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Abstract 

The presence of per- and polyfluoroalkyl substances (PFAS) in humans arises from their large-scale use 

in multiple industrial and consumer applications. Such uses have led to human exposure via a range of 

pathways of which is concerning given evidence of the adverse health impacts of PFAS. However, 

conventional LC-MS methods for measuring PFAS are economically and logistically unsuited to 

monitoring compliance with this limit, and less expensive, faster and user-friendly methods for the 

quantification of PFAS are urgently required. Luminescence lifetime is an attractive analytical method 

for detection due to its high sensitivity and stability, and there is great interest for the design of detection 

platforms for monitoring of PFAS concentrations in different environmental contents. Herein, three 

novel luminescence lifetime-based sensing platforms were developed for the accurate and rapid 

detection of PFAS (e.g. PFBA, PFOA, PFNA, PFDA, etc) in different environmental contexts. 

Chapter III describes the 

fabrication and function of a novel 

and facile luminescence sensor for 

PFOA detection based on iridium 

modified gold surfaces. These 

surfaces were modified with 

lipophilic iridium complexes bearing alkyl chains, namely, IrC6 and IrC12, and Zonyl-FSA surfactant. 

Upon addition of PFOA, the modified surfaces IrC6-FSA@Au and IrC12-FSA@Au show the largest 

change in the red luminescence signal with changes of the luminescence lifetime that allow monitoring 

of PFOA concentrations in aqueous solutions. The platform was tested for measurement of PFOA in 

aqueous samples spiked with known concentrations of PFOA, and demonstrated capacity to determine 

PFOA at concentrations >100 µg/L (240 nM). 
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Chapter IV describes a functionalised gold surface 

based on a SAcbisDBM ligand and Europium(III) to 

rapidly and accurately measure the concentrations 

of C4 to C10 PFCA in waste fabrics. The surface was 

modified with SAcbisDBM ligand, subsequently 

coordinated with Europium(III), namely Eu-

SAcbisDBM@Au surface, displaying high affinity 

towards perfluoroalkyl carboxylic acids (PFCA) and is reusable. Under optimal conditions, the surfaces 

can detect >80 nM PFCA. The potential utility of the sensor is demonstrated by the good agreement 

between concentrations recorded by the sensor and LC-MS measurements of C4-C10 PFCA in 34 leather, 

leatherette, and textile samples. 

Chapter V investigates the use of near 

infrared-emitting lanthanides, such as 

Neodymium(III) and Ytterbium(III) 

coordinated with the SAcbisDBM ligand, 

in solution (Nd/Yb-SAcbisDBM) or on 

plasmonic gold (pAu) surface (Nd-pAu 

and Yb-pAu), to detect PFCA such as PFOA, PFNA, and PFDA in water. Upon the addition of PFCA 

(e.g. PFDA), both Nd-SAcbisDBM and Yb-SAcbisDBM show a significant increase in luminescence, 

displaying a detection range as low as 2 µM and 10 µM, respectively. The luminescence properties of 

Nd-pAu and Yb-pAu also present a positive correlation with the concentration of PFCA. The sensing 

systems exhibit enormous potential for the detection of PFAS, offering valuable insights for 

environmental monitoring. 
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Chapter 1: Introduction 

1.1 State-of-the-art with respect to environmental contamination 

with PFAS 

1.1.1 Basic information on PFAS 

Perfluoroalkyl substances (PFAS) are a group of synthetic chemicals that include thousands of 

fluorinated compounds (Figure 1.1).1 Their molecular structures are made up of carbon-fluorine (C-F) 

chains with different lengths, terminal with hydrophilic sulfonate, carboxylates or aliphatic groups.1 Due 

to the desirable industrial characteristics of PFAS such as oil and water repellency with good physical 

and chemical stability, these chemicals have been used extensively as surfactants and emulsifiers in a 

variety of industrial, commercial, and household products around the world since their onset of their 

manufacture in the 1940s.2 Research has since reported the presence of PFAS in drinking water, food, 

indoor/outdoor air, dust and soil.3, 4 This is because - while attractive in an industrial context - the 

strength of the C-F bond renders PFAS highly resistant to thermal, chemical and biological degradation,5 

with the result that they are capable of bioaccumulation and long-range environmental transport 

(exemplified by their presence in the Arctic),6 thereby exacerbating their many negative health 

outcomes. 
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Figure 1.1. Classification of PFAS. This diagram categorizes PFAS into three main groups: 

Perfluoroalkyl acid precursors, Perfluoroalkyl acids, and Others. The Perfluoroalkyl acid precursors are 

further divided into PFSA-based substances and Fluorotelomer-based substances, with the general 

formulas CnF2n+1-SO2-R and CnF2n+1-C2H4-R, where R also represents functional groups such as -OH, -

COOH, etc. Perfluoroalkyl acids include Perfluoroalkyl carboxylic acids, Perfluoroalkyl sulfonic acids, 

Perfluoroalkyl phosphonic acids, and Perfluoroalkylether carboxylic acids. The 'Others' category 

includes Fluoropolymers and Perfluoropolyethers. 

Given the vast number of chemicals that may be classed as PFAS, this review focuses on those PFAS 

defined as of high-concern by the Swedish Food Agency.7 Their information are provided as Table 1.1.  
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Table 1.1. Nomenclature and physicochemical properties of 11 PFAS 

Name 

Acronym 

name 

Molecular 

weight (g/mol) 

Chemical 

structure 

pKa
*
 Ref 

Perfluorobutyric acid PFBA 214.04 C3F7COOH 0.394 8 

Perfluoropentanoic acid PFPeA 264.05 C4F9COOH 0.569 8 

Perfluorohexanoic acid PFHxA 314.05 C5F11COOH 0.84 8 

Perfluoroheptanoic acid PFHpA 364.06 C6F13COOH 2.4 9 

Perfluorooctanoic acid PFOA 414.07 C7F15COOH 3.8±0.1 10 

Perfluorononanoic acid PFNA 464.08 C8F17COOH 2.575 8 

Perfluorodecanoic acid PFDA 514.09 C9F19COOH 2.606 8 

Perfluorobutanesulfonate PFBS 300.10 C4HF9O3S -3.31 11 

Perfluorohexanesulfonate PFHxS 400.11 C6HF13O3S -3.45 12 

Perfluorooctanesulfonate PFOS 500.13 C8HF17O3S <3.27 13 

6:2 Fluorotelomer 

sulfonate 
6:2 FTS 428.17 C8H5F13O3S - - 

*: reported pKa value differs between studies. -: uncertain 
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1.1.2 Sources of PFAS 

Sources of PFAS are varied. They are mainly released from industrial facilities, use of aqueous film 

forming foam (AFFF) in fire-fighting training and emergency response, farmland and residential areas, 

and wastewater treatment plant discharge (Figure 1.2).14 Manufacturing plants involved in the 

production of fluorinated compounds and products using PFAS as raw materials are notable sources.15 

As depicted in Figure 1.2, these facilities discharge PFAS to nearby watercourses and the atmosphere 

directly via sewage outlet and atmospheric discharges. Research indicated that rivers proximate to 

industrial zones exhibit elevated PFAS concentrations compared to urban and agricultural regions.16 

Moreover, airborne emissions of PFAS will undergo atmospheric transport, followed by wet and dry 

deposition to the surface.17 Part of the rain containing PFAS that has fallen will directly flow to nearby 

rivers; with some leaching to deeper soil layers and groundwater.18  

Another significant source of PFAS comes from the consumption and use of products containing these 

compounds. PFAS from such releases migrate to the environment contexts by use, transport, abrasion, 

degradation and so forth.19-21 For instance, the runoff water and wastewater near the firefighter training 

area (frequently use AFFF) were detected a large amount of PFAS.22 AFFF will migrate to the 

groundwater by sewage system or to underground water via leaching. Also, PFAS are emitted from 

waterproof clothing, leather, etc by abrasion of PFAS-treated fibres/particles.20 To date, PFAS have been 

reported in non-stick cookware, textiles, leather, food packaging, paint, cleaning agents, cosmetic 

products and firefighting foams (Figure 1.2).20, 23-26 
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Figure 1.2. Various sources of PFAS in the environment. 

1.1.3 Human exposure pathways 

PFAS enter the human body through diet, ingestion of contaminated water, inhaled dust and air as well 

as direct dermal uptake (Figure 1.3). Of these pathways, dietary intake27 is estimated to be the main 

pathway of human exposure to PFAS leading to their ubiquitous presence in human serum.28 Sources of 

dietary exposure to PFAS include migration from food packaging29 and non-stick cooking30 utensils. 

Based on assessment of the evidence for their adverse health effects in humans, the European Food 

Safety Authority (EFSA) announced a tolerable weekly intake (TWI) opinion for four main PFAS on 

September 17, 2020; specifically, the weekly dietary intake of the sum of PFHxS, PFOS, PFOA and 

PFNA should not exceed 4.4 ng/kg.31 

Ingestion of contaminated water32 is a significant pathway of human exposure to PFAS. Notably, some 

PFAS compounds terminate with carboxylic and sulfonic groups, which greatly enhance their solubility 

in water compared to other halogenated organic chemicals.10  
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Meanwhile, inhalation of indoor air and dust33 - especially in occupational environments like 

fluoropolymer manufacturing factories can also constitute a significant pathway for some individuals. 

Eva et. al. found that participants with high cumulative workplace exposure had 34% higher serum 

PFOS levels compared to participants without occupational exposure.34 

Dermal uptake presents an additional potential avenue for PFAS exposure.35 It may occur via skin 

contact with PFAS sources, including but not limited to clothing and upholstery, cosmetics, and house 

dust. However, it's important to acknowledge that our understanding of PFAS absorption through the 

skin remains incomplete. As a result, current assessments primarily consider dermal exposure via hands 

as a reference point, given the available data and knowledge base.36  

 

 

Figure 1.3. Pathways of human exposure to PFAS. 
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1.1.4 Human health effects of PFAS 

PFAS are ubiquitously detected in the serum of workers and residents living near fluorinated 

manufacturing plants, as well as in the general population.33, 37 In a survey undertaken in 2003-2004 

PFAS were detected in > 98% of the serum samples of the general U.S. population ≥ 12 years of age.38 

Such evidence of near-universal exposure has driven consideration of the potential health implications. 

The European Food Safety Authority (EFSA) highlighted several possible adverse human health effects 

of PFAS, such as lower birth weight, increased serum cholesterol levels, and reduced antibody response 

to vaccination. Concretely, PFOS, PFHxS, PFOA, and PFNA are regarded as ‘likely’ carcinogens by 

the European Chemicals Agency (ECHA), and are associated with functional thyroid disease, testicular 

cancer, and kidney cancer etc.39, 40  Of these substances, PFOA has recently been classified as a human 

carcinogen by the International Agency for Research on Cancer (IARC).41 Epidemiological evidence 

links PFOS and PFOA exposure with pregnancy-induced hypertension/pre-eclampsia, increased risk of 

decreased fertility, and low birth weight.42 A survey of results shows a positive correlation between 

PFOS, PFHpA, PFOA, and PFNA in plasma and alanine aminotransferase (ALT) - increased of ALT 

activity is the clinical marker for impaired liver function.43 Other evidence links PFOS, PFOA, and 

PFHxS with decreased antibody response to vaccines,44 and PFOS, PFOA, and PFNA are linked with 

increased serum lipids, particularly total cholesterol and low-density lipoprotein (LDL) cholesterol.45  

1.1.5 PFAS limits and relevant regulations 

Given the persistence, bioaccumulation potential and toxicity of PFAS, some PFAS (apart from PFOS, 

use of which was banned in 2004),46 were registered for use in the European Union (EU) under the 

Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) legislation (Table 

1.2).47, 48 The ECHA classified these 11 PFAS as persistent (P) because of their strong C-F bonds.2 This 

in turn leads to their long human serum elimination half-lives; for instance, that of PFOA is 3.5-3.8 

years, of PFOS is 4.8-5.4 years, of PFHxS is 7.3-8.5 years,49 of PFBS is 25.8 days50 and for PFBA 44-

152 hours.51 PFHxS, PFOS, PFHxA, PFOA, PFNA, and PFDA were classified as bioaccumulative (B) 
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and toxic (T),2 resulting in each being listed on ECHA’s List of Substances of Very High Concern 

(SVHC),52 or in the case of PFOS, banned.46 Among these high concern chemicals, PFOA, PFNA, and 

PFDA are considered ‘possibly carcinogenic’ by the EU.2 It is worth noting that PFBS was classified as 

not B and T,2 but is still listed as SVHC52 because PFBS has become the primary substitute for PFOS.53 

In contrast, of the remaining PFAS, 6:2 FTS, PFBA, and PFPeA were classified as neither B nor T,2 

with the classification of PFHxA considered as yet uncertain. It illustrates that PFAS with shorter carbon 

chains likely display lower bioaccumulation and toxicity. 

In an effort to minimise the negative effects of PFAS on environmental and human health, PFOA and 

related PFOA compounds, as well as PFOS and PFHxS are listed for elimination under the Stockholm 

Convention on Persistent Organic Pollutants (POPs).54 Additionally, C9-C21 PFCA are under active 

consideration for listing under the Stockholm Convention. Moreover, the EFSA has set a challenging 

tolerable weekly intake value of 4.4 ng/kg body weight for the sum of PFOA, PFOS, PFNA, and 

PFHxS;31, 55 and as part of a recast of its Drinking Water Directive, the EU has set a limit of 100 ng/L 

for the sum of C4-C13 perfluorosulfonic acids (PFSA) and PFCA in drinking water.56 Further, in March 

2023, the US Environmental Protection Agency (EPA) announced proposed maximum contaminant 

levels (MCLs) for 6 PFAS in drinking water with that for PFOS and PFOA set at 4 ng/L, respectively, 

and PFHxS, PFNA and GenX chemicals set at 10 ng/L, respectively.57 Also pertinent, the European 

Council set a maximum limit value for both PFOA, and PFHxS and their salts as well as PFOA-related 

and PFHxS-related compounds in waste at 1 mg/kg and 40 mg/kg, respectively.58 
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Table 1.2. Environmental regulatory status of selected PFAS. The regulations are set by ECHA. 

Name SVHC REACH 
PBT 

Remarks 
P B T 

Perfluorobutane sulfonic acid (PFBS), its salts and related substances: 

12 PFBS derivatives and 1 ester 
 

Perfluorobutanesulfonamide (FBSA) √ √ √ × ×  

N-Ethyl perfluorobutanesulfonamidoethanol (EtBSE） √ √ √ × ×  

N-(4-Hydroxybutyl) N-methyl perfluorobutanesulfonamide √ √ √ × ×  

Perfluorohexane-1-sulphonic acid (PFHxS) and its salts  

Ammonium perfluorohexane-1-sulphonate √ √ √ √ √  
Potassium perfluorohexane-1-sulphonate √ √ √ √ √  
Perfluorohexane-1-sulphonic acid √ √ √ √ √  

Tridecafluorohexanesulphonic acid, compound with 2,2'-iminodiethanol 
(1:1) 

√ √ √ √ √ 
 

Perfluorooctane sulfonic acid (PFOS) and its derivatives, Metal salt, 

halide, amide, and other derivatives including polymers: 

approximately 21 chemicals in this group 

× × √ √ √ 

PFOS chemicals is restricted under 
Commission Regulation No 850/2004 

on Persistent Organic Pollutants 59 
 
Possibly Carcinogenic, Toxic to 
Reproduction 

 
 

6:2 fluorotelomer sulfonate (6:2-FTS)  

6:2 fluorotelomer sulfonamide alkyl betaine (6:2 FTSAB) × √ √ × × 6:2 FTS is less toxic and less persistent 
in the environment and does not 
bioaccumulate 

6:2 fluorotelomer sulfonamide propyltrimethylammonium iodide (6:2 
FTSAQ) 

× √ √ × × 

Perfluorobutyric acid (PFBA) and its salts  

Perfluorobutyric acid (PFBA) × ● √ × ×  

Butanoic acid, heptafluoro-, anhydride (PFBA anhydride) × ● √ × ×  
Perfluoropentanoic acid (PFPeA) and its salts  
Perfluoropentanoic acid (PFPeA) × ● √ × ×  

Pentanoic acid, nonafluoro-, ammonium salt (ammonium PFPeA) × ● √ × ×  
Perfluorohexanoic acid (PFHxA) and its salts  
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undecafluorohexanoic acid (PFHxA), its salts and related substances √ √ √ √ √  

Hexanoic acid, undecafluoro-, ammonium salt (ammonium PFHxA) √ √ √ √ √  

Perfluoroheptanoic acid (PFHpA) and its salts  

Perfluoroheptanoic acid (PFHpA) × ● √ - -  

Heptanoic acid, tridecafluoro-, ammonium salt (ammonium PFHpA) × ● √ - -  

Pentadecafluorooctanoic acid (PFOA) and its salts  

Pentadecafluorooctanoic acid (PFOA) √ √ √ √ √ 

Possibly Carcinogenic, Toxic to 

Reproduction 

Ammonium pentadecafluorooctanoate (APFO) √ √ √ √ √ 

Possibly Carcinogenic, Toxic to 

Reproduction 

Perfluorononan-1-oic-acid (PFNA) and its salts  

Ammonium salts of perfluorononan-1-oic-acid √ √ √ √ √ 
Possibly Carcinogenic, Toxic to 

Reproduction 

Perfluorononan-1-oic-acid √ √ √ √ √ 

Possibly Carcinogenic, Toxic to 

Reproduction 

Sodium salts of perfluorononan-1-oic-acid √ √ √ √ √ 
Possibly Carcinogenic, Toxic to 

Reproduction 
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Nonadecafluorodecanoic acid (PFDA) and its salts  

Decanoic acid, nonadecafluoro-, sodium salt √ √ √ √ √  

Ammonium nonadecafluorodecanoate √ √ √ √ √ 
Possibly Carcinogenic, Toxic to 

Reproduction 

Nonadecafluorodecanoic acid √ √ √ √ √ 

Possibly Carcinogenic, Toxic to 

Reproduction 

SVHC: substance of very high concern; REACH: Registration, Evaluation, Authorization and restriction of chemicals; P: persistence; B: bioaccumulative; 

T: toxicity. 

The current need for a simple and rapid sensing technique for detecting PFAS concentrations is driven by the increasing recognition of the adverse 

environmental and health impacts of PFAS. These substances are persistent in the environment, bioaccumulative, and have been linked to various health 

issues. As regulatory agencies worldwide implement stricter guidelines and lower permissible limits for PFAS in water and other media, there is an urgent 

demand for efficient, user-friendly, and cost-effective methods to monitor these contaminants accurately and promptly.
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1.2 Overview of the technologies for the detection of PFCAs 

1.2.1 General technologies 

Measuring concentrations of PFAS to e.g. facilitate monitoring compliance with regulatory standards, 

requires accurate, reproducible measurement methods that ideally are inexpensive and rapid. Currently, 

liquid chromatography - mass spectrometry (LC-MS) and gas chromatography - mass spectrometry 

(GC-MS) are the methods of choice for the determination of PFAS, due to their high sensitivity, 

reproducibility and selectivity toward the target molecules.60 These methods offer detection limits 

between 0.1 ng/L to 3 ng/L with a RSD range 2% to 16%,61, 62 depending on the specific PFAS 

compound, sample size and level of blank contamination (Table 1.3). While accurate and reproducible, 

such methods are time-consuming, require expert operators, are expensive, and cannot be carried out in 

the environment in real-time. Instead, samples must be transported to a laboratory for analysis with 

accompanying time delays. 
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Table 1.3. Summary of the limits of detection and quantification (LOD/LOQ) of HPLC-MS/MS and 

GC-MS/MS methods for the detection of PFAS 

Technique 

Analytical Performance 

Matrix Ref. 

Targets LOD (ng L-1) LOQ (ng L-1) RSD (%) 

LC-MS/MS 

PFBA 0.59 0.75 4 

Wastewater 

Surface water 

Drinking 

water 

71 

PFPeA 0.71 0.89 5 

PFHxA 0.87 1.1 6 

PFHpA 0.84 1.1 6 

PFOA 0.28 0.35 2 

PFNA 0.61 0.77 4 

PFDA 0.71 0.89 4 

PFBS 0.49 0.62 3 

PFHxS 0.69 0.88 5 

PFOS 0.78 1.0 5 

6:2 FTS 0.56 0.7 4 

GC-MS/MS 

PFHxA 0.40 0.86 16 

Aqueous 

matrices 

61, 

62 

PFHpA 0.17 0.37 12 

PFOA 0.11 0.24 8 

PFNA 0.08 0.17 13 

PFDA 1.2 2.5 16 
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1.2.2 Electrochemical sensors 

In comparison to the methods required for bench-top instrument, electrochemical sensor measurements 

of PFAS can be performed in situ using portable potentiostat.63 It is less costly than LC-MS yet can 

provide high sensitivity (down to pg/L or even lower) for the detection of PFAS. Based on current 

research (Table 1.4), this thesis categorizes them into two distinct types. Indirect assay (IDA) currently 

is the main avenue being explored for development of such a sensor, especially given that most PFAS 

are electrochemically inert. Typically, this approach involves modifying a recognition layer on the 

electrode [e.g., glassy carbon electrode (GCE) or gold micro/macro electrode (AuE)], followed by the 

addition of redox mediator (e.g., ferrocene carboxylic acid), and finally, the introduction of PFAS. The 

electron transfer between the recognition layer and redox mediator will be affected in the presence of 

the PFAS, leading to the alteration in current,64-67 resistance68, 69 and other electrochemical signal. Direct 

assay (DA) utilises the redox reaction of PFAS on the electrode to quantify PFAS directly. The terminal 

groups of PFAS, such as carboxylic and sulfonate groups, can also undergo electron transfer. To date, 

there are some materials that electrochemically sensitive to PFAS were reported, including Cr-MIL-101 

MOF,69 Co/Fe bi-metallic MOFs,70 hafnium-doped tungsten oxide (Hf.WO3)71 and poly(vinyl chloride) 

membrane plasticized with 2-nitrophenyl octyl ether.72 While processing strong sensitivity, the 

electrochemical sensor is susceptible to interference from other compounds present in the sample matrix, 

despite its high sensitivity. These interferences can lead to false positive or false negative results, 

reducing the accuracy and reliability of the sensor. 
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Table 1.4 Summary of current studies about the development of electrochemical sensor for the detection of PFAS 

Electrode Analytes Matrix 

Analytical 

performance 
Remark Ref 

Detection 

range 

LOD 

(S/N=3) 

o-PD@GCE PFOS - 0-0.05 nM 0.05 nM IDA. ferrocene carboxylic acid as the redox mediator 64 

o-PD@Au electrode PFOS 
Drinking 

water 
- 0.04 nM IDA. ferrocene carboxylic acid as the redox mediator 65 

o-PD@Au microelectrode 
GenX 

(HFPO-
DA) 

River 
water 

1-5000 pM 250 pM IDA. ferrocene methanol as the redox mediator 66 

o-PD-AuNSs@GCE PFOS 
Drinking 

water 
- 

0.015 

nM 
IDA. ferrocenecarboxylic acid as the redox mediator 67 

O-PD@GC macroelectrode PFOS 
River 
water 

0-0.5 nM 3.4 pM 
IDA. O2 as the indicator. Alter the resistance of the 

electrode 
68 

Cr-MIL-101 MOF 
interdigitated microelectrode 

PFOS - - 0.5 ppt 
DA. PFOS absorbed with MOF will reduce the 

conductivity of MOF, thus changing the resistance of the 
microfluid platform 

69 

Hf.WO3@CPE PFOA 

Drinking 

water 
Soil & 
fruit 

70 nM-0.3 
mM 

18.3 nM hafnium-doped tungsten oxide (Hf.WO3) toward PFOA 71 

oNPOE/PVC@Au PFOS - 
0-0.5 ppb 

 
25 ppt 

DA. PFOS has good lipophilicity and prone to transfer to 

oNPOE/PVC membrane from water. 
72 

Co/Fe bi-metallic 
MOFs@electrospun film 

PFOA - 
10 nM-90 

uM 
1.073 
nM 

DA. Co/Fe bi-metallic MOFs has high affinity toward 
PFOA 

70 

IDA: Indicator displacement assay 

DA: Direct assay 
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1.2.3 Luminescence sensors 

Luminescence is a very sensitive detection method which can reach sensitivities down to single molecule 

level.73 It offers distinct advantages of rapid screening, simple operation, low cost, environmentally-

friendly reusability, fast readouts and high sensitivity.73 Such technologies have been extensively 

investigated for a range of applications, for example, detection of biomacromolecules (e.g., protein and 

glucose), physical signals (e.g., pH, temperature and humidity), inorganic ions (e.g., metal ions and 

gaseous molecules), etc.74-76  

Research in utilizing luminescent technology for detecting PFAS has already established some 

foundation. For instance, luminescent sensors designed to detect PFOS/PFOA and other prevalent PFAS 

have been developed using quantum dot,77-80 fluorescence dye,81-87 functionalised gold/SiO2 

nanoparticles,88-90 metal-organic frameworks91-93 and optical fibres94-96 (Table 1.5). These studies have 

demonstrated many reliable methods. Nevertheless, a key limitation in analytical detection arises from 

the mode of detection solely relying on luminescence intensity, which requires additional reference 

controls and testing to exclude interferences with scattering, excitation light or lumophore bleaching.80, 

85, 87,97 
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Table 1.5. Summary of current studies about the development of luminescence sensor for the detection of PFAS. 

Probe Material Analytes 

Analytical performance 

Mechanism Ref. 

Detected range LOD (S/N=3) 

Quantum dots_01 PFOA 207.0 μg/L-16.6 mg/L 124.2 μg/L Aggregation caused quenching 77 

Quantum dots_02 PFOS 150.0 ng/L-80.0 μg/L 150 ng/L 
Aggregation induced 

enhancement 
78 

Quantum dots_03 PFOA 4.1-29.0 mg/L 0.74 mg/L Photoinduced electron transfer 79 

Quantum dots_04 PFOA 103.54 μg/L-6.2 mg/L 10.4 mg/L Photoinduced electron transfer 80 

Fluorescence dye_01 
PFOS 

PFOA 

0-17.5 mg/L and 0-7.0 

mg/L 

10.7 μg/L and 10.9 

μg/L 
Photoinduced electron transfer 81 

Fluorescence dye_02 PFOS 0-1.0 mg/L 75.0 μg/L Photoinduced electron transfer 82 

Fluorescence dye_03 

PFOS 

PFOA 
20.0 μg/L-5.0 mg/L 

6.4 mg/L and 4.7 

mg/L 
Photoinduced electron transfer 83 

Fluorescence dye_04 

PFOA, PFOS and 

PFHxS 
- - - 84 

Fluorescence dye_05 PFAS - 10 μg/L - 85 

Fluorescence dye_06 PFOS 20.0 μg/L -4.0 mg/L 2.1 μg/L Photoinduced electron transfer 86 
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Functionalised SiO2 

nanoparticles_01 
PFOS 5.57-48.54 μg/L 5.57 μg/L Photoinduced electron transfer 87 

Functionalised gold 

nanoparticles_01 

10 PFAS 0.01 mg/L to 10 mg/L 10 μg/L Aggregation caused quenching 88 

Functionalised gold 

nanoparticles_02 
PFOA >103.5 mg/L - Aggregation caused quenching 89 

Metal-organic frameworks_01 PFOS 90.0 pg/L-9.0 ng/L 75.0 pg/L Photoinduced electron transfer 91 

Metal-organic frameworks_02 PFOA <200 uM (82.8 mg/L) 19 µg/L Photoinduced electron transfer 92 

Metal-organic frameworks_03 

PFHxA 

PFHpA 

PFOA 

PFNA 

PFDA 

PFOS 

PFHxA: - 

PFHpA: 0.1-2 mg/L 

PFOA: 0.1-10 mg/L 

PFNA: 0.1-2 mg/L 

PFDA: 0.1-1 mg/L 

PFOS: 0.1-1 mg/L 

- 

0.044 mg/L 

0.046 mg/L 

0.047 mg/L 

0.045 mg/L 

0.037 mg/L 

Photoinduced electron transfer 93 

Metal-organic frameworks_04 

PFOA 

PFOS 

PFNA 

- 40 nM Photoinduced electron transfer 90 
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PFHpA 

PFHxA 

PFHxS 

PFDA 

Optical fibre_01 PFOA 4.8 mg/L-60 mg/L 5 mg/L Refractive index alteration 94 

Optical fibre_02 PFOS and PFOA 0-100 ng/mL 0.21 ng/mL Refractive index alteration 95 

Optical fibre_03 PFOA 0-200 ng/mL 0.5 ng/mL Refractive index alteration 96 
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1.3 Strategies of PFAS-luminescence sensor development  

1.3.1 Photo-induced electron transfer in the design of sensor systems 

Photo-induced electron transfer (PET) is predominantly used in design of luminescence turn-on/off 

system for the detection of PFAS. As depicted in Figure 1.4a, the luminescence ‘turn-on/off’ probe is 

mainly composed of chromophore, spacer and receptor.98 The spacer is the bridge to connect the 

chromophore and the receptor, while the receptor normally loads with many recognition sites that able 

to capture the target molecules. With respect to the luminescence turn-off sensor (Figure 1.4b), for 

instance, the excited electrons of the anthracene are promoted to the lowest unoccupied molecular orbital 

(LUMO) when it absorbed the outer photons99. In alkaline environments, the electron from the lone pair 

of -NR transfers to the HOMO, blocking the electron return from the LUMO and preventing 

luminescence. Upon protonation (mid pH), the energy of the -NR receptor drops and no longer transfer 

electrons to HOMO, resulting in the luminescence revived. 

In terms of luminescence turn-on sensing system (Figure 1.4a right), which is similar to the ‘turn-off’ 

sensing system but the target recognition group also plays the role of quencher.100 In the conventional 

operation mode shown in Figure 1.4c, the diphenylphosphine moiety (receptor) donates electrons to 

carbon dots (chromophore), saturating their HOMO. This prevents the carbon dots from accepting 

electrons from their LUMO, leading to luminescence quenching.101 In the presence of H2O2 (strong 

oxidant), the diphenylphosphine moiety likely donate electrons to H2O2 and form R-P=O. As a results, 

the electrons at the carbon dots’ LUMO can return to the HOMO, and generate luminescence.  

With respect to the detection of PFAS based on PET, the hydrophilic side (e.g. -COO- and -SO3
-) of the 

PFAS can donor its electron to the chromophore or the receptor, causing the alteration in luminescence 

signal. 
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Figure 1.4. (a) Schematic diagram of luminescence ‘turn-off/on’ sensing system based on PET 

mechanism. (b) Schematic diagram of an example of turn-off sensing - anthracene-based chromophore 

for the detection of pH. (c) Schematic diagram of an example of turn-on sensing - the carbon dot 

modified with diphenylphosphine moiety for the detection of H2O2.  

1.3.2 Aggregation-caused quenching in the design of sensor systems 

Aggregation-caused quenching (ACQ) refers to a phenomenon observed in luminescent probes, 

typically those containing disc-shaped aromatic groups such as pyrene. When their concentrations reach 

a certain level, these probes tend to aggregate, leading to a decrease in luminescence intensity.102 As 

shown in Figure 1.5a, excited or ground state pyrene molecules stack together via strong π-π interactions, 

forming 'sandwich-shaped' excimers and exciplexes. This aggregation of excited pyrene molecules 

results in the loss of energy through non-radiative pathways, thereby reducing luminescence intensity. 

However, in practical applications, the ACQ effect often hinders the utilization of luminescent probes. 

Specifically, when the probe concentration is high, luminescence is significantly diminished, and while 
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at low concentrations, luminescence intensity can be weakened.103 Despite some attempts have been 

carried out to mitigate this phenomenon, progress has been limited. For example, increasing the diameter 

of quantum dots can help inhibit luminescence quenching caused by probe aggregation and Förster 

resonance energy transfer (FRET).104 However, the preparation of quantum dots is complex and may 

cause adverse environmental consequences.105 Another approach to addressing the ACQ effect is 

through solid-state luminescence, which successfully avoids aggregation. However, solid-state 

luminescent materials may exhibit more severe scattering than their liquid-state counterparts, posing 

additional challenges.106 

1.3.3 Aggregation-induced emission in the design of sensor systems 

In contrast to the ACQ effect, the aggregation-induced emission (AIE) effect presents a reverse 

phenomenon where luminescent materials exhibit enhanced light emission when aggregated. Tang et al. 

initially observed this phenomenon in the light-emitting material 1,1,2,3,4,5-Hexaphenyl-1H-silole, 

which appears dark when dispersed but shows robust emission when aggregated.107, 108 As illustrated in 

Figure 1.5b, this specific phenomenon can be attributed to the restriction of intramolecular rotation 

(RIR).109 Compounds susceptible to RIR typically feature multiple aromatic substituents connected to a 

core molecule via a conjugated system through a rotatable bond.110 In a dispersed state, the self-rotation 

of aromatic substituents consumes the excited-state energy through non-radiative pathways, leading to 

decreased or eliminated luminescence. However, in aggregation, molecular self-rotation encounters 

significant obstacles due to limited space. With the non-radiative pathway blocked, excited photons can 

only return to the ground state via radiative decay, resulting in considerably enhanced luminescence.111 

Many PFAS have exceptional hydrophobicity and lipophobicity, which has the potential to manipulate 

the distance between molecules. This alteration is required by the ACQ effect and AIE effect. 
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Figure 1.5. (a) Schematic diagram of pyrene ACQ effect. (b) Schematic diagram of 1,1,2,3,4,5-

Hexaphenyl-1H-silole AIE effect. 

1.3.4 Others approaches in the design of sensor system 

There are also many other approaches has been proposed to develop a luminescence sensor for the 

detection of PFAS. Each method possesses its unique characteristics, and therefore, we provide only 

brief descriptions here. Generally, many sensors operate indirectly, meaning they cannot directly detect 

PFAS but instead detect substances that are significantly influenced by PFAS. For example, the 

refractive index of light links to the thickness of modified optical fibres, and PFAS can alter the thickness 

of certain modified materials, such as polyvinylidene fluoride (PVDF).94 Alongside this, PFAS can 

affect biomolecules - studies have shown that PFAS can modify the permeability of cell membranes, 

intracellular pH levels, and cause DNA damage.112-114 These responses offer a feasible means to link 

PFAS to specific molecules for detection. For instance, PFAS can easily bind to peroxisomal 

proliferator-activated receptor-alpha-retinoid X receptors (PPARα-RXRs) complexes in a certain 

proportion, while the PPARα-RXRs complexes is detectable by quantum dots.115 
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1.4 Possible interactions occur to PFAS 

1.4.1 Electrostatic interaction 

Electrostatic interaction is a fundamental physical phenomenon involving the attraction and repulsion 

between charged objects.129 This force arises from the interaction between electric charges, where 

positive charges attract negative charges, and the same charges repel each other. According to Coulomb's 

law,130 the magnitude of this interaction force is inversely proportional to the square of the distance 

between the charges and directly proportional to the product of their charges. As the distance between 

two charged objects decreases, the interaction force between them increases; conversely, the force 

decreases as the distance increases. Electrostatic interactions (ranging from 1.2 to 48 kJ/mol)131 are 

commonly observed in the adsorption process of PFAS. For instance, the polymeric weak anion 

exchange SPE cartridge is frequently used in the extraction of PFAS from water sample.123 In aqueous 

environments, PFAS predominantly exist in the form of anionic ion, attributed to their low acid 

dissociation constant (pKa) as depicted in Table 1.1. Consequently, these anionic PFAS species tend to 

associate with sensing components possessing a positive charge. 

1.4.2 Hydrogen bonding interaction 

The recognition of the perfluorinated compounds also relies on non-covalent bonding. 

Several types of hydrogen bonding related to PFAS have been reported so far.116 As shown in Figure 

1.6a, the hydrogen bonding interaction occurs between the terminal groups of PFAS, such as sulfonyl 

group (-SO3H) and carboxyl group (-COOH), and the chemicals processing hydrogen bond donor (X-

Y) or acceptor (Y). These interactions exhibit bonding energies ranging from 0.2 to 40 kcal/mol.117 For 

instance, O=C-OH···O=C-OH provides 7.4 kcal/mol of energy, falling within the range of moderate 

hydrogen bonds (4-15 kcal/mol).116, 118 It is noted that sulfonyl and carboxyl not only act as the hydrogen 

bond donor (-OH, X-Y), whereas form the hydrogen bond with the nucleus exhibiting large 

electronegativity and short radius, but also serve as the hydrogen bond acceptor (=O, Y), providing the 
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hydrogen bonding site. 

Another non-covalent bond pattern that is easily overlooked but is actually prevalent in PFAS, is the 

interaction between organic fluorine (C-F) as the hydrogen bond acceptor and the other hydrogen bond 

donor (H-X).119 The ability of halogen atoms to act as hydrogen bond acceptors was discovered and 

calculated as early as the 1920s.120, 121 In most cases, the distance of the C-H···F-R hydrogen bond at 

around 2.5 Å with an angle of near 130°, although the distance can be as low as 2.02 Å when the angle 

approaches 180° under ideal conditions.119 The approaches to forming H···F hydrogen bond are diverse 

and exhibit different performances (Figure 1.6b). For instance, in scenario (I), the bond energy, distance 

and angle of C-H···F-C are 0.43 kcal/mol, 2.53 Å and 180°, respectively. In scenario (II), that of H3C-

F···H-F are 5.65 kcal/mol, 1.761 Å and 169.7°, respectively. In scenario (III), that of H2C=CHF···H-F 

are 3.89 kcal/mol, 1.845 Å and 173.1°, respectively. In scenario (IV), that of HC≡CF···H-F are 0.82 

kcal/mol, 2.107 Å and 173.7°, respectively, and in scenario (V), that of H3CF···OH2 are1.4 kcal/mol 

and 2.51 Å, respectively.122-124 The bond energy and length directly decide the interaction between the 

bonding substances. Studies have reported that the number of fluorine substituents influences the 

performance of the hydrogen bond, with an increase in the number of fluorine substituents resulting in 

larger or lower hydrogen bond energies.125 For example, Alkorta et al. found that the H3CH···OH2 

interaction energy increases by approximately 1 kcal/mol with each additional fluorine atom (from 

H3CH to F3CH), and their distance shorten around 0.1 Å for each additional fluorine atom, from 2.78 Å 

(H3CH···OH2) to 2.28 Å (F3CH···OH2).
126 

1.4.3 Fluorine-fluorine interaction 

Fluorine-fluorine interactions have provided numerous innovative insights for PFAS recognition and 

capture, leading to the development of a series of noteworthy techniques for PFAS detection. The 

existence of C-F···F-C interactions was confirmed by Robert et al. in 2011 (Figure 1.6c) based on 

Atoms-in-Molecules study, and their precise energies of 1-4 kcal/mol were calculated through 

computational chemistry investigations.127 The magnitude of interaction between PFAS ranges from 

0.26 to 29.64 kcal/mol, depending on the length of the C-F chains and the type of interaction.127 It is 
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undeniable that this level of energy is strong enough to arise the self-assembling between fluorinated 

compounds. Additionally, Karnoukhova et al. found that the energy of C-F···F-C interactions 

predominately depend on the distance between the fluorine atoms and irrespective of the directionality 

of C-F···F.128 Interestingly, it is noted that this theory is different from that of hydrogen bonding 

mentioned above. According to their calculation, the most optimal distance between fluorene atoms is 

2.819 Å (equal to 1.5 kcal/mol), while the secondary distance is 2.900 Å (equal to 0.5 and 0.5 kcal/mol). 
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Figure 1.6. Schematic diagram of (a) -SO3H and -COOH hydrogen bonding patterns, X-H regard as 

hydrogen bond donor and Y as acceptor. (b) hydrogen bonding patterns between carbon-fluorine bond 

and C-H, H-F, OH2. (c) fluorine-fluorine interaction.  
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1.5 Luminescence lifetime as a signal for sensing 

Any changes in spectroscopic characteristics, such as luminescence intensity, shift in 

excitation/emission wavelength and luminescence lifetime, linked with the PFAS concentration are 

theoretically usable as signal for PFAS detection.98 Current studies (Table 1.5) primarily focus on 

luminescence intensity as it is sensitive, can be easily collected and read-out due to the updated 

photosensitive components as well as capable of offering visual detection process.132 Nevertheless, light-

emitting intensity usually associated with poor photostability because of the luminophores leaching or 

bleaching, as well as scattering or absorbance of the excitation light.97 Moreover, the accuracy will be 

easily influenced by probe concentration and interferents.  

Luminescence lifetime offers several advantages for sensing applications, including long-term stability, 

environmental sensitivity, less susceptible to photobleaching, reduced interference and versatility,133, 134 

which is demanded in real-world application. The use of luminescence lifetime for sensing has been 

proposed years ago.98 Currently, the implementation of luminescence lifetime concentrates on the 

monitoring of pH, oxide, and temperature,135-137 cell image138 as well as background interference 

elimination (time-delay),139 yet has not been applied to the determination of emerging contaminants like 

PFAS. Luminescence lifetime as sensing signal is feasible for PFAS detection, due to the lifetime of the 

luminophore is susceptible to its surrounding environment (e.g. polarity and viscosity).140 Most PFAS 

act as fluorinated surfactants with hydrophobicity and lipophobicity, effectively altering the nature of 

the solution. For instance, our group previously found that the fluorinated surfactants can affect the 

lifetime of the transition metal complexes - the lifetime of Ir(III) complex change from 130 ns to 64 ns, 

245 ns and 462 ns, respectively, with the addition of Zonyl 7950, Zonyl FSA and Zonyl FS-300.141 

Additionally, it also found that the lifetime of Ru(III)-functionalised gold nanoparticle increase in the 

presence of Zonyl 7950, due to the fluorinated surfactants can prevent the aggregation of gold 

nanoparticles.142  

Utilising luminescence lifetime as the sensing signal provides an alternatively and attractive mode of 

PFAS detection, which is worth attempting.  
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1.6 Functionalised sensing platform formation 

1.6.1 Function of solid interfaces 

Immobilisation of sensing components at solid interface is a way to optimize their physical and chemical 

properties such as number, orientation and even the accessibility, allowing for the development of a 

wide range of advanced devices and functional materials.143 Currently, techniques such as self-

assembly,144 microcontact printing,145 spin coating,146 Langmuir-Blodgett film formation147 and laser 

ablation148 can be employed to form thin films on surfaces. In this thesis, self-assembly is mainly 

employed. This method involves immersing a prepared gold, copper, or glass substrate into a solution 

of an alkanethiol for a specific period, followed by washing and drying under nitrogen. As a results, the 

coated molecules are well-arranged on gold surface in comparison with when they are in solution, which 

greatly reduce molecular aggregation and avoid quenching.149 Our group previous study has shown that 

the surface modified with transition-metal complex exhibit enhanced luminescence lifetime in 

comparison with when it is in solutions (Figure 1.7).150 Additionally, immobilising the luminophore on 

a solid-state surface makes it easier to store, transport, and use, potentially making it suitable for in-situ 

monitoring of contaminants. 

 

Figure 1.7. Luminescence gold surface modified with transition metal probes for sensing and imaging. 

Adapted from reference 150.  
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1.6.2 Choice of suitable luminophore 

A luminescence lifetime-based sensing platform requires probes with long-lived lifetimes to reduce the 

difficulty in numerical read-out and to eliminate environmental background caused by autofluorescence 

and short-lived interferents.98 Traditional fluorescent dyes often have small Stokes shifts, short 

luminescence lifetimes and low photostability, which are unsuitable in this context. 

Transition metal complexes, such as iridium(III) complexes, exhibit well-studied photophysical 

properties. Iridium-based luminescent probes have long-lived luminescence, typically in hundreds of 

nanoseconds range, with signals in the visible range of the spectrum, with demonstrated sensitivity to 

the analytes and has reasonable quantum yield.151, 152 Due to these attractive properties, they have been 

particularly employed in sensing application such as cell studies,151 detection of saccharide152 and 

protein.150 

Trivalent lanthanide (Ln3+) such as europium(III), neodymium(III) and ytterbium(III), displays sharp 

line band emission profiles due to f-f transitions that are caused by the highly shielded character of the 

f orbitals.153 Moreover, owing to their metal-centred luminescence, the Stokes shift of Ln(III) is usually 

large (> 100 nm).153 As a result, the excitation wavelength can be cleanly separated from the emission 

wavelength, providing a well signal-to-noise ratio for all measurements. Coordinating to the 

appropriated ligand, such as SAcbisDBM ligand, the luminescence lifetime of surface-active 

luminescent lanthanide(III) can extend well into millisecond (ms) timescale. This property makes them 

ideal probes for the detection of PFAS. 
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1.7 Thesis outline 

Given environmental and human health concerns about PFAS, there is an increasing need for a proper 

technique that can measure these contaminants accurately, rapidly, and inexpensively on a wide scale. 

While current chromatographic-mass spectrometric methods are accurate, they are also time-consuming 

and expensive, and thus are unsuited to meeting the vast future demand for PFAS monitoring in matrices 

such as drinking water, waste effluents, and waste consumer products. This thesis aims to develop and 

evaluate three luminescence sensors for the accurate and rapid detection of one or more PFAS in 

different environmental matrices.  

Chapter two summarises the methodology employed in developing these sensors.  

Chapter three describes the preparation of an Ir(III)-functionalised surface based on lipophilic iridium 

complexes bearing alkyl chains (namely, IrC6 and IrC12) and Zonly-FSA surfactant. The morphology, 

elemental composition, Raman spectra, contact angle and optical properties of the Ir(III)-functionalised 

surfaces are characterised. Furthermore, the analytical performance of the Ir(III)-functionalised surface 

toward PFOA was examined, and the sensing mechanism is discussed. Finally, the Ir(III)-functionalised 

surface is used to detect PFOA in drinking water samples. 

Chapter four outlines the development of a solid-state sensing platform based on Europium(III), 

SAcbisDBM ligand and plain gold surface. The characterization of the surface’s morphology, elemental 

composition and variation upon the addition of C4-C10 PFCA, amount of coordinated Eu(III) on the 

surface, and Raman spectrum are discussed. The pH optimisation of the sensor is also addressed. 

Additionally, the sensing mechanism is discussed, along with the sensitivity, anti-interference ability 

and reusability of the sensor. Finally, the Eu(III)-functionalised surface is applied to detect the C4-C10 

PFCA in waste leather, leatherette and textile samples. 

Chapter five reports the development of a near-infrared (NIR) luminescence sensor based on 

Neodymium(III) and Yttrium(III), SAcbisDBM ligand and plasmonic gold surface (pAu). The 

morphology, Raman spectrum and optical properties of the surfaces are discussed. Subsequently, 

possible factors that may alter the emission intensity and lifetime of the functionalised surface are 
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explored. Finally, the analytical performance of Nd(III)/Yb(III)-SAcbisDBM in solution or immobilised 

on plasmonic surface toward PFOA, PFNA and PFDA are tested, respectively. 

Finally, in chapter six, a comprehensive conclusion is presented, summarizing the key findings and 

contributions made throughout the research. Additionally, we humbly propose possible avenues for 

future development of such sensors. These proposals may include further optimization of sensor design 

and performance, exploration of new sensing materials or ligands, enhancement of sensitivity and 

selectivity, and validation of sensor performance in real-world scenarios. 
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Chapter 2: General Methods 

2.1 Materials 

Gold slides (30 nm on silicon with 5 nm Ti priming layer) were purchased from Georg Albert PVD, 

Germany. Plasmonic gold slides were purchased from Nirmidas Biotech, USA. Zonyl-FSA 

fluorosurfactant was purchased from Sigma-Aldrich, USA. Native standards of: PFBA (98.0%), PFPeA 

(97.0%), PFHxA (≥98.0%), PFHpA (97%), PFOA (95%), PFNA (97%) and PFDA (98.0%) used for 

evaluating performance of the prepared sensors were purchased from Sigma-Aldrich, USA. The PFBA, 

PFPeA, PFHxA, PFHpA, PFOA, PFNA and PFDA native reference standard (1.2 mL, 50 µg/mL in 

methanol), the 13C-PFBA, 13C3-PFPeA, 13C-PFHxA, 13C4-PFHpA, 13C8-PFOA, 13C-PFNA and 13C6-

PFDA internal (surrogate) standard (1.2 mL, 50 µg/mL in methanol), and the 13C4-PFOS and 13C4-PFOA 

recovery determination (syringe) standard (1.2 mL, 50 µg/mL in methanol) used for LC-MS analyses 

were purchased from Wellington Laboratories, Canada. Europium(III) chloride hexahydrate 

(EuCl3•6H2O, 99.9%), Neodymium(III) chloride hexahydrate (NdCl3•6H2O, 99.9%) and Ytterbium(III) 

chloride hexahydrate (YbCl3•6H2O, 99.9%) were purchased from Sigma-Aldrich, USA. The rest of the 

chemical agents and solvents used in this study were obtained from Sigma-Aldrich, Fluka, Fisher 

Scientific or Acros Chemicals and used without further purification.  

2.2 Techniques 

2.2.1 Liquid chromatography coupled with quadrupole time-of-flight mass spectrometry 

Liquid chromatography-mass spectrometry (LC-MS) is a powerful analytical technique that combines 

the physical separation capabilities of liquid chromatography with the mass analysis capabilities of mass 

spectrometry. LC-MS is widely used in many fields such as environmental analysis, pharmaceuticals, 

and biochemistry due to its high sensitivity, specificity, and the ability to analyse complex mixtures. 

Herein, LC-MS was chosen because it is a gold standard method to detect and quantify PFAS,60 which 
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is critical for validating the feasibility and accuracy of the sensor we designed. 

In this study, the liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (LC-

Q-TOF-MS) determination of various PFAS in samples was conducted using a Sciex Exion HPLC 

coupled to a Sciex 5600+ triple TOF MS, equipped with a Restek Raptor C18 column (1.8 μm particle 

size, 50 mm length, 2.1 mm internal diameter). The liquid chromatography elution program and MS/MS 

transitions employed are detailed in the corresponding chapter. 

2.2.2 Solid-Phase Extraction 

Solid-phase extraction (SPE) is a sample preparation process used to extract and concentrate analytes 

from liquid samples, improving the detection sensitivity and selectivity of the analytical method.154 SPE 

is widely used in environmental analysis, pharmaceuticals, and food safety due to its effectiveness in 

isolating target compounds from complex matrices. 

In this study, the extraction of PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, and PFDA from samples 

was performed using Phenomenex Strata TM-X-AW 33 µm polymeric weak anion 200 mg/6 mL SPE 

cartridges. The SPE process involves passing the sample through a cartridge containing a solid adsorbent 

material, which selectively retains the analytes of interest while allowing other components to be washed 

away. The retained analytes are then eluted using a suitable solvent for further analysis. Specific SPE 

procedures are detailed in the corresponding chapter. 

The use of SPE in this study is crucial for several reasons. Firstly, it concentrates the PFAS from large 

volumes of environmental samples, enhancing the sensitivity of the subsequent LC-MS analysis. 

Secondly, SPE helps to remove potential interferences from the sample matrix, which could otherwise 

affect the accuracy and reliability of the analytical results. By employing SPE, we ensure that the PFAS 

are effectively isolated and concentrated, leading to more precise and accurate quantification. This step 

is essential to validate the performance of the sensor we designed, as it allows for a clear comparison 

between the sensor's readings and the known concentrations of PFAS obtained through a reliable 

extraction and analysis method. 
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2.2.3 Steady-state and Time-resolved Spectroscopy 

Steady state and time resolved luminescence studies were conducted on an Edinburgh Instruments FLS 

920 and FLS980 spectrophotometer fitted with a 450 W Xenon arc lamp as excitation source and a 

Hamamatsu R928 photomultiplier tube as detection system. The emission monochromator was equipped 

with gratings at 395 nm, 435 nm, and 575 nm. The data was collected with F980 software and corrected 

for photomultiplier tube and instrument responses. Liquid-state probes were accommodated in 1 cm path 

length quartz cuvettes. 

Luminescence Lifetime (τ) spectra were obtained with an EPL-375 laser or 100 W flashlamp (90 - 260 

V, 50/60 Hz) as excitation source. Lifetimes were fitted with Edinburgh Instruments FAST software. 

Luminescence lifetimes were fitted to two components or three components (if necessary), with an 

estimated error of 10% and chi-squared (χ2) within 1 ± 0.2. 

Time-Correlated Single Photon Counting (TCSPC) is a highly sensitive technique used to measure the 

fluorescence lifetimes of samples. It involves detecting single photons emitted by the sample after 

excitation by a short light pulse and measuring the time interval between the excitation and emission 

events. This method provides a histogram of photon arrival times, which is then used to determine the 

decay kinetics of the sample. 

The basic principle of TCSPC can be described by the following steps: (1) A short pulse of light 

(typically from a laser) excites the sample. (2) The sample emits photons as it returns to the ground state. 

(3) A single photon is detected by a photomultiplier tube (PMT) or a single-photon avalanche diode 

(SPAD). (4) The time between the excitation pulse and the detection of the photon is recorded. (5) This 

process is repeated many times to build up a histogram of photon arrival times. 

The fluorescence decay curve I(t)) obtained from TCSPC can be described by an exponential function: 

𝐼(𝑡) = 𝐼0 exp (−
𝑡

𝜏
) 

where: I(t) is the intensity at time t, I0 is the initial intensity and τ is the fluorescence lifetime. 

The fluorescence lifetime τ is determined by fitting the decay curve with the exponential model. In cases 

where multiple decay processes are present, a multi-exponential model may be used: 
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𝐼(𝑡) =  ∑ 𝐼0𝑖 exp(−
𝑡

𝜏
)

𝑖
 

where τ are the lifetimes of different decay components and I0i are their respective initial intensities. 

By using TCSPC, we can accurately measure the fluorescence lifetimes of our luminescent materials, 

which is critical for optimizing the performance of the sensors and ensuring their reliability in detecting 

PFAS. 

2.2.4 UV/Vis absorption spectroscopy 

The UV/Vis spectrophotometer plays a crucial role in our research by allowing us to determine the 

absorbance of the samples at specific wavelengths. This information helps in identifying and 

characterizing the electronic transitions of the compounds, providing insights into their structural and 

electronic properties. 

In this study, UV/Vis spectra were conducted using a Cary 60 UV-Vis spectrophotometer. The spectra 

were recorded at a scan rate of 600 nm min⁻¹ with a 1 cm path length quartz cuvette at room temperature. 

Baseline correction was performed by utilizing a matching solvent as a reference to the analysed sample. 

2.2.5 Dynamic Light Scattering and Zeta Potentials 

Dynamic light scattering (DLS) is a technique used to determine the size distribution of small particles 

in suspension or polymers in solution. By analysing the scattering of light caused by the Brownian 

motion of particles, DLS provides information about the hydrodynamic diameter and size distribution 

of the particles. Zeta potential measurements, on the other hand, are used to assess the surface charge of 

particles, which is crucial for understanding their stability and interactions in suspension. 

DLS and zeta potential measurements were conducted using a Malvern Zetasizer nano ZSP. Samples 

were assessed with a 1 cm DTS0012 disposable cuvette for size analysis and a folded capillary cell for 

zeta potential measurements. The instrument was left to equilibrate at 25 °C for 180 seconds before 

recording measurements. 

For DLS samples, three measurements were taken, each comprising 15 runs, and the average was then 
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presented. Zeta potential samples underwent 10 runs with values ranging between 10 and 100, and the 

average was presented accordingly. Data were recorded and processed using the Malvern Zetasizer 

software. The polydispersity index is calculated from the equation below, where the standard deviation 

(σ) of the particle diameter is divided by the mean particle diameter. 

𝑃𝐷𝐼 =  (
𝜎

2𝑎
)

2

 

2.2.6 Scanning Electron Microscopy - Energy-dispersive X-ray spectroscopy 

The morphology of the functionalised surfaces were analysed by two systems of Scanning Electron 

Microscopy (SEM): i) at University of Birmingham a CFEI Quanta 3D FEG FIB-SEM fitted with an 

Oxford Inca 300 Energy Dispersive X-ray Spectrometer (EDS) and ii) at BAM a Zeiss Supra 40 SEM 

with a Schottky field emitter having attached a Thermo Fisher Scientific EDS (Waltham, MA, USA). 

The gold sputtering was carried out by Emscope SC 500 Au-Pd Sputter Coater.  

The sample preparation for SEM is as follows: firstly, the functionalised surface prepared is affixed onto 

a 3 cm × 3 cm round copper sample holder using specialised conductive adhesive. Subsequently, silver 

conductive adhesive is applied around the edges of the surface, and finally, gold sputtering can be 

employed to further enhance the sample's conductivity. 

2.2.7 Time-of-Flight Secondary Ion Mass Spectrometry 

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) is a powerful surface analysis technique 

used to determine the composition and distribution of elements and molecules on the surface of 

materials. TOF-SIMS operates by bombarding the sample surface with a focused primary ion beam, 

which causes the ejection (or sputtering) of secondary ions from the surface. These secondary ions are 

then analysed based on their mass-to-charge ratio (m/z) using a time-of-flight mass analyzer. The 

resulting mass spectrum provides detailed information about the surface chemistry, including the 

presence of specific elements, isotopes, and molecular fragments. TOF-SIMS is widely used in various 

fields, including material science, semiconductor industry, pharmaceuticals and environmental science. 
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In this study, TOF-SIMS was employed to observe changes in the surface composition of fluorinated 

compounds on the sensor materials. By using TOF-SIMS, we can precisely measure the amount and 

distribution of fluorinated species on the sensor surface, which is crucial for understanding the sensor's 

performance and its interaction with PFAS. 

The semi-quantitative determination of surface chemical composition was carried out using a TOF-

SIMS IV instrument (IONTOF, Münster, Germany). The prepared surface can be detected without 

further treatment. 

2.2.8 X-ray photoelectron spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is a widely used surface analysis technique that provides 

quantitative and chemical state information about the elements present on the surface of a material. XPS 

operates by irradiating a material with X-rays, which causes the emission of photoelectrons from the 

surface. The kinetic energy of these photoelectrons is measured, and their binding energies are 

calculated, allowing for the identification and quantification of elements present on the surface. XPS is 

used in various fields for elemental composition analysis, chemical state analysis, thin film 

characterization and surface contamination detection. 

In this study, XPS was employed to observe the changes in the surface composition of various elements, 

particularly sulfur (S), fluorine (F), iridium (Ir), and europium (Eu). The XPS studies were conducted 

using a Thermo NEXSA XPS, fitted with a monochromated Al Kα X-ray source, a spherical sector 

analyzer, and 3 multichannel resistive plate 128 channel delay line detectors. The binding energy of the 

photoelectrons is calculated using the equation: Eb = hv - Ek, where Eb is the binding energy, hν is the 

photon energy, and Ek is the kinetic energy. The prepared surface can be detected without further 

treatment. 
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2.2.9 Raman spectrometer 

Raman spectroscopy is a vibrational spectroscopic technique used to provide information about 

molecular vibrations, which can be used to identify molecules and study chemical bonding and 

molecular interactions. The technique involves irradiating a sample with a monochromatic laser light, 

which interacts with the molecular vibrations, phonons, or other excitations in the system. The scattered 

light is then analysed to provide a Raman spectrum, which contains information about the vibrational 

modes of the molecules. 

In this study, Raman spectra were collected using Renishaw inVia™ confocal Raman microscopes. The 

spectra were recorded with a 532 nm diode laser employing 1800 and 1/mm gratings or a 785 nm diode 

laser with a 600 1/mm grating. The laser power was set at 0.1% and 1%, and the exposure time was set 

to 1 time/s. 

2.2.10 NMR and Mass Spectrometry 

Nuclear Magnetic Resonance (NMR) and Mass Spectrometry (MS) are powerful analytical techniques 

used for the structural elucidation and characterization of chemical compounds. NMR provides detailed 

information about the molecular structure and dynamics, while MS offers precise molecular weight 

determination and insights into the composition of the sample. By employing NMR and mass 

spectrometry, we aim to obtain comprehensive information about the molecular structure and 

composition. 

1H and 13C NMR spectra were recorded on a Brüker AVIII300 and AVIII400 respectively. NMR spectra 

were processed using MestReNova. Electrospray mass spectroscopy was carried out on a Waters 

Micromass LCT- TOF mass spectrometer in an electrospray positive mode, using a nitrogen laser. 
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Chapter 3: Luminescence Lifetime-Based Sensing Platform 

Based on Cyclometalated Iridium (III) Complexes for the 

Detection of PFOA in Aqueous Samples 

This chapter contains material taken verbatim from the following publication:  

1. Kun Zhang, Andrew J. Carrod, Elena Del Giorgio, Joseph Hughes, Knut Rurack, Francesca Bennet, 

Vasile-Dan Hodoroaba, Stuart Harrad, and Zoe Pikramenou, Analytical Chemistry 2024, 96, (4), 1565-

1575. 

3.1 Introduction 

3.1.1 General remarks on the significance of PFOA detection 

Perfluorooctanoic acid (PFOA) possess desirable industrial characteristics such as oil and water 

repellency with good physical and chemical stability. They have been widely used in a range of 

applications: carpets, clothing, paper, and packaging to confer dirt, grease, oil resistance as well as in 

fire-fighting foams.155 However, in an environmental context, the strength of the C-F bond renders 

PFOA highly resistant to thermal, chemical and biological degradation,156 with the result that they are 

capable of bioaccumulation and long-range environmental transport, exemplified by their presence in 

the Arctic.6, 157, 158 As a result, and combined with concerns about toxicity (including impaired response 

of children to vaccines),159 perfluorooctanoic acid (PFOA) and related PFOA compounds are listed for 

elimination under the Stockholm Convention on Persistent Organic Pollutants (POPs).54 Moreover, the 

EU has listed PFOA and related PFOA compounds as substances of very high concern, 52 whilst the 

European Food Safety Authority (EFSA) has set a challenging tolerable weekly intake value of 4.4 ng/kg 

body weight for the sum of PFOA, PFOS, perfluorononanoic acid and PFHxS;55 furthermore, as part of 

a recast of its Drinking Water Directive, the EU has set a limit of 100 ng/L for the sum of C4-C13 



41 

 

perfluorosulfonic acids and PFCAs (including PFOA) in drinking water.56 In March 2023, the United 

States Environmental Protection Agency (USEPA) announced proposed maximum contaminant levels 

(MCLs) for 6 PFAS in drinking water, with that for PFOA set at 4 ng/L.160 

3.1.2 Challenges in developing a PFOA luminescence sensor 

It is challenging to design sensor systems for PFOA based on its chemical properties.161 Most sensor 

systems have relied on the interaction between organofluorines,162, 163 which provide a recognition 

element for detection. Baker et al. estimated that the fluorine-fluorine (C-F • • • F-C) stabilization energy 

of up to 30 kcal/mol is adequate for perfluorinated molecules to be captured by another perfluorinated 

receptor.127 Luminescence is a very sensitive detection method which can reach sensitivities down to 

single molecule level. Luminescent sensors for the detection of PFOA have been developed using 

quantum dots,115 fluorescent organic dyes,81, 87 gold nanoparticles88 and metal organic frameworks.92, 93 

While the photostability of the lumophore and its fluorescence quantum yield are important 

considerations in the designs, a key limitation in analytical detection arises from the mode of detection 

solely relying on luminescence intensity,80, 164 which requires additional referencing controls and testing 

to exclude interferences with scattering, excitation light or lumophore bleaching. 

3.1.3 Design of Ir(III)-functionalised surface 

Sensing systems based on luminescence lifetime provide an attractive mode of detection with high 

sensitivity and versatility.165 Photostable luminophores with long luminescence lifetimes are ideal for 

using in bench-top instruments for luminescence lifetime detection and have received wide popularity 

in medical diagnostics as luminescence lifetime detection is available in many microplate readers.166 

Iridium-based luminescent probes have long-lived luminescence, in the range of hundreds of 

nanoseconds, in the visible, originating from triplet charge transfer states. The iridium luminescence is 

responsive to the local microenvironment around the metal complex with changes that affect the rigidity 

of the complex, polarity, aggregation and access of oxygen.152, 167-170 We have previously anchored 
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cyclometalated iridium complexes on gold solid supports using a thiol active ligand (bpySS) which 

prevented quenching from gold surface and studied the influence of the luminescent signal of the iridium 

films in presence of proteins.141, 150, 151 Herein, we report the development of a novel solid-state 

luminescence lifetime sensing platform for PFOA detection based on cyclometalated iridium complexes 

bearing lipophilic chains of six and twelve carbons respectively, IrC6 and IrC12 (Figure 3.1). 

3.1.4 Influence of PFOA on Ir(III)-functionalised surface 

The hydrocarbon chains provide lipophilic tentacles on the iridium complex, ideal for inducing 

aggregates or organized self-assembled structures of the cationic iridium complexes. Agents such as 

PFOA which bear hydrophilic groups and lipophobic chains may interfere with the local iridium 

environment. We have examined the influence of PFOA on gold surfaces modified with two iridium 

complexes, IrC6@Au and IrC12@Au, by a series of surface characterization and analytical techniques. 

The luminescence lifetime of the iridium photoactive center is monitored in different conditions in order 

to optimize detection sensitivity and provide a monitoring tool for PFOA detection. 
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Figure 3.1. Schematic diagram of the functionalised gold surfaces, IrC6@Au and IrC12@Au upon 

addition of PFOA. 
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3.2 Experimental 

3.2.1 Synthesis of IrC6 and IrC12 

The complexes IrC6 and IrC12 (chemical structure see below) are prepared as previously reported.167 

IrC6 

 

IrC12 
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3.2.2 preparation of Ir(III)-functionalised surface 

IrC6@Au and IrC12@Au. Gold slides were rinsed thoroughly with acetonitrile and milli-Q water 

sequentially for three times before immersion in 80 ℃ piranha solution (concentrated sulfuric acid and 

hydrogen peroxide in proportion of 3:1 (v/v)) for 15 min to eliminate all organic residues on the surface. 

The cleaned surfaces were subsequently washed with milli-Q water and dried with a stream of nitrogen 

and stored in ethanol until use. The IrC6@Au and IrC12@Au surfaces were prepared by immersing the 

gold slides in 0.74 µM IrC6 acetonitrile solution or 0.62 µM IrC12 acetonitrile solution for 18 h. The 

IrC6-FSA@Au and IrC12-FSA@Au surfaces, were prepared by immersion in a 0.74 µM IrC6 

acetonitrile solution with 2% Zonyl-FSA or a 0.62 µM IrC12 acetonitrile solution with 2% Zonyl-FSA 

for 18 h, in a final solvent composition of 92% MeCN, 4% water and 4% isopropyl alcohol. All modified 

surfaces were washed with small amounts of acetonitrile after immersion and dried with a stream of 

nitrogen. The prepared surfaces were finally stored in a dark environment under nitrogen atmosphere 

until use.  

3.2.3 Detection of PFOA 

For the detection of PFOA, the IrC6@Au and IrC12@Au surfaces were immersed in phosphate-buffered 

solutions (pH of 7.4) with different concentrations of PFOA for 30 min incubation, and subsequently 

rinsed with slight amount of acetonitrile and dried with a stream of nitrogen. 

3.2.4 Drinking water sample collection 

Twenty-nine samples were prepared for evaluation of the sensor. These comprised: bottled water (8 still 

mineral waters, 6 sparkling waters, and 5 flavored water samples) purchased from supermarkets, along 

with tap water sampled from 10 different household kitchens in Birmingham, UK. The water samples 

were collected between October and November 2020. For quality control, blank samples were prepared 
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in the guise of distilled deionized (Milli-Q) purified laboratory reagent water collected in a PET sample 

bottle. Bottled water samples (different brands/water sources/types) were purchased from four different 

shops in Birmingham in October 2020. All samples were transferred promptly to the laboratory and 

stored at 4 ℃ before analysis. 

The water samples were firstly analysed by LC-TOF-MS to measure the concentration of PFOA before 

detection by the iridium functionalied surfaces. To evaluate the performance of the prepared sensor, the 

same water samples were then spiked with known concentrations of PFOA within the range detectable 

by the sensor (herein, 10 mg/L and 100 µg/L).  

3.2.5 Drinking water sample treatment 

PFOA extraction was carried out using Phenomenex Strata TM-X-AW 33 µm polymeric weak anion, 200 

mg/ 6 mL solid phase extraction (SPE) cartridges. To concentrate PFOA, this study adopted an approach 

that has previously been reported by our group.3 Briefly, 50 μL of 1 ng/μL internal standard (M8-PFOA) 

dissolved in methanol was first added in the 500 mL filtered water, subsequently pass them through a 

0.45 μm membrane for removing impurities. The solid-phase extraction (SPE) cartridges were 

conditioned with 2×6 mL of 0.1% NH4OH/methanol and 6 mL Milli-Q water in advance before 

extracting the spiked water samples at around 1-2 drops per second. Once the entire sample has passed 

through the cartridge, rinsed the cartridge with 2×6 mL of Milli-Q water, and dried using vacuum pump 

for 30 min. After that, the PFOA was eluted with 6 mL of 0.1% NH4OH/methanol. Finally, the extracts 

were evaporated to approximately 300 μL with nitrogen stream at 40 ℃ before passing them through 

the 0.2 μm syringe filter and transferred to autosampler vials, then further concentration to dryness. The 

autosampler vials were reconstituted with 200 μL methanol for further analysis by LC-TOF-MS. All the 

samples should store in 4 ℃ until used.  

3.2.6 LC-MS methods for the determination of PFOA in water 

LC-MS determination of concentrations of PFOA in water samples was conducted using a Sciex Exion 
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HPLC coupled to a Sciex 5600+ triple TOF MS equipped with a Restek Raptor C18 column (1.8 μm 

particle size, 50 mm length, 2.1 mm internal diameter). Firstly, 10 μL of extract was injected into the 

LC fitted with a Raptor C18 column (1.8 μm particle size, 50 mm length, 2.1 mm internal diameter, 

Restek). Details of the LC conditions employed are provided as Table S3.1.   

The TOF-MS is equipped with a Turbo V source operated in negative mode using electrospray ionization 

(ESI) at a voltage of −4500 V. The curtain gas and nebulizer gas (source gas 1) were both 25 psi, while 

the drying gas (source gas 2) was 35 psi. The CAD gas was set to medium, and the temperature was 450 

°C. Mass spectrometric data was acquired using automatic information-dependent acquisition (IDA) 

with two experiment types: (i) survey scan, which provided TOF-MS data, and (ii) dependent product 

ion scan using a collision energy of -40 V and a collision spread of 30 V. PFOA was quantified in 

Multiquant 2.0 using MS/MS transitions and retention time for identification (Table S3.2). 

3.3 Results and discussion 

3.3.1 Characterisation of Ir(III)-functionalised surfaces 

The luminescent iridium probes, IrC6 and IrC12, have been designed with surface active dithiol groups 

for covalent attachment to gold surfaces. The surfaces have been fully characterised by analytical 

techniques to examine morphology and elemental constitution. Firstly, SEM was used to characterise 

the morphology of the modified surfaces, IrC6@Au and IrC12@Au (Figure 3.2a). Interestingly, both IrC6 

and IrC12 show the formation of well-dispersed micelle-type structures on the Au surface. Their mean 

sizes were found to be 250 ± 40 nm in IrC6@Au and 230 ± 30 nm in IrC12@Au (Figure 3.3a,b). Upon 

investigation of the analogous iridium complexes without the liphophilic six and twelve carbon chains 

(Ir(ppy)2bpy and IrbpySS), carrying either dithiol chains as anchor or not, no micelles were observed on 

the surfaces (Figure S3.1). EDS elemental mapping analysis of the IrC6@Au and IrC12@Au (Figure 

3.2c) shows the clear presence of Ir and organic content on the micelle-type structures. Independent 

DLS analysis of acetonitrile solutions of IrC6 and IrC12 confirmed the presence of micelles in solution, 

with sizes of 210±6 nm and 190±3 nm for IrC6 and IrC12, respectively which are in the same range but 
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slightly smaller than the ones observed on gold surfaces (Table 3.1). The smaller size of the IrC12 

micelles can be attributed to more efficient packing of the aliphatic chains hence smaller sizes micelles 

are observed.  We have independently examined surfaces coated with the iridium complexes under the 

same conditions but at low concentrations (0.15 mM) which is below the estimated critical micelle 

concentration of the iridium complexes assessed in water and no micelles were observed on the surfaces.  

Upon addition of PFOA the morphology of the IrC6@Au and IrC12@Au surfaces was examined. A 

significant disruption of the micelle-type structures can be observed (Figure 3.2a). It is postulated that 

the hydrophobic and oleophobic fluorosurfactant PFOA interacts with the hydrophobic micelle interior 

leading to micelle disassembly. The coating of the surfaces with iridium was also examined in the 

presence of a fluorinated surfactant Zonyl-FSA, which was previously used with iridium surface active 

complexes on gold surfaces,28-29 as its fluorinated chain was envisaged to affect the PFOA interaction. 

The IrC6-FSA@Au and IrC12-FSA@Au surfaces show iridium aggregation with elongated shape 

structures around micelle-type features (Figure 3.2b), and upon EDS analysis, it was found that the 

elemental composition of fluorine was 32 at. % (Figure 3.3c). Addition of PFOA led to the disruption 

of the structures (Figure 3.2b) and EDS analysis reveals a lower fluorine content (20% at.) possibly due 

to loss of the Zonyl-FSA (Figure 3.3c).  

Table 3.1. DLS size analysis of acetonitrile solutions of IrC6 and IrC12 PDI: polydispersity index.  

 

 PDI Z-ave (d.nm) 

Mean size by 

intensity (nm) 

Mean size by 

number (nm) 

IrC6 0.12 210±6 150±39 200±60 

IrC12 0.33 190±3 140±30 160±33 
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Figure 3.2. (a) SEM images of IrC6@Au and IrC12@Au without and with PFOA and (b) IrC6-

FSA@Au and IrC12-FSA@Au without and with PFOA. Solution of PFOA: 1 g/L for IrC6@Au and 

IrC12@Au and 10 mg/L for IrC6-FSA@Au and IrC12-FSA@Au. (c) EDS elemental mapping analysis 

(Carbon, Sulfur and Iridium) for IrC6@Au and IrC12@Au. 

 

Figure 3.3. Size distributions of (a) IrC6@Au and (b) and IrC12@Au from SEM images (Figure 2) with 

N>50. (c) Variation of fluorine composition in different substrates.  
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Contact angle measurements of gold surfaces coated with IrC6 and IrC12 were carried out to probe the 

effect of chain length on the relative hydrophobicity of the surfaces. The trend of the measurements 

(Figure 3.4) from 60o of the plain gold surface to 73o IrC6@Au and 80o IrC12@Au shows that 

modification of the surface with the iridium complexes led to increase of surface hydrophobicity. 

 

Figure 3.4. Representative images of the contact angle observed between the gold surface and water 

droplet a) uncoated gold surface, b) IrC6@Au and c) IrC12@Au. 

X-ray photoelectron spectroscopy (XPS) was used to further characterize the modified surfaces. The 

characteristic Ir 4f and S 2p peaks confirm attachment of the complexes to the surfaces. The 

characteristic peaks are similar for IrC6@Au and IrC12@Au, hence only selected peaks for IrC12@Au 

are shown in Figure 3.5 and the peaks for IrC6@Au are shown in Figure 3.6. The peaks for Ir (Figure 

3.5a) appeared at 61.8 eV (4f7/2) and at 64.8 eV Ir (4f5/2) in all modified surfaces The binding energy and 

the symmetric peak shape confirms the ionic character of the Ir.30 The S 2p region for IrC6@Au and 

IrC12@Au (Figure 3.5b) revealed peaks at 162.5 eV, and 163.7 eV, (characteristic of 2p3/2 peaks) 

assigned to thiolate (48%) and disulfide (28%).31 The two additional peaks at 165.2 eV (16%), and 166.8 

eV (8%) are attributed to oxidized sulfur as previously reported. The presence of disulfide may be 

attributed to some of the surface-active groups not attached to the surface with some Ir(III) complexes 

binding only with one thiolate capped leg. The remaining oxidized species are usually regarded as 

sulfonate as previously observed.32 Furthermore, upon addition of PFOA, the peaks of CF2 (291.8 eV) 

and CF3 (294.2 eV) appear clearly in the region of the carbon peaks (Figure 3.5c) and the F peaks are 

shown with addition of PFOA (Figure 3.5d).  
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Figure 3.5.  XPS spectra of (a) Ir 4f spectrum of IrC12@Au, (b) S 2p spectrum of IrC12@Au, (c) C 1s 

spectrum of IrC12@Au with PFOA (PFOA concentration: 100 mg/L) and (d) F 1s spectrum of IrC12@Au 

with PFOA (PFOA concentration: 100 mg/L). 
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Figure 3.6. XPS spectrum of (a) Ir 4f spectrum of IrC6@Au, (b) S 2p spectrum of IrC6@Au, (c) C 1s 

spectrum of IrC6@Au with PFOA (PFOA concentration: 100 mg/L) and (d) F 1s spectrum of IrC6@Au 

with PFOA (PFOA concentration: 100 mg/L). 

3.3.2 Probing immobilization of PFOA and Zonyl-FSA on coated surfaces 

The immobilization of PFOA or Zonyl-FSA on coated surfaces was measured by TOF-SIMS which is 

a highly surface-sensitive method capable of analysing the top 1-3 nm of a substrate.33 The primary ion 

beam used for TOF-SIMS analysis causes molecular fragmentation of the analyte, and the presence of 

certain species can be identified by their characteristic ions. Because the yield of secondary ions is 

dependent on several parameters including the surrounding matrix, TOF-SIMS studies may draw 

conclusions from the presence or absence of peaks as well as large variations (orders of magnitude) in 

peak intensities, however a fully quantitative study is possible only under set conditions.34-35 The correct 

interpretation of peak intensities in this study relies on suitable scaling of the y-axis. Here, all peaks 

were scaled to the area of the C3H7NO+ peak from the amide group in the IrC12 complex, which is 

common to all samples, and was present in a suitably high intensity to give reliable scaling. Other peaks 
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such as those related to Ir did not provide a high enough signal intensity to be suitable as a reference 

peak. It is also demonstrated from the EDS atomic composition results that the same amount of iridium 

complex is deposited on the different surfaces. 

The CF+ secondary ion is readily formed from fluorocarbons and is common to both Zonyl-FSA and 

PFOA, and is therefore useful for a comparison of the relative adsorption of PFOA or Zonyl-FSA on 

the substrate (Figure 3.7). A comparison of the IrC12@Au substrate before and after PFOA treatment 

indicates some immobilization of PFOA on the substrate (Figure 3.7a). The weak CF+ signal for the 

unexposed substrate IrC12@Au may be caused by residual CF species in the TOF-SIMS instrument, or 

alternatively from cross-contamination between samples. A comparison of the substrates 

IrC12@Au+PFOA and IrC12-FSA@Au (Figure 3.7b) show an order of magnitude change in the CF+ 

peak, indicating that Zonyl-FSA has extensive adsorption on the substrate. Interestingly, the IrC12-

FSA@Au substrate shows a significant drop in the CF+ peak, suggesting that PFOA interferes with the 

immobilization of Zonyl-FSA (Figure 3.7c). Comparisons of peak areas are shown in Figure S3.2 for 

both CF+ and Li+ peaks.  The Li+ peak is an independent indicator of Zonyl-FSA. The significantly 

higher peak area for the IrC12-FSA@Au compared to IrC12-FSA@Au + PFOA supports the conclusions 

drawn from the CF+ peak, that PFOA has affected the Zonyl-FSA immobilization. These results are 

supported by EDS analysis and further examined by luminescence lifetime measurements below.  
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Figure 3.7. TOF-SIMS spectra showing the characteristic CF+ peak for presence of PFOA and Zonyl-

FSA in comparisons of substrates: (a) IrC12@Au (black) and IrC12@Au+PFOA (red), (b) IrC12-

FSA@Au (green) and IrC12@Au+PFOA (red) (c) IrC12-FSA@Au (green) and IrC12-FSA@Au+PFOA 

(blue). Spectra were normalised to the C3H7NO+ peak at m/z = 73.05 present from the amide group in 

the IrC12 complex. Samples were analysed in duplicate, with repeats shown as separate lines. 

3.3.3 Optical behaviour of the iridium luminescence 

The luminescence properties of the iridium micelles on surfaces were characterised by steady-state and 

time-resolved spectroscopy and compared with the complexes in solution before and after addition of 

PFOA and in the presence of the FSA-surfactant. The iridium-modified surfaces, IrC6@Au and 

IrC12@Au exhibit characteristic luminescence originated from the triplet charge transfer state with 

maxima at 570 and 574 nm upon excitation at 375 nm (Table 3.2 and Figure 3.8). The luminescence 

signal is significantly blue shifted compared to the acetonitrile solutions of the complexes at 608 and 

611 nm, Table 3.3). Interestingly the corresponding luminescence lifetime of the iridium signal on the 

surface (Table 3.1) is significantly longer (the major component 150 ns and 165 ns for IrC6@Au and 

IrC12@Au, respectively) and compared to the corresponding solutions of the complexes (55 and 62 ns 

for IrC6 and IrC12, Table 3.3) which is unusual based on the expected quenching of metal complex 

luminescence most commonly observed by gold surfaces.171, 172 It is worth noting the multicomponent 

luminescent lifetime is commonly observed for iridium complexes based on the mixed  character of the 

triplet excited state and we focus the comparisons on the longer, major component. We attribute the 

longer lifetimes of IrC6/IrC12 on the gold surface to the better arrangement of the complexes on the 
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surface. Exposure of the IrC6@Au and IrC12@Au surfaces to PFOA leads to significant further blue shift 

of the signal at 560 nm, accompanied by an increase of the luminescence lifetime of 31 ns for IrC6@Au 

and 26 ns for IrC12@Au (Figure 3.8). The addition of PFOA in the solutions of IrC6 and IrC12 did not 

show any changes of the maximum of the emission intensity and small changes in luminescence lifetime 

(Table 3.3). The effect of PFOA on the Ir-modified surfaces may be attributed to the disassembly of the 

micellar structures as also observed by SEM which can be driven by association of the PFOA with the 

iridium complex leading to a number of factors that influence the luminescence lifetime such as 

protection from luminescence quenching by 3O2, change of the polarity of the environment around the 

metal centre due to the disruption of the micellar structure. We examined the iridium surfaces co-coated 

with the Zonyl-FSA surfactant which was previously shown to lead to lengthening of luminescence 

lifetime of metal complexes.141 It was envisaged the presence of the surfactant on the surface (as 

confirmed by the surface analysis) will enhance the interaction of  PFOA with the surface due to the 

presence of its fluorinated chain. The co-coated surfaces with the fluorinated surfactant, IrC6-FSA@Au 

and IrC12-FSA@Au exhibit long luminescence lifetimes (446 and 502 ns respectively), as anticipated, 

while the micellar structures are maintained with elongated assemblies evidenced by SEM (Figure 3.2). 

Upon addition of PFOA the luminescence lifetimes are decreased by 139 ns for IrC6-FSA@Au and by 

194 ns for IrC12-FSA@Au, which are much larger changes than the ones observed with the IrC16@Au 

and IrC12@Au surfaces. These changes are attributed to replacement of the Zonyl-FSA by PFOA in the 

iridium microenvironment accompanied by changes of the surface assemblies. The replacement of 

Zonyl-FSA is also supported by the aforementioned results by EDS and TOF-SIMS analyses which 

confirm the change of fluorine content on the surfaces. 
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Table 3.2. Emission maxima and luminescence lifetimes of iridium modified gold surfaces upon 

addition of PFOA. PFOA solutions added: 1 g/L for IrC6@Au, IrC12@Au and 10 mg/L for IrC6-

FSA@Au, IrC12-FSA@Au. The amplitude of each component of the lifetime is shown in brackets. 

Estimated errors: λem ± 1 nm and luminescence lifetimes error with standard deviation (n = 3). 

Name λem (nm) 

τ (ns) 

1st component 2nd component 

IrC6@Au 570 13±1 (21%) 150±4 (79%) 

IrC6@Au + PFOA 561 49±3 (24%) 191±2 (76%) 

IrC6-FSA@Au 562 119±6 (19%) 446±5 (81%) 

IrC6-FSA@Au + PFOA 571 76±1 (25%) 307±7 (75%) 

IrC12@Au 574 32±3 (26%) 165±2 (74%) 

IrC12@Au + PFOA 560 54±2 (23%) 194±3 (77%) 

IrC12-FSA@Au 569 167±5 (20%) 502±4 (80%) 

IrC12-FSA@Au + PFOA 578 93±7 (25%) 308±3 (75%) 
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Table 3.3. Photophysical properties of solutions of the Ir (III) complexes in acetonitrile showing the 

effect of mixing with Zonyl FSA and addition of PFOA. PFOA solution added: 41.4 mg/L. The 

amplitude of each component of the lifetime is shown in brackets. Estimated errors: λem ± 1 nm and 

luminescence lifetimes error with standard deviation (n = 3). 

 

 

 

 

 

 

 

 

 

 

Name λem (nm) 

τ (ns) 

1st component 2nd component 

IrC6 608 30±0 (21%) 55±0 (79%) 

IrC6 + PFOA 608 47±0 (77%) 81±1 (23%) 

IrC6 + FSA 612 33±1 (26%) 69±1 (74%) 

IrC6 + FSA + PFOA 610 38±1 (45%) 63±1 (55%) 

IrC12 611 35±1 (39%) 62±2 (61%) 

IrC12 + PFOA 608 49±0 (85%) 83±2 (15%) 

IrC12 + FSA 615 33±0 (24%) 74±1 (76%) 

IrC12 + FSA + PFOA 611 39±2 (36%) 61±1 (64%) 
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Figure 3.8.  Selected luminescence spectra and normalised lifetime decays (fit-solid line) upon addition 

of PFOA to (a) IrC12@Au ([PFOA] = 1g/L) and (b) IrC12-FSA@Au ([PFOA] = 10 mg/L). 

3.3.4 Analytical performance for PFOA detection 

To examine the sensitivity and range of the platform, the luminescence lifetime was monitored across a 

range of PFOA concentrations for the surfaces with IrC6-FSA@Au, IrC12-FSA@Au and without the 

Zonyl-FSA surfactant - IrC6@Au or IrC12@Au. All surfaces show an exponential dependence of the 

luminescence lifetime upon addition of PFOA (Figure 3.9 and Figure S3.3). If the PFOA interaction 

was based on a bimolecular event between the PFOA and the Ir(III) complex a linear Stern-Volver 

dependence would have been expected between the luminescence lifetime and the concentration of 
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PFOA. However, the exponential dependence with the concentration  of PFOA is consistent with 

luminophores sensing within micelles.173, 174 It is expected that the PFOA will interact with the 

luminophores within the micelle according to previously studied models.175, 176 The shifts of the emission 

maxima observed also agree with a ground state quenching as well as dynamic quenching of the PFOA 

within the micelles, indicating the ground state association of PFOA within the micelles on the surface. 

Nevertheless, this dependence correlates well the luminescence lifetime and allows the estimation of 

concentration. The Limit of Detection (LOD) was estimated to be of 8.2 mg/L (20 µM, S/N=3) IrC6@Au 

+ PFOA and 67 mg/L (162 µM, S/N=3) for IrC12@Au surface when the co-coated surfaces showed a 

higher LOD as expected from the initial screening of luminescence properties with LOD for IrC12-

FSA@Au + PFOA of 39 µg/L (94 nM, S/N=3) and detection range from 100 µg/L (0.24 µM) to 1 g/L 

(2.42 mM) whilst IrC12-FSA@Au + PFOA surface has a LOD of 6.2 µg/L (15 nM, S/N=3) and detection 

range from 10 µg/L (24.2 nM) to 1g/L (2.42 mM) (Table 3.4). 

The surfaces show reproducible performance with standard deviations as indicated in luminescence 

lifetimes tables. The surface reproducibility was examined with 50 independent measurements of 

luminescence lifetime of iridium coated surfaces. 

We have examined the possible interference of metal cations and other acids, reported for a large number 

of luminescence sensors and resulting in inaccuracies of the measurements.36 We examined common 

salts and other aliphatic acids  including Na+, Ca2+, Mg2+ Zn2+, Cu2+, Ni2+, Mn2+ and Co2+ valeric acid, 

hexanoic acid, heptanoic acid, octanoic acid, decanoic acid and dodecanoic acid for possible interference 

on the luminescence of IrC12-FSA@Au. The luminescence lifetime of IrC12-FSA@Au before and after 

the addition of the metal ions was monitored. (Figure 3.10) The variation (-2% to 2%) of the 

luminescence lifetime in the presence of the interferents is very small and in the range of error. In 

conclusion, both the selected metal ions and the aliphatic acids did not display any interferences with 

the platform’s luminescence signal. 

Overall, the performance of the iridium surfaces shows strong potential for further development of the 

luminescence lifetime as detection technique. Analysis of polluted waste water effluents has revealed 

concentrations of PFOA of 160 µg/L.177 It is challenging to compare the different detection approaches 
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for development of novel sensors as many factors need to be taken into consideration apart from 

sensitivity of detection: interferences, time to response, detection versatility, stability. Optical 

techniques offer great advantage of rapid detection compared to electrochemical sensors although the 

latter have reported high sensitivities.65, 68 Most of the reported platforms require incubation time 

between 20-30 min which compare well with the iridium surface platform (incubation time of 30 min) 

although some methods require preconcentration steps or longer incubation periods.69, 178 The iridium 

platform also provides great stability of the chromophore compared to organic counterparts and has 

strong potential in development of a portable device.179 

Table 3.4 Luminescence lifetime of IrC6-FSA@Au and IrC12-FSA@Au upon addition of PFOA χ2 

within 1.0 ± 0.2, n=3 

CPFOA 

(mg/L) 

IrC6-FSA@Au CPFOA 

(mg/L) 

IrC12-FSA@Au 

τ /ns  τ /ns 

1000 56±3 (15%) 187±12 (85%) 1000 65±8 (19%) 196±14 (81) 

100 68±7 (22%) 237±13 (78%) 100 83±12 (20%) 249±21 (80%) 

10 76±1 (25%) 307±7 (75%) 10 93±7 (25%) 308±3 (75%) 

1 86±3 (24%) 348±4 (76%) 1 106±10 (20%) 366±12 (80%) 

0.1 102±5 (19%) 409±16 (81%) 0.1 129±2 (18%) 434±11 (82%) 

0 119±6 (19%) 446±5 (81%) 0.01 164±3 (22%) 469±3 (78%) 

   0 167±5 (20%) 502±4 (80%) 
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Figure 3.9. Luminescence lifetime decays (normalised, fit - solid line) of (a) IrC6-FSA@Au and (b) 

IrC12-FSA@Au upon addition of PFOA in different concentrations at pH of 7.38 (range for IrC6-

FSA@Au 100 µg/L to 1 g/L, and for IrC12-FSA@Au 10 µg/L to 1 g/L, [PFOA] in mg/L. 
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Figure 3.10.  Influence of possible interferents Na+, Ca2+, Mg2+ Zn2+, Cu2+, Ni2+, Mn2+, Co2+ and valeric 

acid, hexanoic acid, heptanoic acid, octanoic acid, decanoic acid and dodecanoic acid (1 mg/L) to the 

luminescence lifetime of iridium,  upon addition of interferent to IrC12-FSA@Au  surface; before (dark) 

and after (light). 

3.3.5 Drinking water analysis 

To evaluate the feasibility of the sensing platform, IrC12-FSA@Au was applied to the analysis of 29 

samples of drinking water from the UK West Midlands. These samples were firstly analysed for their 

PFOA content using LC-TOF-MS before being analysed by our sensor. As shown in Table 3.5, 

concentrations of PFOA in unspiked bottled water ranged between 0.67 and 3.9 ng/L PFOA while those 

in tap water contained 0.82-1.4 ng/L PFOA. These concentrations were well within the EU drinking 

water directive limit (100 ng/L for the sum of C4-C13 PFCAs and PFSAs) but were in some instances 

close to exceeding the MCL for PFOA announced recently by the USEPA of 4 ng/L.11 Compared with 

previously reported data (Table S3.3), PFOA concentrations in our UK samples are very similar to those 

reported in: Ireland, Norway, Germany, Belgium, and the Netherlands, but are exceeded by those 

reported for: Italy (northern Milan), Spain (Catalonia), the USA (24 contiguous states) and China (79 

cities). Given that the concentrations of PFOA in UK drinking water samples are below the detection 
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limit of our sensor, samples were instead spiked with PFOA reference standard at two concentrations. 

Tap water spiked at: 10 mg/L; and at 100 µg/L, and these were measured using the sensor. In the 10 

mg/L spiked samples, PFOA was detected between 7-14 mg/L while in the 100 µg/L spiked samples, 

PFOA was detected in the range 88 to 151 µg/L. These data suggest that in aqueous samples like 

industrial effluent and wastewater that contain e.g. up to 160 µg/L177 or groundwater near military base 

that contain up to 220 µg/L,180 this luminescence sensor is applicable and reliable. We believe further 

optimisation of our approach, will yield lower detection limits and thus widen its applicability.  

Table 3.5. Concentrations of PFOA detected in drinking water unspikeda and spikedb at 100 µg/L and 

10 mg/L 

Water type 

PFOA Concentration  

Unspiked Tap 

Water (ng/L) 

Tap Water 

(spiked at 10 

mg/L) (mg/L) 

Tap Water 

(spiked at 100 

µg/L) (µg/L) 

Mineral water 1 0.68 12 120 

Mineral water 2 0.71 12 89 

Mineral water 3 0.69 13 109 

Mineral water 4 0.72 11 112 

Mineral water 5 0.71 9 97 

Mineral water 6 0.72 12 134 

Mineral water 7 0.83 12 137 

Mineral water 8 0.73 14 120 

Sparkling water 1 0.72 11 88 

Sparkling water 2 0.76 11 110 

Sparkling water 3 0.74 14 88 

Sparkling water 4 0.72 9 94 

Sparkling water 5 0.71 11 101 

Sparkling water 6 0.67 7 88 

Flavored water 1 0.67 13 126 
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Flavored water 2 3.9 11 116 

Flavored water 3 1.7 8 96 

Flavored water 4 1.0 10 142 

Flavored water 5 2.2 14 105 

Tap water 1 0.87 11 102 

Tap water 2 0.98 8 127 

Tap water 3 0.90 9 151 

Tap water 4 1.0 9 114 

Tap water 5 0.94 13 111 

Tap water 6 0.96 8 124 

Tap water 7 0.97 9 114 

Tap water 8 0.90 9 127 

Tap water 9 1.4 12 136 

Tap water 10 0.82 13 93 

a. determined using LC-TOF-MS.    b. determined using IrC12-FSA@Au sensor  

3.4 Discussion of high LOD, possible interferences and potential 

improvements 

The LOD of the sensor for PFOA is 6.2 µg/L. While this LOD is sufficient for certain applications, it is 

higher than the stringent water quality standards set by the EU and USEPA. For example, the USEPA 

has set a maximum contaminant level (MCL) for PFOA in drinking water at 4 ng/L, which is 

significantly lower than our current detection limit. 

It is also important to consider potential interferences from other PFAS or chemicals with similar 

structures. PFAS such as PFNA and PFBA may have similar interactions with the iridium complexes, 

potentially affecting the accuracy of PFOA detection. Additionally, other environmental contaminants, 

including organic compounds and metal ions, could interfere with the sensor's performance. 

To improve sensitivity and reduce interference, several strategies could be considered: 
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Using Alternative Substrate Materials: Employing other substrate materials such as platinum (Pt) or 

plasmonic gold surfaces could enhance the sensor's performance. These materials may provide better 

surface plasmon resonance effects, leading to increased signal sensitivity. 

Exploring Other Metal Complexes: Investigating other metal complexes such as europium (Eu) or 

ruthenium (Ru) as substitutes for iridium (Ir) could also be beneficial. These metals have different 

photophysical properties that might result in longer luminescence lifetimes and higher sensitivity to 

PFOA. 

Optimizing Surface Functionalization: Further optimization of the surface functionalization process, 

including the use of different surfactants or surface modifiers, could improve the interaction between 

PFOA and the sensor, leading to lower detection limits. 

Advanced Data Analysis Techniques: Utilizing advanced data analysis techniques, such as machine 

learning algorithms, to distinguish between signals from PFOA and other interfering substances, could 

enhance the accuracy and reliability of the sensor. 

By addressing these aspects, we can significantly enhance the sensor's performance, making it more 

suitable for real-world applications and ensuring compliance with stringent water quality standards. 

3.5 Conclusion 

We have demonstrated that gold surfaces modified with IrC6 and IrC12 metal probes provide a sensitive 

optical platform for the detection of PFOA based on the iridium luminescence lifetime signal. The 

iridium complexes have lipophilic chains which affect the assembly on gold with evidence of micellar 

type structures. Addition of PFOA affects the luminescence lifetime of the iridium probes which are 

known for sensitivity of the luminescence signal on local environment. Characterisation analysis of the 

surfaces shows that addition of PFOA disrupts the micellar-type assemblies on the surfaces. The change 

of the luminescence lifetime in the presence of PFOA is not observed in solution and is attributed to the 

interaction of PFOA with the iridium assemblies on the surface. The largest change of the lifetime which 

is best suited for analytical detection is observed for the gold surfaces co-coated with the fluorinated 

surfactant and IrC6 or IrC12. The surfactant not only enhances the PFOA interaction but by increasing 
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the luminescence lifetime provides a large, analytically well-exploitable change of the lifetime signal 

upon displacement with PFOA. The sensory surfaces effectively quantify PFOA concentrations in 

drinking water down to 100 µg/L (240 nM) and display strong anti-interference. In summary, the 

surface-based luminescence assays reported here provide a novel approach to monitoring PFOA and 

related PFAS based on iridium probe luminescence lifetime signal with rapid screening, large window 

of detection which can be further exploited for development of multi-analyte devices. 
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Chapter 4: A Europium-Functionalised Surface for the 

Detection of C4-C10 PFAS in Waste Leather, Leatherette 

and Textile samples 

4.1 Introduction 

4.1.1 The importance of detection C4-C10 PFCA 

Perfluoroalkyl carboxylic acids (PFCAs, formula: CnF(2n+1)CO2H) are compounds with different 

fluorocarbon chain lengths terminating with a carboxylic acid group, and belonging to the class of 

perfluoroalkyl substances (PFAS). Due to the strong carbon-fluorine (C-F) bonds,123 PFCA possess a 

number of industrially useful physicochemical properties, including thermal stability, high surface 

activity, hydrophobicity and lipophobicity,2 resulting in their extensive application in articles such as: 

non-stick cookware, textiles, leather, food packaging, cleaning agents, and firefighting foams.20, 23, 25 

Such widespread applications have led to demonstrable human exposure to PFAS via pathways such as: 

inhalation, ingestion of diet and dust, and dermal contact with PFAS-containing media35, 181-183. An 

investigation showed that >98% of serum samples collected from the general U.S. population (≥ 12 

years of age) contained PFAS, including PFCA like perfluorooctanoic acid (PFOA), perfluorononanoic 

acid (PFNA), etc.38 Such exposure is concerning, given human serum elimination half-lives of PFCA 

are of the order of several years,184, 185 coupled with evidence of adverse human health outcomes linked 

with PFAS exposure, including kidney, testicular and thyroid cancer as well as impacts on levels of 

blood cholesterol.186-190 These concerns about wide-range application, capacity for long range 

atmospheric transport, toxicity, environmental persistence and potential for bioaccumulation have led 

to listing PFOA, PFOS, PFHxS and their salts and related compounds under the Stockholm Convention, 

and the long-chain PFCA are also currently being reviewed.191 
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4.1.2 Challenges in monitoring PFCAs 

As part of efforts to eliminate PFOA, the EU has set a limit on its maximum permissible concentration 

in waste of 1 mg/kg.192 While welcome, monitoring compliance with such limits presents a formidable 

challenge, given the vast volume (e.g. 2,135 million tonnes in 2020)193 of waste generated across the 

EU. The scale of this challenge is further compounded by the fact that the conventional LC-MS based 

techniques used to measure PFOA and other PFCA are destructive, time-consuming, and expensive. 

Against this backdrop, this paper reports a novel technique for the determination of C4-C10 PFCA (see 

Table S4.1 for their chemical structures), namely: perfluorobutanoic acid (PFBA), perfluoropentanoic 

acid (PFPeA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid (PFHpA), PFOA, PFNA, and 

perfluorodecanoic acid (PFDA). These chemicals are commonly present in leather, leatherette and 

textiles.20, 194 

4.1.3 Surface sensing platforms 

Surface sensing platforms are a new concept proposed by environmental analytical chemistry to adapt 

to different and tricky environments.195 The portability, storability, transportability, and customizability 

of these platforms facilitate in situ measurement of contaminants. Compared with traditional liquid 

probes, surface sensing platforms can be customized for a variety of target contaminants or different 

matrix such as the atmosphere or the aquatic environment by tailoring of the specific recognition 

group.196, 197 For instance, electrostatic interaction, H-bonding interaction, van der Waals interaction198 

and covalent interaction have provided abundant pathways for anchoring multifunctional materials 

targeting different molecules.  Alongside this, a surface is able to give a more reasonable arrangement 

for the luminescence probes, thereby protecting them from aggregation.150 Within our experience, the 

rough modification of the surface normally leads to a uneven distribution of the luminophore on the 

surface, resulting in a massive influence on those optical signals (e.g. emission intensity, refractive index 

and scattering) associated with the concentration of probes. 
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4.1.4 Eu-functionalised surface for PFCA detection 

A luminescence lifetime readout is normally linked to the surrounding environment of the luminophores 

but independent of their concentration, making it the ideal transduction signal for surface sensing 

platforms. Yet, it has rarely been applied in the field of environmental analytical chemistry.199 

Lanthanide(III) ions exhibit long luminescence lifetimes, covering microsecond to millisecond time 

ranges. These are significantly quenched by high energy O-H oscillators, such as those of H2O 

molecules.200, 201 Given by the chemical properties of PFAS, this study hypothesises the addition of 

PFAS will reduce such deactivation pathway. As depicted in Figure 4.1, the carboxylic group at one end 

of PFAS (e.g. PFOA, pKa=3.8±0.1)10 can coordinate to Eu(III), displacing coordinating H2O molecules 

and reduce quenching, while the fluorocarbon chain at the other side processed robust hydrophobicity, 

which can effectively create a pocket to protect the Eu3+ from quenching by H2O. The functionalised 

surface was achieved by anchoring the SAcbisDBM ligand on the gold substrate, following by 

coordination of Eu(III) ions to ligand.202 The choice of SAcbisDBM lies in the excellent affinity of β-

diketonates for lanthanides(III), as well as their suitability as sensitisers of Eu(III) luminescence, 

ensuring sufficient luminescent signal for the sensing readout. Furthermore, the design of the ligand 

includes a spacer unit to limit quenching from the metal surface and a terminal thioacetate group to 

anchor the ligand via Au-S bonds.  

To our knowledge, this type of sensing system has never been reported before. 
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Figure 4.1. Schematic diagram of Eu-SAcbisDBM@Au surface, and the variation of the surface upon 

the addition of C4-C10 7PFCA. 

4.2 Experimental 

4.2.1 Synthesis of SAcbisDBM ligand 

The synthesis of the SAcbisDBM ligand followed our group’s previous work.203 The experimental 

process was shown in Figure 4.2. In brief, the design of the SAcbisDBM ligand involved a four-step 

synthesis process, relying on the copper-catalysed azide alkyne cycloaddition (CuAAC, known as click 

reaction). This synthesis requires the reaction between the alkyne bisDBM derivative 5 and the azide 

moiety of compound 6 to integrate the surface-active unit. This synthetic strategy demonstrates 

remarkable versatility, enabling the incorporation of various functional units in a single-step reaction 

without the need for further modification of derivative 4.  
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Figure 4.2. Synthesis route to SAcbisDBM ligand. 

4.2.2 Preparation of Eu(III)-functionalised surface 

Gold slides were rinsed thoroughly with acetonitrile and milli-Q water sequentially for three times 

before immersion in 80 ℃ piranha solution (95% sulfuric acid and 30% hydrogen peroxide in proportion 

of 3:1 (v/v)) for 15 min to eliminate all organic residues on the surface. The cleaned surfaces were dried 

under nitrogen flow and stored in ethanol until use.  

The SAcbisDBM@Au surface was prepared by immersing the treated gold surfaces in a SAcbisDBM 

solution (1 mM in THF) for 18 hours. The modified surface was washed with small amounts of 

tetrahydrofuran and dried with a stream of nitrogen. The Eu-SAcbisDBM@Au surface was prepared 

by immersing SAcbisDBM@Au in a EuCl3 solution (10 mM in H2O) for 18 hours. The modified surface 

was washed with milli-Q water and dried with a stream of nitrogen. 

To detect C4-C10 PFCA, the Eu-SAcbisDBM@Au surface was immersed in a C4-C10 PFCA MeOH 

solution (pH=6.5±0.5) with different concentrations (from 80 nM to 100 µM) for 10 minutes. The 
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surface was subsequently washed with MeOH and dried with a stream of nitrogen and stored in a dark 

environment under nitrogen atmosphere until use. 

4.2.3 Pre-treatment of waste leather, leatherette and textile samples 

Waste leather/leatherette/textile samples (n=34) obtained in the UK were provided by WRc plc, with an 

additional sample of US firefighter protective clothing provided by Professor Graham Peaslee. Prior to 

extraction of PFAS, 50 mg (for HPLC-TOF-MS) and 500 mg (for the prepared sensor) of samples were 

weighed and cut into small pieces. The samples were then transferred to 15 mL PP plastic tubes before 

addition of 10 mL MeOH and 50 µL of 1 ng/µL internal standard mix (latter not necessary for samples 

analysed via the sensor). The tubes were then re-capped and inverted 20 times to mix the contents, 

followed by sonication for 1 hour. The resultant solvent extracts were filtered through a 0.22 µm filter 

membrane and evaporated to incipient dryness by a gentle stream of nitrogen at 38°C. Following 

reconstitution to 1 mL with MeOH (pH = 6.5), these final extracts were stored in 2 mL GC vials (for 

HPLC-TOF-MS) or 10 mL glass vials (for sensor analysis). 

4.2.4 LC-MS method for the detection of C4-C10 PFCAs 

LC-MS determination of concentrations of PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA and PFDA 

in leather, leatherette and textile samples was conducted using a Sciex Exion HPLC coupled to a Sciex 

5600+ triple TOF MS equipped with an Agilent ZORBAX RRHD Eclipse Plus C18 column (2.1 internal 

diameter, 100 mm length, 1.8 µm particle size). Firstly, 10 μL of extract solution was injected into LC 

via Raptor C18 column (1.8 μm particle size, 50 mm length, 2.1 mm internal diameter, Restek). Details 

of the LC conditions employed are provided as Table S3.1.  The TOF-MS is equipped with a Turbo V 

source operated in negative mode using electrospray ionization (ESI) at a voltage of −4500 V. The 

curtain gas and nebulizer gas (source gas 1) were both 25 psi, while the drying gas (source gas 2) was 

35 psi. The CAD gas was set to medium, and the temperature was 450 °C. Mass spectrometric data was 

acquired using automatic information-dependent acquisition (IDA) with two experiment types: (i) 
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survey scan, which provided TOF-MS data, and (ii) dependent product ion scan using a collision energy 

of -40 V and a collision spread of 30 V. The results were quantified in Multiquant 2.0 using MS/MS 

transitions and retention time for identification (Table S4.2). 

4.3 Results and discussion 

4.3.1 The morphologies of Eu-SAcbisDBM@Au surface 

The morphology of the Eu-functionalised surface was observed by scanning electron microscope 

(SEM). The surface coated with SAcbisDBM ligand is observed in the shape of rough, unregular and 

aggregated particulate structure, with a diameter around 90 nm (Figure S4.1a). Upon the coordination 

of Eu (Figure S4.1b) and the addtion of C4-C10 PFCAs (Figure S4.1c) to the SAcbisDBM@Au surface, 

their morphlogies are not altered. EDS mapping analysis of Eu-SAcbisDBM@Au surface shows the 

presence and disturbution of Europium on the Eu-SAcbisDBM@Au surface (Figure S4.2). 

4.3.2 Eu(III) amount on surface 

The amount of Eu(III) on Eu-SAcbisDBM@Au surface was measured by titration of EuCl3 on the 

SAcbisDBM@Au surface and monitored the alteration of emission signal of the surface. As depicted in 

Figure 4.3, the luminescence of the SAcbisDBM@Au surface does not display significant changes with 

addtion of up to 1 nmol of EuCl3. With further addtion of EuCl3, the luminescence start to increase and 

reach a plateau at 60 nmol. Upon further addtion of EuCl3 up to 200 nmol, no significant variations was 

observed in the emission intensity of the Eu-SAcbisDBM@Au surface. For comparison, we added 

Eu(III) to the cleaned gold surface but do not observe enough optical signal to obtain the emission 

spectra. It is postulated that the Eu(III) cannot bound on the surface without SAcbisDBM ligand. The 

load capacity of SAcbisDBM@Au toward Eu(III) is thus calculated to be 86 nmol/cm2 according to the 

size of used surface. 
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Figure 4.3. Emission spectrum of SAcbisDBM@Au surface with addition of 10 pmol, 100 pmol, 500 

pmol, 1 nmol, 2 nmol 5 nmol, 10 nmol, 20 nmol, 30 nmol, 40 nmol, 50 nmol, 60 nmol, 70 nmol, 80 

nmol, 90 nmol, 100 nmol, 150 nmol and 200 nmol Eu(III), respectively. Incubation time: 10 minutes. 

λexc: 355 nm. Insert: variation of the emission intensity of the SAcbisDBM@Au surface upon the 

addition of different contents of Eu(III). 

4.3.3 X-ray photoelectron spectroscopy analysis 

The coating of SAcbisDBM ligand on the surface was confirmed by X-Ray photoelectron spectroscopy 

(XPS). XPS wide survey (Figure 4.4a) confirms the presence of C (284.8 ev), N (399.8 ev), O (531.8 

ev) and S (163.8 ev) on the surface. Furthermore, the elemental ratios obtained from the atomic 

percentages (At%) of the SAcbisDBM@Au surface agree with those of the SAcbisDBM ligand 

(C31H27N3O5S) (Table 4.1). The thiol attachment of SAcbisDBM to the gold surface is displayed in the 

high resolution spectrum in Figure 4.4b. The S 2p region for the SAcbisDBM@Au surface displays the 
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S 2p3/2 and 2P1/2 peaks at 162.7 ev and 163.9 ev, respectively. The peak at 162.7 ev was assigned to 

bound thiolate (82%) while the peak at 163.9 ev to unbound thiolate (18%), as previously reported.204 

The appearance of unbound thiolate might be attributed to inadequately thorough rinsing, or the 

SAcbisDBM ligand assembling on the surface through alkyl-Au interactions instead of Au-S bonds.205 

It is clear that SAcbisDBM ligand was bound to the gold surface. 

Upon the coating of Eu(III), the Eu 3d5/2 peak appears at 1135.5 ev (Figure 4.4c), indicating the presence 

of Eu(III) on the SAcbisDBM@Au surface. The atomic ratio of Eu to S was calculated as 0.35 according 

to the wide survey of Eu-SAcbisDBM@Au surface, while that of Eu-SAcbisDBM@Au + PFOA surface 

is 0.36 (Table 4.2). It is implied that around 2.8 SAcbisDBM ligand on gold surface can bind 1 Eu(III). 

This phenomenon can be ascribed to the SAcbisDBM ligand pile up on the surface and hiding the 

binding site. Upon addition of PFCA, herein, we used PFOA (C8HF15O2), the wide survey (Figure 4.4a) 

of the Eu-SAcbisDBM@Au + PFOA surface displays the presence of an intense peak in the F 1s region 

at 689.4 eV, which could not be observed in the spectra of the SAcbisDBM@Au and Eu-

SAcbisDBM@Au surfaces. The high resolution F 1s spectrum (Figure 4.4d) also shows both -CF2-CF2- 

and -CF3 components at 689.3 eV and 687.6 eV, respectively.206 Interestingly, a metal-fluorine peak 

located at 684.64 ev was observed,206 which could be attributed to the PFOA contact with the gold 

surface directly. Furthermore, the C 1s spectrum of the Eu-SAcbisDBM@Au surface with PFOA 

displays two new peaks at 292.4 eV and 294.5 eV compared to the SAcbisDBM@Au surface (Figure 

4.4e), which can be assigned to CF2 and CF3 contributions, respectively. This proves that the Eu-

SAcbisDBM@Au surface can capture PFOA. It is noted that the atomic ratio of F to Eu is 47 (Table 

4.2), which indicates that each Eu(III) on the Eu-SAcbisDBM@Au surface can bind around 3.1 PFOA. 

In summary, the ratio of SAcbisDBM ligand to Eu(III) to PFOA is: 2.8 : 1 : 3.1.  
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Table 4.1. Atomic percentage (At%) of the SAcbisDBM@Au surface measured by XPS, and compared 

to the real At% of SAcbisDBM ligand. Elemental included C, N, O and S. 

SAcbisDBM molecular structure: C31H27N3O5S 

 

Atomic percentage (%) 

C N O S 

SAcbisDBM@Au 

surface 

46.1 3.9 6.7 1.5 

Elemental analysis 

results of powder 

46.2 4.5 7.5 1.5 

𝐴𝑡% =
𝑁𝑖

𝑁𝑡𝑜𝑡
× 100 

Where At% represents the Atomic percentage. Ni represents the number of atoms of interest while Ntot 

represents the total number of atoms. 
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Table 4.2. At% (C, N, O, F, S and Eu) of the Eu-functionalised surface measured by XPS and their 

atomic ratio (Ar) of C, N, O, F and Eu to S.  

 

At% 

C N O F S Eu 

Eu-SAcbisDBM@Au 65.8 5.6 13.1 - 2.0 0.7 

Eu-SAcbisDBM@Au + PFOA 50.3 3.3 8.0 25.03 1.5 0.54 

 

Atomic ratio 

C/S N/S O/S F/S Eu/S 

Eu-SAcbisDBM@Au 32.6 2.8 6.5 - 0.35 

1Eu-SAcbisDBM@Au + PFOA 33.3 2.2 5.3 16.7 0.36 

𝐴𝑟 =
𝐴𝑡𝑖

𝐴𝑡𝑆
 

Where Ar represents the atomic ratio of the atoms of interest to sulphur. Ati represents the atomic 

percentage of atoms of interest while AtS represents the atomic percentage of sulphur. 
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Figure 4.4. XPS images of (a) wide survey for SAcbisDBM@Au, Eu-SAcbisDBM@Au and Eu-

SAcbisDBM@Au + PFOA, (b) S 2p spectrum of SAcbisDBM@Au, (c) Eu 3d spectrum of Eu-

SAcbisDBM@Au, (d) F 1s spectrum of Eu-SAcbisDBM@Au + PFOA and (e) C 1s spectrum of 

SAcbisDBM@Au and Eu-SAcbisDBM@Au + PFOA. 

4.3.4 Raman spectroscopy analysis 

The chemical structures of the SAcbisDBM ligand on the surface, as well as it is coordinated with 

Eu(III), were analysed by Raman spectroscopy. The Raman spectra of the SAcbisDBM@Au surface 

displays Raman shifts at 1000 cm-1, 1284 cm-1, 1359 cm-1, 1548 cm-1 and 1600 cm-1 (Figure 4.5a), which 

can be assigned to the vibration of aromatic ring and C-C aliphatic chain, C-CH3, N=N, C=O and C=C, 

respectively.207 These observed chemical structures are in agreement with the known structure of the 
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SAcbisDBM ligand. With the addition of Eu (III), a new peak at 272 cm-1 appears (Figure 4.5b), which 

can be assigned to the vibration of Eu-O.207 This observation confirms the coordination of Eu (III) to 

SAcbisDBM ligand on the surface. 

 

Figure 4.5. Raman spectrum of (a) SAcbisDBM@Au surface and (b) Eu-SAcbisDBM@Au surface. 

Laser excitation λ: 633 nm.  

4.3.5 Effect of C4-C10 PFCAs on Eu (III) 

The detection of C4-C10 PFCAs with Eu(III) was initially investigated in solution by monitoring 

variations of the luminescence lifetime and emission properties of EuCl3 upon the addition of PFCAs in 

water. The emission spectra of Eu(III) in water displays the characteristic 5D0→
7FJ (J=1-4) transitions 

at 595 nm, 617 nm, 651 nm and 699 nm, respectively, and a recorded luminescence lifetime of 2 µs 

(6%) and 110 µs (94%) is recorded (Figure 4.6). Upon addition of C4-C10 PFCA (pH = 6.5, from 2 μM 

to up to 20 μM), the luminescence intensity of Eu(III) is significantly increased, showing a linear 

relationship (Figure 4.6a).  The relative emission intensity of the 5D0->
7F2 transition (617 nm) to the 
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5D0->
7F1 transition (595 nm) has a 49% increase upon the addition of 20 uM of C4-C10 PFCA in 

comparison with that of without addition of C4-C10 PFCA, indicating a modification to the coordination 

sphere of the metal. Simultaneously, the luminescence lifetime of Eu(III) displays an increase upon the 

addition of 2 µM to 20 µM C4-C10 PFCA, reaching up to 100 µs (36%), 440 µs (64%) at the maximum 

addition of C4-C10 PFCAs (Figure 4.6b). These alterations are consistent with our hypothesis that the 

coordination of C4-C10 PFCA to the Eu(III) displaces the H2O molecule, leading the formation of a 

hydrophobic layer around Eu(III) that prevents quenching caused by H2O molecules. 

 

Figure 4.6. (a) luminescence intensity of 1 mM EuCl3 solution, and with the addition of 2 µM, 4 µM, 6 

µM, 8 µM, 10 µM, 15 µM and 20 µM C4-C10 PFCAs, respectively, λexc = 375 nm. Insert: the relationship 

between the concentration of C4-C10 PFCAs and Rx/R0, Where Rx represents the ratio of peak area at 

617 nm to 595 nm with the addition of different concentration of C4-C10 PFCAs, R0 represents the ratio 

of peak at 617 nm to 595 nm without adding C4-C10 PFCAs. (b) luminescence lifetime of 1 mM EuCl3 

solution with the addition of 2 µM, 4 µM, 6 µM, 8 µM, 10 µM, 15 µM and 20 µM C4-C6 PFCAs, 

respectively. 

4.3.6 pH optimisation 

In comparison to other factors, pH is likely to influence the luminescence lifetime of the luminophore.208, 

209 pH impacts the coordination environment of the luminophore210 and can alter the protonation state of 

ligands or functional groups within it,211 which lead to variations in the luminescent properties of the 
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luminophore. The pH effect on the Eu-SAcbisDBM@Au surface was examined by analysing its 

luminescence lifetimes across a range of pH values (0.7-12.9). As depicted in Figure 4.7, the 

luminescence lifetime is significantly influenced in both extreme acidic (pH < 1.3) and alkaline (pH > 

7.4) environments. Specifically, it increases from 28 µs (37%) and 120 µs (63%) at pH 7.4 to 53 µs 

(39%) and 210 µs (61%) at pH 12.9. Conversely, it declines from 24 µs (38%) and 110 µs (62%) at pH 

1.3 to 15 µs (39%) and 100 µs (61%) at pH 0.7.  Notably, the luminescence lifetime of Eu-

SACbisDBM@Au surface remains stable within the pH range of 1.3 to 7.4. Given the higher pH 

requirement indicated by the pKa values of the C4-C10 PFCA (Table S4.1), the pH of the C4-C10 PFCA 

standard solution should be maintained at 6.5±0.5. 

 

Figure 4.7. pH (0.7-12.9) effect on the luminescence lifetime of Eu-SAcbisDBM@Au surface. White 

and blue zone indicated no influence on lifetime while red zone indicated a significant effect on 

lifetime.  

4.3.7 Analytical performance for C4-C10 PFCA detection 

Sensor response to C4-C10 PFCA 

The sensitivity of the Eu-SAcbisDBM@Au surface was defined by the alteration of the luminescence 

lifetime in the presence of different concentrations of C4-C10 PFCA. The lifetime of Eu-
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SAcbisDBM@Au surface shows the expected increase upon increase of C4-C10 PFCA concentrations 

from 80 nM to 100 µM (Figure 4.8a). Specifically, in the presence of 100 µM analyte, the lifetime of 

the Eu-SAcbisDBM@Au surface increases from 18±0.6 µs (37%), 105±6 µs (63%) to 110 µs (24%), 

448 µs (76%). This represents a nearly 6.5-fold increase for the first component and a 4.3-fold increase 

for the second component. The rest of the variations caused by the matched C4-C10 PFCA are shown in 

Table 4.3. Additionally, the emission intensity of the Eu-SAcbisDBM@Au surface also displays a 

remarkable increase, especially for the hypersensitive 5D0→
7F2 transition (617 nm) displaying nearly a 

2.7-fold enhancement (Figure 4.8c). This enhancement in both luminescence lifetime and emission 

intensity can be attributed to the PFCA displacing the water molecules surrounding Eu(III), thereby 

reducing luminescence quenching. 

The linear relationship between concentrations of C4-C10 PFCA and luminescence lifetime is shown in 

Figure 4.8b. Both 1st component and 2nd component of luminescence lifetime displayed identical 

tendencies: 

For the 1st component: 

τ1 (µs) = 0.8416 CPFCAs (µM) + 19.34, R² = 0.9928 (1) 

For the 2nd component: 

τ2 (µs) = 3.4811 CPFCAs (µM) + 120, R² = 0.9822 (2) 

where τ1 (ns) and τ2 (ns) represents the 1st and 2nd component luminescence lifetime of Eu-

SAcbisDBM@Au surface while CPFCAs (µM) represents the concentration of C4-C10 PFCAs. The 

detection ranges from 80 nM (29 µg/L) to 100 µM (36 mg/L) with a limit of detection (LOD) of 55 nM 

(S/N=3).  
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Figure 4.8. (a) Luminescence lifetime spectroscopy of Eu-SAcbisDBM@Au surface upon the addition 

of 80 nM, 1 µM, 10 µM, 30 µM, 50 µM, 80 µM and 100 µM C4-C10 PFCAs, respectively. (b) Calibration 

curve (1st component in red and 2nd component in blue) of the concentration of C4-C10 PFCAs to 

luminescence lifetime. (c) Emission spectrum of Eu-SAcbisDBM@Au surface and its alteration in the 

presence of 100 µM C4-C10 PFCAs. 
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Table 4.3. Details of the variation of luminescence lifetime of Eu-SAcbisDBM@Au surface with 

addition of 80 nM, 1 µM, 10 µM, 30 µM, 50 µM, 80 µM and 100 µM C4-C10 PFCAs. 

C (uM) 

τ (us) 

1
st
 component 2

nd
 component 

100 106±5 (24%) 444±5 (76%) 

80 83±3 (22%) 396±5 (78%) 

50 59±2 (25%) 318±16 (75%) 

30 48±2 (27%) 258±10 (73%) 

10 31±1 (30%) 194±5 (70) 

1 24±1 (33%) 136±8 (67%) 

0.08 19±1 (39%) 126±5 (61%) 

 

Reusability and possible interference 

C4-C10 PFCA can be removed from the surface upon washing with a large amount of milli-Q water. As 

depicted in Figure 4.9a, the luminescence lifetime of the Eu-SAcbisDBM@Au surface exhibited an 

anticipated increase (110 µs (24%), 450 µs (76%)) with the addition of 100 μM C4-C10 PFCA. 

Subsequently, after washing, the lifetime reinstated to its initial decay values (19 µs (33%), 120 µs 

(67%)), indicating the successful removal of C4-C10 PFCA. The washing process was repeated four times, 

and the recovery of luminescence lifetime of Eu-SAcbisDBM@Au surface are observed of 99%, 98%, 

104% and 94% (1st component), respectively, and 110%, 110%, 93% and 102% (2nd component), 

respectively, compared to the first cycle. The accuracy of detecting C4-C10 PFCA are around 89%-108% 

(1st component) and 83%-98% (2nd component), respectively. This demonstrates that the prepared 

surface can be reused for at least five cycles or more. 

Moreover, by employing the washing procedure, this study detected varying concentrations (10 µM, 30 

µM, 50 µM, 80 µM, and 100 µM) of C4-C10 PFCA using a single Eu-SAcbisDBM@Au surface. As 
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illustrated in Figure 4.9b, the luminescence lifetime of the prepared surface displayed the expected 

increase upon the addition of different concentrations of PFCA. The results observed in Figure 4.9a and 

Figure 4.9b indicate the excellent reproducibility and reusability of the prepared surface. 

To evaluate potential interferences with the sensor response, eight metal ions (Na+, Ca2+, Mg2+, Zn2+, 

Ni2+, Mn2+, Co2+, and Cu2+) along with six aliphatic acids (valeric acid, hexanoic acid, heptanoic acid, 

octanoic acid, decanoic acid, and dodecanoic acid) were examined for their impact on the Eu-

SAcbisDBM@Au surface. As illustrated in Figure 4.9c, Na+, Ca2+, Mg2+, Zn2+, Ni2+, and the six aliphatic 

acids displayed no significant effects on the lifetime of the Eu-SAcbisDBM@Au surface. However, 

Mn2+, Co2+, and Cu2+ exhibited notable influences, causing variations of 11%, 33%, and 28% (1st 

component), and 18%, 41%, and 36% (2nd component) in the lifetime of the Eu-SAcbisDBM@Au 

surface, respectively. To ensure the accuracy and reliability of the sensor, it is preferable to avoid these 

substances when detecting samples or to utilize SPE to pre-treat the sample in order to eliminate these 

metal ions. 
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Figure 4.9. (a) Detection of 100 µM concentrations of C4-C10 PFCAs five times by using the same Eu-

SAcbisDBM@Au surface. The functionalised surface was washed with milli-Q water everytime after 

detection. (b) Detection of 10 µM, 30 µM, 50 µM, 80 µM, and 100 µM concentrations of C4-C10 PFCA 

by the same Eu-SAcbisDBM@Au surface. The functionalised surface was washed with water everytime 

after detection. (c) Luminescence lifetime of Eu-SAcbisDBM@Au surface in the presence of 100 µM 

C4-C10 PFCA, 100 µM of Na(I), Ca(II), Mg(II), Zn(II), Ni(II), Mn(II), Co(II) and Cu(II), respectively 

and 100 µM of valeric acid, hexanoic acid, heptanoic acid, octanoic acid, decanoic acid and dodecanoic 

acid, respectively.   
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4.3.8 Waste sample analysis 

To evaluate the applicability of the prepared sensor, the Eu-SAcbisDBM@Au surface was tested for the 

detection of C4-C10 PFCA in 34 samples (Sample information shown in Table S4.3). Before this, all 

samples were analysed by LC-TOF-MS. As shown in Table 4.4, concentrations of C4-C10 PFCA in the 

34 samples ranged between 9 ng/g and 416 ng/g with those in leather (n=5), leatherette (n=23) and fabric 

(n=6) samples containing 25-320 ng/g, 9-419 ng/g and 59-312 ng/g of C4-C10 PFCAs, respectively. The 

average concentration of C4-C10 PFCA in leather and leatherette samples was identical at 107 ng/g, while 

textile samples displayed a higher average concentration of 157 ng/g. Nevertheless, concentrations of 

C4-C10 PFCA in these three types of sample types vary substantially between individual samples, with 

standard deviations of ±108 ng/g, ±101 ng/g and ±90 ng/g respectively. Among the 7 PFCA measured, 

PFOA was present at the highest concentration, comprising up to 89% 7PFCAs in some samples 

(Figure S4.3). Interestingly, the proportion of long-chained PFNA (average contribution of 12%) and 

PFDA (12%) is less than the short-chained PFBA (17%) and PFPeA (15%). 

Concentrations of C4-C10 PFCAs in the 34 samples analysed using the prepared sensor are reported in 

Table 4.4. In leather and leatherette samples, C4-C10 PFCAs were detected between 37-467 ng/g and 

<25-589 ng/g while in textile samples C4-C10 PFCA were detected in the range of 68-401 ng/g. 

Concentrations detected by the Eu-SAcbisDBM@Au surface are close to the results obtained by LC-

TOF-MS, with an accuracy of 71-185% and RSD of 5%-60% (mean: 21%). The difference in 

concentration values reported by the two methods may be due to several factors: (1) the sample aliquots 

analysed by the two methods were taken from different regions of the same sample, thus reflecting the 

inhomogeneous distribution of PFCAs within individual samples; (2) samples contain unknown 

interfering substances and (3) uncertainty in the LC-TOF-MS based measurements. In conclusion, these 

data suggest that this luminescence sensor is applicable and reliable for detecting ≥25 ng/g C4-C10 

PFCAs in leather, leatherette, and textile samples. 
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Table 4.4. Concentration (ng/g) of C4-C10 PFCA detected in leather/fabric samples: (a) by LC-TOF-MS, (b) by Eu-SAcbisDBM@Au surface (n=3). 

Sample # 

Concentration of C4-C10 PFCAs (ng/g) measured by: 

LC-TOF-MS 
Sensor 

Accuracya 

% 
RSD % 

PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFAS total 

Leather 

001 28 8 6 6 32 2 <0.07 80 133±41 165 31 

002 52 16 24 17 56 86 70 320 467±46 146 10 

003 12 13 4 3 20 4 5 62 97±9 156 9 

004 2 6 15 2 13 3 6 48 49±22 102 45 

005 2 4 4 2 <0.05 5 7 25 37±10 146 27 

Range 2-52 4-16 4-24 2-17 <0.05-56 2-86 <0.07-70 25-320    

Average 19 9 11 6 30 20 22 107    

Median 12 8 6 3 26 4 7 62    

Leatherette 

006 14 6 84 156 23 83 20 387 501±66 130 13 

007 25 9 9 25 26 3 3 99 114±6 115 5 

008 25 14 13 10 18 55 2 138 127±7 92 6 

009 12 4 <0.12  4 24 32 <0.07 76 82±10 108 12 

010 15 7 8 7 71 13 2 124 135±11 109 8 

011 40 13 110 101 47 90 16 416 589±69 141 12 

012 25 15 12 19 16 9 9 104 131±29 126 22 

013 10 5 <0.12  <0.15 14 <0.08 <0.07 29 41±11 142 27 

014 4 5 <0.12 <0.15 <0.05 <0.08 <0.07 9 <25 - - 
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015 15 16 4 4 19 6 8 72 106±10 148 9 

016 11 13 <0.12 5 14 5 8 55 82±6 149 7 

017 12 14 5 5 16 6 8 67 97±41 146 42 

018 11 9 4 3 <0.05 5 7 40 62±37 156 60 

019 8 15 6 7 17 11 17 80 92±25 114 27 

020 33 12 13 15 30 24 32 159 241±25 152 10 

021 12 11 7 12 23 20 25 110 156±54 142 35 

022 19 18 23 3 112 4 12 191 273±38 143 14 

023 5 4 <0.12 2 18 2 6 37 46±12 123 26 

024 5 9 <0.12 3 15 5 8 45 54±18 119 33 

025 4 3 <0.12 <0.15 <0.05 2 3 13 <25 - - 

026 8 10 4 4 15 4 11 56 40±17 71 43 

027 11 19 10 4 17 12 15 89 140±27 157 19 

028 3 10 7 3 14 6 13 57 73±13 129 18 

Range 3-40 3-19 <0.12-110 <0.1-156 <0.05-112 <0.08-90 <0.07-32 9-419    

Average 14 10 20 20 27 19 11 107    

Median 12 10 9 5 18 6 8 76    

Textile 

029 12 9 <0.12 19 14 2 2 59 68±16 116 24 

030 27 29 41 30 53 28 37 244 250±71 102 28 

031 24 11 8 13 43 4 6 109 121±32 111 26 

032 10 14 24 15 20 2 7 90 167±48 185 29 

033 17 18 9 10 33 16 23 125 153±14 122 9 
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034 4 5 4 4 277 6 11 312 401±72 129 18 

Range 4-27 5-29 4-41 4-30 14-277 2-28 2-37 59-312    

Average 16 14 17 15 73 10 14 157    

Median 15 12 9 14 38 5 9 117    

-: No data available 

aAccuracy expressed as ratio of concentration recorded via sensor to that recorded via LC-TOF-M 
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4.4 Conclusion 

This study presents the development of a novel luminescence lifetime-based sensing surface for 

detecting PFCA in various materials, including leather, leatherette, and textiles. Characterization of the 

modified surface was conducted using various techniques such as SEM-EDX, XPS and Raman 

spectroscopy, confirming the successful surface modification. Luminescence lifetime variation 

demonstrated the sensor's excellent sensitivity to PFCA. Also, the sensor exhibited outstanding 

reproducibility, reusability and minimal interference from other substances. While the sensor does not 

specifically target PFOA and might sometimes give higher concentration readings, it can easily identify 

PFCA levels as low as 0.03 mg/kg based on the real sample analysis test. This capability allows the user 

to check whether the concentration of PFOA exceed the EU LPCL limit of 1 mg/kg. While our sensor 

is specifically validated for C4-C10 PFCAs, it's important to note that longer or shorter chain PFCAs, 

such as C11-C14 PFCA and C3 PFCA, could potentially interfere with the detection due to their similar 

chemical structures. However, given the vast number of these compounds, it is impractical to test them 

all. 

To improve the sensor's performance, several strategies can be employed: (1) implementing pre-

concentration steps like SPE to reduce interference, (2) using alternative materials such as plasmonic 

gold surfaces, and (3) optimizing the ratio and arrangement of Eu(III) and SAcbisDBM ligands on the 

surface. Despite its limitations, this sensor offers a promising solution to address a major environmental 

concern. Overall, this study provides a highly sensitive, selective, and portable tool for PFCA detection, 

which holds promise for practical applications in environmental monitoring and regulatory compliance. 
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Chapter 5: NIR Detection of PFOA, PFNA and PFDA via 

Nd(III)/Yb(III)-SAcbisDBM in Solution and Immobilised 

on Plasmonic Gold Surface 

5.1 Introduction 

5.1.1 NIR emission by Nd(III) and Yb(III) 

In the field of luminescent materials, rare earth elements have long been valued for their extraordinary 

photophysical properties. Among these elements, neodymium(Nd) and ytterbium(Yb) stand out as 

promising candidates for near-infrared (NIR) emission, an essential wavelength range in fields such as 

bioimaging,212, 213 telecommunications,214 and optical sensing.215, 216 Yb(III) and Nd(III) are the most 

studied NIR emitting lanthanides(III), with their emission collectively covering the 850-1650 nm 

spectral range.217 

Nd and Yb exhibit sharp, distinctive emission bands, substantial pseudo-Stokes shifts, and remarkable 

luminescence lifetimes that can extend up to milliseconds.218, 219 This prolonged luminescence lifetime 

provides a distinct advantage in sensing applications.220 Additionally, their NIR emissions serve to 

mitigate scattering effects, a key benefit in analytical and imaging techniques.217 Furthermore, operating 

within the NIR range significantly reduces interference from autofluorescence, commonly encountered 

in complex samples, further enhancing their utility in various scientific disciplines.221 

While the luminescent properties of lanthanides(III) ions have captured considerable attention, their 

application in flat surface complexes remains surprisingly limited. This is attributed to the vibrational 

excitation of C-H and O-H bonds, which renders Nd(III) and Yb(III) less inclined to exhibit NIR 

luminescence in aqueous and most organic environments.222 Strikingly, the utilisation of NIR-emitting 

lanthanides(III) in such context is notably sparse, with only one instance of a Yb(III) self-assembled 
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monolayer (SAM) on gold reported, yet no emission could be recorded.223  

5.1.2 Reinstatement of Ln(III) luminescence 

As with the other lanthanides, the emission of Nd and Yb originates from formally forbidden f-f 

transitions, resulting in extremely low molar absorption coefficients (1-10 dm3mol-1cm-1).224 

Additionally, NIR-emitting lanthanides (III) are highly susceptible to radiationless deactivation caused 

by high-energy vibrations, owing to the narrow energy gaps between their primary emissive states and 

the final states.225 Thus, a proper ligand capable of not only efficiently absorbing and transferring energy 

to the metal ions but also shielding the lanthanides(III) from the influence of high-energy oscillations is 

highly desirable. 

Among various ligands, β-diketones, a well-known class of acyclic ligands for lanthanides(III), offer 

notable advantages.226 Unlike macrocyclic ligands, β-diketones provide superior flexibility and facile 

metal complexation.227 As lanthanides(III) act as hard Lewis acids, the negatively charged oxygen atoms 

within the diketone structure prove to be ideal coordination sites for these ions, facilitating the formation 

of triple or quadruple-stranded architectures.228 Notably, bis-β-diketones, featuring two binding sites, 

enable the incorporation of two lanthanides(III) ions and demonstrate exceptional luminescent 

properties, with luminescence signals up to 11 times more intense compared to their mononuclear 

counterparts.202 Moreover, the terminal units of bis-β-diketones can be tailored to customize the 

properties of the resulting complexes. 

In this study, we utilised a surface-active ligand derived from a novel bis-βdiketonate compound, which 

was synthesized by our colleague,203 namely SAcbisDBM ligand. The SAcbisDBM ligand exhibits 

notably high molar absorption coefficients (in the order of 105 dm3mol-1 cm-1), making it exceptionally 

efficient for light harvesting. Furthermore, the complexes formed between SAcbisDBM ligands and 

lanthanides(III) display robust luminescence, spanning either the visible or NIR regions of the 

electromagnetic spectrum. 
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5.1.3 NIR luminescence detection of PFOA, PFDA and PFNA 

In this section, we explore the detection of PFOA, PFNA, and PFDA using Nd-SAcbisDBM and Yb-

SAcbisDBM either in solvent or immobilised at plasmonic gold (pAu) surface (Figure 5.1). The 

SAcbisDBM ligand facilitates the reinstatement of NIR luminescence for Nd(III) and Yb(III). pAu is 

highly efficient at absorbing and scattering light, which is able to increase the sensitivity of the emitter 

anchored on it.229 Moreover, the presence of numerous isolated gold islands, each with a size of tens of 

nanometres on the pAu surface, effectively mitigates the quenching of the lanthanide luminescent 

complexes caused by aggregation.230 Regarding detection, PFOA, PFNA, and PFDA, which possess 

hydrophilic groups and lipophobic chains, may disrupt the local environment of neodymium and 

ytterbium, leading to changes in luminescence intensity and lifetime. We elucidate this relationship 

through various surface characterization and analytical techniques. This study contributes to a deeper 

understanding of how Nd(III) and Yb(III) complexes interact with solid materials, thereby opening up 

possibilities for their integration into various applications. 

 

Figure 5.1. Schematic diagram of Nd-SAcbisDBM and Yb-SAcbisDBM in MeOH-Water solution (up) 

and immobilised on pAu surface (down). 
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5.2 Experimental 

5.2.1 Preparation of Nd/Yb-SAcbisDBM 

The synthesis of the SAcbisDBM ligand follows the procedure outlined in Chapter IV, Part 4.2.1. 

To prepare Nd-SAcbisDBM and Yb-SAcbisDBM, 50 µM of NdCl3•6H2O and 50 µM of YbCl3•6H2O 

were separately dissolved in a MeOH - H2O solution (3:7, v/v). Subsequently, 20 µM of the SAcbisDBM 

ligand was added to each solution. The Nd-SAcbisDBM and Yb-SAcbisDBM solutions should be stored 

in a nitrogen environment and kept away from light. 

5.2.2 Preparation of Nd/Yb-functionalised surface  

The plasmonic gold (pAu) slides underwent a thorough rinsing process with acetone followed by milli-

Q water, repeated three times to ensure removal of all organic residues from the surface. Subsequently, 

the cleaned surfaces were dried under a stream of nitrogen and stored in a nitrogen environment. 

The SAcbisDBM@pAu surface was prepared by immersing the clean pAu surfaces in a SAcbisDBM 

solution (1 mM in THF) for 18 hours. The modified surface was then washed with small amounts of 

tetrahydrofuran and dried under a stream of nitrogen. 

To immobilize Nd(III) and Yb(III) at the pAu surface, namely Nd-pAu surface and Yb-pAu surface, 

the SAcbisDBM@Au surfaces were immersed in NdCl3 solution (10 mM in H2O) and YbCl3 solution 

(10 mM in H2O), respectively, for 18 hours. Following immersion, the modified surfaces were washed 

with milli-Q water and subsequently dried under a stream of nitrogen. 

5.3 Results and discussion 

5.3.1 Morphologies of Nd(III)/Yb(III)-SAcbisDBM in solution and at pAu surface 

Scanning electron microscopy (SEM) was used to observe the morphology of the SAcbisDBM ligand, 

and the ligand coordinated with Nd(III) and Yb(III) in a 30% MeOH-water solution, as well as when 
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immobilised on the pAu surface. In the MeOH-H2O solution (3:7, v/v), the SAcbisDBM ligand formed 

well-dispersed spheres with a measured diameter of approximately 210±40 nm (Figure S5.2a). Upon 

coordination with Nd(III) and Yb(III), the morphology of the ligand remained unchanged, with the 

spheres maintaining a size of around 220±40 nm (Figure S5.1a,b). Energy Dispersive Spectroscopy 

(EDS) analysis confirmed the presence of carbon, neodymium, and ytterbium in the particles, 

confirming the successful coordination of Nd(III) and Yb(III) to the SAcbisDBM ligand (Figure S5.1c). 

Interestingly, the atomic ratios of C to Nd and C to Yb were found to be 93:7 and 94:6, respectively, 

implying that each SAcbisDBM ligand is bound with 2.3 Nd(III) ions and 2.0 Yb(III) ions, consistent 

with theoretical expectations. Unsurprisingly, upon the addition of PFCA (herein, PFDA), the 

morphology of the Nd-SAcbisDBM and Yb-SAcbisDBM remained unchanged (Figure S5.2b and 

Figure S5.2c). 

In contrast to the observations made in Chapter IV, where the ligand was affixed to a plain gold surface, 

in this study, the ligand is anchored on the pAu surface. Interestingly, the pAu surface exhibits numerous 

gold islands, a feature not observed on the plain gold surface (Figure S5.1d). The morphology of the 

SAcbisDBM ligand on the pAu surface is observed in the formation of numerous closely connected 

granular substances, with an average diameter of approximately 85 nm (Figure S5.1d). Upon 

coordination with Nd(III) and Yb(III), and in the presence of PFCA (specifically PFDA), there were no 

discernible differences in morphology compared to the SAcbisDBM@pAu surface (Figure S5.1d and 

Figure S5.1e), consistent with the findings of the previous chapter. 

5.3.2 Raman spectroscopy of Nd(III)/Yb(III)-SAcbisDBM at pAu surface 

Raman spectroscopy was used to analyse the pAu surface coated with SAcbisDBM ligand, and after the 

coordination of Nd(III) and Yb(III), respectively. As shown in Figure 5.2a, consistent with previous 

finding where the SAcbisDBM ligand coated on plain gold surface (part 4.3.4), the Raman spectra of 

the SAcbisDBM@pAu surface displays peaks at 1000 cm-1, 1278 cm-1, 1360 cm-1, 1549 cm-1 and 1600 

cm-1, respectively. They could be assigned to the vibration of aromatic ring and C-C aliphatic chain, C-

CH3, N=N, and C=O and C=C, respectively.207 These observations align with the molecular structure of 
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the SAcbisDBM ligand. Upon coordination with Nd(III) and Yb(III), additional peaks around 260 cm-1 

are observed in the Raman spectra of the Nd-pAu surface (Figure 5.2b) and Yb-pAu surface (Figure 

5.2c), respectively. These peaks can be attributed to the vibrations of Nd-O and Yb-O,207 confirming the 

binding of Nd(III) and Yb(III) to the SAcbisDBM ligand. 

 

Figure 5.2. Raman spectrum of (a) SAcbisDBM@pAu surface (b) Nd-pAu surface and (c) Yb-pAu 

surface. 
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5.3.3 Optical behaviour of Nd(III) and Yb(III) 

Due to the presence of C-H and O-H bonds near NIR-emitting lanthanides (III), effective radiationless 

transitions can occur through vibrational excitation, making it challenging to record emission spectra 

and lifetime spectra for Nd(III) and Yb(III) in both water and MeOH.222 However, after coordinating to 

the SAcbisDBM ligand, Nd(III) and Yb(III) exhibit NIR luminescence at 1060 nm and 980 nm (2F5/2 

→2F7/2), respectively, in 30% MeOH-water solution (Figure 5.3a and Figure 5.3c). Notably, the emission 

wavelength of the Nd-SAcbisDBM and Yb-SAcbisDBM remain unchanged upon immobilization at the 

pAu surface (Figure 5.3a and Figure 5.3c). In terms of luminescence lifetime spectra, Nd-SAcbisDBM 

shows a lifetime of 1.13 µs (31%), 1.13 µs (19%), 9.05 µs (50%) in solution, while its surface coating 

displays a slightly lower lifetime of 1.09 µs (20%), 1.09 µs (30%), 8.89 µs (50%) (Figure 5.3b). Yb-

SAcbisDBM, on the other hand, demonstrates a higher lifetime of 1.59 µs (29%), 5.08 µs (36%), 15.3 

µs (34%) in solution compared to Nd-SAcbisDBM, while its surface coating shows a lifetime of 1.30 

µs (37%), 4.57 µs (31%), 13.6 µs (32%) (Figure 5.3d). The appearance of the emission spectrum and 

lifetime spectrum confirms that the SAcbisDBM ligand enhances the luminescence sensitisation of NIR 

emitting lanthanide(III). 
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Figure 5.3. (a) Emission spectrum of Nd-SAcbisDBM in 30% MeOH-water solution and immobilised 

at the pAu surface. (b) Luminescence lifetime spectra of Nd-SAcbisDBM in 30% MeOH-water solution 

and immobilised at the pAu surface. (c) Emission spectrum of Yb-SAcbisDBM in 30% MeOH-water 

solution and immobilised at the pAu surface. (d) Luminescence lifetime spectra of Yb-SAcbisDBM in 

30% MeOH-water solution and immobilised at the pAu surface. 
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5.3.4 Optimization of the Nd-SAcbisDBM luminescence 

Due to space constraints, this paper only conducted the optimisation of Nd-SAcbisDBM. The conditions 

set for Yb-SAcbisDBM refer to those of Nd-SAcbisDBM. 

The NIR luminescence of the Nd-SAcbisDBM complex is primarily influenced by the concentration of 

the SAcbisDBM ligand rather than the concentration of Nd(III) and Yb(III). Evidence shown in Figure 

5.4a, there is barely any change in the emission intensity using different concentrations (0.05 mM, 0.1 

mM, 1 mM, and 10 mM) of Nd(III) to coordinate with SAcbisDBM ligand. Interestingly, the emission 

intensity of Nd(III) (0.05 mM) increases as the concentration of SAcbisDBM ligand (20 µM, 40 µM, 60 

µM, and 80 µM) increases (Figure 5.4b). Among these concentrations, the 80 µM SacbisDBM ligand 

showed the greatest efficiency in enhancing the luminescence of Nd(III) and Yb(III). However, to 

conserve reagents, the concentrations of Nd(III) and SAcbisDBM ligand were maintained at 0.05 mM 

and 20 µM, respectively. 

We proceeded to investigate the influence of solvents on the luminescence of the Nd-SAcbisDBM. As 

depicted in Figure 5.4c, the complex displayed varying emission intensities in THF-water solution (1:1, 

v/v), MeCN-water solution (1:1, v/v), MeOH-water solution (1:1, v/v), and water. The strongest 

luminescence was observed in water, followed by MeOH, MeCN, and THF, indicating that polar 

solvents enhance the luminescence of Nd(III). Further analysis was conducted to assess the impact of 

the percentage of MeOH (MeOH%) on luminescence. As illustrated in Figure 5.4d, the Nd-SAcbisDBM 

complex exhibited its weakest luminescence in a 100% MeOH solution while demonstrating the 

strongest luminescence in 100% water. However, the luminescence remained relatively consistent at 

MeOH proportions of 30%, 50%, and 70%.  
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Figure 5.4. Emission spectra of 0.05 mM, 0.1 mM, 1 mM and 10 mM Nd(III) water solution containing 

20 µM SAcbisDBM ligand dissolved in MeCN. (b) Emission spectra of 0.05 mM Nd(III) water solution 

containing 20 µM, 40 µM, 60 µM and 80 µM SAcbisDBM ligand dissolved in MeCN. (c) Emission 

spectra of 0.05 mM Nd(III) with 20 µM SAcbisDBM ligand dissolved in water, MeOH-water solution 

(1 : 1, v/v), MeCN-water solution (1 : 1, v/v) and THF-water solution (1 : 1, v/v), respectively. (d) 

Emission spectra of 0.05 mM Nd(III) with 20 µM SAcbisDBM ligand dissolved in 0%, 30%, 50%, 70% 

and 100% MeOH-water solution, respectively. 
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5.3.5 Effect of PFCA on the luminescence of Nd-SAcbisDBM 

The Nd-SAcbisDBM demonstrated a significant increase in emission intensity upon the addition of 

PFCA (exemplify by PFOA). As depicted in Figure 5.5a to Figure 5.5c, the luminescence of Nd-

SAcbisDBM dissolved in 30%, 50%, and 70% MeOH-water solutions exhibited varying degrees of 

enhancement with the addition of PFOA. Particularly, at 30% MeOH (Figure 5.5a), PFOA proved to be 

the most effective in enhancing the luminescence of Nd-SAcbisDBM, with this effect diminishing as 

the percentage of MeOH increased. Minimal improvement in luminescence was observed for Nd-

SAcbisDBM dissolved in 70% MeOH upon the addition of PFOA (Figure 5.5c), with no noticeable 

impact on luminescence observed in 100% MeOH. Consequently, the subsequent experiments will 

utilise a 30% MeOH-water solution. 

Furthermore, we explored the influence of other PFCA, such as PFNA and PFDA, on the luminescence 

of the Nd-SAcbisDBM complex. The prepared sensor chips were not tested on the C4-C7 PFCAs because 

preliminary experiments showed they were less effective in enhancing the luminescence of Nd(III) and 

Yb(III) compared to PFOA, PFNA, and PFDA. As for C11 and PFCA with longer length, we did not 

include them in our tests due to the unavailability of relevant standard samples. Our findings revealed 

that both PFNA and PFDA could enhance the emission intensity of the Nd-SAcbisDBM (Figure 5.5d). 

Interestingly, PFDA (C10) exhibited the most significant increase in luminescence, followed by PFNA 

(C9) and PFOA (C8). This observation suggests that the longer fluorocarbon chain of these PFCA may 

play a more significant role in preventing the quenching of Nd(III) by C-H or O-H bonds. 
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Figure 5.5. (a) Emission spectra of Nd-SAcbisDBM upon the addition of 6 µM, 12 µM and 14 µM 

PFOA, solvent: 30% MeOH-water solution. (b) Emission spectra of Nd-SAcbisDBM upon the addition 

of 0 µM, 10 µM, 20 µM and 30 µM PFOA, solvent: 50% MeOH-water solution. (c) Emission spectra 

of Nd-SAcbisDBM upon the addition of 0 µM, 20 µM, 40 µM and 60 µM PFOA, solvent: 70% MeOH-

water solution. (d) Emission spectra of Nd-SAcbisDBM upon the addition of 8 µM PFOA, 8 µM PFNA 

and 8 µM PFDA, respectively, solvent: 30% MeOH-water solution. 

 

 

 

 



104 

 

5.3.6 Effect of PFCA on the luminescence of Ln-functionalised surface 

As depicted in Figure 5.6a and Figure 5.6c, both the Nd-pAu surface and Yb-pAu surface exhibit a 

discernible augmentation in emission intensity upon the addition of PFOA, PFNA, and PFDA. Among 

these PFCA, PFDA elicits the most pronounced enhancement, increasing the emission intensity by 

approximately 68% for Nd-SAcbisDBM and 35% for Yb-SAcbisDBM. Additionally, PFNA and PFOA 

induce enhancements of approximately 30% and 17%, respectively, for Nd-SAcbisDBM, and 

approximately 7% and 14%, respectively, for Yb-SAcbisDBM. 

The corresponding lifetime spectra, as illustrated in Figure 5.6b and Figure 5.6d, reveal a similar trend, 

although the amplification is less conspicuous. According to the calculated results (Table 5.1), the 

lifetime of the Nd-pAu surface increases to 1.0 µs (40%), 5.0 µs (24%), and 12.1 µs (36%) upon the 

addition of PFDA, compared to that without adding PFDA, where it showed a lifetime of 1.1 µs (34%), 

1.1 µs (23%), and 8.2 µs (43%), respectively. Similarly, the lifetime of the Yb-pAu surface increases 

from 1.9 µs (34%), 3.0 µs (30%), and 10.6 µs (35%) to 1.6 µs (29%), 5.7 µs (33%), and 13.8 µs (38%). 

For the modified surfaces with the addition of PFNA and PFDA, the luminescence lifetime spectra also 

display varying increases, with details provided in Table 5.1. 
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Figure 5.6. (a) Emission spectra of Nd-pAu surface with the addition of 20 nmol PFOA, PFNA and 

PFDA, respectively. (b) luminescence lifetime spectra of Nd-pAu surface with the addition of 20 nmol 

PFOA, PFNA and PFDA, respectively. (c) Emission spectra of Yb-pAu surface with the addition of 40 

nmol PFOA, PFNA and PFDA, respectively. (d) luminescence lifetime spectra of Yb-pAu surface with 

the addition of 40 nmol PFOA, PFNA and PFDA, respectively.  
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Table 5.1. Summary of luminescence lifetime of Nd-pAu surface and Yb-pAu surface, and their 

alteration with addition of PFDA, PFNA and PFOA, respectively. Used amount of PFDA, PFNA and 

PFOA: 20 nmol for Nd-pAu surface and 40 nmol for Yb-pAu surface.  

Sample 

τ / µs 

1st component 2nd component 3rd component 

Nd-pAu surface 0.94 (28%) 0.94 (24%) 8.7 (49%) 

Nd-pAu surface + PFDA 1.02 (32%) 4.2 (28%) 11.8 (40%) 

Nd-pAu surface + PFNA 0.87 (25%) 4.08 (36%) 11.6 (39%) 

Nd-pAu surface +PFOA 1.3 (36%) 1.3 (17%) 9.3 (47%) 

Yb-pAu surface 1.4 (33%) 4.8 (31%) 12.9 (36%) 

Yb-pAu surface + PFOA 1.5 (38%) 4.7 (27%) 13.2 (35%) 

Yb-pAu surface + PFNA 1.3 (37%) 4.6 (31%) 13.6 (31%) 

Yb-pAu surface + PFDA 1.5 (38%) 5.4 (24%) 15.0 (38%) 

 

5.3.7 Analytical performance of the Nd/Yb-SAcbisDBM for PFDA 

An extensive study was undertaken to assess the sensing capabilities of the Nd/Yb-SAcbisDBM toward 

PFDA. As depicted in Figure 5.7a and Figure 5.7b, the luminescence of Nd-SAcbisDBM and Yb-

SAcbisDBM display a linear relationship with the concentrations of PFDA falling in the ranges of 2 µM 

to 14 µM and 10 µM to 35 µM. This phenomenon can be attributed to PFDA coordinating with 

Nd(III)/Yb(III) and displaced with H2O and methanol molecules, preventing quenching of the Nd/Yb-

SAcbisDBM from the vibrational excitation of C-H and O-H bonds. Specifically, the emission intensity 

of the Nd-SAcbisDBM increased by up to 2.4-fold, while that of the Yb-SAcbisDBM increased by up 

to 1.3-fold. Their relationship is expressed as follows: 

For the Nd-SAcbisDBM complex (2 µM to 14 µM PFDA): 
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I/I0 = 0.1101 CPFDA (µM) + 0.9615, R² = 0.9835, (5.1) 

For the Yb-SAcbisDBM complex (10 µM to 35 µM PFDA): 

I/I0 = 0.0077 CPFDA (µM) + 1.0052, R² = 0.9971, (5.2) 

Where I0 and I represent the peak area of Nd/Yb-SAcbisDBM before and after the addition of PFDA, 

respevtively. 

As the PFDA concentration was further increased, the luminescence of the Nd-SAcbisDBM and Yb-

SAcbisDBM remained stable within the ranges of 14 µM to 20 µM and 35 µM to 50 µM, respectively 

(Figure 5.7a and Figure 5.7b).  

However, upon the addition of PFDA exceeding 20 µM in Nd-SAcbisDBM and 50 µM in Yb-

SAcbisDBM, a significant decrease in luminescence was observed, and accompanied by the production 

of precipitation (Figure 5.7c and Figure 5.7d). The relationships are shown as follows: 

For the Nd-SAcbisDBM complex (20 µM to 55 µM PFDA): 

I/I0 = -0.016 CPFDA (µM) + 1.3323, R² = 0.9892, (5.3) 

For the Yb-SAcbisDBM complex (50 µM to 500 µM PFDA): 

I/I0 = -0.0017 CPFDA (µM) + 1.0743, R² = 0.9861, (5.4) 

Here, I0 represents the peak area of Nd-SAcbisDBM with the addition of 20 µM PFDA, or Yb-

SAcbisDBM with the addition of 50 µM PFDA, while I represents the peak area with further increases 

in PFDA concentration.  

Due to time constraints, some of the experiments were conducted only once and did not include parallel 

measurements. While this limitation may affect the reproducibility of the results, the data obtained still 

provide valuable insights into the performance of the sensor. 

To explore the connection between the decrease in luminescence and the formation of precipitation, UV-

vis spectroscopy was employed to track changes in the absorbance spectrum of the Nd-SAcbisDBM in 

the presence of PFDA. As demonstrated in Figure S5.3, there was a substantial decrease in absorption 

peaks at 243 nm and 375 nm. Remarkably, when PFDA was combined with the SAcbisDBM ligand 

alone, no precipitation occurred; however, upon subsequent addition of Nd(III)/Yb(III), precipitation 

ensued immediately. This suggests that there is a strong interaction between PFDA and Nd(III) and 
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Yb(III). Additionally, to confirm that the reduction in luminescence was not solely due to a change in 

the concentration of the probe solution resulting from the addition of water, we conducted a control 

experiment. As illustrated in Figure S5.4, the luminescence of the Nd-SAcbisDBM exhibited a slight 

decline with the addition of up to 200 µL of water. In comparison, the effect of adding PFOA exceeding 

20 µM displayed a significant decrease (Figure 5.7c). It is evident that the significant decrease in 

luminescence is primarily influenced by PFDA. 

 

Figure 5.7. (a) Emission spectrum of Nd-SAcbisDBM with the addition of 2 µM to18 µM PFDA and 

its corresponding calibration curves. λem = 1060 nm, Solvent: 30% MeOH-Water solution. (b) Emission 

spectrum of Yb-SAcbisDBM with the addition of 20 µM to 55 µM PFDA and its corresponding 

calibration curves. λem = 976 nm, Solvent: 30% MeOH-Water solution. (c) Emission spectrum of Nd-

SAcbisDBM with the addition of 10 µM to 35 µM µM PFDA, λem = 1060 nm and its corresponding 

calibration curves. Solvent: 30% MeOH-Water solution. (d) Emission spectrum of Yb-SAcbisDBM 

with the addition of 50 µM to 500 µM PFDA and its corresponding calibration curves. λem = 976 nm, 

Solvent: 30% MeOH-Water solution. 
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5.3.8 Analytical performance of the Nd/Yb-pAu surfaces for PFDA 

We subsequently investigated the impact of PFDA on the NIR luminescence of both Nd-pAu and Yb-

pAu surfaces. As shown in Figure 5.8a and Figure 5.8c their luminescence also increases with the 

addition of PFDA, within the ranges of 5 nmol to 20 nmol PFDA and 10 nmol to 40 nmol PFDA. The 

corresponding linear relationships are expressed as follows: 

For Nd-pAu surface (5 nmol to 20 nmol PFDA): 

I/I0 = 0.0831 CPFDA (nmol) + 0.6894, R² = 0.9803, (5.5) 

For Yb-pAu surface (10 mmol to 40 mmol PFDA): 

I/I0 = 0.0682 CPFDA (nmol) + 0.5186, R² = 0.9831, (5.6) 

Where I0 and I represent the peak area of Nd/Yb-pAu surfaces before and after the addition of PFDA. 

Identically, due to limited time, certain experiments were performed only once. Although this may 

impact the robustness and reproducibility of the results, the preliminary data generated are nonetheless 

indicative of the sensor's potential. 

Distinct from the behaviour of Nd/Yb-SAcbisDBM in solution, the emission intensity of the Nd-pAu 

surface and Yb-pAu surface remained unchanged with further additions of PFDA. It can be attributed 

to the solid pAu surface preventing the Nd-SAcbisDBM and Yb-SAcbisDBM from aggregation. 

Furthermore, the luminescence lifetime of Nd-pAu surface and Yb-pAu surface also increased upon the 

addition of 5 nmol to 20 nmol PFDA and 10 nmol to 40 nmol PFDA, respectively (Figure 5.8b and 

Figure 5.8d). Specifically, with the addition of PFDA, the lifetime of Nd-pAu surface increased by up 

to 48%, while that of Yb-pAu surface increased by up to 30%.  
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Figure 5.8. (a) Emission spectrum of Nd-pAu surface with the addition of 5 nmol to 20 nmol PFDA, 

λem = 1060 nm. (c) Emission spectrum of Yb-pAu surface with the addition of 10 nmol to 40 nmol 

PFDA, λem = 960 nm. Below figures of (a) and (c): calibration curves of relative intensity (I/I0) to the 

concentration of PFDA. (b) Lifetime spectra of Nd-pAu surface with the addition of 5 nmol to 20 nmol 

PFDA. (d) Lifetime spectra of Yb-pAu surface with the addition of 10 nmol to 40 nmol PFDA. Below 

figures of (b) and (d): Summary of luminescence lifetime of Nd-pAu surface and Yb-pAu surface, and 

their alteration with addition of 5 nmol to 20 nmol and 10 nmol to 40 nmol PFDA, respectively. 
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5.4 Conclusion 

In this chapter, the luminescence of Nd-SAcbisDBM and Yb-SAcbisDBM in both solution and at pAu 

gold surfaces upon the addition of PFOA, PFNA, and PFDA were investigated. SEM imaging revealed 

the morphology of the SAcbisDBM ligand, while Raman spectroscopy provided insights into the 

composition of functional groups on these modified surfaces. Our observations underscored the 

predominant influence of the SAcbisDBM ligand concentration on the luminescence of Nd(III) and 

Yb(III), particularly in polar solvents. Importantly, the introduction of PFCAs, notably PFDA, resulted 

in a remarkable enhancement of luminescence. Testing revealed that Nd-SAcbisDBM can detect PFDA 

at concentrations as low as 2 µM, while Yb-SAcbisDBM can detect PFDA down to 10 µM. Nevertheless, 

due to time constraints, this work could not delve deeper into the relationship between Nd(III) and Yb(III) 

complexes and PFOA, PFNA, and PFDA. Consequently, the current analytical performance represents 

preliminary findings from the initial phase of our study. However, by optimizing the sensor, such as 

adjusting the pH value, modifying the incubation methods, increasing the amount of SAcbisDBM ligand, 

etc., it is anticipated that the sensor's performance can be significantly improved in future studies. These 

findings demonstrate that Nd-SAcbisDBM and Yb-SAcbisDBM are promising candidates for PFDA 

sensing. This research not only advances our understanding of NIR-emitting lanthanide behavior but 

also lays the foundation for the development of efficient sensors with versatile applications in analytical 

chemistry. 
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Chapter 6: Conclusion and outlook 

6.1 Conclusion 

 

In this thesis, three novel luminescence lifetime-based sensing solid interfaces were developed. Two of 

these sensors, the Ir-functionalised surface and the Eu-functionalised surface, were proven to be capable 

of detecting PFAS such as PFOA in aqueous environments and waste samples. 

Chapter three demonstrates that gold surfaces modified with IrC6 and IrC12 metal probes provide a 

sensitive optical platform for detecting PFOA based on the iridium luminescence lifetime signal. 

Addition of PFOA affects the luminescence lifetime of the iridium probes which are known for 

sensitivity of the luminescence signal on local environment. The largest change of the lifetime which is 

best suited for analytical detection is observed for the gold surfaces co-coated with the fluorinated 

surfactant and IrC6 or IrC12. The surfactant not only enhances PFOA interaction but also, by increasing 

the luminescence lifetime, provides a significant change in the analytically exploitable luminescence 

lifetime signal upon displacement with PFOA. The sensing surfaces effectively quantify PFOA 

concentrations in drinking water, reaching levels as low as 100 µg/L (240 nM), and exhibit strong anti-

interference capabilities. 

In the fourth chapter, a gold surface modified with Eu(III) and SAcbisDBM ligand is developed for 

detecting PFCA in materials like leather, leatherette, and textiles. Surface characterization techniques, 

including SEM, XPS, Raman spectroscopy, etc confirm successful modification, while luminescence 

lifetime variation demonstrates excellent sensitivity to PFCA. The sensor exhibits remarkable reusability 

and minimal interference, capable of identifying PFCA levels as low as 0.03 mg/kg based on real sample 

analysis, aiding assessment of compliance with the EU LPCL limit regulation on maximum permissible 

concentrations of PFOA in waste fabrics. 

Lastly, in the fifth chapter, the luminescence of Nd(III)/Yb(III)-SAcbisDBM in solution and on pAu 

gold surfaces upon addition of PFOA, PFNA, and PFDA is investigated. SEM imaging and Raman 
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spectroscopy provide insights into surface morphology and composition. Results highlight the influence 

of SAcbisDBM ligand concentration on luminescence, particularly in polar solvents, with significant 

enhancement observed upon introduction of PFCAs, notably PFDA. Nd-SAcbisDBM and Yb-

SAcbisDBM are identified as promising candidates for PFDA sensing, capable of detecting 

concentrations as low as 2 µM and 10 µM, respectively. 

In summary, the surface-based luminescence assays reported in this thesis provide a novel approach to 

monitoring related PFAS based on luminescence lifetime signal with high robustness and reliability  

Which can be further exploited for development of multi-analyte devices. 

6.2 Future outlook 

Luminescence sensor for the detection of PFAS in different environmental contexts have concerned with 

increased interest. Combined with the actual situation, this thesis proposes some suggestions for their 

future development. 

1. Expand Research Scope: The research objects should not be limited to PFOS and PFOA. Other PFAS, 

such as PFBS, PFHxS, PFBA, PFNA, and PFDA, have attracted much attention in recent years as they 

have been labelled as Bioaccumulative (B) and Toxic (T)2 and listed as Substances of Very High 

Concern (SVHC) by the EU.52  It is valuable to develop luminescence assays to detect these PFAS. 

2. Utilise Stokes Shift: Use the stokes shift of the sensing material in the presence of PFAS as the optical 

signal. Compared to luminescence intensity-based sensing, wavelength-based sensing is less susceptible 

to high electron affinity interferents, such as paramagnetic metal ions (Mn2+, Co2+, Ni2+, and Cu2+) and 

nitroaromatics,231, 232 offering a much more accurate and stable approach to detect PFAS. Furthermore, 

no relevant studies have been reported so far to our knowledge. 

3. Address Probe Concentration Dependency: Solve the problem of the probe luminescence being easily 

affected by the concentration of the probe. This influence greatly reduces the real-world applications of 

luminescence intensity-based sensors. Luminescence lifetime can be an alternative sensing signal, which 

is barely independent of the probe concentration. 

4. Enhance Selectivity: Employ array-based sensing technology or molecularly imprinted technology to 
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improve the selectivity of the sensing material toward PFAS. Distinguishing and accurately quantifying 

different PFAS analogues is essential given the differences in toxicity between different PFAS. 
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Chapter 7: Appendix 

7.1 Tables 

Table S3.1. Liquid chromatography elution program 

Mobile Phase 

A: 5 mM ammonium formate in water 

B: 5 mM ammonium formate in methanol 

Column 

Restek Raptor C18 column 1.8 μm particle size, 50 mm length, 2.1 mm 

internal diameter 

Flow Rate 0.4 mL/min 

Gradient 

Time A (%) B (%) 

0.00 80 20 

6 5 95 

6.5 5 95 

6.51 80 20 

8 80 20 

 

Table S3.2. MS/MS transitions and PFOA retention times 

Compound MS/MS Transition Retention Time 

Native Compounds 

PFOA 413.16 → 369.12 4.51 

Internal Standards 

M8-PFOA 421.3 → 377.12 4.50 

Recovery determination standard 

M4-PFOA 417 → 372 4.50 
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Table S3.3. PFOA concentration in different countries’ drinking water. 

Country Sampling site 
CPFOA 

(ng/L) 
Ref. 

Ireland 
Tap water samples were collected from home and office 

connected to municipal water supplies 
0.04-1.76 3 

Norway 
3 drinking water samples were collected from the tap in 

households receiving water from different water works 
0.65-2.5 233 

German 
5 tap water samples were collected from potable water 

treatment plant located at the federal state of Hesse 
0.16-1.9 234 

Belgium Drinking water samples were collected from local origin 1-5 235 

Netherlands 

Drinking water samples were collected from the cities in the 

vicinity from the PFAS production plant. The cities include 

Zwijndrecht, Dordrecht, Papendrecht, Sliedrecht, Utrecht, 

Wageningen. 

<0.3-2.7 236 

Italy 
Samples were collected from North of Milan (industrialised 

area) 
10-47 237 

Spain 
30 drinking water samples collected in 10 Catalonia area 

drinking water treatment plants 
<0.40-9.6 238 

US 
Samples collected from 25 drinking water treatment plants 

located in 24 contiguous states 
0.56-104 239 

China 
The tap water samples were collected from 79 cities in 31 

provincial-level administrative regions throughout China 
n.d. - 26.33 240 
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Table S4.1. The chemical structure of C4-C10 PFCAs 

Name 

Acronym 

name 

Molecular 

weight 

Chemical 

structure 

pKa Ref. 

Perfluorobutyric acid (PFBA) 214.04 C3F7COOH 0.394 8 

Perfluoropentanoic 

acid 
PFPeA 264.05 C4F9COOH 

0.569 8 

Perfluorohexanoic acid (PFHxA) 314.05 C5F11COOH 0.84 8 

Perfluoroheptanoic 

acid 
(PFHpA) 364.06 C6F13COOH 

2.4 9 

Perfluorooctanoic acid (PFOA) 414.07 C7F15COOH 3.8±0.1 10 

Perfluorononanoic 

acid 

(PFNA) 464.08 C8F17COOH 
2.575 8 

Perfluorodecanoic acid (PFDA) 514.09 C9F19COOH 2.606 8 
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Table S4.2. MS/MS transitions and PFOA retention times 

Compound MS/MS Transition Retention Time 

Native Compounds 

PFBA 214 → 169 1.83 

PFPeA 264 → 219 2.22 

PFHxA 314 → 269 2.40 

PFHpA 364 → 319 2.52 

PFOA 413 → 369 2.61 

PFNA 463 → 419 2.69 

PFDA 514 → 469 2.75 

Internal Standards 

13C-PFBA 214 → 170 1.83 

13C3-PFPeA 266 → 222 2.22 

13C-PFHxA 314 → 269 2.40 

13C4-PFHpA 367 → 322 2.52 

13C8-PFOA 421 → 376 2.61 

13C-PFNA 464 → 419 2.69 

13C6-PFDA 519 → 474 2.75 

13C4-PFOA 417 → 372 2.61 
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Table S4.3. Category of the leather, leatherette and textile samples 

Sample # Material Category Sample # Material Category 

1 Leather Sofa 18 Leatherette Sofa 

2 Leather Sofa 19 Leatherette Sofa 

3 Leather Sofa 20 Leatherette Chair 

4 Leather Armchair 21 Leatherette Chair 

5 Leather Sofa 22 Leatherette Other 

6 Leatherette Sofa 23 Leatherette Chair 

7 Leatherette Chair 24 Leatherette Armchair 

8 Leatherette Sofa 25 Leatherette Chair 

9 Leatherette Sofa 26 Leatherette Armchair 

10 Leatherette Sofa 27 Leatherette Armchair 

11 Leatherette Armchair 28 Leatherette Sofa 

12 Leatherette Armchair 29 Textile Sofa 

13 Leatherette Sofa 30 Textile Sofa 

14 Leatherette Sofa 31 Textile Infant Changing mat 

15 Leatherette Armchair 32 Textile Firefighter uniform 

16 Leatherette Chair 33 Textile Armchair 

17 Leatherette Sofa 34 Textile Other 
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7.2 Figures 

 

Figure S3.1. Chemical structure and SEM images of (a) Ir(ppy)2bpy@Au, (b) IrbpySS@Au and  

(c) IrC12bpy@Au deposited as acetonitrile solutions on Au surfaces. 

 

 

Figure S3.2. Relative CF+ peak areas for different substrates (top). Relative peak areas of the Li+ peak 

unique to Zonyl-FSA (bottom). 
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Figure S3.3.  Luminescence lifetime decays (normalised plots -showing fitting in solid line) of (a) 

IrC6@Au and (b) IrC12@Au surfaces upon addition of PFOA, χ2 = 1.0 ± 0.2, accompanied by plots of 

the luminescence lifetime (major component) with ln[PFOA]. The minor lifetime component showed 

same dependency. 
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Figure S4.1. SEM images of (a) SAcbisDBM@Au surface, (b) Eu-SAcbisDBM@Au surface and (c) 

Eu-SAcbisDBM@Au surface + C4-C10 PFCA, solution of C4-C10 PFCA: 50 µM. 

 

Figure S4.2. EDX elemental mapping analysis, europium mapping of Eu-SAcbisDBM@Au surface. 
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Figure S4.3. Proportion of each PFCA compound (PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA 

and PFDA) in every samples. Percentage lower than 5% did not show in the figure. 
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Figure S5.1. (a) and (b) SEM images of Nd-SAcbisDBM and Yb-SAcbisDBM in 30% MeOH-water 

solution. Insert: magnified selected spot (up), and size distribution of Nd/Yb-SAcbisDBM (down). (c) 

EDS spectrum of Nd-SAcbisDBM and Yb-SAcbisDBM in 30% MeOH-water solution. (d) and (e) SEM 

images of Nd-pAu surface and Yb-pAu surface. 
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Figure S5.2. SEM image of (a) SAcbisDBM ligand, solvent: in 30% MeOH-water solution, (b) Nd-

SAcbisDBM + 10 µM PFDA, Solvent: in 30% MeOH-water solution, (c) Yd-SAcbisDBM + 30 µM 

PFDA, Solvent: in 30% MeOH-water solution, (e) SAcbisDBM@pAu surface, (e) Nd-

SAcbisDBM@pAu surface + 10 nmol PFDA, (f)  Yd-SAcbisDBM@pAu surface + 20 nmol PFDA. 
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Figure S5.3. UV-vis spectra of Nd-SAcbisDBM complex in 30% MeOH-water solution before and after 

the addition of 80 µM PFDA. 

 

Figure S5.4. Emission spectra of Nd-SAcbisDBM with addition of 40 µL, 80 µL, 120 µL, 160 µL and 

200 µL water. λem = 1060 nm, Solvent: 30% MeOH-water solution.  
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