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ABSTRACT 17 

The standard methods for detecting per- and polyfluoroalkyl substances (PFAS) are precise and 18 

sensitive, but their operational complexity and high costs hinder the regular monitoring. Raman 19 

spectroscopy offers a promising complementary approach due to its fingerprinting ability for trace 20 

analysis, low operational cost, and fitness for field-deployable applications. However, the effective 21 

use of Raman spectroscopy requires a well-established Raman library, which is currently lacking. 22 

This study proposes a simple drop coating deposition Raman spectroscopy (DCDR) method to 23 

concentrate PFAS and establish a library. We prepared DCDR samples of thirteen linear PFAS 24 

with carboxyl or sulfonic groups and seven nonfluorinated alkyl acids with similar chemical 25 

structures. Raman maps were collected using a 532 nm laser and a confocal Raman spectrometer. 26 

All tested PFAS shared common Raman bands at approximately 300, 380, and 725 cm-1, with 27 

varying band-to-band intensity ratios depending on their chain lengths, head groups, and extents 28 

of telomerization. Principal component analysis (PCA) was performed on wavenumbers 200-1,000 29 

and 1,100-1,600 cm-1 to differentiate PFAS with non-fluorinated alkyl acids and PFAS with 30 

various functional groups. To our knowledge, this research created a novel experiment-based 31 

reproducible Raman spectral library for PFAS, laying a foundation for efficient PFAS screening 32 

using Raman spectroscopy. 33 

KEYWORDS: Per- and polyfluoroalkyl substances, Raman spectroscopy, Fluorinated alkyl chain, 34 

Spectral library, Principal component analysis 35 

SYNOPSIS: This study developed a comprehensive Raman spectral library for PFAS and laid the 36 

foundation for PFAS detection in water using Raman spectroscopy. 37 

38 
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1. INTRODUCTION 39 

Per- and polyfluoroalkyl substances (PFAS) are a group of synthetic chemicals that are of concern 40 

due to their pervasiveness, persistency, and toxicity.1-3 The amphiphobic properties of PFAS make 41 

them widely used in manufacturing water- and oil-repellent products, such as food packaging, non-42 

stick cookware, outdoor apparel, lubricants, carpets, and aqueous film-forming foams (AFFF).4-9 43 

The widespread use of PFAS has resulted in worldwide contamination across various 44 

environmental matrices, such as surface and groundwater, soil, sediments, and biosolids,10-13 and 45 

their strong carbon-fluorine (C-F) backbones make terminal PFAS highly resistant to natural 46 

chemical and biological degradation.14-17 The introduction and presence of PFAS in our ecosystem 47 

are detrimental to public health as some legacy and alternative PFAS cause developmental and 48 

reproductive problems, increased cholesterol levels, liver and kidney diseases, and even cancer.18-49 

23  50 

US EPA has established standard methods (e.g., EPA 1633) to detect targeted PFAS in 51 

various matrices – aqueous, solid (soil, sediment, biosolid), fish, and tissues – using liquid 52 

chromatography/tandem mass spectrometry (LC-MS/MS) and solid phase extraction (SPE).24 53 

Although LC-MS/MS-based analytical methods are precise and sensitive, their operational 54 

complexity and lack of suitability for onsite testing create the demand for alternative methods to 55 

rapidly prescreen PFAS in environmental matrices.2, 25 Specifically, to ensure the quality of LC-56 

MS/MS analysis, sample clean up and preconcentration, as well as extensive quality assurance 57 

(QA) and quality control (QC) measures are essential. These include the use of isotope-labeled 58 

internal standards, spike samples, and proper sample storage. Due to the nature of off-site analysis, 59 

samples should either be analyzed within four weeks or stored at -28 °C.26 This intricate handling 60 



4 
 

and pretreatment process necessitates highly trained personnel and adherence to standard operating 61 

procedures, limiting its frequent use for routine PFAS monitoring.2  62 

In order to complement the traditional methods for rapid and low-cost PFAS analysis, 63 

various sensors, including colorimetric,27, 28 fluorescent,29-32 electrochemical,33-35 and surface-64 

enhanced Raman spectroscopic (SERS)36-43 sensors have been used. Among these various sensors, 65 

SERS exhibits great potential for rapid, onsite PFAS detection.2, 44  Unlike other types of sensors, 66 

SERS provides abundant bonding vibrational information of chemicals, which have been adopted 67 

as the “molecular fingerprints” for unambiguous identification and quantification of target 68 

analytes.45, 46 A prerequisite for reliable and reproducible SERS analysis of PFAS is to acquire a 69 

referencing library of PFAS Raman spectra and to understand the influence of PFAS structures on 70 

the spectral patterns, which are currently missing in the literature (Table S1).36-43, 47-51 Although 71 

studies prior to 2018 identified signature Raman bands for fluoroorganic compounds, the majority 72 

of research focused on perfluoro cyclic hydrocarbons and fluorinated pharmaceuticals, with 73 

limited attention to PFAS and no inclusion of high-profile PFAS, such as perfluorooctanesulfonic 74 

acid (PFOS) and perfluorooctanoic acid (PFOA).47-51 In recent years, several studies have analyzed 75 

various PFAS – perfluorobutanoic acid (PFBA), perfluorohexanoic acid (PFHxA), PFOA, 76 

perfluorononanoic acid (PFNA), perfluorobutanesulfonic acid (PFBS), PFOS, 6:2 77 

fluorotelomersulfonic acid (6:2 FTS), and hexafluoropropylene oxide dimer acid (HFPO-DA) – 78 

utilizing SERS across concentration ranging from mg/L down to ng/L level.36-43  However, half of 79 

these studies employed cationic SERS labels (e.g., crystal violet, methylene blue, p-80 

phenylenediamine) to indirectly quantify PFAS, and there is still no clear consensus on the 81 

common bands that distinguish PFAS from non-fluorinated counterparts. The specific Raman 82 

features that enable the identification and differentiation of PFAS remain unclear, and the impact 83 
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of variations in alkyl chain length, functional head groups, and telomerization on these spectral 84 

features is not yet fully understood.  85 

To fill this knowledge gap, we acquired the Raman spectra of major PFAS – four 86 

perfluorosulfonic acids (PFSAs), seven perfluorocarboxylic acids (PFCAs), two fluorotelomer 87 

sulfonates (FTSs), and seven halogenated counterparts –  using drop coating deposition Raman 88 

spectroscopy (DCDR).52-57 DCDR allows simple and inexpensive PFAS preconcentration and 89 

lowers the safety concern by avoiding analyzing pure (often powdery) PFAS. We carefully 90 

evaluated the reproducibility of the acquired PFAS spectra to ensure their reliability as references 91 

for future studies and to identify and minimize potential interferences. We elucidated the influence 92 

of head groups, carbon-fluorine chain length, and telomerization on PFAS Raman spectra by cross-93 

comparing PFAS from different sub-groups. We then employed principal component analysis 94 

(PCA) to distinguish PFAS from non-PFAS chemicals and to differentiate PFAS with different 95 

molecular structures. The common and distinctive Raman features of the major PFAS were 96 

identified for the first time, which provides a foundation for direct SERS analysis of PFAS.  97 

2. EXPERIMENTAL SECTION 98 

2.1. Materials. Perfluorobutanesulfonic acid (PFBS), trifluoroacetic acid (TFA), 99 

perfluoropropanoic acid (PFPrA), perfluorooctanoic acid (PFOA), hexanesulfonic acid sodium 100 

salt (HxS), octanesulfonic acid sodium salt (OS), decanesulfonic acid sodium salt (DS), octanoic 101 

acid (OA), and decanoic acid (DA) were purchased from Sigma-Aldrich. Perfluorohexanesulfonic 102 

acid potassium salt (PFHxS), 1H,1H,2H,2H-perfluorooctanesulfonic acid (6:2 FTS), and 103 

1H,1H,2H,2H-perfluorodecanesulfonic acid (8:2 FTS) were obtained from SynQuest Laboratories 104 

(Alachua, FL, USA). Perfluorooctanesulfonic acid potassium salt (PFOS), perfluorohexanoic acid 105 

(PFHxA), butanoic acid (BA), and hexanoic acid (HxA) were purchased from VWR International. 106 
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Perfluorobutanoic acid (PFBA), perfluorodecanoic acid (PFDA), perfluorododecanoic acid 107 

(PFDoA), methanol, and 7.6 × 2.5 cm2 glass slides were purchased from Fisher Scientific. 108 

Perfluorodecanesulfonic acid sodium salt (PFDS) was acquired from Toronto Research Chemicals 109 

(Toronto, ON, Canada). All PFAS and hydrogenated counterparts are linear molecules with their 110 

CAS Registration Number, purity, physical state, molecular weight, and density summarized in 111 

Table S2. Reynolds Wrap Heavy Duty Aluminum Foil was purchased from Amazon (Seattle, WA, 112 

USA). Gold (99.999%) and titanium (99.995%) pellets and Fabmate® crucibles for physical vapor 113 

deposition (PVD) were purchased from Kurt J. Lesker Company (Jefferson Hills, PA, USA).  114 

 2.2. Preparation of metal substrates. Aluminum substrates were prepared by flattening 115 

aluminum foil and using it to cover glass slides.  Gold film substrates were prepared using a metal 116 

evaporator fabricated by the Nanoscale Fabrication Center at the University of 117 

Wisconsin−Madison. Three nanometers of titanium were first deposited on a microscope glass 118 

slide to assist the adhesion of gold. Subsequently, a 50 nm layer of gold was deposited on top of 119 

the titanium layer. The average deposition rates for titanium and gold were 0.3 and 1.0 Å/s, 120 

respectively. 121 

2.3. Preparation of PFAS and non-fluorinated alkyl acid samples for DCDR 122 

measurement. Figure 1 illustrates the process of preparing and analyzing PFAS and their 123 

hydrogenated counterparts using DCDR. Stock solutions of perfluorosulfonic acids (PFSAs; 124 

CnF2n+1-SO3H; C4, C6, C8, and C10), perfluorocarboxylic acids (PFCAs; CnF2n+1-COOH; C4, C6, C8, 125 

C10, and C12), x:2 fluorotelomer sulfonates (x:2 FTS; CnF2n+1-C2H4-SO3H; C8 and C10), sulfonic 126 

acids (SAs; CnH2n+1-SO3H; C6, C8, and C10), and carboxylic acids (CAs; CnH2n+1-COOH; C4, C6, 127 

C8, and C10) were prepared by dissolving each analyte in pure methanol to a final concentration of 128 

100 mg/L. Methanol was used as the matrix for PFAS analysis because it has been commonly used 129 
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for PFAS extraction from environmental samples and solid-phase extraction cartridges.58-61 For 130 

ultra-short chain PFCAs (C2 and C3), 1,000 mg/L solutions were prepared to offset the less dense 131 

crystal layers formed by 100 mg/L solutions. An aliquot of 10 μL stock solution was drop coated 132 

on aluminum or gold film substrates. The PFAS sessile drops were dried under ambient conditions 133 

for approximately 24 h before conducting the Raman analysis. 134 

2.4. Instrumentation for DCDR. The dried PFAS sessile drop on the metal substrate was 135 

interrogated by a laser confocal Raman microscope (LabRAM HR Evolution, Horiba, Japan). To 136 

determine the optimum conditions for analyzing PFAS samples, various tests were conducted 137 

using different laser wavelengths (532, 633, and 785 nm), laser intensities (1, 3, 5, 10 mW), 138 

integration times (1, 3, and 5 s), objectives (10, 50, and 100×), and gratings (300 and 1,800 gr/mm). 139 

For each Raman map with a size ranging from 1.0×1.0 to 4.5×4.5 μm2, one hundred spectra with 140 

2 accumulations were collected and averaged. This range of mapping areas was chosen to 141 

accommodate varying sizes of PFAS crystals, as visualized under an optical microscope.  142 

2.4. Comprehensive analysis of the Raman spectral patterns of PFAS and non-143 

fluorinated alkyl acids. After optimizing the analytical method using PFOS as a model PFAS, a 144 

thorough analysis of the Raman spectra of various PFAS and non-fluorinated alkyl acids was 145 

undertaken. Spectra were obtained from five distinct mapping areas within each sample to evaluate 146 

the reproducibility of this analytical method. To ensure accurate results and reduce background 147 

fluorescence and interferent Raman bands, 50-100 spectra from each map were averaged. The 148 

average spectra were then baseline-corrected. Subsequently, the spectra were normalized by 149 

dividing each data point by the highest Raman band intensity within the analyzed spectral range 150 

prior to cross-comparison. PCA was conducted using OriginPro 2023 (OriginLab, Northampton, 151 

MA, USA). PCA was performed on the spectral ranges of 200-1,000 and 1,100-1,600 cm-1, 152 
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respectively. These ranges were selected based on the observation that the 200-1,000 cm-1 and 153 

1,100-1,600 cm-1 ranges primarily contain information about the carbon-carbon (C-C) chain and 154 

the head groups, respectively. They also precluded the influence of a strong Raman band at around 155 

~1,056 cm-1, which was attributed to the reaction products between methanol and the solid 156 

substrates.62, 63 PCA was conducted on all the selected alkyl acids (i.e., PFSAs, PFCAs, x:2 FTS, 157 

CAs, and SAs) with varying functional groups, telomerization, and carbon chain lengths spanning 158 

from two to twelve carbon atoms. To visually represent the data, 95% confidence ellipses 159 

corresponding to the mean were incorporated into the PCA plots. PCA was used to differentiate 160 

PFAS from non-fluorinated compounds and to differentiate PFAS with various molecular 161 

structures from one another.  162 

3. RESULT AND DISCUSSION 163 

3.1. Optimizing the DCDR method for PFAS analysis. In this study, DCDR was employed for 164 

PFAS analysis due to its efficacy in concentrating analytes from diluted liquid solutions onto a 165 

solid substrate for subsequent Raman analysis.53, 64-66 Specifically, glass slides were utilized as a 166 

solid substrate to provide a flat surface for depositing PFAS samples. However, readily available 167 

synthetic glass products exhibit strong bands in the 400-1,150 cm-1 range that overlap with the 168 

major PFAS bands.67-69 To avoid strong background signals from glass slides, materials with weak 169 

Raman signals, such as aluminum and gold, were applied to the surface of the glass. A small 170 

droplet of a PFAS in methanol, simulating the extracted PFAS solution from contaminated solids 171 

or adsorbent surfaces,59, 60, 70 was deposited onto aluminum foil and allowed to dry. Due to 172 

combined capillary and Marangoni effects, the drying sessile droplets of PFSAs, x:2 FTSs, and 173 

SAs formed visible PFAS crystals under the 100× objective of the Raman microscope, enabling 174 

straightforward Raman spectrum acquisition (Figure S1). On the contrary, discerning the crystals 175 
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of PFCAs, particularly those with eight or fewer carbons, on aluminum foil presented challenges. 176 

This difficulty arises from the thinner crystal structures formed by carboxylic compounds, which 177 

tend to form a two-dimensional, orthogonal self-assembled monolayer (SAM) on aluminum oxides, 178 

the primary components on the surface of aluminum foil.71-73 Additionally, the relatively higher 179 

critical micelle concentration (CMC) of PFCAs compared to PFSAs further contributes to this 180 

challenge.74-76 The relative ease of observing longer chain PFCA can be explained by the lower 181 

CMC associated with longer carbon chain length, which contributes to the multilayer thickness, 182 

packing density, and orderliness of the deposited layer.77-80 To generate denser crystal layers and 183 

facilitate analysis, DCDR samples of shorter chain PFCAs (C2, C3, C4, C6, and C8) were prepared 184 

on gold film-coated glass slides, while those of longer chain PFCAs (C10 and C12) and CAs (C4, 185 

C6, C8, and C10) were prepared on aluminum foil-covered glass slides (Figure S2). A comparison 186 

of PFOS spectra acquired from aluminum and gold substrates shows that using different metal 187 

substrates produces minimal differences in the PFAS spectra (Figure S3). 188 

To acquire high-quality Raman spectra, confocal Raman spectroscopy parameters were 189 

optimized using PFOS as a model PFAS (Figure S4). DCDR samples of PFOS made from 10 μL 190 

of 100 mg/L solution in methanol were analyzed by varying laser wavelength (532, 633, and 785 191 

nm), acquisition time (1, 3, and 5 s), and laser intensity (1, 3, 5, and 10 mW). Across all tested 192 

parameters, the spectra consistently displayed prominent Raman bands at approximately 300, 380, 193 

and 725 cm-1 (Figure S4). Among the three lasers, the 532 nm wavelength was selected as it 194 

produced the strongest Raman intensities for PFOS samples (Figure S4a). Although longer 195 

acquisition times yielded stronger Raman intensities (Figure S4b), they also significantly increased 196 

the total acquisition time for Raman mapping and slightly reduced the signal-to-noise (S/N) ratios 197 

(Figure S5). Therefore, an acquisition time of 3 s for each Raman spectrum was selected. Finally, 198 
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a laser intensity of 10 mW was chosen as it produced the strongest Raman intensities without 199 

causing damage, such as burning, to the samples (Figure S4c).  200 

Employing the optimized parameters (532 nm laser wavelength, 3 s acquisition time, and 201 

10 mW laser intensity), we analyzed the pristine aluminum foil and DCDR samples of methanol 202 

on the aluminum foil as blank controls (Figure 2a-b&d-e). We also examined DCDR samples of 203 

PFOS in methanol to identify potential interference bands in the PFAS spectra (Figure 2c&f). The 204 

same set of experiments was also conducted using the gold film substrate (Figure S6). The optical 205 

microscopic image of the blank aluminum foil (Figure 2a) revealed a primarily flat surface with 206 

straight lines and several black spots, likely due to impurities and crevices, which can be easily 207 

avoided during Raman spectrum acquisition. The DCDR sample of the methanol blank showed 208 

numerous particulate residues (Figure 2b), tentatively attributed to chemical reaction products 209 

between methanol and aluminum foil.63 For PFOS samples on aluminum foil, large, smooth crystal 210 

layers were observed (Figure 2c). These PFOS crystal layers were highly reproducible and easily 211 

distinguishable from the methanol blank residues (Figure S7a-e).  212 

The blank aluminum foil exhibited a wide band at 816 cm-1, which was too weak to 213 

interfere with the methanol and PFAS residue bands (Figure 2d). The methanol blank residue 214 

displayed a strong and sharp carbon-oxygen (C-O) stretching vibrational band at 1,056 cm-1 215 

(Figure 2e), which is consistent with the characteristic Raman bands of methanol reported in the 216 

literature.81, 82 This confirms that the particulate residues in the solvent controls originated from 217 

methanol. In contrast, the PFOS sample showed a group of prominent Raman bands between 200-218 

1,600 cm-1, which are distinctively different from the blank samples (Figure 2f). Although the 219 

aluminum foil band was not apparent in the PFOS sample spectra, the strong methanol residue 220 

band at 1,056 cm-1 significantly overlapped with one of the PFOS bands. To minimize interference 221 
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from the methanol residue in PFAS analysis, we divided the PFAS Raman spectra into two spectral 222 

ranges (i.e., 200-1,000 and 1,100-1,600 cm-1) for our subsequent analysis. 223 

The reproducibility of the PFOS and methanol Raman spectra is depicted in Figures S7, 224 

and S8, respectively. To evaluate the spectral reproducibility, multiple DCDR samples were 225 

analyzed from various mapping areas. Spectra collected from different points within the same 226 

mapping area exhibited minimal variations in band positions and intensity ratios, allowing them 227 

to be grouped together (Figure S9). Each set of spectra from different mapping areas was averaged, 228 

baseline-corrected, and normalized using the strongest Raman band. Despite variations in 229 

background fluorescence and spectral intensities resulting from different samples and crystal spots, 230 

PFOS spectra exhibited identical bands with highly consistent patterns (Figure S7). This 231 

reproducibility indicated that qualitative analysis of PFOS is unaffected by the shape and thickness 232 

of the crystal structures. Similarly, the Raman spectra of the dried methanol blank control were 233 

highly reproducible after the same data processing procedure (Figure S8).  234 

3.2. Identification of the common Raman bands within PFAS spectra. One of the aims 235 

of this study was to determine the common features of PFAS for their identification. To achieve 236 

this aim, we first compared the Raman spectral pattern of PFAS in the 200-1,000 cm-1 range with 237 

those from the non-fluorinated alkyl acids with similar molecular structures (Figure 3). 238 

Specifically, PFSAs with carbon chain lengths of 6, 8, and 10 were compared with their SA 239 

counterparts. Both PFSAs and SAs displayed reproducible Raman spectra regardless of the 240 

sampling spots, as evidenced by the consistent positions and relative intensities of the Raman 241 

bands (Figure 3). The three PFSAs (C6, C8, and C10) exhibited three distinctive bands at 300, 380, 242 

and 725 cm-1 (Figure 3), which were identified as the common features of PFSAs. This aligns with 243 

studies by Schmälzlin et al. (2014) and Manka et al. (2010), which identified Raman bands at 292, 244 
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385, 731 and 734 cm-1 as the signature bands for Teflon (polytetrafluoroethylene).83, 84 These 245 

results indicate that the three common bands of PFSAs may have originated from the fluorinated 246 

alkyl chains including both C-C and CF2 vibrational modes. Similarly, the three SAs showed three 247 

common Raman bands at 250, 340, and 800 cm-1 (Figure 3). We speculate that these bands could 248 

also arise from the alkyl chain vibrations when the fluorine atoms on the chain are replaced by 249 

hydrogen atoms.40, 44  250 

To further validate the Raman spectral differences between fluorinated and non-fluorinated 251 

alkyl acids with the same head group, we analyzed seven PFCAs with varying alkyl chain lengths 252 

(C2, C3, C4, C6, C8, C10, and C12) and some of their corresponding hydrogenated counterparts (CAs; 253 

C4, C6, C8, and C10). Raman spectra of PFCAs were juxtaposed with those of CAs to visualize the 254 

influence of fluorination of the alkyl chains on the Raman spectral patterns (Figure S10). Note that 255 

shorter chain PFCA (C2, C3, C4, C6, and C8) and all CA spectra were acquired via the DCDR 256 

method using a gold film substrate to enhance the contrast between alkyl acid crystals and the 257 

background. Akin to PFSAs, PFCA spectra were highly reproducible, displaying the same set of 258 

characteristic bands at approximately 300, 380, and 725 cm-1. Likewise, the Raman spectra of all 259 

the thirteen PFAS in this study, including x:2 FTSs, showed reproducible Raman spectra (Figure 260 

S11), featuring a set of common bands at approximately 300, 380, and 725 cm-1 (Figure 4a). 261 

However, CAs displayed a different set of Raman bands around 260, 370, 809, and 876 cm-1. These 262 

results collectively support our hypothesis that the Raman bands at 300, 380, and 725 cm-1 can 263 

serve as the common features of PFAS that can differentiate them from non-PFAS chemicals.  264 

Indeed, PCA conducted on all the alkyl acids within the 200-1000 cm-1 spectral range, 265 

which encompasses the three common PFAS features, efficiently differentiated PFAS from the 266 

non-fluorinated alkyl acids (Figure 4b). Specifically, PFAS, CA, and SA data points, along with 267 
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their 95% confidence ellipses, clustered into three distinct groups. This clear separation highlights 268 

the unique spectral characteristics of each compound group within this range (Figure S11). 269 

However, it fell short of differentiating PFAS with varying structural properties. Despite the subtle 270 

differences in their spectral features, PFAS with different carbon chain lengths, functional groups, 271 

and telomerization remained indistinguishable from one another. Therefore, we conducted 272 

additional approaches such as PCA focused exclusively on PFAS or different spectral regions to 273 

further differentiate PFAS compounds with varying chemical structures, which will be discussed 274 

later. 275 

3.3. The influence of alkyl chain length on PFAS spectra. Cross-comparison of all PFAS 276 

spectra revealed that the Raman spectral features of PFAS are influenced by the carbon chain 277 

length, with band splitting observed in shorter chain PFAS across all three analyzed classes (i.e., 278 

PFCAs, PFSAs, and x:2 FTSs). In contrast to long-chain (C≥6) PFSAs, PFBS displayed an 279 

additional band at 341 cm-1 and the intensity ratio between its 311 and 384 cm-1 bands was the 280 

lowest among the four PFSAs (Figure 4a). Unlike the long-chain PFSAs, the Raman band at 281 

approximately 725 cm-1 split into three bands at 668, 700, and 740 cm-1 for PFBS (Table S3), 282 

which is due to its shorter alkyl chain. Among the long-chain PFSAs, the PFDS spectra differed 283 

slightly from those of PFHxS and PFOS, as characterized by a strong band at 767 cm-1. The band 284 

splitting in shorter chain PFAS was evident not only in PFSAs but also in x:2 FTSs. Both 6:2 FTS 285 

and 8:2 FTS exhibited C-C vibrational bands in the region around 725 cm-1. However, notable 286 

differences were observed between the two. For 8:2 FTS, the most prominent band occurred at 287 

725 cm-1. In contrast, 6:2 FTS showed a weaker band at 737 cm-1, along with stronger and sharper 288 

bands at 712 and 777 cm-1, indicating band splitting due to its shorter alkyl chain. These findings 289 

contradict the density function theory (DFT)-computed Raman spectral study conducted by Chen 290 
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et al. (2024), which suggested that longer alkyl chain lengths yielded an increased number of 291 

Raman bands due to the higher vibrational degrees of freedom.44 This discrepancy is likely caused 292 

by the relatively large size and mass of fluorine atoms affecting the coupled oscillation of alkyl 293 

chains in PFAS.51 294 

Similar to PFSAs and x:2 FTSs, PFCA spectra demonstrated apparent band splitting around 295 

the 725 cm-1 regions as the alkyl chain length decreased to six carbons or fewer (Figure 4a). In 296 

ultrashort chain PFCA spectra, the bands within the 725 cm-1 region diminished significantly. 297 

Instead, these PFAS displayed shifted bands at 260, 405, and 842 cm-1 (TFA) and 296, 398 and 298 

821 cm-1 (PFPrA; Figures 4a and S8, Table S3). These shifted bands were similar to those found 299 

in CA spectra at 260, 370, and 809 cm-1 (Figure S10). If the three bands of the ultra-short chain 300 

PFCAs were directly derived from C-F bonds, a similar spectral pattern would not be present in 301 

the CA spectra. Therefore, this reinforces our hypothesis that the major bands in the 200-1,000 302 

cm-1 region are related to alkyl chains. Still, ultrashort-chain PFCAs can be differentiated from 303 

CAs due to the presence of bands at around 405, 731, and 773 cm-1, as well as the absence of CA 304 

bands at 876 cm-1 (Figure S12). This suggests that despite the relatively similar band positions 305 

between the ultrashort-chain PFCAs and CAs, the unique bands associated with the fluorinated C-306 

C bonds serve as an indicator for PFAS. The impact of alkyl chain length on PFAS spectra was 307 

further verified through additional PCA performed exclusively on PFAS Raman spectra within the 308 

200-1,000 cm-1 spectral range. This analysis effectively distinguished ultrashort-chain PFAS, 309 

short-chain PFAS (PFBS, TFA, PFPrA, PFBA, and PFHxA), and 6:2 FTS from their longer chain 310 

counterparts (Figure 4c). While data points for long-chain PFCAs (C≥8), PFSAs (C≥6), and 8:2 311 

FTS clustered together, those for ultrashort-PFAS, short-chain PFAS, and 6:2 FTS were widely 312 

dispersed across the PCA plot. A further differentiation between shorter and longer chain PFAS 313 



15 
 

and precise assignment of Raman bands can be made by comparing their depolarization ratios and 314 

conducting density functional theory simulations,85 which will be the focus of our future study. 315 

These findings reinforce that the 200-1,000 cm-1 spectral range primarily exhibits information 316 

about alkyl chains. While the analysis successfully differentiated PFAS based on carbon chain 317 

length, longer-chain PFAS with varying head groups and telomerization remained 318 

indistinguishable, which requires further analysis using information from other spectral ranges.  319 

3.4. The influence of head groups and telomerization on PFAS spectra. To distinguish 320 

PFAS with varying head groups and telomerization, we shifted our focus to the 1,100-1,600 cm-1 321 

spectral range. This range was selected due to the largest spectral difference observed among 322 

various PFAS groups and non-fluorinated alkyl acids (Figure 5a and S13). Notably, PFSAs 323 

revealed prominent bands around 1,140 and 1,364 cm-1 (Table S4), whereas PFCAs exhibited a 324 

strong sharp band at approximately 1,421 cm-1 (Table S5). In contrast, x:2 FTSs displayed a broad 325 

band centered around 1,200 cm-1 with minor bands within the 1,250-1,500 cm-1 region (Table S6).  326 

PCA was conducted on the Raman spectra of all PFAS compounds within the 1,100-1,600 327 

cm-1 spectral range (Figure 5b). The significant spectral discrepancy among PFAS with varying 328 

functional groups and telomerization resulted in distinct clustering patterns in the PCA plot. 329 

Specifically, the PFSAs, PFCAs, and x:2 FTS groups each formed separate, well-defined clusters. 330 

The clear separation of these groups in the PCA plot suggests that the 1,100-1,600 cm-1 spectral 331 

range contains information about bonding vibrations of the functional head groups (-COOH for 332 

PFCAs, and -SO3H for PFSAs and x:2 FTSs) as well as the influence of telomerization. Therefore, 333 

by conducting a two-step PCA on the spectral range of 200-1,000 and 1,100-1,600 cm-1, it is 334 

possible to first differentiate PFAS from non-PFAS chemicals and subsequently distinguish PFAS 335 

congeners with varying structural features.  336 
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Moreover, by leveraging the common Raman features of PFAS at 300, 380, and 725 cm-1, 337 

it may be possible to identify more PFAS in unknown environmental samples than with the 338 

traditional targeted analytical methods. This approach is particularly promising for ultrashort-339 

chain PFAS, which, to the best of our knowledge, were examined using Raman spectroscopy for 340 

the first time in this study. Ultrashort-chain PFAS are challenging to analyze using conventional 341 

methods. SPE, a necessary preconcentration step for LC-MS/MS analysis, often yields poor 342 

recovery of ultrashort-chain PFAS due to their high polarity.86 In addition, LC-MS/MS exhibits 343 

limited instrument response for ultrashort-chain PFAS, as indicated by less defined peaks and 344 

higher background noise, due to the short retention times and lack of qualifying ions.87-89 However, 345 

the successful application of Raman spectroscopy in this research opens new avenues for analyzing 346 

these elusive compounds. 347 

4. CONCLUSIONS 348 

We established a comprehensive Raman spectral library encompassing major PFSAs, PFCAs, x:2 349 

FTSs, SAs, and CAs, providing a solid foundation for the identification and differentiation of total 350 

PFAS using vibrational spectroscopy. A simple DCDR process enabled the preconcentration of 351 

PFAS, securely immobilizing them onto aluminum and gold film substrates. The reproducibility 352 

of Raman spectra for both PFAS and non-fluorinated alkyl acids was validated through five 353 

averaged spectra for each PFAS sample, a minimal variation in spectral patterns within the 354 

mapping area, and a consistent pattern of crystal formation.  355 

This study unveiled the key Raman spectral features of major PFAS with bands at around 356 

300, 380, and 785 cm-1. Additionally, we elucidated that these bands originated from the 357 

fluorinated alkyl chains. This was evidenced by the band splitting and attenuation in shorter chain 358 

PFAS (short-chain PFSAs, 6:2 FTS, and short-chain PFCAs) spectra and the band shifting 359 
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observed in the non-fluorinated alkyl acid counterparts and ultra short-chain PFCAs. PCA on the 360 

200-1,000 cm-1 range distinguished PFAS from non-fluorinated alkyl acids and differentiated 361 

PFAS by chain length. Additional PCA on the 1,100-1,600 cm-1 region further separated PFAS 362 

based on head groups and telomerization. The unique spectral features that indicate structural 363 

characteristics of alkyl acids can potentially be developed into a two-step qualitative method for 364 

PFAS detection: first using the 200-1000 cm-1 range to distinguish PFAS from non-fluorinated 365 

alkyl acids, followed by the 1100-1600 cm-1 range to differentiate PFAS types.  366 

Due to the excellent separation capabilities and the simplicity of hyphenated Raman and 367 

PCA analysis, this method shows high potential for application in analyzing PFAS extractions 368 

from contaminated water, soil, sediments, etc. Furthermore, this study, which encompasses a 369 

comprehensive analysis of PFAS Raman patterns, lays a foundation for future research aiming to 370 

detect PFAS using vibrational spectroscopy and the derived sensing technologies, e.g., SERS. The 371 

characteristic Raman features of PFAS identified in this study will continue to provide valuable 372 

guidance for PFAS identification at low concentrations, even if their relative intensities fluctuate 373 

as PFAS molecules adjust their orientations on plasmonic nanoparticle surfaces.  374 
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 681 

Figure 1. A schematic of the preparation and analysis of per- and polyfluoroalkyl substances 682 

(PFAS) samples using drop coating deposition Raman spectroscopy (DCDR). (a) A microscope 683 

glass slide was covered with aluminum foil or gold film, (b) Methanolic solutions of PFAS or their 684 

hydrogenated counterparts were drop coated on the surface of the metallic substrate, (c) the size 685 

of the sessile drop was reduced due to the coffee ring effect and the amphiphobic properties of 686 

PFAS, (d) the PFAS sessile drop was dried in air for around 24 h, and (e) the DCDR samples were 687 

analyzed with a confocal Raman microscope.  688 
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 699 

Figure 2.  Microscopic optical images of (a) pristine aluminum foil, (b) dried methanol blank on 700 

aluminum foil, and (c) dried perfluorooctanesulfonic acid (PFOS) sample on aluminum foil. 701 

Yellow boxes highlight the mapping area. Averaged Raman spectra of (d) the pristine aluminum 702 

foil, (e) the dried methanol blank on aluminum foil, and (f) the dried PFOS sample on aluminum 703 

foil. The Raman spectra were obtained using the 532 nm laser with 10 mW intensity, 3 s acquisition 704 

time, and 2 accumulations. The spectra are shown without baseline correction. 705 
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 714 

Figure 3. Comparison of the Raman spectra between perfluorosulfonic acids (PFSAs; CF3-(CF2)n-715 

SO2OH; C6, C8, and C10) and their hydrogenated counterparts (CH3-(CH2)n-SO2OH; C6, C8, and 716 

C10) acquired using the DCDR method. All the spectra shown in this figure were an average of 50-717 

100 spectra across a Raman map and were subsequently baseline-corrected and normalized. Each 718 

spectrum within the map was obtained using a 532 nm laser with 10 mW intensity, 3 s acquisition 719 

time, and 2 accumulations. The common Raman bands of the PFSAs (300, 380, and 725 cm-1) are 720 

marked by blue dashed lines.  721 
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 733 

Figure 4. (a) Raman spectra of PFAS (i.e., TFA, PFPrA, PFBA, PFHxA, PFOA, PFDA, PFDoA, 734 

PFBS, PFHxS, PFOS, PFDS, 6:2 FTS, and 8:2 FTS) with different chain lengths, head groups, 735 

and telomerization in the spectral range of 200-1,000 cm
-1

. The dashed lines indicate the common 736 

PFAS bands at approximately 300, 380, and 725 cm
-1

. The spectra were recorded using a 532 nm 737 

laser with a power of 10 mW, an acquisition time of 3 s, and 2 accumulations. Averaging, baseline 738 

correction, and normalization were applied to the spectra. Principal component analysis of (b) all 739 

analyzed alkyl acids (i.e. PFSAs, PFCAs, FTSs, SAs, and CAs) and (c) the PFAS Raman spectra 740 

in the 200-1,000 cm
-1

 range. The unfilled ellipses represent the 95% confidence for the mean, and 741 

the filled ellipses were manually added for data visualization. 742 
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 750 

Figure 5. (a) Raman spectra of PFAS – TFA, PFPrA, PFBA, PFHxA, PFOA, PFDA, PFDoA, 751 

PFBS, PFHxS, PFOS, PFDS, 6:2 FTS, and 8:2 FTS – with different chain lengths, head groups, 752 

and telomerization in the spectral range of 1,100-1,600 cm
-1

. The spectra were collected using a 753 

532 nm laser with a 10 mW power, a 3 s acquisition time, and 2 accumulations. Each spectrum 754 

was an averaging across five Raman maps, each consisting of 50-100 Raman spectra. All the 755 

spectra were baseline-corrected and normalized to their highest band in this spectral range. (b) 756 

Principal component analysis of PFAS spectra in the 1,100-1,600 cm-1 spectral range. The open 757 

ellipses denote the 95% confidence regions for the mean, while the filled ellipses were manually 758 

added to indicate PFAS with comparable chemical structures. 759 
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