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Thank you for the introduction. And welcome everyone, my name‘s Jessica Harich, I‘m a PhD-student in Nils Huse‘s group and today, as mentioned, I‘m here to speak about chemical dynamics of organic disulfids, which were probed by ultrafast X-ray spectroscopy.



Transient X-ray Spectroscopy of Molecules
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Motivation

Sulfur has high significance in materials & chemical sciences

Polymers, nanoparticles, battery material, molecular electronic devices
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Sulfur is important for various applications in materials science and chemistry. It is essential for moecular electronic devices, can be used for the fabrication of advanced composite materials or gives rise to new Li-ion-based battery-types.



Motivation

High biological relevance

Thiol groups, thiolates and disulfide bridges in proteins

hen egg-white
lysozyme
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But furthermore, Sulfur plays a vital role in biochemistry. Proteins are long molecular chains, which for conveniance normally are drawn as simple strings. In a functional protein these chains are folded in certain ways, forming so-called secondary structures, for example you can see multiple a-helices in the picture. These secondary structures are itself arranged relative to each other, forming tertiary structures. These are held in place by kovalent disulfid-bridges, which interconnected the protein chains.



The Thiol-Group

Disulfide formation:
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Tertiary structure element:

Schöneich. Methods Enzymol., 1995, 251, 45.
http://biology-forums.com/definitions/index.php/Disulfide_bond
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These kovalent disulfid-bonds, shown as two yellow spheres in the picture, are formed from thiol groups. These are part of cystein-residues in the molecular chain, which is the backbone of the protein. Two thiol-groups can form a disulfide group in an oxidative reaction.



The Thiol-Group

Radical repair reaction: Disulfide formation:

Thiyl radical

Schöneich. Methods Enzymol., 1995, 251, 45.
http://biology-forums.com/definitions/index.php/Disulfide_bond
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Aromatic thiols:
• Higher nucleophilicity
• Higher reactivity towards disulfides
• Thiophenol increases protein folding/unfolding rates

-I
-I

-II
-II
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Another biochemically important reaction pathway for thiols is the radical repair reaction. A carbon radical with an unpaired electron, is very reactive and thus destructive. Upon reaction with a thiol, the less reactive thiyl-radical is formed. (It is less reactive because it is bigger and can thus delocalise the charge better.)



The Thiol-Group

Radical repair reaction: The role of solvent cages:
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Aromatic thiols:
• Higher nucleophilicity
• Higher reactivity towards disulfides
• Thiophenol increases protein folding/unfolding rates

Thiyl radical

S. J. Harris et al., PCCP 15, 6567 (2013)
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This second reaction pathway becomes relevant, if the molecules are surrounded by a solvent cage. As long as the reaction partners are localised inside the solvent cage, reactions can easily take place. Once the radical escapes the cage it is not available for reactions anymore.



Disulfide Chemistry in Solution: 

how does a sulfur-sulfur bond in solvated organic molecules break?
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After this short introduction into some aspects of sulfur in biochemistry, I‘ll now come to part one of my story: How does a disulfid-bridge in organic molecules break?



Time-Resolved Sulfur-1s Spectroscopy in Solution
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100 ps

‘DMDS’
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Because proteins are very complicated, we took a bottom-up-approach and started with a much simpler molecule, the smallest disulfid, called dimethyldisulfid. Since we are interested in the sulfur, we use X-ray absorption spectroscopy, which is element-specific, in a classical pump-probe-setup, where we pump with 267 nm and then probe in the tender X-ray-regime at the sulfur K-edge, which is at roughly 2500 eV.



Energetics of DMDS variants
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S. Borkar et al., JESRP 196, 165 (2014)
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Even though dimethyldisulfid is a small molecule it still has a rich photochemistry with theory pointing to various possible reaction products.



Sulfur-1s Spectroscopy of Dimethyldisulfide

Smallest stable Disulfide molecule
• Found in atmospheric and interstellar 

chemistry
• Contains basic photochemistry of 

disulfides
• Complex reaction pathways reported 

in many time-resolved studies
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100 ps
?

M. Ochmann et al., J. Am. Chem. Soc. 2018, 140,  6554
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First of all we see here the static absorption spektrum of the parent molecule, dimethyldisulfid, measured at the S-K-edge at 2470 eV, which is in the tender X-ray-regime. (Which is a difficult Energy-range, but contains the edges of interesting elements, like sulfur or phosphor, for example.)Beneath the static spectrum we see a difference sprectrum, measured 100 ps after the excitation with 267 nm-light. The negative bleach-signal represents the parent molecule, the positiv absorption-difference indicates new species.Quantum chemical calculations suggest a variety of species, from which we considered these, the thiyl and the perthiyl radical, as primary products.



Sulfur-1s Spectroscopy of Dimethyldisulfide

Smallest stable Disulfide molecule
• Solvent cage effects clearly play a 

role in product formation & relaxation
• Transient S2 and/or thione formation?
• Formation of polysulfides?
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100 ps

M. Ochmann et al., J. Am. Chem. Soc. 2018, 140,  6554
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Since we are measuring in solution instead of air, multiple reaction pathways are possible. And since we have a time resolution of a 100 ps, it is possible that secondary reaction products which form on a ps timescale, look like primary reaction products to us.



Sulfur-1s Spectroscopy of Dimethyldisulfide

Delay / ns
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Smallest stable Disulfide molecule
• Solvent cage effects clearly play a 

role in product formation & relaxation
• Transient S2 and/or thione formation?
• Formation of polysulfides?

100 ps

M. Ochmann et al., J. Am. Chem. Soc. 2018, 140,  6554
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We considered the thiyl and the perthiyl as primary reaction products, but this proposed scheme has to be modified. I‘ll come to that later. All other – secondary – reaction products are products of the decaying perthiyl radical.



Sulfur-1s Spectroscopy of Dimethyldisulfide

Delay / ns

Smallest stable Disulfide molecule
• Found in atmospheric and interstellar 

chemistry
• Contains basic photochemistry of 

disulfides
• Complex reaction pathways reported 

in many time-resolved publications
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100 ps

M. Ochmann et al., J. Am. Chem. Soc. 2018, 140,  6554
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If we look at the time evolution of the difference spectrum, we see, that the reactions are partially reversible, which is due to the solvent environment. A fraction of the parent molecule is restored, the perthiyl decays fully, the thiyl is more stable, but also decays further.
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The fs-TRXAS … show that gas-phase DMDS … undergoes 
fast direct dissociation into two CH3S radicals within 120 fs

J. Phys. Chem. Lett. 10, 1382 (2019)

Sulfur-2p Spectroscopy of Dimethyldisulfide
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Recent developments using high-time resolution X-ray absorption spectroscopy at the S-L-edge show, that dimethyldisulfid in the gas phase only decays into one product, namely the thiyl-radical.



Smallest stable Disulfide molecule
• Solvent cage effects clearly play a 

role in product formation & relaxation
• Transient S2 and/or thione formation?
• Formation of polysulfides?

Sulfur-1s Spectroscopy of Dimethyldisulfide
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100 ps

M. Ochmann et al., J. Am. Chem. Soc. 2018, 140,  6554
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What does this mean for us? We only have a time reslution of a 100 ps and furthermore are measuring in solution. In principle, you could expect a secondary product formation on picosecond timescales forming the perthiyl-radical from recombined geminate thiyl radicals. But we will see, that this way does not apply for aliphatic systems, even though it does for aromatic systems. We will see that for this non-aromatic system we in fact have a 2-photon-absorption leading to the formation of the perthiyl-radical. 



Time-Resolved Sulfur-1s Spectroscopy in Solution
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J. Am. Chem. Soc. 2017, 139, 11519
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We decided to measure a more realistic and relevant disulfide, L-cystine.



Time-Resolved Sulfur-1s Spectroscopy in Solution
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‘DMDS’
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To solve the riddle of what is happening in solution on low time scales, we went to an XFEL. But since beamtime at XFELs is scarce, we decided to also go up a step in our bottom-up-approach.



Time-Resolved Sulfur-1s Spectroscopy in Solution
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L-Cystine
the L-cysteine dimer
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We decided to measure a more realistic and relevant disulfide, L-cystine.



From DMDS to L-Cystine
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Low power

300 fs
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As you might remember, this is the aminoacid which actually forms the disulfid-bridges in proteins. Again, the question is, how does the bond break? Do we see the thiyl-radical? Do we also see the perthiyl-radical? Well, at low excitation fluence we first of all clearly see the loss of the parent-molecule as a bleach in the difference-spectrum! And yes, we also see an increased absorption where we‘d expect the thiyl. In the thiyl‘s timetrace we see it recombining very fast and nearly completely, within picoseconds.



From DMDS to L-Cystine
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High power

300 fs

• Ultrafast geminate recombination (little electronic relaxation)
• 2-photon excitation leads to new sulfur species
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Now, at high excitation fluence in addition to the bleach and the thiyl-absorption we suddenly also see a broad shoulder in the spectrum. The appearance of the shoulder after increasing the excitation energy means, that new sulfur species are formed due to 2-photon-excitation at high excitation-fluence.



From DMDS to L-Cystine
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High power

300 fs

• Ultrafast geminate recombination (little electronic relaxation)
• 2-photon excitation leads to new sulfur species
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Now, at high excitation fluence in addition to the bleach and the thiyl-absorption we suddenly also see a broad shoulder in the spectrum. The appearance of the shoulder after increasing the excitation energy means, that new sulfur species are formed due to 2-photon-excitation at high excitation-fluence.



Sulfur-Containing Aromatic Systems: 

how do sulfur atoms coupled to aromatic electron systems behave?
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But is 2-photon-excitation really the only way to achieve the formation of a perthiyl radical? As we saw, the thiyl geminates recombine very fast. In literature mostly the solvent viscosity and the molecules size are discussed as factors for the disulfid-bond-reformation. But wouldn‘t also an aromatic system have an impact on the thiyl radicals stability? Their cyclic konjugated Pi-electron-systems offer extended possibilities to stabilize the radical by charge delocalisation. So, how do sulfur atoms coupled to aromatic systems behave?



Time-Resolved Sulfur-1s Spectroscopy in Solution
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100 ps
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So, let‘s take another bottom-up-approach and look at a simpel aromatic molecule! Here we have a thiophenol and it‘s dimer, a simple aromatic disulfide.



4-Methylthiophenol

Y Riyad et al., PCCP 8, 1697 (2006),     Y. Zhang et al., Faraday Discuss. 157, 141 (2012),    Y. Zhang, et al., J. Phys. Chem. A, 117, 12125 (2013)
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The good thing is, Thiophenols are well studied by UV-Vis, which makes a good starting point for our X-ray absorption spectroscopy measurements!



Sulfur-1s Spectroscopy of 4-MTP

26M. Ochmann et al., J. Am. Chem. Soc. 2017, 139 (13),  4797
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Okay. Again, we see the thiophenol‘s static spectrum at the S-K-edge, which fits well with the Quantum chemical calculations for the lowest absorption edge, shown as yellow bars. Below that, we see the differential absorption spectrum upon excitation with 267 nm. As with the non-aromatic molecule, the parent molecule‘s bleach and the absorption of the thiyl are clearly visible, as predicted by theory. But we also see a second peak! And this peak does not belong to the thiyl, but instead the theoretic calculations predict a product, which can only appear in solution, because the hydrogen-ion the thiyl radical lost, is trapped within the solvent cage.



Sulfur-1s Spectroscopy of 4-MTP
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Regioselectivity of 
hydrogen attachment 
results from valence 
orbital symmetry

M. Ochmann et al., J. Am. Chem. Soc. 2017, 139 (13),  4797
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And this trapped hydrogen-ion can then reattach to the molecule, breaking it‘s conjugation, but only where the aromatic ring shows an increased electron-density. And we get the two shown, new thione-species.



Time-Resolved Sulfur-1s Spectroscopy in Solution
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100 ps
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So, for the thiophenol we see a new species, a thione. What about it‘s dimer, the aromatic disulfide?



Time-Resolved Sulfur-1s Spectroscopy in Solution
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Phoenix@SLS: with Chris Milne, Thomas Huthwelker & Majed Chergui

SLS
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We teamed up with Majed Chergui, Chris Milne and Thomas Huthwelker to measure the thiophenol and the aromatic disulfid in Switzerland with low time resolution.



Time-Resolved Sulfur-1s Spectroscopy in Solution
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Chem. Eur. J. 2004, 10, 1705
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Then we continued the analysis of the aromatic disulfide at the PAL XFEL with a high time resolution.



Time-Resolved Sulfur-1s Spectroscopy in Solution
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Then we continued the analysis of the aromatic disulfide at the PAL XFEL with a high time resolution.



Time-Resolved Sulfur-1s Spectroscopy in Solution
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• Unaltered spectra up to TW/cm²

• Biphasic rise of primary radical

• Slow geminate recombination

• Secondary product manifests
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So what does this mean? The thiyl radical is rather stable due to the charge delocalisation-effect of the aromatic ring, and thus only dissosciates slowly. If it is decaying, it reforms only a small fraction of the parent molecules by geminate recombination. The stabilising effect of the aromatic ring also means, that excess-energy due to 2-photon-absorption won‘t necessarily lead to an asymetric bond-break, as we saw for the non-aromatic system. Instead, the system is able to delocalize the higher excitations, without opening additional dissociation pathways for the parent molecule. Instead, the perthiyl radical is formed as a secondary reaction product from a hot geminate rebombination leading to a hot ground state parent molecule, which then dissociates asymetriacally.



Chris Milne, Majed Chergui, Thomas Huthwelker, Dominik Kinschel,
James Budarz, Jochen Rittmann, Gediminas Galinas, Jon Marangos

Tae Kyu Kim, Bob Schoenlein, Amy Cordones-Hahn, Kiryong Hong,
Hana Cho, Jae Hyuk Lee, Rory Ma

• Aliphatic disulfides exhibit high degree of ultrafast geminate 
recombination

• New reaction pathways exist for excitation into higher electronic 
states

• Geminate recombination in aromatic disulfides is strongly 
suppressed, possibly due to efficient relaxation of the radical 
charge density

• Aromatic electron systems appear to channel higher excitations 
into the energetically lowest reaction pathway

Conclusions and Thanks

Many Thanks

DOE       MPG       FHH
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Miguel Ochmann, Abid Hussain, Oriol Vendrell, Nils Huse, 
Niko Höppel, Anke Puchert, Kateryna Kusyak

The PAL-XFEL team for a great support and exciting results
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And with that, we reach the end of the story so far. If you could follow until the end, we saw how aliphatic disulfides exhibit a very fast and nearly complete geminate recombination and how 2-photon-absorption opens new reaction pathways for them.And we also saw the stabilising effect of aromatic system: how the delocalisation of the radical charge density suppresses the geminate recombination and how higher excitations are channeled into the energetically favoured reaction pathway.I‘d like to thank this long list of people, including all my colleagues and former colleagues in Hamburg, our Korean and Californian and Swiss collaborateurs and also the team at PAL-XFEL. Our funding sources are listed here. Also thank you very much for listening!
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