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Abstract 

Mercury pollution is a risk for human health and ecosystems, especially via 

bioaccumulation of the highly toxic compound monomethylmercury (MeHg). Thiols 

released by bacterial can form stable complexes with mercury. These complexes were 

reported to control the uptake rate of mercury into bacterial cell and mercury 

methylation. The knowledge about the formation, distribution and transportation of 

mercury complexes is essential for elucidating the methylation mechanism. The main 

aim of this study is to develop an analysis method for mercury complexes with thiols 

with high sensitivity by Liquid Chromatography Inductively Coupled Plasma Mass 

Spectroscopy. A decrease in the signal intensity of these complexes over time was 

observed when using an Ascentis Express Biphenyl column (50 x 2.1 mm, 2.7 µm). By 

experiments we found that the mercury thiol complexes are very stable over time. 

Irreversible adsorption and/or degradation of the complexes in the Biphenyl column are 

the main potential causes for the observed signal instability. Therefore a zwitterionic 

ZIC® - cHILIC column (100 x 2.1 mm, 3 µm) was examined as an alternative column 

to improve analyte recovery, peak shape and sensitivity. Different pH, buffer salts and 

organic solvents were investigated and clear improvements in analytical performance 

were observed. Running the analysis at optimized conditions, the limit of quantification 

of Hg(Cys)2 on this HILIC column was less than 10 nM, which is very promising for 

analysis of such complexes in experimental bacterial media. 
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1. Introduction 

The pollution by the heavy metal mercury and its compounds is recently 

considered as a major global environmental issue due to mercury’s high toxicity to 

humans, other living organisms and ecosystems. Mercury is naturally emitted to the 

atmosphere-ocean-land system by geological processes (volcanoes), forest fires, erosion 

of cinnabar ore and plant growth.1,2 During centuries, a huge amount of this metallic 

element has also been released to the environment through industrial waste, mining and 

burning fossil fuels (coal), which changes the biogeochemical cycle of mercury in the 

environmental system.1 Humans can be exposed to mercury from many sources 

including contaminated fish and shellfish, agriculture products (rice), batteries, 

measuring devices (e.g thermometer, barometer), fluorescent lamps, dental amalgam 

and skin-lightening products.3 Among all forms of mercury, the organic form 

monomethyl mercury MeHg which bioaccumulates in the food webs is responsible for 

most of the harm caused by mercury.4 It is much more toxic than inorganic elemental 

mercury (Hg(0)) that is predominantly present in the atmosphere and inorganic divalent 

mercury (Hg(II)) in soil, sediment and water. MeHg is known as a highly detrimental 

compound for the central nervous system and the kidneys.3,5 Exposure to high MeHg 

concentrations can lead to death. For this reason, MeHg is a major concern for the 

scientific community.  

Humans are dominantly exposed to methylmercury through consumption of 

contaminated seafood. Therefore, it is critical to understand the formation, transportation 

and distribution of MeHg in the aquatic system.1 The production of monomethyl 

mercury in the environment is mainly driven by biotic processes. Anaerobic 

microorganisms in sediments, soils, and bottom water, in particularly, sulfate-reducing 

bacteria (SRB)6,7 and iron-reducing bacteria (FeRB),8,9 are well known as important 

mercury methylators. A recent study of Parks et al showed that the mercury methylation 

is phylogenetically linked to two-gene clusters, hgcA and hgcB.10 The discovery of genes 

plays an important role in our understanding of the mercury methylation processes..10,11 

The corresponding enzymatic methylation mechanism has been recently suggested, 

however, the uptake pathway of mercury to the microorganism needs to be elucidated.12 

The chemical speciation and reactivity of mercury in the environment are influenced by 

reduced thiol groups (RS-) and reduced inorganic sulfide (HS-) due to the high binding 

affinity of inorganic divalent mercury, Hg(II) to these groups.13 In natural waters, low 

molecular mass (LMM) thiols are released upon cell lysis and via physiological 

processes of living plankton and bacteria such as redox regulation and xenobiotic 

detoxification.14–17 Mercury is well known to form stable complexes via Hg-S bond with 

LMM thiols in biota.18 is transported into the microorganism cell via active transport 

mechanism.12 Linear two-coordinated complexes, Hg(SR)2, are reported as the dominant 

type of Hg-thiol complexes at pH below 7 while complexes with higher coordination 

number, Hg(SR)3 and Hg(SR)4, can form at neutral and alkaline condition.19–23  The 

chemical structure of the thiols binding to Hg(II) in extracellular medium and the 

number of coordinated thiols are reported as largely control the uptake of Hg(II) by 

microorganisms, where some mercury thiol complexes promote the uptake rate and 

methylation process, and some other complexes inhibit the uptake rate of Hg12  

Unraveling the formation, transportation and distribution of mercury thiol 

complexes in natural environments is important for elucidating the uptake mechanism 

by bacteria and the role of mercury thiol complexes in the formation of MeHg. However, 

direct measurements of such complexes in environmental samples is challenging due to 

very low concentrations of the complexes in the environment compared to the current 

detection limit of analytical methods.24 Advanced powerful analytical techniques, such 

as Liquid Chromatography Inductively Coupled Plasma Mass Spectrometry (LC-

ICPMS), are widely applied for elemental analysis with very high precision, robustness, 
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productivity, sensitivity. Liquid Chromatography-ICPMS is a promising method for 

parallel detection of mercury and sulfur in mercury thiol complexes in real samples. 

Therefore, in addition to quantify mercury complexes, analysis with LC-ICPMS can also 

define the number of thiol ligands binding to divalent mercury. However, these mercury 

thiol complexes are highly polar and have similar chemical structures. In this study, our 

challenges are to establish an efficient separation method and improve the detection limit 

for detecting mercury thiol complexes by LC-ICPMS.  

Aim of the diploma work 

The objectives of this project are to (1) produce better separation of mercury thiol 

complexes, especially for more hydrophilic complexes and (2) improve the detection 

limit for these complexes compared to previous methods, and to (3) conduct parallel 

detection of mercury and sulfur for further defining the number of thiol ligand binding 

to divalent mercury. 

2. Popular scientific summary including social and ethical 

aspects  

2.1 Popular scientific summary 

Mercury pollution, particularly from monomethyl mercury (MeHg), is a severe risk for 

human health and ecosystem viability. Contaminated seafood is the main source of 

human exposure to MeHg. In 1956, the Minamata disease, which was caused by human 

consumption of large amounts of fish and shellfish contaminated by MeHg, was first 

discovered in the city of Minamata in the Kumamoto province, Japan. Monomethyl 

mercury was discharged into the Minamata bay as industrial waste from a chemical 

factory of Chisso Corporation. More than 2000 people were diagnosed as Minamata 

disease victims by the government from 1959 to 2003. The patients suffered many 

symptoms including numbness, unsteadiness in hands and legs, weakness, loss of vision 

(smell and taste), forgetfulness, and loss of hearing and speech. Some victims became 

insane, paralysed, fell into coma and finally died. Also animals living in this region 

showed strange behaviors.25,26 Studies of MeHg are necessary to control, predict and 

reduce the impact of mercury pollution as well as to raise human awareness of the severe 

problems following mercury pollution. Previous scientific works found that the 

formation, distribution and transportation of MeHg closely relate to complexes formed 

by Hg and dominated thiols in natural system. The formation of some mercury thiols 

complexes leads to enhanced cellular uptake of Hg and the formation of MeHg by 

bacteria while the formation of some other mercury thiol complexes inhibit these 

processes. These different mercury thiol complexes exist at very low concentrations in 

nature and have similar chemical structures, leading to difficulties in separating and 

detecting the complexes. Therefore, this study focused on developing a method with 

high selectivity, sensitivity, and robustness for the separation and quantification of 

mercury thiol complexes. Our developed method can determine very low amounts of 

these complexes, which is very promising for measuring real samples and the work 

presented in this thesis can further serve as a basis for developing new better methods in 

the future. 

2.2 Social and ethical aspects 

The aim of this study is to obtain an improved separation method with high sensitivity 

for mercury thiol complexes. The use of mercury and thiols in this project can have an 

impact on human health and the environment. During this study, risk assessment and lab 

safety are therefore always strictly ensured. There was no testing on humans and animals 

involved in this project. The waste chemicals were treated to pose no threat to the 

surrounding environment.  
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3. Experimental  

3.1 Material and chemical 

All thiols used in this project were purchased from Sigma-Aldrich. Chemical structures 

and abbreviations of these thiols are displayed in Appendix 1, including Cysteamine 

(Cyst), Cysteine (Cys), Homocysteine (HCys), N-acetyl-cysteine (NacCys), 

Penicillamine (Pen), Mercaptosuccinic acid (SUC). Mercury Standard for AAS with a 

concentration of 1000 mg/l ± 4 mg/l in 12% nitric acid from Sigma-Aldrich was used to 

prepare all stock mercury solution. Ammonium formate (HCOONH4), ammonium 

monophosphate ((NH4)2HPO4), formic acid 98-100% (HCOOH) were purchased from 

Sigma-Aldrich, ammonium acetate (CH3COONH4) from Scharlau, ammonium 

bicarbonate (NH4HCO3) from Riedel-de Haen, acetic acid (glacial) 100% (CH3COOH) 

from Merck, were used for pH adjustment and as eluent additives. HPLC grade 1-

propanol was purchased from Sigma-Aldrich, HPLC grade isopropanol, ethanol, 

methanol, dimethylformamide (DMF) from VWR Chemical. Ultrapure Milli-Q water 

(>18 MΩ cm) was prepared from Milli-Q Advantage A10 Ultrapure Water Purification 

System, Merck Millipore. Thallium 998± 6 µg/mL purchased from Spectrascan was 

used as an online internal standard to correct the signal shift of ICP-MS system over 

time.  

3.2 Synthesis of mercury-thiol complexes 

Milli-Q water was adjusted to desirable pH and deoxygenated overnight by purging with 

nitrogen at a flow rate of 0.3 L/min in a fume hood. All mercury stock solutions with a 

concentration of 100 µM were freshly prepared at the beginning of every week by 

diluting Mercury Standard for AAS in deoxygenated Milli-Q water in the fume hood. 

Hg stock solution was kept in the glove box for a whole week. All thiol stock solutions 

with concentrations of 200 µM and 400 µM were prepared in the glove box with N2 

atmosphere from solid thiols and deoxygenated Milli-Q water (all experiments were 

carried out when the oxygen concentration in the glove box was under 60 ppm).The 

synthesis of mercury complexes was conducted in the glove box. First, 920 µL of 

deoxygenated Milli-Q water were mixed with 40 µL of thiol stock solution (200 µM – 

1:2 Hg: thiol ratio, 400 µM – 1:4 Hg: thiol ratio) in Falcon tube 15 mL. These falcon 

tubes were shaken for about 15 s, and then 40 µL of 100 µM Hg were added. These 

solutions were rotated end over end in the glove box for two hours to reach an 

equilibrium. The samples after the equilibrium had a concentration of 4 µM, which were 

further diluted with an initial mobile phase to obtain desirable concentrations. Filtrations 

with 0.45 µm filter into 1.5 mL LC amber glass vials were carried out before 

measurements to avoid clogs in the LC system.  

3.3 Instrument and method 

All measurements were carried out on Agilent Infinity II 1290 Liquid Chromatography 

system combined with an Agilent 8900 Triple Quadrupole Inductively Coupled Plasma 

Mass Spectrometry (ICP-MS QQQ). Liquid chromatography system consisted of two 

micropumps (PerkinElmer series 200 and Agilent Infinity II 1290), a column oven 

(Agilent Infinity II 1290) and an auto-sampler (Agilent Infinity II 1290). All parameters 

of ICP-MS QQQ were tuned to optimize Hg signal in no-gas mode and both Hg and S 

signals in oxygen-reaction gas mode. In no-gas mode, 202Hg+ isotope signal was 

monitored to measure the intensity of mercury thiol complexes. In oxygen-reaction gas 

mode, three quadrupoles allowed species 32S16O+ and 202Hg+ reaching the detector. 

Synthesized mercury thiol complexes were separated by Ascentis Express Biphenyl 

column (50 mm x 2.1 mm, 2.7 µm), Phenomenex Kinetic Biphenyl LC column (150 mm 

x 3 mm, 5µm) and Merck SeQuantTM zwitterionic ZIC® - cHILIC column (100 x 2.1 

mm, 3µm). The mobile phase was pH adjusted and then degassed by an ultrasonic for 
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30 minutes before setup to the LC pump. Thallium (Tl) with a concentration of 1 µg/L 

was pumped at a flow rate of 0.1 mL/min to the main line post-column via a T-connector 

in order to correct signal drift of ICP-MS over time. The post-column system is 

represented in Figure 1. All data were handled by Agilent MassHunter 4.4 Workstation 

Software. 

 

Figure 1. Schematic illustration of a post-column system with Thallium as an online internal standard. 

4. Results and discussion 

4.1 Biphenyl column 

To begin this project, our strategy was to repeat the experimental conditions from the 

previous work of our research group to see the reproducibility. The previous project by 

Christoph Peschel27 has established a chromatography separation method for five 

mercury complexes including Hg(Cyst)2, Hg(Cys)2, Hg(HCys)2, Hg(Pen)2 and 

Hg(NacCys)2 at pH 3 by Ascentis Express Biphenyl column (50 mm x 2.1 mm, 2.7 µm). 

The mobile phase was pH adjusted by formic acid. The given gradient program from 

Christoph Peschel is shown in Table 1 and other chromatography parameters (post-run 

time, column temperature, and injection volume) were entirely imitated. Our mercury 

complexes with molar ratio 1 Hg: 2 thiols were synthesized to reach a concentration of 

400 nM, ten times lower than the studies of Liem-Van Nguyen24 and Christoph Peschel. 

Table 1. The running gradient program developed by Christoph Peschel in the previous research. 

Time (min) 0.00 0.01 1.03 6.00 7.50 9.00 

1-Propanol [%] 0.1 0.1 2 3 20 20 

Water [%] 99.9 99.9 98 97 80 80 

Flow rate [mL/min] 0.4 0.2 0.2 0.4 0.4 0.4 

 

The result was shown to be consistent with the previous from Christoph Peschel 

(Appendix 3) with the same retention time and peak shape. The chromatograms of 

Hg(Cyst)2, Hg(Cys)2, Hg(HCys)2, Hg(Pen)2 and Hg(NacCys)2 from this Degree project 

work are represented in Figure 2. In this method, the retention time of Hg(Cyst)2, 

Hg(Cys)2, Hg(HCys)2 were very short at 0.546, 0.674, and 0.83 minutes, respectively. 

These three complexes were unable to be separated. Reducing a tailing effect observed 

in these peaks is a promising step to solve the insufficient separation and obtain better 

peaks for quantification. We noticed that the tailing effect was mostly from the memory 

effect of mercury by directly injecting samples to ICP-MS source, the observed peaks 

were shown to have similar peak shapes. In case of Hg(Cyst)2, the peak of the complex 

was split in some synthesized batches, which may imply the formation of by-products. 

The peak of Hg(Pen)2 showed a higher retention time of 3.573 minutes. However, at a 

concentration of 400 nM, we did not observe any peak of Hg(NacCys)2, which had very 

low intensity and long tailing in the study of Christoph Peschel.  

Formatted: English (United States)
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Figure 2. The chromatogram of Hg(Cyst)2, Hg(Cys)2, Hg(HCys)2, Hg(NacCys)2, Hg(Pen)2, Hg(NO3)2 and mixture of 

Hg(Cyst)2, Hg(Cys)2, Hg(HCys)2 at concentration of 400 nM. Post-run time: 5 minutes. Injection volume: 3µL. 

Column temperature: 450C. 

At the retention time of 2.5 minutes, a ghost peak with long tailing was always observed 

in all complexes. Hg(NO3)2 also gave a high-intensity peak at this retention time. It could 

be inferred that the formic acid contained in the mobile phase behaved as competing 

ligands. The competitive ligand exchange between formic acid and thiols resulted in the 

formation of a mercury-formate complex, leading to the observable ghost peaks. 

In order to find out the stability of these mercury thiol complexes, the measurements for 

these samples were carried out the second time and the third time on the next two days, 

respectively. From the result in Figure 3, the signal intensity of these complexes 

substantially dropped, the signal in the day-3 was only about 40 % of that in the first 

day, demonstrating that solutions of these complexes prepared at a concentration of 400 

nM should not be used in the next day.  

 

Figure 3. The signal intensity recovery (%) of Hg(Cyst)2, Hg(Cys)2, Hg(Pen)2 measured over three days. 

To know the change in the peak area within one day to define how long these mercury 

thiol complexes are stable, these samples were repeatedly measured every two hours 

after the preparation and on the next day. Figure 4 below also revealed a similar tendency 

as the trend in Figure 3. Interestingly, the signal area of the second day first measurement 

was higher than the previous run, which could be explained by daily fluctuations in 

ICPMS performance. 
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Figure 4. The signal intensity recovery (%) of Hg(Cys)2 repeatedly measured every two hours in day-1 (orange 

color) and day-2 (blue color). 

This phenomenon put a halt in the development of a better separation method for these 

complexes. Our study now focused on understanding the formation and stability of 

mercury thiol complexes, since it is very important, especially when further working at 

a sub-nano molar concentration of these compounds in bacterial media. We expected 

oxygen exposure, chemical equilibrium of these complexes, performance drift over time 

of ICP-MS, adsorption on LC vials as possible causes of the instability of our interested 

compounds. 

4.1.1 The adsorption of Hg-thiol complexes to LC vials 

Adsorption on LC vial may be the source of the loss of Hg(SR)2 complexes. This 

assumption was tested by directly measuring the total mercury concentration of our 

compounds kept in LC vials over two days. Table 2 below showed that there was no 

difference in total mercury signal of Hg(Cys)2 between day-1 and day-2. Consequently, 

the adsorption on the LC surface properly was not the source of the instability. 

Table 2. The total mercury intensity of Hg(Cys)2 at a concentration of 400 nM after one day. 

 Intensity (area unit) 

Day-1 141198 ± 2727 

Day-2 139184 ± 2558 

4.1.2 The performance of ICP-MS over time 

The analyte signal intensity of ICP-MS is known to fluctuate in a range below 10%. We 

usually observed the recovery in signal intensity of some samples in the next day, like 

the case illustrated in Figure 4. One expectation for this phenomenon is the daily 

fluctuation of ICPMS performance. Running liquid chromatography with organic 

solvent can deposit salts and carbons on the ICP extraction cones and ion lenses. Room 

temperature is not the same between days and days. It is possible that performance drift 

over time may partially be responsible to some extent for what we had observed. To test 

this, thallium-205 isotope was monitored to work as an online internal standard. Drifts 

in performance can be eliminated by a point to point correction of Hg signal by Tl signal 

which was handled by Agilent Masshunter 8900 ICP-MS software. Thallium with a 

concentration of 1 µg/L was freshly prepared everyday. 
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Figure 5. The signal intensity recovery (%) of 205-Thallium measured during two days. The time between each 

measurement was 15 minutes. The total time span for measurements for each day was 5 hours. 

The recovery percentage (%) of average count per second (CPS) of thallium signal over 

time was represented in Figure 5. The graph showed a steady drop in CPS of 205Tl+, 

which was expected to fluctuate in a range of ten percent. Interestingly, the signal 

recovered very little on the next day, not around 100 percent as we expected and started 

to dropped down to 60 percent. It likely seems that the drop of Tl signal was not caused 

by the performance of ICP-MS, but due to the loss of thallium. Thallium solutions were 

prepared in Milli-Q water without adding any acid to avoid erosion. It was presumably 

that thallium was hydrolyzed or adsorbed into the glass surface of the container. 

Moreover, as can be seen from the thallium signal shown in Figure 6, periodic noise 

peaks appeared. The pump used for  thallium solution delivery is 10 years old so it may 

not give a continuous flow of thallium to the main lines. The phenomenon resulted in an 

inaccurate point to point correction. In conclusion, we could not successfully set up any 

online internal standard correction at our condition. A better pump may be more efficient 

in this case. The online internal standard pump was not used in further experiments. 

 

Figure 6. The spectrum of Thallium- 205 signal. 

4.1.3 The stability of mercury thiol complexes under air exposure 

Thiols are well known to be very vulnerable to oxygen. Thiols can be oxidized in the air 

to form disulfides.28 In case of our interested compounds, the literature suggested that 

thiol forms stable complexes with mercury via Hg-S bond. Similar to thiols, we expected 

that oxygen in the air may degrade the bond to form other products. There is a chance 

of oxygen entering LC vials after each injections. Therefore, the stability of these 

complexes under air exposure was examined by comparison between samples filtered in 

the glove box (concentration of oxygen under 60 ppm) and samples filtered in the fume 

hood (ambient air atmosphere). These samples were measured subsequently after 15 

minutes to one hour. As can be seen in Figure 7, we noticed that there was no significant 

difference between the two ways of filtration, the signal intensities were similar even 
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when repeated injections, which could be concluded that these complexes are stable to 

the air exposure within few hours.  

 

 

Figure 7. The signal intensity of Hg(Cys)2 and Hg(Pen)2 filtrated in the glove box and in the fume hood over repeated 

injections within one day. The time between each measurement was two hours. 

4.1.4 The equilibrium time and molar ratio of mercury to thiol  

The literature suggested that thiol can bind to mercury to form different numbers of 

coordinated ligands other than 1:2 ratio Hg(SR)2 e.g Hg(SR), Hg(SR)3, Hg(SR)4. From 

the report of Liem-Van Nguyen,24 at our working condition, Hg(SR)2 is a predominant 

form when the molar ratio of thiol to mercury is higher than 2. His studies also confirmed 

that a mixture of two different thiols reached an equilibrium in less than 30 minutes. To 

figure out the suitable time for the equilibrium, we carried out the measurement of the 

samples after two-hour equilibrium and twenty-four-hour equilibrium time. The molar 

ratio of mercury to thiol was also examined. We expected that the molar ratio of 1:4 can 

keep the equilibrium and avoid the instability of Hg(SR)2 over time. 

Table 3. The molar ratio of mercury to thiol and equilibrium time seemed to have no effect on the signal intensity of 

Hg(Cys)2. 

Molar ratio and equilibrium time Intensity (area unit) 

1:2 ratio; 2 hours 84773 ± 3219 

1:4 ratio; 2 hours 84709 ± 2962 

1:4 ratio; 24 hours 83432 ± 4028 

 

From the Table 3, it is clear that the results from 2-hour and 24-hour equilibrium time 

were not different. Further, the signal intensity obtained from samples with mercury to 

thiol molar ratio of 1:4 is similar to that of 1:2. Therefore, it is apparent that two-hour 

equilibrium time is enough, moreover, changes in molar ratio did not provide any 

improvements, and the signal of Hg(Cys)2 with 1:4 molar ratio similarly dropped over 

time (data not shown). However, we decided to use 1:4 molar ratio of mercury to thiol 

in further experiments. An excess amount of thiols ensures all divalent mercury (II) ions 

binding with thiols. 

Our complexes were unable to be used again in the next day. Preparing fresh samples 

for every experiment is a waste of time and chemicals. Thus, we tried to keep our 

samples inside a freezer or the glovebox (Appendix 4). The stability of sulfur signal was 

also observed when parallel detecting mercury and sulfur signals (Appendix 5). 

However, no conclusion was drawn about the instability of these mercury thiol 

complexes, particularly Hg(Cyst)2, Hg(Cys)2, and Hg(Pen)2. 
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4.1.5 The adsorption and/or degradation of mercury-thiol complexes on 50 mm 

biphenyl column 

After working on this column in several weeks, the signal intensity value of our 

interested compounds had decreased substantially, shown in Figure 8. In the first 

experimental week, the peak area of Hg(Cys)2 was 168700 area units, which dropped to 

about 25000 area units eight weeks later, and then it recovered after two weeks without 

experiments.  

 

Figure 8. The signal intensity of Hg(Cys)2 measured over weeks. Results from week-6 and -7 are not reported due to 

measuring in a different running mode. No measurement on week-9 and week-10. 

Accordingly, calibration curves from concentrations of 10 nM to 400 nM also were 

established in this 50 mm biphenyl column, 150 mm biphenyl column and direct sample 

injection. As can be seen in Figure 9, the longer biphenyl column and direct sample 

injection gave linear calibration curves, but obviously not in the case of the shorter 

column. Hg(Cys)2 always showed a good peak shape and good reproducibility of 

retention time in this column, demonstrating that the column itself consumed our 

interested compounds. Two biphenyl columns were expected to behave similarly. These 

two came from two different manufacturers, which may have different column designs. 

Trace impurities or trace metals in the column surface e.g transfer tubing, column frit, 

column body or in silica with low purity may show a high binding affinity with our 

analytes via chelating effect of carboxylate groups belonging to the mercury thiol 

complexes, particularly Hg(Cys)2 and Hg(Pen)2, which may be in favorable positions to 

form ring structures. Another possible losing source is column bleeding, which breaks 

down biphenyl chains and expose silanol surface over time. Our highly polar analytes 

may be trapped by high interaction with these deprotonated silanol groups. The reason 

for the recovery of signal in week-11 was unclear. Anyway, the shorter biphenyl column 

should not be further used. Moreover, the variation of the signal intensity of these 

complexes can be from the impact of this poor column. 

 
Figure 9. The calibration curves at concentrations of 400, 200, 100, 50, 10 nM of Hg(Cys)2 in 150 mm biphenyl 

column (orange color), 50 mm biphenyl column (gray color) and direct injection (blue color). 
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4.2 Column change – ZIC-cHILIC column 

It is no doubt that our interested analytes were adsorbed and/or degraded on the 50 mm 

Biphenyl column. Besides, very short retention of highly polar complexes (Hg(Cyst)2, 

Hg(Cys)2, Hg(HCys)2) on the Biphenyl stationary phase even at very low percentage of 

organic modifier (2%) and low flow rate (0.2 ml/min) is obviously not ideal for us to 

continue our experiments with this stationary phase. Our analytes are highly polar, 

having hydrophilic properties. To enhance the weak retention of our analytes in 

reversed-phase chromatography, derivatization with hydrophobic ligands or with ion 

pairing is necessary29 but it is quite complicated and not suitable for our complexes. 

Hydrophilic interaction chromatography (HILIC) is described as a variation of normal-

phase liquid chromatography based on using a polar stationary phase with partially 

aqueous mobile phase, which is developed for separating highly polar compounds, like 

our complexes. This separation technique involves many types of interaction 

mechanisms including partitioning between bulk eluent and an immobilized water-

enriched layer, hydrogen bonding, electrostatic interaction, dipole-dipole interaction, 

and hydrophobic interaction, which makes it difficult to predict behaviors of analytes in 

the HILIC column.30 The stationary phase of HILIC is very diverse, including bare silica, 

silica or polymer particles carrying neutral (e.g amide, diol), ionic (e.g cyano, amino) or 

zwitterionic functional groups.31 Based on the properties of our analytes (most of 

complexes have both positive charged primary ammonium and negative charged 

carboxyl groups) and limitation of ICPMS, zwitterionic stationary phase comprises two 

permanent opposite charges in close proximity, allowing overall neutral and weaker 

ionic interaction (less buffer salt required to tune ionic interaction),32 is the most suitable 

stationary phase for our mercury thiol complexes. Our selection is ZIC-cHILIC from 

Merck SeQuantTM with phosphorylcholine stationary phase, illustrated in Figure 10. 

 

Figure 10. Schematic illustration of ZIC- cHILIC stationary phase with more positive charge accessibility.33 

4.2.1 The starting condition for developing a separation method using ZIC-cHILIC 

column 

Merk SequantTM recommends using an isocratic elution of 80:20 (v/v) organic modifier/ 

ammonium acetate or formic acid (20 mM) for a starting condition in developing a 

HILIC separation method.32 However, the use of high amounts of organic modifier can 

damage ICP-MS due to high carbon deposition. High purity oxygen gas is required as 

an optional gas for combusting organic solvent prior to moving directly to ICP plasma. 

However, due to technical issues, we did not manage to set up oxygen gas, but the project 

needs to be carried on. To ensure good conditions for ICP-MS, an isocratic elution of 

40:60 (v/v) 1-propanol/ 20 mM ammonium acetate was chosen as a starting mobile 

phase, combining with a dilution of 0.1 ml/min Milli-Q water by the post-column system 

as the same for thallium online internal standard (Figure 1). Based on the chemical 

structure, our analytes are divided into five groups (Appendix 1). The behaviors of our 

compounds in the HILIC column are expectedly different, depending on functional 

groups. The chromatogram of six complexes Hg(Cys)2, Hg(Cyst)2, Hg(HCys)2, 

Hg(Pen)2, Hg(NacCys)2, Hg(SUC)2, is illustrated in Figure 11. 
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Figure 11. The chromatogram of different mercury-thiol complexes with isocratic elution 40:60 (v/v) 1-propanol/ 20 

mM ammonium acetate pH 6.8, flow rate: 0.2 mL/min, injection volume: 5 µL, temperature column: 450C.  

It can be seen from Figure 11, Hg(NacCys)2 gave a good symmetrical peak shape while 

long tailings were observed in five other complexes. Interestingly, the peak of Hg(Cyst)2 

could not be observed. The poor observed peak shapes are ideally not suitable for 

quantification, especially in sub-nanomolar concentration. The compounds Cysteamine, 

Cysteine, Homocysteine and Penicilamin all have a primary amine group (-NH2), while 

NacCys has one carboxyl group (-COOH) and one secondary amine (-NH-), suggesting 

that amine groups (-NH2) may be the source of peak tailings, however, it is not true in 

the case of mercaptosuccinic acid (SUC) with two carboxyl groups. As mentioned 

above, HILIC chromatography involves many types of interaction. Buffer strength 

(buffer concentration, type of buffer), pH, eluent strength of organic solvent can give 

extensive influences on the selectivity, sensitivity and peak shape. pH value of eluents 

determines the charge state of analytes whereas buffer can shield the electrostatic 

interaction between the stationary phase and analytes. Eluent strength and physical 

properties of organic modifiers alter the column efficiency and sensitivity of ICP-MS. 

Moreover, a high percentage of organic solvent in HILIC mobile phase makes a shift in 

pKa values of analytes.34 The study about these factors was conducted below. 

4.2.2 The effect of pH, ion pairing capacity and eluent strength of different buffer 

salts and organic modifiers. 

To improve the peak shape along with studying the effect of these factors, different types 

of buffer salts at constant ionic strength (20 mM) at different pH and different types of 

organic solvent were evaluated. Ammonium formate was used to prepare pH 3 (in pKa 

range of a carboxyl group of our thiols), ammonium acetate for pH 6.8 (fully charged) 

and ammonium bicarbonate for pH 8 (in pKa range of primary amine group of our thiol). 

1-propanol, DMF and ethanol were selected due to their giving high performance for 

ICP-MS.35 The chromatograms of our analytes with the variation of pH, buffers and 

organic solvents were represented in Figure 12. 

The effect of pH, ion-pairing and solvation effects can be seen clearly. Overall, the 

elution order of our complexes was well similar at the same pH with different organic 

solvents. For all complexes, pH 3 always showed the highest retention, then pH 7 and 

pH 8. DMF gave the lowest background height (about 80) compared to 1-propanol 

(about 650) and ethanol (1500). The peak height of our analytes was notably higher 

when using DMF.  
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Figure 12. The chromatogram of Hg(NacCys)2, Hg(SUC)2, Hg(Cyst)2, Hg(Cys)2, Hg(HCys)2, Hg(Pen)2 in different 

pH and organic solvents, and the chemical structure of corresponding thiols. All measurements were carried out by 

isocratic elution 40:60 (v/v) organic solvent/ 20 mM buffer salt, flow rate: 0.2 mL/min, column temperature: 45 °C, 

injection volume: 5µL. 



13 
 

Comparison between the chromatograms of Hg(SUC)2 and Hg(NacCys)2, the ion-paring 

behavior of ammonium bicarbonate and ammonium acetate can be unraveled. At pH 6.8 

and pH 8, two complexes exist in fully negative charged forms. NacCys has one carboxyl 

group, its complexes always gave good symmetrical peaks at both pH 6.8 and pH 8 with 

all three organic solvents, whereas Hg(SUC)2, having as twice as many carboxyl groups, 

had long tailing peaks at pH 6.8 and good peak forms at pH 8, demonstrating that 

bicarbonate (HCO3
-) has higher ion-paring capacity than acetate group (CH3COO-). 

Hg(SUC)2 possesses more negative charges. The acetate group was not strong enough 

to shield electrostatic interaction between Hg(SUC)2 and the stationary phase, making 

the peak more broaden and tailing. 

In the theoretical aspect, the molecular size of formate group (HCOO-) is smaller than 

of acetate group, besides, the positive induction of –CH3 in acetate group makes the 

partial charge of oxygen atoms of carboxylate group of acetate group more negative than 

that of formate group, suggesting that the ion pairing strength decreases in an order: 

HCO3
- > CH3COO- > HCOO-. Higher shielding capacity gives lower retention time, 

which partially explains the retention at different pH of our six analytes (retention time 

at pH 3 > pH 7 > pH 8). At pH 3, in pKa range of carboxyl group, Hg(SUC)2 and 

Hg(NacCys)2 exist in two charged forms (-COO- and –COOH), Two charged forms 

interact differently with the stationary phase, which could be the reason for the poor 

observed peak shapes of two complexes at pH 3. Moreover, the ability to form hydrogen 

bonding with the stationary phase of –COOH can also make these complexes more 

retained on the stationary phase at pH 3.  

In the case of Hg(Cyst)2, a peak was only observed at pH 3 whereas very tailing and 

broaden peak lying down on the background were recognized at pH 6.8 and pH 8. In the 

chemical structure, Cyst has one primary amine group (pKa 9.42), which is fully charged 

(-NH3
+) at pH 3 and may exist in two charged forms (-NH2 and –NH3

+) at the higher pH 

of 6.8 and 8. A high amount of organic solvent in an eluent not only changes mobile 

phase pH but also make an increase on energy for solvation of ions, which leads to the 

decrease of pKa of cationic acid (-NH3
+) and increase for neutral and anionic acids.34 

Neutral and positive forms can give different interactions on the stationary phase, which 

could be the reason for very poor peak shapes at higher pH. A fully charged form (-

NH3
+) at pH 3 has a high hydrophilic partition on a water enriched-layer and higher 

ability to form hydrogen bonding with the stationary phase, which can give a higher 

retention whereas a neutral form (-NH2) at high pH can distribute more in organic eluents 

and is faster eluted. Positively charged (NH3
+) species at pH 3 can also repulse each 

other and elute together to form the observable peaks. 

Cysteine, Homocysteine, Penicilamine have one primary amine group and one carboxyl 

group. Two opposite charges in close proximity make ionic interaction weaker. At pH 

3, these three complexes have two charged forms (-NH3
+/-COOH, and –NH3

+/-COO-), 

but the peak shapes were slight tailing. pH 8 usually showed better peak shapes than pH 

6.8 with less tailing, higher peak height. The peaks of three complexes at pH 6.8 were 

split in some cases, for example, Hg(Cys)2 with DMF, Hg(Pen)2 with ethanol. The 

difference of peak shapes at pH 6.8 and 8 with different organic solvents can be 

explained by the effect of organic solvent on the eluent pH and pKa value of primary 

amine group which determines the charge state of these complexes. It may be that only 

one charged form of these complexes (-NH2/ -COO-) exists at pH 8, giving the good 

peak shapes at this pH. The shift magnitude of pKa value is depended on physical and 

chemical properties of organic solvent and analyte. 

It is apparent that our complexes achieved the highest peak height when using DMF. 

Among three solvents, DMF has the lowest volatility with a boiling point at 152 oC and 

the lowest viscosity (0.92 mPa·s) which enhance aerosol transport efficiency, analyte 

ionization efficiency compared to 1-propanol (97oC, 1.959 mPa·s) and ethanol (78oC, 

1.2 mPa·s). The low volatility also reduces an evaporation of organic solvent to ICP-MS 
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plasma which can destabilize the plasma, suppress ionization efficiency and deposit 

carbon on ICP cones. In addition, the low viscosity minimizes the loss of column 

efficiency and high backpressure. DMF also gave the lowest background signal. Storing 

in the lab for a long time can lead to Hg contamination on 1-propanol and ethanol, which 

could explain for the high background observed in the case of 1-propanol and ethanol. 

It is obvious that DMF is the most suitable solvent for developing a routine method. 

4.2.3 Limit of quantification (LOQ) 

After evaluating the effect of pH; buffer strength; eluent strength and suitability for ICP-

MS of organic solvents, DMF eluting with ammonium formate at pH 3 gave the best 

performance in the case of Hg(Cys)2 (Figure 12). We established the calibration curve 

of Hg(Cys)2 at this condition from concentrations of 10 nM to 400 nM to estimate a 

current limit of quantification and to compare with that at the starting condition (1-

propanol eluting with ammonium acetate at pH 6.8).  

 

Figure 13. The calibration curves of Hg(Cys)2 at two running program. Optimized condition (blue): isocratic 40:60 

(v/v) DMF/20 mM ammonium formate pH 3. Starting condition (orange): isocratic 40:60 (v/v) 1-propanol/20 mM 

ammonium acetate pH 6.8. Both conditions were run at the same flowrate (0.2 mL/min), injection volume (5µL) and 

column temperature (45oC). 

At the starting condition, it was difficult to exactly integrate the peak area due to very 

poor peak shape at a concentration of 50 nM and lower. Furthermore, there was no 

observable peak at a concentration of 10 nM and lower. Obviously, the limit of 

quantification of our analytes at the starting condition is above 50 nM. When using the 

new running program, the peak shape and intensity was much improved. The better peak 

shape allowed the peak integration even at a concentration of 10 nM. The peak at this 

concentration had a signal to noise value of 10.6, demonstrating that the LOQ of 

Hg(Cys)2 at the new condition was lower than 10 nM. (Appendix 6) 

4.2.4 The stability of mercury thiol complexes on HILIC column 

The poor behaviors of the Biphenyl column witnessed that the results from the stability 

tests of our analytes on this column were unreliable, since we repeated this experiment 

on the HILIC column. The signal intensity of samples was measured again after several 

days. The result was displayed in Table 4. Clearly, the signal of Hg(Cys)2 was quite 

stable over time when using the HILIC column at both pH 3 and pH 6.8. This evidence 

proved that our analytes are stable over time; and the poor Biphenyl column was the 

main reason for the instability of signal intensity over time. 

Table 4. The signal intensity of Hg(Cys)2 and Hg(Pen)2 at different pH over time. 

Sample 

Intensity (Area unit) 

pH 3 pH 6.8 

Day-1 Day-4 Day-1 Day-2 

Hg(Cys)2 273428 ± 4692 276736 ± 5835 185152 ± 3810 182598 ± 5589 

Hg(Pen)2  219217 ± 7514 224199 ± 7206 
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5. Conclusions  

This study was carried out in pursuit of a better separation method and improvements to 

detection limit for mercury thiol complexes. It was initially done using Biphenyl 

column. However, due to the strange data we obtained, a series of experiments had been 

conducted to have a better understanding about the formation of mercury thiol 

complexes, as well as to test the stability of them, especially on the Biphenyl column. 

These complexes were not adsorbed on LC vial, and were stable under the air exposure. 

The performance of ICPMS over time, equilibrium time, molar ratio of mercury to thiol, 

storing condition, and parallel detection of mercury and sulfur were also examined, 

which unfortunately did not provide us any conclusions. The decrease in signal intensity 

of these compounds over weeks and non-linear calibration curve demonstrated that the 

column adsorbed and/or degraded these analytes. We came to a conclusion that the 

Biphenyl column should not be further used in further researches. ZIC-cHILIC column 

was chosen as the most suitable alternative.” Mixed mode” mechanism in this column 

made it a challenge for giving good selectivity and sensitivity. The effects of buffer salts, 

organic modifiers and pH were evaluated. Bicarbonate group had the highest ion-pairing 

capacity, following by acetate and formate groups. pH value of buffers and properties 

of organic solvents have extensive influences on the charge state of these compounds, 

which affect the interaction mechanism between analytes and stationary phase. This 

could define the peak shape and retention of analytes. Moreover, DMF gave the highest 

sensitivity, lowest background height, and lowest viscosity. The calibration curve of 

Hg(Cys)2 was created at the optimized conditions, made us realize that the limit of 

quantification of Hg(Cys)2 on the ZIC-cHILIC column was lower than 10 nM. The 

signal intensity of Hg(Cys)2 was also stable over days on the HILIC column. Therefore, 

the poor Biphenyl column was the main cause of signal instability of these complexes. 

The ZIC-cHILIC column displayed many advantages in the separation and detection of 

mercury thiol complexes, which is very promising in the development of a routine 

analyzing method for mercury thiol complexes. Further work should be carried out to 

have a better look into this type of column.  

6. Outlook 

Although this project did not make any improvements to the separation of mercury thiol 

complexes, its main contributions were the discovery of the source of signal instability 

of our interested compounds and the possibility to use ZIC-cHILIC column as an 

alternative for separation and detection of mercury thiol complexes. However, there is 

still a big remaining challenge requiring many efforts to figure out optimal conditions 

for successfully separating mercury thiol complexes with high sensitivity on the ZIC-

cHILIC column. Furthermore, a high purity oxygen gas needs to be set up to ICPMS to 

produce more flexibility. The Hg contamination on organic solvents should be prevented 

to obtain a good background. When using the Biphenyl column, the transformation of 

the peak shape of Hg(Cyst)2 were observed. It may be the result of an equilibrium of 

different mercury thiol complexes having different number of coordinated thiol ligands. 

This is an intriguing question, that we cannot draw any conclusions. Light condition may 

be a factor controlling this equilibrium. Also the memory effect of these complexes is 

one source of peak tailing. It is promising to reduce this effect. 
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Appendix 

Appendix 1. The structure and abbreviation of thiol ligands. The thiols are divided 

based on the presence of functional groups. 
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Appendix 2. The separation method of fifteen mercury-thiol complexes in the study 
of Liem- Van Nguyen24  

 
Figure 14. The chromatogram of 15 Hg(SR)2 complexes on the Phenomenex Kinetic Biphenyl LC column (150 mm x 

3 mm, 5µm) developed by Liem-Van Nguyen. The retention time increased as. 1.  Hg(Cyst)2, 2. Hg(CysGly)2, 3. 

Hg(Cys)2, 4. Hg(HCys)2, 5. Hg(GSH)2, 6. Hg(GluCys)2, 7. Hg(Pen)2, 8. Hg(Glyc)2, 9. Hg(NacCys)2, 10. Hg(ETH)2, 

11. Hg(MAC)2, 12. Hg(SUC)2, 13 Hg(3MPA)2, 14. Hg(NacPen)2, 15. Hg(2MPA)2. 

Appendix 3. The separation of Hg(Cyst)2, Hg(Cys)2, Hg(HCys)2, Hg(NacCys)2, 

Hg(Pen)2 in the project of Christoph Peschel.27 
 

 
Figure 15. The chromatogram of Hg(Cyst)2, Hg(Cys)2, Hg(NacCys)2, Hg(Pen)2 and a mixture in the study of 

Christoph Peschel. 

 
Figure 16. The chromatogram of Hg(Cyst)2, Hg(Cys)2, Hg(HCys)2 and a mixture in the study of Christoph Peschel. 
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Appendix 4. Storage condition and peak shape transformation of Hg(Cyst)2 

(Biphenyl column) 

Our complexes actually cannot be used against in next day. Prepared freshly new sample 

every experiment is kind of time consumption and waste of chemical. Thus, we tried to 

keep our sample inside a freezer and glovebox. New LC vials were prepared freshly 

everyday. The result is revealed in Figure 17. The signal of Hg(Cys)2 in day-2 in both 

condition is much higher (20%) than that in day-1. For Hg(Cyst)2, the intensity and the 

peak shape remained stable in the freezer condition over day, while it drops in the glove 

box condition. The peak shape of Hg(Cyst)2 in the glove box changed over time from 

the peak at the retention time of 0.546 to 0.654. Also, there was no peak change in case 

of the day-1 vial over time. The chromatogram of Hg(Cyst)2 is illustrated in Figure 18. 

In case of Hg(Pen)2, the signal intensity in two conditions was different (data not are 

shown), thus we did not further continue testing on Pen. However, it seems likely that 

keeping our sample in the freezer is better. Low temperature -20oC degree prevent any 

equilibrium itself.  

 
Figure 17. The signal intensity of Hg(Cyst)2 and Hg(Cys)2 kept in the glove box and in the freezer over time 

The transformation of Hg(Cyst)2 peak may be the product of an equilibrium between 

different complexes having a different number of coordinated thiol ligand. Three or four 

coordinated thiols can form. However, the rate of this change cannot be predicted or 

controlled. In some batches, Hg(Cyst)2 totally showed a peak at 0.654. The light 

condition may be the main factor controlling this observation. The freezer and amber 

LC vial is capable of light protection, which may explain no changes in both of them. 

However, we did not do any tests about the light condition. Thus, we cannot draw any 

conclusion.  

 
 

Figure 18. The chromatogram of Hg(Cyst)2 kept in the glove box changed over time 
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Appendix 5.  Parallel detection of mercury signal and sulfur signal in oxygen gas 

running mode (on Biphenyl column). 

 

 
Figure 19 The signal intensity of Hg(Cyst)2 and Hg(Cys)2 measured over time in oxygen-reaction mode 

The signal of mercury in both Hg(Cyst)2 and Hg(Cys)2 was substantially dropped over 

time while the signal of sulfur remained stable. 

Appendix 6.  Comparison between the peak shape and signal to noise of Hg(Cys)2 

when running at the starting condition and the optimized condition on the HILIC 

column.  

 
Figure 20. The chromatogram of Hg(Cys)2 at a concentration of 10 nM. The peak shape had the signal to noise of 

about 10.625. Running program (optimized condition): Isocratic elution: 40:60 (v/v) DMF/ 20 mM ammonium 

formate pH 3, flowrate: 0.2 ml/min, injection volume: 5 µL, column temperature: 450C. 
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Figure 21. The chromatogram of Hg(Cys)2 at concentration of 50 nM. Running program (starting condition): 

Isocratic elution: 40:60 (v/v) 1-propanol/ 20 mM ammonium acetate pH 6.8, flowrate: 0.2 ml/min, injection volume: 

5 µL, column temperature: 450C. 

 

 

 


