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A new family of water-degradable elastic polymers prepared by oxidative crosslinking of the 

parent polythionolactones shows promise in a broad range of applications, but the 

compositions of these materials elude conventional analytical methods. Here we use sulfur K-

edge X-ray absorption spectroscopy to quantify the amounts of thioether, disulfide, sulfone, 

sulfate ester, and thionester in each polymer and to rule out the presence of several other 

functional groups, including sulfonate, thiosulfonate, sulfate, and sulfoxide. We rationalize 

this speciation as a function of linker flexibility in the context of sulfinyl cycloaddition 

reactions and propose a mechanism of aggregation for the oxidized polymers. Our results 

correlate with swelling ratios but not with porosity nor crosslink density measurements, 

demonstrating the importance of pairing mechanical and chemical techniques when 

characterizing heterogeneous organic polymers. Finally, we take advantage of the proximity 

of the gold M4,5-edges to the sulfur K-edge to analyze the binding and reactivity of Au(III) 

with the crosslinked polymers. 

 
1. Introduction 

The rich and diverse chemistry of lactone ring-opening polymerization (ROP) 

continues to play a dominant role in precisely tailored materials and niche applications, yet 

the chemistry of the corresponding heavy chalcogen congeners (sulfur-containing lactones, or 
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S-lactones) remains underexplored.[1,2] Polythionolactones in particular are largely unknown, 

not because they are intrinsically less useful than polyesters, but because they have been 

difficult to make by traditional methods.[1] In fact, the synthesis of polythionocaprolactone 

(PtnCL) by the Kiesewetter group in 2016 – accomplished via organocatalytic ROP of ε-

thionocaprolactone – marked the first time a thionolactone was successfully opened to the 

corresponding polymer.[3] But because this remains one of only a small number of examples 

of such polymerizations, our understanding of the physical properties of poly(S-lactone)s and 

our access to copolymers and other advanced architectures remain limited.  

The ability of sulfur to access high oxidation states adds new dimensions to the 

synthetic parameter space of the nascent family of thionolactone (co)polymers through both 

local oxidation and oxidative crosslinking reactions of thionocarbonyls. For example, the 

Kiesewetter group recently showed that treatment of polythionocaprolactone (PtnCL) with 

excess NaOCl results in the formation of an insoluble solid polymer with new material 

properties.[2] While PtnCL is an oil at room temperature, the Young’s modulus of the oxidized 

product is consistent with those of elastic polymers. In addition, the material degrades in 

water, suggesting a multitude of potential applications: a degradable scaffold for drug 

delivery;[4] a solid surface to functionalize with amines, thiols and other nucleophiles;[5,6] a 

sacrificial functional group to protect natural rubbers from oxidation;[7] a synthon for the 

synthesis of dendritic or star shaped polymers;[8,9] and many others. The urgent need for 

degradable polymers with a broad spectrum of physical properties to curtail the accumulation 

of plastic waste makes this a particularly timely discovery. But to leverage the greatest 

advantage from this promising class of materials, the oxidation and/or crosslinking reaction(s) 

must be carefully and quantitatively characterized – a challenging objective for such 

presumably heterogeneous materials. 

Several analytical techniques have been previously used to characterize the 

“spectroscopically silent” sulfur in organic polymers, but each has its own limitations.[10] For 
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example, 1H and 13C nuclear magnetic resonance spectroscopies must be performed in the 

solid state for insoluble polymers,[11–13] and thermogravimetric analysis is inherently 

destructive.[14] Common benchtop tools such as Fourier-transform infrared spectroscopy 

(FTIR),[15] Raman spectroscopy,[16,17] and X-ray photoelectron spectroscopy (XPS)[2,18] can be 

challenging because of spectral congestion between the characteristic frequency ranges of 

different sulfur-containing functional groups,[10] and powder X-ray diffraction[12,13] cannot 

provide meaningful information on the chemical environment of sulfur for amorphous 

materials. 

Accordingly, we chose instead to measure the sulfur K-edge X-ray absorption near 

edge structure (XANES) spectra of the new family of crosslinked poly(S-lactone)s and related 

copolymers to identify the oxidized sulfur-containing functional groups and crosslinks. This 

non-destructive and element-specific method has been extensively[19] used to identify sulfur-

containing compounds in complex matrices in the petroleum (e.g., kerogen, coal, asphalts),[20–

31] biological (e.g., cells, tissues, biominerals),[32–42] archaeological,[43,44] agricultural,[45,46] and 

environmental and geological sciences (e.g., minerals, soils, aerosols, marine sediments).[47–54] 

In the context of sulfur-containing organic polymers, conventional XANES has been used to 

monitor polymer degradation upon exposure to heat,[55] electrical bias,[56,57] and ionizing 

radiation,[58] while angle-dependent XANES[59,60] and anomalous X-ray scattering at the sulfur 

K-edge[61–65] have been used to study the bulk and nanoscale morphology of semiconducting 

polymer films.  

Importantly, sulfur K-edge X-ray absorption spectroscopy (XAS) is not simply a 

fingerprinting technique; instead, the sensitivity of the edge energy to oxidation state, 

chemical environment, and molecular structure often results in well-resolved absorption 

features that enable quantification of sulfur speciation in heterogeneous environments.[66–69] 

Additionally, the sulfur pre-edge provides a measure of metal-ligand covalency in proteins 

bearing sulfur-coordinated metallocofactors and corresponding model complexes.[70–74] And 
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despite the challenges inherent to working in the “tender” X-ray spectral region, where even 

ambient air strongly attenuates the beam, X-ray transient absorption at the sulfur K-edge has 

even been used to follow photochemical reactions of small molecules in real time.[75,76] 

Here we show that we can determine the sulfur speciation in oxidatively crosslinked 

poly(S-lactone)s by fitting the sulfur K-edge XANES spectra to linear combinations of the 

spectra of small molecule reference compounds and a representative precursor polymer. 

Similar methods have been used previously to qualitatively characterize sulfur crosslinks in 

vulcanized rubbers,[77–79] but here, the chemical homogeneity of the uncrosslinked synthetic 

polymers permits a robust quantitative analysis. While our previous FTIR measurements of 

these materials confirmed that the uncrosslinked polymer linkages are thionoesters (Scheme 

1), both FTIR and XPS proved inconclusive for identifying the crosslinks and/or oxidized 

group(s) in the crosslinked samples. The spectra are consistent, however, with mixtures of 

thioethers, thiols, disulfides, and/or sulfones,[2] and most of these possible moieties exhibit 

distinct, well-resolved sulfur K-edge spectra in organic and inorganic materials: disulfides 

may be easily distinguished from thioethers by the presence of a unique, well resolved 1s → 

σ* (S-S) peak below the common 1s → σ* (S-C) peak;[80,68,81,82] the K-edge of sulfoxides is 

approximately 2-3 eV higher than that of thioethers, thiols or disulfides;[26,83] and sulfones 

have a single, broad peak approximately 4 eV higher still.[84] 

 

2. Methods 

Three homopolythionolactones (polythionocaprolactone, PtnCL; 

polythionoheptalactone, PtnHL; and polythionopentadecalactone, PtnPDL) and a 

representative block copolymer (polythionopentadecalactone-block-caprolactone, PtnPDL-b-

PtnCL) were synthesized and oxidatively crosslinked as described previously (Scheme 1).[2] 

For the sake of simplicity, the crosslinked polymers (CLPs) are denoted as PtnCL-CLP, 

PtnHL-CLP, PtnPDL-CLP, and PtnPDL-b-PtnCL-CLP, respectively. Although the extent of 
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crosslinking can be controlled to a degree by varying oxidation reaction time and 

conditions,[85] we chose to maximize the fraction of oxidized sulfur to facilitate the 

subsequent XANES measurements. The resulting solid, spongy CLP discs were mounted on a 

3D printed stand. A sample of pristine PtnPDL was also measured to provide a spectrum of 

the unmodified thionoester starting material. 

 

Figure 1. (Left) Organocatalytic ring-opening polymerization of thionolactones and 
subsequent oxidative crosslinking of polythionolactones. (Right) Structures of species 
potentially present in CLPs organized according to nature of crosslink (rows) and oxidation 
state of sulfur (columns). The sulfur atom(s) of the labeled functional groups are shown in 
mustard, and the species identified by sulfur K-edge XAS (vide infra) are outlined with boxes. 

 

All sulfur K-edge and gold M4,5-edge XANES spectra were measured at beamline 9-

BM at the Advanced Photon Source at Argonne National Laboratory (Argonne, IL). Samples 

were measured at room temperature in a helium environment using the defocused beam (3x1 

mm) to minimize sample damage during measurement. The energy axes of all spectra were 

calibrated by shifting the global maximum of the sodium thiosulfate reference spectrum to 

2479.95 eV, in accordance with Ochmann et al.[76] (see SI for details). All spectra were 

acquired using fluorescence detection, a method that is known to be highly sensitive to sulfur 

concentration.[20,68,84] The CLPs range in composition from 12% (PtnPDL-CLP) to 24% 

(PtnCL-CLP) sulfur by mass, but the highly porous, spongy nature of these materials likely 
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mitigates much of the self-absorption that would be expected for dense solids with 

comparable compositions; indeed, the maxima (“white lines”) at 2471.8 eV only differ in 

magnitude by 4% for all CLP spectra measured. To avoid thickness-induced attenuation and 

distortion of the XANES features in the spectra of solid reference compounds, those samples 

were diluted to a sulfur concentration of ~2% by mass using polyethylene glycol and 

thoroughly homogenized. 

Linear combination analysis (LCA) was used to quantify sulfur speciation from the 

XANES spectra in accordance with Pickering et al.[68] We assembled a library of 24 spectra 

of 14 distinct organosulfur functional groups, which includes the spectra of the four reference 

compounds measured in this work and 20 spectra taken from the literature.[20,40,68,76,82,84,86,87] 

To ensure that thickness effects would not impact the LCA fits, we relied upon spectra of 

dilute solutions of model compounds measured by fluorescence or spectra of neat powders 

measured by total electron yield whenever possible. The energy axes of all literature spectra 

were also shifted to a common calibration following Ochmann et al.[76] The substances, 

sample conditions, energy axis shifts, and references for all 24 spectra used in LCA fitting are 

collected in Table S1. 

LCA fits were performed using MATLAB (R2019b) using the amplitude and energy 

axis shift of each fit component as fit parameters. The energy axis of each LCA component 

was allowed to vary by ±1.0 eV and interpolated to that of the CLP spectrum using a cubic 

spline; in all cases, the fits converged to solutions with shifts less than 1 eV in magnitude. All 

four CLP spectra were fit between 2465 and 2485 eV to linear combinations of the PtnPDL 

thionoester reference spectrum and all possible combinations of 1, 2, 3, 4, and 5 other 

reference spectra (over 4.2M combinations). The spectra of both PtnPDL-CLP and PtnPDL-b-

PtnCL-CLP were fit best to combinations of thionoester, disulfide, thioether, sulfone, and 

sulfate ester spectra; addition of a sixth component improved the fit but only by including an 

additional disulfide component. The spectra of PtnCL-CLP and PtnHL-CLP were fit best to 
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combinations of the same thionoester, disulfide, and sulfate ester spectra with minor 

contributions from additional disulfide and thiol components. Accordingly, we chose to fit all 

four CLP spectra to the same five reference spectra (highlighted in Table S1), though we 

cannot conclusively rule out the presence of thiols (vide infra). 

 

3. Results and Discussion 

3.1. Sulfur K-edge XANES 

The enormous breadth of accessible oxidation states in organosulfur chemistry results 

in sulfur K-edge XANES spectra with white line energies ranging from 2469 eV for 

thioketones[32] to 2482 eV for sulfate esters.[33] This nearly continuous variation in peak 

energy as a function of sulfur oxidation has been previously presented by George and 

coworkers,[20,68] among many other groups. To organize our discussion here, we break down 

this range of possible peak energies into low (2469-2473 eV), intermediate (2473-2478 eV) 

and high (2478-2482) energies. Conveniently, these also correspond respectively to typical 

peak energies for species with low- (thioketones, disulfides, thiols, thioethers, elemental 

sulfur), intermediate- (sulfoxides, sulfinates, sulfines, inorganic sulfite), and high-valent 

sulfur (sulfones, sulfonates, sulfate esters, inorganic sulfate); the spectra of functional groups 

with sulfur in multiple oxidation states (e.g., thiosulfinates and thiosulfonates) generally 

exhibit multiple well-resolved peaks. We note that for the sake of simplicity, our discussion 

excludes the rich chemistry of heteroaromatic, sulfur-nitrogen, and sulfur-halide organic 

compounds, as we have no reason to expect these moieties to be present in our polymer 

samples. 

The normalized spectrum of PtnPDL presented in Figure 1B is in excellent agreement 

with that of previously published thioketones,[32,88–90] showing a low-energy white line at 

2469.8 eV corresponding to the 1s → (C=S)π* transition followed by a 1s → (C-S)σ* peak at 

2473.2 eV. The CLP spectra in Figure 1C-F (shown alongside their LCA fits and individual 
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fit components scaled by their respective LCA weights) are dramatically different from that of 

PtnPDL, showing a clear ~2 eV shift of the white line to the far end of the low energy region 

at ~2472 eV as well as a new feature in the high energy region that reaches a maximum at 

~2482 eV and exhibits several shoulders that extend into the intermediate energy region. 

Notably, the four CLP materials may readily be grouped into two pairs of nearly 

indistinguishable spectra – PtnCL-CLP and PtnHL-CLP in one and PtnPDL-CLP and 

PtnPDL-b-PtnCL-CLP in the other – with the major distinction between the pairs being the 

magnitude of the high-energy feature. 

 

Figure 1. LCA of CLP sulfur K-edge XANES spectra. (A) Structures of (left to right) 
disulfide, thioether, sulfone, and sulfate ester reference compounds. (B) Normalized XANES 
spectrum and structure of uncrosslinked PtnPDL, which was used as the starting material 
(thionoester) reference. (C) – (F) Spectrum (black) and LCA fit (orange) of PtnCL-CLP (C), 
PtnHL-CLP (D), PtnPDL-CLP (E), and PtnPDL-b-PtnCL-CLP (F) plotted with weighted fit 
components (brown, blue, red, green, and purple). 

 

3.2. Linear combination analysis 

All CLP spectra show a small low energy shoulder at ~2468.5 eV that is captured in 

the LCA fits by the white line of the thionoester spectrum, indicating that this shoulder most 

likely corresponds to unreacted starting material. The peak centered at ~2472 eV also clearly 

corresponds to low-valent sulfur species, but its unusually broad linewidth (>3 eV fwhm) 

suggests significant chemical heterogeneity as expected for these materials. The best LCA fits 

of this feature for all CLP spectra correspond to sums of the disulfide and thioether standard 

spectra, though we cannot conclusively rule out contributions to this peak from thiols as well. 
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The individual fit components show that the peak is well reproduced by this combination 

because the thioether peak falls between the two characteristic disulfide peaks, giving a 

single, broad feature. 

The lack of strong absorption and/or well-resolved peaks across the intermediate 

energy region is immediately apparent. Sulfines should exhibit two strong peaks at 2472.5 and 

2475.2 eV,[36] while sulfoxides or sulfinates should exhibit sharp white lines at 2475 or 

2476.5 eV, respectively.[36,91] Although the weak shoulder at 2476 eV that is particularly 

apparent in the PtnPDL-CLP spectrum initially appears to be consistent with sulfinates, our 

LCA procedure never converged to fit with more than a 0.4% contribution from the 

corresponding standard spectrum. Accordingly, we conclude that any such species are either 

entirely absent or present in very low relative concentrations in our Ptn-CLP materials. 

As with the low energy feature, the broad, asymmetric nature of the high energy 

feature reflects a high degree of chemical heterogeneity. The best LCA fits correspond to 

sums of the sulfone and sulfate ester standard spectra, but as was the case with thiols, we 

cannot conclusively rule out contributions from sulfonates. The characteristic sulfate ester 

white line and shoulder at 2482 and 2481 eV, respectively,[40] are clearly present in all CLP 

spectra, while the broad sulfone peak accounts for the absorption extending toward lower 

energies. We expected that inorganic sulfate would not be present due to the aqueous 

environment in which the crosslinking step takes place, and indeed, the CLP spectra do not 

show evidence of the strikingly intense sulfate white line, which is generally reported to have 

a peak amplitude >7 in normalized spectra.[40,68,82,84,86] 

While we previously attributed the presence of a strong band at ~1180 cm-1 in the 

FTIR spectrum of PtnPDL to a thionoester C=S stretch,[2] the comparable band that appears in 

the spectrum of PtnPDL-CLP could have potentially corresponded to thioketones (including 

thionoesters), sulfones, sulfonates, sulfate esters, or combinations thereof.[92] XPS analysis of 

PtnPDL-CLP at the C 1s and S 2p cores was also consistent with the presence of thioketones 
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and/or sulfones but suggested disulfides may be present as well.[93,94] The XANES spectra 

presented here confirm that the starting thionoester polymers do indeed largely convert to 

mixtures of disulfides, thioethers, sulfones, and sulfate esters. 

The relative amounts of starting material and products in the CLP samples obtained 

from the LCA fits are given with corresponding 95% confidence intervals in Table 1 and 

visualized in Figure 2 to facilitate comparison. The complete set of fit parameters, including 

the relative energy shifts of each LCA component, is given in Table S2. While the spectra in 

Figure 1 qualitatively demonstrate the similarity in sulfur speciation for the small lactone 

CLPs (PtnCL-CLP and PtnHL-CLP) and separately for the macrolactone (PtnPDL-CLP) and 

block (PtnPDL-b-PtnCL-CLP) CLPs, we now consider these comparisons quantitatively. The 

small lactone CLPs retain more than twice as much of the starting thionoester than the other 

two, while all CLPs contain approximately the same amount of disulfide and only marginal 

amounts (<5 %) of sulfone. The additional oxidized sulfur in the macrolactone/block 

materials corresponds to a substantially higher amount of thioether (39% for 

macrolactone/block vs. ~30% for small lactones) and sulfate ester (~12% vs. ~5%), with the 

latter giving rise to the notably stronger high energy feature. 

 
Table 1. Percent composition of sulfur-containing functional groups in CLPs 

 thionoester disulfide thioether sulfone sulfate ester 

PtnCL-CLP 20 ± 3 39 ± 4 31 ± 3 3.7 ± 0.8 5.0 ± 0.6 

PtnHL-CLP 28 ± 3 37 ± 3 28 ± 3 2.1 ± 0.7 4.3 ± 0.5 

PtnPDL-
CLP 

9 ± 3 35 ± 3 39 ± 3 4.4 ± 0.7 11.7 ± 0.5 

PtnPDL-b-
PtnCL-CLP 

10 ± 3 35 ± 4 39 ± 3 3.4 ± 0.7 12.5 ± 0.6 
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Figure 2. LCA weights of various sulfur-containing functional groups obtained from fits of 
the sulfur K-edge spectra of each CLP sample. 

 

3.3. Chemical and physical insights 

These trends in sulfur speciation are consistent with the hypothesis presented in our 

previous work[2] (which in turn followed the work of Block and coworkers[95]) that 

crosslinking C-S bonds (e.g., those yielding thioethers and sulfones) are formed upon 

exposure to bleach following the [4 + 2] cycloaddition of two sulfinyl intermediates generated 

by S-oxidation of the starting thionoesters. Such reactions would require alignment of the 

sulfinyl groups, a condition less likely to be met in polymers with only very short alkyl chains 

linking the thionoester monomers when compared to those with all (PtnPDL-CLP) or even 

some (PtnPDL-b-PtnCL-CLP) long alkyl chains. We also expect the non-crosslinking sulfate 

ester groups to arise from similar cycloaddition (and possibly subsequent cycloelimination) 

chemistry. Crosslinking disulfide bonds, on the other hand, can be formed irrespective of 

C=S/C=S bond dihedral angle and thus appear in roughly the same proportion in all CLP 

samples. And because of the interchain conformational dynamics within the fluid polymer 

phase in aqueous suspension during oxidation (PtnXL have lower melting points than their 

polylactone analogues[2]), nearly the same speciation is observed when all (PtnPDL-CLP) or 

only half (PtnPDL-b-PtnCL-CLP) of the alkyl chains are sufficiently long. 

Because such cycloaddition chemistry first requires the generation of sulfines, 

however, this explanation may initially seem at odds with the absence of any sulfine XAS 

signal in the intermediate energy region. However, aliphatic thionoester sulfines are known to 

PtnCL-CLP PtnHL-CLP PtnPDL-CLP PtnPDL-b-
PtnCL-CLP

10

20

30

40

0
LC

A 
w

ei
gh

t/%

thionoester
disulfide
thioether
sulfone
sulfate



  

12 
 

be unstable at room temperature, decomposing within hours via to the corresponding esters 

with concomitant loss of sulfur.[96] This explanation is further supported by the appearance of 

a strong C=O stretching peak at 1728 cm-1 in the FTIR spectrum of PtnPDL-CLP that is 

almost entirely absent in the uncrosslinked PtnPDL sample,[2] consistent with the conversion 

of some thionoesters to non-crosslinking esters during the oxidation process. 

When comparing these results to those presented in our previous work, we find that 

the same pairs of CLPs also show similarly good agreement in swelling ratio, defined as the 

ratio of the mass of solvent absorbed by a sample of CLP to the mass of the sample (4.6  ± 

0.01 and 5.16 ± 0.02 for PtnCL-CLP and PtnHL-CLP, respectively; and 9.40 ± 0.03 and 9.72 

± 0.25 for PtnPDL-CLP and PtnPCL-b-PtnCL-CLP, respectively). However, the porosities 

differed substantially for all four CLPs, showing a systematic increase in going from PtnCL-

CLP to PtnHL-CLP to PtnPDL-CLP and finally to PtnPDL-b-PtnCL-CLP; similarly, the same 

series showed a systematic decrease in crosslink density (see Table S3). We believe these 

trends are consistent with a model of polymer aggregation illustrated in Figure 3 in which the 

sulfones and sulfate esters promote formation of microscopic micellar domains to maximize 

solvation of these polar groups at the surface and minimize solvent exposure of the otherwise 

nonpolar polymer chains. The greater proportion of polar groups relative to total sulfur but 

lower overall sulfur content in PtnPDL-CLP and PtnPDL-b-PtnCL-CLP facilitates the 

formation of such domains and their subsequent fusion into even larger domains, giving rise 

to the meso- and macroscopic pores observed in those materials.[2] And because this process 

would also continuously refresh the solvent-exposed surface of the suspended polymer, a 

greater proportion of the starting thionoester is ultimately oxidized rather than being trapped 

in the bulk. The micellar structure also explains why the disulfide/thioether peak is larger than 

the sulfone/sulfate ester peak in the bulk-sensitive XANES measurements presented here but 

the opposite trend is seen in the surface-sensitive sulfur 2p XPS measurements presented in 

our previous report.[2] Crucially, the XANES data presented here reveal that while swelling 
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ratio could be a reliable lab-based metric for qualitative analysis of sulfur speciation in these 

materials, porosity and crosslink density are not directly correlated with the chemical structure 

following oxidation. 

 

Figure 3. Sequential model of oxidative crosslinking and aggregation for PtnPDL-CLP and 
PtnPDL-b-PtnCL-CLP. The surface-exposed thionoesters are oxidized to a mixture of 
thioethers, disulfides, sulfones, and sulfate esters, which then promotes formation of micelles 
that keep the polar groups at the surface while burying the nonpolar groups in the bulk. 
Thionoesters migrate from the bulk to the surface during this process and are then oxidized as 
well. Finally, these micelles fuse and aggregate to give a mesoporous/microporous material. 

 

3.4. Gold binding analysis 

The strong affinity between sulfur and gold makes sulfur-rich materials excellent 

candidates for recovery of gold from electronic and industrial manufacturing waste 

streams.[97–101] We previously demonstrated that these insoluble CLPs can effectively 

sequester Au(III) from aqueous solution,[2] but we did not attempt to determine the nature and 

extent of the S-Au bonding. Fortunately, the gold M4,5-edges are within 300 eV of the sulfur 

K-edge, making it convenient to probe both elements during the same experiment at a tender 

X-ray beamline. Despite the practical challenges associated with this energy regime, M4,5-

edge XAS is frequently used to quantify oxidation state in lanthanide-containing materials 
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due to their well-resolved, dipole-allowed 3d → 4f transitions.[102,103] Similar applications are 

far less common for gold[104] and other metals with fully occupied 4f orbitals where L2,3-edge 

XAS is more straightforward and informative,[105–109] but the proximity of the sulfur and gold 

edges makes such multi-element measurements enticing. 

The normalized sulfur K-edge spectra of PtnPDL-CLP before and after exposure to a 

dilute solution of tetrachloroaurate (see Methods for details) are shown in Figure 4A. While 

the low energy feature is essentially unchanged, the high energy feature appears to be 

substantially attenuated, more closely resembling that of the small lactone CLPs than that of 

the parent PtnPDL-CLP. However, integration of the spectra between the local minima at 

2474.8 and 2484.2 eV (indicated by the vertical lines) reveals that the total absorption actually 

decreases by less than 2% upon exposure to Au(III); the feature only appears attenuated 

because it broadens toward lower energies. In comparison, integration of the same region in 

the small lactone CLP spectra shows a decrease of 7.5%. 

 

Figure 4. Multi-element XAS analysis of PtnPDL-CLP-Au. (A) Normalized sulfur K-edge 
spectra of PtnPDL-CLP before (black) and after (orange) exposure to aqueous Au(III). The 
vertical lines indicate the spectral region over which the integration discussed in the main text 
was performed. (B) Normalized gold M4,5-edge spectrum (orange) and corresponding first 
derivative (crimson) of PtnPDL-CLP-Au. 
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This result suggests that the sulfone and/or sulfate ester groups, despite lacking lone 

pairs on the sulfur atoms, are more strongly affected by Au(III) than the disulfides and 

thioethers. And though Au(III) is known to oxidize disulfides to sulfonic acids[110] and 

thioethers to sulfoxides,[111] the fact that the magnitude of the low energy feature relative to 

the normalized edge step is unchanged upon exposure of the CLP to Au(III) solution suggests 

that those groups are not substantially oxidized. While these observations may initially seem 

surprising, they are in fact consistent with the model proposed above in which the disulfide 

and thioether groups are largely buried within the hydrophobic interior of the bulk polymer 

and the sulfone and sulfate ester groups are localized at the surface and thus more likely to 

interact with aqueous Au(III) ions. Au(III) metallosulfones[112] and sulfonates[113] have indeed 

been recently reported and represent possible motifs for such interactions, while Au(I) 

produced from the oxidation of disulfide by Au(III) could also be readily coordinated by the 

solvent-exposed groups.[114] Additionally, the apparent broadening of the high energy 

feature(s) and increase in absorption intensity across the intermediate energy region is 

consistent not only with the formation of sulfonic acids and/or sulfoxides but also the 

presence of  1s → (Au-S)σ*/π* transitions following gold chemisorption.[105,106,115] The 

expected proliferation of spectral features due to chemisorption and/or Au-S redox chemistry 

renders our LCA method unreliable for this spectrum; instead, we simply conclude that while 

some redox chemistry likely does occur, chemisorption by the surface-exposed, highly-

oxidized sulfur groups is the primary mode of CLP-Au(III) interaction in aqueous solution. 

The gold M4,5-edge spectrum normalized to the M5-edge step and the corresponding 

first derivative spectrum are presented in Figure 4B. We note that the maxima of the M5 and 

M4 first derivatives appear at 2240.3 and 2325.8 eV, approximately 35 eV higher than the 

corresponding binding energies typically found in reference tables.[116] However, this shift is 

not reflective of the oxidation state of the gold measured here but instead is known to arise 

from the exceptionally broad range of energies spanned by the 3d → (n ≥ 6)p and 3d → (n ≥ 
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5)f transitions.[117] In fact, both the absorption and first derivative spectra are in excellent 

agreement with those published by Owens et al. for metallic gold.[117] Because the energy axis 

was calibrated at the sulfur K-edge rather than the gold M4,5-edge, however, the absolute 

calibration in this energy range likely has an error of 1-2 eV, and thus we cannot draw 

conclusions regarding Au(III), Au(I), and Au(0) speciation in this material without additional 

spectra of reference compounds. Nevertheless, the excellent signal observed at the gold M4,5-

edge provides proof of principle for such analyses. 

 
4. Conclusion 

We have demonstrated that sulfur K-edge XANES can be an effective tool for 

quantifying sulfur speciation in complex macromolecular systems and used this approach to 

analyze a family of four oxidatively crosslinked, water-degradable polythionolactones. 

Following the same oxidative treatment, the macrolactone polymers show a greater extent of 

sulfur oxidation and higher proportions of thioether and sulfate ester functional groups when 

compared to the small lactone polymers, possibly due to a greater likelihood of favorable C=S 

bond alignment for cycloaddition. The two modes of sulfur speciation are consistent with a 

model of CLP aggregation from micellar domains that also explains the results of the gold-

binding studies presented here and the XPS, FTIR, and porosity measurements published 

previously. While the apparent correlation between XANES spectrum and swelling ratio 

among the materials studied here suggests that a simple, non-spectroscopic method can 

provide qualitative insight into sulfur speciation, further work is necessary to confirm this 

correlation and explore its scope. Finally, we have demonstrated the viability of tandem sulfur 

K-edge/gold M4,5-edge spectroscopic methods for characterizing the binding of gold ions by 

sulfur-containing polymers, which will guide efforts toward improving such materials for 

industrial recovery applications. 
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Although we only present ex situ XANES measurements here, this work lays the 

foundation for using sulfur K-edge XANES to probe the dynamics of organocatalytic ring-

opening polymerization reactions[118,119] in real time. And because the polymerization of 

polythionolactones may be carried out under neat conditions,[120] there is no need to contend 

with the often prohibitively strong attenuation of tender X-rays by solvent. Quick-scanning 

XAS with sub-second temporal resolution[121–123] may thus prove an essential tool for 

optimizing conditions (catalyst structure, catalyst loading, temperature, etc.) for a broad range 

of such reactions 
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X-ray absorption spectroscopy is used to determine sulfur speciation following an oxidative 
crosslinking treatment that transforms polythionolactones into degradable, elastic polymers, 
revealing the presence of thionoesters, disulfides, thioethers, sufones, and – surprisingly – 
sulfate esters. Quantitative linear combination analysis reveals that speciation is strongly 
dependent on the size of the monomer aliphatic chain in each polymer and ultimately impacts 
physical properties such as porosity and density. The nature of gold binding by these 
polymers is also explored. 
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