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Reviewer #1 (Remarks to the Author):

In this work, the authors introduced a novel triplet emitter design strategy by building 

heterostructures of DDT with various transition metal dichalcogenides (TMDs), e.g., MoS2, MoSe2, 

WS2, and WSe2, and observed the TMDs-induced photophysical variations in DDT. DDT on TMDs 

emits bright green phosphorescence with a few tens of microsecond lifetimes at room temperature 

(RT). And the key structural features of TMDs and POPs were also been identified: 2H-lattice 

structures with heavy transition metal atoms in TMDs and aromatic carbonyl with an ortho hydroxy 

in POPs. The relaxation decays of POPs exhibiting slow phosphorescence can be largely improved 

through the through-space spin-orbit proximity effect of TMDs. The authors also explained the 

interaction between the POPs and the TMDs in a detailed analysis, however, the study of the 

luminescent properties of the system is still lacking. Some puzzling questions remain as following.

1. For scanning tunneling microscopy analysis, it is recommended to supplement the STM diagram 

of the control group MoS2 without DDT.

2. Why is the maximum emission wavelength (470 nm) of DDT in Figure 1f red-shifted by almost 

20 nm from that in Figure 1g (451 nm)?

3. How does the lifetime of DDT/MoS2 change at 77K compared to the DDT? And to illustrate the 

lifetime of DDT/MoS2 at 77K should be provided.

4. In Figure 4d, the phosphorescence lifetimes for DDTs on MoS2, MoSe2, WS2, and WSe2 

decrease sequentially, but the lifetime of DDT/MoS2 in Figure 4e is the lowest instead. Is it just 

because of the experimental error? These results should be as uniform as possible.

5. The DDT/MoS2 aqueous suspension has a noticeable green phosphorescence. Do the other 

DDT/TMDs have a similar luminescent behavior in solution and PL spectra for suspension? And 

corresponding photos should be added if possible.

6. For Br6A/MoS2, why is the phosphorescence lifetime of the Br6A crystal on MoS2 (87 µs) 

shorter than that of the Br6A overhang part (1.4 ms)?

7. In supporting information, the experiments show that “The crystal structures of DDT rely on the 

presence of MoS2. SC-XRD analysis is performed to establish the crystal structure deformation of 

DDT via strong vdW interaction with MoS2……” Therefore, the authors should explore whether the 

change of DDT crystal structure caused by MoS2 is another major cause of ultrafast RTP emission.

8. In Figures S1 and S2, the scale bar need to be marked.

Reviewer #2 (Remarks to the Author):

Obtaining rapid and efficient phosphorescence from spin-triplet excited states in purely organic 

emitters is an interesting fundamental research problem to address and may have applications in 

OLEDs. In their work, authors explore the ability of TMDs to enable fast and efficient 

phosphorescence in heterostructures with small molecule organic semiconductor crystals, which 

appears to be achieved through a variation of the external heavy atom effect. Whilst the results 

are interesting, I have significant concerns about the interpretations the authors have made about 

their data, in particular the EPR. Furthermore, the external heavy atom effect is already well 

known and demonstrating it again here is not particularly novel. TMDs are a very ‘trendy’ research 

field at the moment, which, in my opinion, can make routine demonstrations of established 

concepts appear more impactful than they really are. Therefore, I would recommend that the 

authors revisit the interpretation of some of their experimental data, before resubmitting to a 

more specialised journal. Below, I have provided some comments that I hope will assist the 

authors with revising their manuscript.

1. In Fig. 3a, the authors show some Raman data for DDT and DDT on MoS2, noting that a peak 

around 1350 cm-1 is shifted in the MoS2 sample. About this observation, they state:

‘As for DDT, the peak at 1350 cm-1 represents the vibration modes of aromatic carbonyl groups. 

Intriguingly in DDT/MoS2, only this peak related to the carbonyl groups of DDT is shifted toward a 

lower frequency at 1330 cm-1, while no shift is observed in other Raman modes. The red-shifted 

Raman mode of carbonyl groups indicates energy loss of phonons and an altered electronic 



structure of carbonyl groups of DDT on MoS2, indicating a strong interaction between the carbonyl 

of DDT and MoS2.’

This interpretation is incorrect: carbonyl stretches are almost always located between 1650-1750 

cm-1, which is nowhere near the 1350 cm-1 mode referred to by the authors. 1350 cm-1 is 

around the ‘fingerprint’ region of a molecule, which is likely related to C-C or C-O (single bond) 

stretches. Thus, a shift in a mode at 1350 cm-1 is not related to a carbonyl ground and therefore 

does not provide experimental evidence that the carbonyl groups are specifically interacting with 

MoS2.

2. For the Raman measurements, is the laser focused at the interface between DDT and MoS2 or in 

the bulk DDT like in the PL measurements of Fig. 2? Given the differences seen in the PL spectra at 

each position, this is an important point to clarify.

3. In Figs. 3b-d, the authors show the EPR spectra of DDT, MoS2, and the DDT/MoS2 

heterostructure. There are many issues with this data and the interpretation, which I will list 

below.

First, the authors state that the measurement is the ‘X-band EPR spectra’. However, they do not 

state if this is light induced EPR (L-EPR) or dark EPR. This is very important to clarify, as right now 

I am struggling to see how the data of the DDT/MoS2 heterostructure fits in with the 

interpretations of the manuscript.

If we presume that the measurement is L-EPR, then there are the following issues. The biggest 

one is that if the SOC is as large as the authors claim it is from the EPR data and the T1 and T2 

relaxation times are as fast as a few ns, it should not be possible to even measure a L-EPR 

spectrum. Typically, triplet states in purely organic materials are not measurable in L-EPR as the 

spin polarisation decays too fast, not even considering the situation described by the authors with 

much larger SOC and faster spin relaxations. Thus, only very long-lived spin-polarised states like 

(trapped) polarons are normally visible in L-EPR (10.1021/jp511021v).

However, if for the sake of discussion, we take the assignment of the signal in the DDT/MoS2 to be 

the triplet exciton on DDT, then there are still problems in the interpretation. The authors claim 

that the signal centred around 160 mT is the half field transition of the triplet exciton. However, 

this does not look like a half field transition as it is far too broad (~75 mT). Instead, the authors 

should consider whether they may instead have a very large Zero Field Splitting D-parameter in 

DDT/MoS2 and what they are seeing is not the half field transition, but rather the low field Z-

transition (ms= +/-1), with the central peaks around 280 mT representing the X and Y transitions 

(ms= +/-1). To check this, the authors should extend the magnetic field sweep range to higher 

fields to see if they find another Z transition or not. The authors could also check whether the 

broad transition could be the half field from the relation in Equation 1 of the following paper: 

10.1021/ja00360a005.

If it instead transpires that the measurement is instead dark EPR, then the measurements shown 

would suggest that DDT/MoS2 has a spin-triplet ground state, as spin-singlet states are not visible 

in EPR spectroscopy as they are not paramagnetic. If the DDT has a triplet ground state in the 

heterostructure with MoS2, then the authors would need to reconsider the interpretations of the 

entire paper.

4. Regardless of all the above discussion, the authors should attempt to simulate their EPR spectra 

to obtain important information about the paramagnetic species present (e.g. ZFS parameters, 

accurate g-values, etc).

5. As with many TMD studies, I also have concerns about the reproducibility of the authors’ 

findings. In this case, they are drop casting a DDT solution onto an MoS2 flake. The flake itself will 



have a lot of variation in its size, shape and surface morphology, and there is also the potential for 

differences in the DDT crystal formation from drop casting, as this sample formation method is 

difficult to control. Therefore, I would be keen to see that data reproduced on at least a couple of 

other samples to confirm that their observations are robust.

6. The experimental details section contains very little information, which makes it difficult to 

understand the EPR spectrum presented, as discussed above. The authors should greatly increase 

the detail of the experimental section to allow the reader to better understand (and reproduce, if 

necessary) their experimental results.

Reviewer #3 (Remarks to the Author):

In the manuscript "Ultrafast Microsecond Organic Triplet Emitters via Spin Orbit Proximity Effect by 

Hybridizing Organic Chromophores on Transition Metal Dichalcogenides", the authors report on a 

study of a series of organic phosphors exhibiting enhanced triplet emission rates in proximity to 

prototypical transition metal dichalcogenides. Their study combines time-resolved optical 

spectroscopy, Raman spectroscopy, paramagnetic resonance spectroscopy, structural analysis by 

STM and XRD, and engineering of the chemical structures with modeling of the crystal structures 

and DFT calculations.

In my opinion, the scientific topic and experimentally broad study design in general suffices the 

criteria of relevance, noteworthiness and broad interest for publication in Nature Communications. 

Before recommending the manuscript for publication though, I would like the authors to address 

the following points.

The authors should better explain or narrow down their claim of a "novel strategy, termed 

'through-space spin-orbit proximity effect'" (page 16), as the basic phenomenon of externally 

enhancing spin-orbit coupling by proximate heavy atoms is known since the 1950s, see e.g. 

[Kasha, J. Chem. Phys. 20 (1), 71 (1951)], [McGlynn et al., J. Chem. Phys. 39, 675 (1963)], 

[McGlynn et al., J. Chem. Phys. 37, 1818 (1962)], [McGlynn et al., J. Phys. Chem. 66, 2499 

(1962)].

The authors specifically claim that the "unique through-space spin-orbit proximity effect of TMD 

stems from the broken inversion symmetry", that the "broken inversion symmetry of MoS2 

provokes the valence-band-edge state to split the d orbitals […] this might destabilize the energy 

states and electron spin movements of DDT" (page 11) and that the "broken inversion symmetry 
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their study, the specific role of the broken inversion symmetry in enhancing of SOC in DDT is not 

experimentally distinguished from the basic effect of SOC induced by close proximity of the 

carbonyl groups to the heavy Mo atom. The relevance of the broken inversion symmetry should be 

better worked out as this seems central to their claim of relevance.

Additional remarks:

1. On page 7, the authors omit discussion of other modifications of the Raman spectra upon 

aggregation of DDT on the MoS2 surface, specifically around 650-700cm-1 and 250cm-1. I would 

like to see these changes included in the discussion.

2. On page 10, it is not immediately clear how the shown crystal structure aligns with the MoS2 

surface.

3. On page 13 in the paragraph starting "Scheme 1a illustrates", the authors state "one of two 

carbonyl oxygens in DDT closely aligns on Mo atoms at K point" - what K-point do the authors 

refer to? This needs to be clarified.

4. On pages 15/16, the authors discuss the proximity effect of MoS2 on Br6A. How are the stated 

lifetimes of 87uS and 1.4ms defined and determined? The associated figure S11 would indicate 1/e 

-lifetimes for emission from the pure Br6A of below 200us.



5. The XRD analysis results are not corroborated by the original data - the results are simply 

stated in the supporting information and the main text.

6. Table S1: missing energy units (eV).

7. Figures S1, S2: Missing indication of scale bar lengths.

8. Figure S4: It would be helpful to indicate graphically how the STM alignment of DDT molecules 

correlates with the crystal structure presented in Fig. S6.

9. Table S3: undefined acronyms EDA, COVP, PCT.
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Reviewer #1 (Remarks to the Author):

In the manuscript entitled "Microsecond Triplet Emission from Organic Chromophore-Transition 

Metal Dichalcogenide Hybrids via Through-Space Spin-Orbit Proximity Effect", the authors have 

explored a novel triplet emitter design strategy by building heterostructures of DDT with various 

transition metal dichalcogenides (TMDs) to realize ultrafast and efficient phosphorescence, and 

conducted an exhaustive experiment and explanation to answer the queries raised by the 

reviewers. The manuscript has enough novelty and the authors have reasonably addressed all the 

queries raised. Hence the manuscript is suitable to publish in Nature Communications.

Reviewer #2 (Remarks to the Author):

The authors have provided a detailed response to the issues raised by the reviewers, which is 

appreciated. As a result, many of the technical concerns have now been addressed and the 

manuscript is more robust. I am not fully convinced by the authors’ distinction between the 

external heavy atom effect and what they are observing in their system, however, I have one more 

pressing concern that must be addressed before the article can be considered for publication.

The authors’ clarifications about the cwEPR measurement being in the dark have confirmed that 

the signal they are observing is from a ground state with spin-triplet character in DDT/MoS2. This 

is a very interesting finding which calls into question the authors’ interpretation of their results. If 

DDT/MoS2 has a triplet ground state and the excited state also has spin-triplet character, then 

they are not observing phosphorescence (a process that, by definition, involves a spin flip), but 

rather a fully spin-allowed triplet-to-triplet radiative transition. Albeit one with a low oscillator 

strength given the long radiative lifetime. What comment do the authors have on this?

If the authors disagree with this interpretation, a robust response must be provided to explain 

where the triplet ground state signature in the EPR comes from and how its existence can be 

consistent with the emission mechanism proposed in their paper. However, if they agree that the 

ground state of DDT/MoS2 has dominant triplet character, an alternative photophysical scheme 

should be proposed and included in the manuscript to explain the processes occurring in 

DDT/MoS2. In addition, a more detailed explanation (beyond the brief discussion provided in the 

response document) of how the proximity of DDT to MoS2 results in the formation of a spin-triplet 

ground state should be provided, as this behaviour is highly unusual and must be understood fully 

before the manuscript can be considered for publication.

Reviewer #3 (Remarks to the Author):

Both myself and reviewer #2 shared concerns about the originality of the spin-orbit proximity 

effect at the heart of the reported results. In the rebuttal, the authors argue that their 

observations constitute a novel concept compared to previous reports on spin-orbit proximity 

effects such as those observed for graphene/TMD heterostructures or heavy-atom effects in 

molecular phosphorescence. The distinction is claimed to be "the specific materials and their 

responses to SOC", the "interfacial contact on the surface of TMDs" and the fact that 

phosphorescence is observed in the TMD hybrid. While I find this claim of distinction to be on the 

weak side, and feel that the work would be better suited for a more specialized journal, I would in 

principle support publication in the present state.
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Reviewer #2 (Remarks to the Author):

I appreciate the effort the authors have gone to in order to elucidate the spin-triplet ground state 

seen in the EPR measurements. I think that the hypothesis the authors have provided about 

sulphur vacancy defect sites on the TMD is interesting and reasonable, and I look forward to their 

future work on studying this in more detail. I would now be pleased to recommend acceptance of 

the manuscript.

One minor point:

About the origin of the triplet ground state, the authors say: 'However, it is clear that if sulfur 

vacancies are too prevalent, this spin-allowed transition would dominate the entire emission 

process, potentially leading to longer emissive decays.'

This statement is flawed, as if the spin-allowed triplet to triplet (T1-T0) radiative transition 

dominated, I would expect the emissive decay time to be faster than the formally spin-forbidden 

T1-S0 phosphorescence, even with significant SOC. I'd recommend to authors to remove this 

statement from the final version of the manuscript.
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Answer: We deleted the sentence as Reviewer 2 suggested. 


