placed between two platinum wire.”
Electrolyte was injected into the MEC by a pump. During the
detection of metal materials, a potential (E) floated on +3 KV
high voltage was applied to working electrode by CHI 660D
electrochemical workstation. When potential E is high enough
to meet the requirement of metal electrolysis, metal would
transform into metallic ions. Then, the electrolyte contained
metal ions was sprayed into MS by pneumatic nebulization for
analysis. The distance between spray emitter and entrance of
MSis 1.0 cm.

ECI-MS analysis of metallic materials: As shown in
Figure 1, a piece of alloy (e.g. ] mm X 1 mm x 0.1 mm) was
placed in the MEC, then a potential was applied to the
working electrodes. Several kinds of electrolyte were used for
metals electrolysis, including H,O, H,O/CH;CN (v/v 1/1),
H,O/CH;CN (v/v 1/1) with 0.1 mM Phen (H,O/CH3;CN/Phen),
and H,O/CH;CN (v/v 1/1) with 0.1 mM EDTA
(H,O/CH3CN/EDTA). After the electrolyte was injected into
the MEC at a flow rate of 2 uL/min, the electrolysis would be
triggered to produced metal ions which would be carried by
the electrolyte and sprayed into the MS for analysis. A LTQ-
orbitrap-MS was used for the MS analysis.

RESULTS AND DISCUSSION

ECI-MS features the successive characterization of organic
compounds and metallic components by tuning the electrolysis
potential. Given a brass exposed to atmospheric aerosols
containing glycine as the labeling marker, the organic species
(e.g., glycine) were immediately dissolved when the brass
soaked into the CH;OH electrolyte and detected as protonated
molecules (the peak assignment except for glycine was not
attempted), among which the glycine showed up at m/z 76
[Gly+H]+ with high abundance (Figure 2a). Note that ambient
ionization techniques including DESI/DAPCI/DART detected
the organic species including the glycine, but no metal ions
were observed during the ambient ionization experiments
(Figure S1). For ECI-MS, a specific metal such as Zn, Cu
generated the ions as usual (black and blue line in Figure 2b)
by electrolysis. The components in alloy were converted into
metal ions successively (red line in Figure 2b) at differential
potentials. Thus, once the glycine run out (no signal of organic
species detectable), a scanning potential (-1~1 V, powered by
an electrochemical workstation) was applied to the working
electrode floated on +3 KV to enable the electrolysis of
metallic components. Figure 2c illustrates that the signal of Zn
and Cu appeared at -0.65 V and 0 V, respectively, and the
intensity increased with the potential shift to positive. The
feature enabled the sensitive detection of trace Zn (100 ppb) in
Zn/Cu alloy with molecular specificity (Figure S2).

Figure 3 shows the nonnegligible contribution of the
organic ligands on the abundance of mass spectral signals. For
example, with precise mass measurements, the relatively weak
signals of [Cu+2(H,0)]", [Cu+3(H,0)]", [Cu+6(H,0)]" were
detected using H,O as the electrolyte with + 1.0 V applied to
the Cu sample (Figure 3a), while dominant signals of Cu
(Figure 3b) were detected as [Cu+2(CH;CN)]",
[Cu+H,0+CH;CN]" and [Cu+CH;CN]" using H,O/CH;CN
(v/v 1:1) as the electrolyte, with a signal-to-noise (S/N) ratio

a) Gycine/Cu/Zn in CH3OH b) Time /s

NL:1.90E4 0 5 10 15

100 |Gycine+H|" 04
1007

0 CID
I T6.0
0 x_‘_f'_‘_,
50 100 50 < 5

50 100 150 -1.0 -0.5 0.0 05
Potential /V

In
Cu/dn

Cu

h
=

N\

Current / pA
[—)

; [Na+2(Phen)]* 2.0
™y hes [Zn+3(Phen)  [[Cu+2(Phen)]+1.0 7

| e l‘JH: - l “:‘.-’.0-0
|

L
l 1 - l - .Ith |._l;;l oy l!__ .

Current / pA
=

th
=

200 250 300 350 400 450
m/z

Figure 2 Successive analysis of gycine covered brass. a) ECI-MS
spectrum of glycine covered brass in H,O/CH;CN; b) Electrolysis
curve of Cu, Zn and brass during -1 ~ 1 V with potential scaning
rate of 0.1 V/s. The points marked by red arrows were the starting
point of metal electrolysis; ¢) ECI-MS spectrum of brass obtaied
under various electrolysis potential (-0.85 V, -0.6 V, -04 V, 0V
and 0.2 V) in HyO/CH;CN/Phen. The dominant peak assignments:
miz 76.0391 [Gycine+H]"; m/z 302.0674 [Zn+3(Phen)]*"; m/z
383.1265 [2(Phen)+Na]*; m/z 423.0658 [Cu+2(Phen)]".

improved about 10 times. Furthermore, when phenanthroline
(Phen) was added into the H,O/CH3CN (v/v 1:1) solution,
signals of [Cu+2(CH;CN)]", [Cu+Phen]",
[Cu+Phen+CH;CN]" and [Cu+2(Phen)]” were detected with
increased abundances (Figure 3c), probably because Cu' forms
more stable complex with Phen (the stability constant of metal
complexes 1gKs=9.08)*' rather than CH;CN (IgKs=3.9)"° or
H,0.?® Similar results were also found in Phen/H,O or
Phen/CH;CN systems, where [Cu+Phen]’, [Cu+2(Phen)]*" or
[Cu+3(Phen)]*" were much stronger than [Cu+2(CH;CN)]',
[Cu+2(CH5CN)]" or [Cu+2(H,0)]" (Figure S3). More
interestingly, for online analysis of Cu using
H,0/CH;CN/Phen solution: the dead time was 0 - 0.5 min and
the signal of [Cu+Phen]" increased along the electrolysis time
during 0.5 - 1.5 min, while the signal of [Cu+2(CH;CN)]"
rapidly increased during 0.5 - 0.6 min and then decreased
during 0.6 - 1.5 min (Figure 3d). The CH;CN was around 10*
times more than Phen in the electroyte, but the 1gKs for
[Cu+Phen]” was about 10° times more than that for
[Cu+2(CH;CN)]". Consequently, large amount of
[Cu+2(CH,CN)]" was rapidly formed by the reaction between
Cu+t and large amount CH;CN at beginning under a kinetics
controlled process, and then decreased because of the
competitive reaction between Phen and Cu’, while the amount
of [Cu+Phen]" increased with the reaction time since the
reaction was under a thermodynamics controlled process due
to the large 1gKs. However, after 1.5 min, both the signal
levels of [Cu+Phen]" and [Cu+2(CH;CN)]" decreased
drastically, while [Cu+2(Phen)]*" rapidly increased (Figure
3d). This phenomenon was attributed to the fact that Cu’ ions
were preferentially solvated by CH3;CN while Cu*' was
preferentially solvated by H,0.?® Thus, Cu” would be oxidized
to Cu®" with the accumulation of Cu” in MEC. Then, Cu*
selectively reacted with Phen inside the MEC to form stable
complex [Cu+2(Phen)]*” (IgKs=16.0). Usually, Cu’ is
instantly converted into Cu®" in most media since the complex
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Figure 3 Mass spectra of Cu obtained by ECI-MS under different
conditions. a) Cu in H,O; b) Cu in H,O/CH;CN; c¢) Cu in
H,0/CH;CN/Phen; d) Total ion chromatogram and extracted ion
chromatogram of Cu signal obtained in H,O/CH;CN/Phen. The
dominant peak assignments: m/z 98.9499 [Cu+2(H,0)]+; m/z
116.9595 [Cu+3(H,0)]"; m/z 170.9924 [Cu+6(H,0)]"; m/z
103.9555 [Cu+CH;CN]"; m/z 121.9661 [Cu+CH;CN+H,0]"; m/z
144.9821 [Cu+2(CH;CN)]"; m/z 242.9976 [Cu+Phen]”; m/z
284.0241 [Cu+Phen+CH;CNT"; m/z 211.5330 [Cu+Phen]".

[Cu+2(Phen)]2+ is much more stable than [Cu+Phen]".?” The
ECI-MS however created a possibility to observe this transient
process with a time window width more than 1.5 min.”® For
the analysis of Zn and Fe, (Figure S4), the signal intensity
levels were also affected by the ligands in the order as
H,0/CH;CN/Phen > H,0O/CH3;CN > H,0. For instance, using
H,0/CH;CN/Phen instead of H,O/CH;CN as the electrolyte,
the signals of Zn*" and Fe* were enhanced more than one
order of magnitude by forming [Zn+2(Phen)]*",
[Zn+3(Phen)]*", [Fe+3(Phen)]>" (Figure S4).

Unlike Cu, Zn and Fe, no signal of AP was detected by
ECI-MS in all of the three electrolyte (H,O, H,O/CH;CN and
H,0/CH;CN/Phen) under either positive or negative ion
detection mode, because Al forms no stable complex with the
ligands. Therefore, H,O/CH;CN/EDTA was employed as the
electrolyte since AI-EDTA gives stable complex (1gKs=16.3),
and strong signals of Al, Zn and Fe were obtained (Figure
S5a-c) under the negative ion detection mode, while Cu was
detected as [Cu+EDTA-4H]* and [Cu-EDTA-3H] since the
Cu”-EDTA complexes were highly stable (IgKs=18.8)
(Figure S5d). These results demonstrated that the ligands were
essential for metal analysis by forming metal-organic
complexes.”” Based on this strategy, a detection limit of 100
ppb Cu in a bulk Al (w/w) sample of high purity (99.99999%)
was obtained in the positive ion detection mode, and 10 ppm
Al in a bulk Cu sample (99.999%) was achieved in the
negative ion detection mode (detailed in Figure S6). In
comparison with the traditional methods (e.g., ICP-MS, ICP-
AES), this method provided features such as reduced analysis
time (<10 min), minimal sample consumption (<1 mg) and
least sample pretreatment.

For quantitative analysis, the ECI-MS was experimentally
calibrated using H,O/CH;CN/Phen solution spiked with
different concentration levels of Cu*" and Zn*". As the result,
the signals of [Cu+3(Phen)]*" and [Zn+3(Phen)]*" linearly
responded to concentration over the range of 0.2 ppb - 200 ppb
with a LOD of 0.1 ppb (S/N=3). As a demonstration, a piece
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Figure 4 The quantitative performance of ECI-MS. Calibration
curve of a) [Cut+3(Phen)]** and b) [Zn+3(Phen)]*" prepared by
ECI-MS; ¢) The component of brass obtained by ECI-MS, AES
and EDS. (n=3).

of brass (1 mm x1 mm X 0.1 mm) was analyzed in
H,0/CH;CN/Phen, and the solution-phase metal concentration
was calculated using the calibration curves as detailed in the
Experimental section (see SI), providing the contents of Cu at
61.7% and Zn at 38.3% in 5 min (Figure 4c). The analytical
results were validated in parallel using classic instrumental
methods such as AAS and EDS (Figure 4c and Figure S7),
showing the excellent agreement with each other.

High throughput and minimal invasion is highly demanding
for metals analysis.” As the first attempt, a ceramic probe (or
Si3N, tip) with rigid tip was used for micro-area sampling.
With a slight scratch, a tiny amount of metallic sample (about
7 pg, detailed in SI for estimation) was attached on the tip of
the probe, leaving a mark about 0.6 x 0.07 mm on the brass
sheet (inset in Figure 5a). The probe tip loaded with the tiny
metal particles was immersed in the MEC (Figure 1) filled
with H,O/CH;CN/Phen as the electrolyte.” To avoid potential
interference, the sampling probe should be inert to
electrolyzing. As the result, the Zn, Cu were both detected
(Figure 5a) as [Zn+2(Phen)]”’, [Zn+3(Phen)]”” and
[Cu+2(Phen)]’, respectively, indicating that the components of
the brass were successfully detected with a single sample
loading. The spatial resolution of the method was about 1.0 x
10 cm’ (detailed in SI) for alloys analysis. In contrast, a big
surface was directly sampled by soaking the whole sample as
the electrode or by scratching with a piece of abrasive paper
for sampling, which enabled the direct elemental analysis of
large area (Figure S8). Therefore, the data demonstrated that
the ECI-MS technique was useful for either micro-area or big
surface elemental analysis with high throughput and minimal
invasion.

Experimental investigation of the metal particles in the
engine oil was conducted for engine conditions control. In
brief, 20 pL engine oil (being used for 4 months) and 20 uL 1
mM Phen aqueous solution were mixed together inside the
MEC. In comparison with the ECI-MS spectrum (Figure S9)
recorded using the fresh engine oil, many peaks attributed to
the organic ingredients of the oil were directly detected in the
mass spectrum (Figure S10), showing that the engine oil was
partially degraded after being used for 4 months. Being
applied with +1.0 V for electrolysis of 5 min, the under layer
aqueous phase was directly electrosprayed for MS analysis.
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Figure 5 Application of ECI-MS for alloys analysis. a) Mass
spectrum of brass which was sampled by scraping with a rigid tip.
The inset is a picture of brass after sampling. The scale bar is 0.5
mm; b) Mass spectrum of metals in a used engine oil; ¢c) Mass
spectrum of blood adhered on a cast post; d) Mass spectrum of
metals in a cast post obtained. The dominant peak assignments:
m/z 181.0764 [Phent+H]"; m/z 212.0330 [Zn+2(Phen)]*"; m/z
298.0706 [Fe+3(Phen)]*"; m/z 172.9934 [Ni+EDTA-4H]*; m/z
175.9902 [Zn+EDTA-4H]*; m/z 145.0343 [EDTA-2H]*.

Unlike the fresh engine oil, abundant signals corresponding to
the ionic species of [Fe+2(Phen)]”", [Zn+2(Phen)]*",
[Zn+CH;COO+2(Phen)]” were obviously observed in the
mass spectrum (Figure 5b), suggesting that the used engine oil
contained Fe and Zn at high levels. Accordingly, the engine
abrasion could be evaluated by the concentrations of metal

species in the engine oil without complex sample pretreatment.

Cast post is an important metallic unit in teeth reparation.
ECI-MS analysis of the cast post provides molecular
information on both the elemental compositions and the
biochemicals (e.g., metabolites, blood, etc) thereon. For
example, characteristic signals of hemoglobin were detected
from a used cast post using CH;OH/H,O/HCOOH (50/50/1,
v/v/v) as the extraction solution (Figure 5c¢). With a 1.0 V
potential was applied to the working electrode using
H,0/CH;CN/EDTA as electrolyte, Ni and Zn were
successively detected in the form of [Ni+EDTA-4H]* and
[Zn+EDTA-4H]” (Figure 5d), although as claimed the product
was fabricated with Ni/Cr alloy. Because tiny amounts of
metal sample (ng levels) were converted into ions for MS
characterization, the cast post had only negligible changes on
its surface after ECI-MS analysis (Figure S11), suggesting that
the cast post could be considered for practical usage once it
passes the quality checking. Therefore, this method was useful
for diagnosing of dental disease (e.g. pulpitis, apicitis) and
evaluation of the quality of cast posts.

CONCLUSION

In summary, electrolysis for metal sampling has been online
combined with sensitive MS detection, featuring the method a
unique capability for successive characterization of organic
and metallic components in liquids (e.g., engine oil), solids
(e.g., alloy, cast post) with the merits such as high selectivity,
high specificity, high throughput and tunable spatial resolution
for molecular characterization of bulk materials.
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