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Abstract

Optimization of lithium-sulfur batteries highly depends on exploring and character-

izing new cathode materials. Sulfur/carbon copolymers have recently attracted much

attention as an alternative class of cathodes to replace crystalline sulfur. In particular,

poly(sulfur-n-1,3-diisopropenylbenzene) (S/DIB) has been under considerable experi-

mental and theoretical investigations, promising a good performance in mitigating the

so-called shuttle effect. Here, combining ab initio Raman spectroscopy simulations with

experimental measurements, we show that S/DIB copolymers containing short and long

sulfur chains are distinguishable based on their Raman activity in 400-500 cm−1. This

frequency range corresponds to S–S stretching vibrations and is only observed in the

Raman spectra of those copolymers with longer sulfur chains. The results reported
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in this study have direct applications in identification and characterization of general

sulfur/carbon copolymers with different sulfur contents.

Introduction

Lithium-sulfur (Li-S) batteries are considered as one of the candidates for next-generation

energy-storage devices. Despite their very high specific energy, commercialization of Li-S bat-

teries is negatively affected by few drawbacks, such as irreversible capacity fade and volumet-

ric expansion of the crystalline sulfur during the discharge. Recently, a huge amount of stud-

ies has been concentrated on using polymeric sulfur cathodes to overcome these problems. In

particular, sulfur/carbon copolymers such as poly(sulfur-n-1,3-diisopropenylbenzene) (S/DIB)

have attracted much attention. Thanks to a straightforward synthesis procedure,1,2 S/DIB

copolymers could be mass produced relatively easily. In addition, it has been demonstrated

that S/DIB copolymers show a promising performance in alleviating the shuttle effect and

therefore, can result in a stable cycling performance of a Li-S battery.

Nevertheless, to this day neither the lithiation mechanism of S/DIB copolymer cath-

odes has been entirely resolved at an atomistic level, nor their structural evolution during

the discharge has been fully understood. A first step towards understanding the discharge

mechanism of the S/DIB copolymers is to decipher their structural properties at the fully

charged state of the battery, where no lithiation reaction has occurred. It has been recently

found that short Sn chains (n ≃4) show a higher formation probability compared to other

sulfur chain lengths. It has also been observed that the stability of S/DIB copolymers is

brought about by the formation of short S chains.3 In addition, short S chains have been

predicted4 and reported5,6 to be more favorable in other sulfur/carbon copolymer materials

involving organic groups interconnected via sulfur chains. The formation of Li-polysulfides

during discharge has been shown to be largely hindered in S/DIB copolymer cathode involv-

ing short S chains and therefore, they exhibit a much better performance in terms of cycle
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life. Therefore, a strategy for the synthesis of S/DIB copolymers as well as their structural

modification is highly called for, in which the formation of Sn chains with short lengths

(n ≤ 4) has the highest probability.

However, in order to reach this goal first it must be understood how physical and chemical

properties of S/DIB copolymers involving short and long sulfur chains are different. For

example, vibrational spectroscopic signatures of “local” DIB–Sn–DIB structures and their

contribution to the total spectra of S/DIB copolymer are not yet known. Moreover, up to

now any estimation on the sulfur chain length distribution in S/DIB systems have been based

on the sulfur (or DIB) mass fraction used in the synthesis process.7–9 Therefore, a question

which remains to be answered is whether it is possible to experimentally distinguish between

short and long sulfur chains in sulfur/carbon copolymers.

In this article, we address the above question by combining experimental Raman spec-

troscopy measurements with ab initio Raman spectroscopy simulations at room temperature.

In the next section, we introduce our computational and experimental methods as well as

the synthesis procedure. This will be followed by presentation of the results and concluding

remarks.

Methodology

Computational Details

As it has been shown earlier,3,4 DIB molecules are preferably connected via short sulfur

chains (n ≃ 4). Here, we consider DIB-S4-DIB and DIB-S8-DIB as target molecules in

vacuum representing local structures of poly(sulfur-n-1,3-diisopropenylbenzene) containing

short and long S chains, respectively. The connection of the sulfur chains and the DIB

molecules are assumed to be via a quaternary carbon. For the sake of comparison, we also

consider gas-phase S4 and S8 chains with terminal sulfur atoms saturated with hydrogens.

Additionally, sulfur-free 1,3-diisopropenylbenzene and 1,3-diisopropylbenzene molecule are
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studied.

Following our previous work,3 a temperature-assisted minimum-energy structure search

is carried out: first, classical molecular dynamics (MD) simulations at 300K using General

Amber Force Field (GAFF)10 as implemented in the GULP code11–13 is performed for 10 ns in

canonical ensemble. The atomic charges are calculated using the RESP method14 at density

functional theory (DFT) level employing the sphere sampling of the fitting points for molec-

ular structures15 together with the REPEAT method.16 A time step of 0.5 fs is considered

in all simulations while the temperature is controlled by a Nosé-Hoover thermostat.17,18 For

each system, 10 uncorrelated snapshots were extracted from the classical MD trajectories,

roughly every 1 ns. Afterwards, minimum-energy structures are obtained through geometry

optimizations at DFT level.

All DFT calculations are performed using the CP2K/QUICKSTEP software package19 in

conjunction with a DZVP-MOLOPT basis set,20 as well as Perdew-Burke-Ernzerhof (PBE)21

exchange-correlation energy functional and Geodecker-Teter-Hutter (GTH) pseudopoten-

tials.22,23 The semi-empirical DFT-D324 method is used to correct for the long-range disper-

sion interactions. All calculations in this work are performed in vacuum.

The efficient Wannier polarizability method is used to simulate Raman spectra.25 In this

method, the mean polarizability is expressed as a sum of isotropic polarizabilities attributed

to each Wannier function in the system, Ā = β/3
∑NWF

i=1 S3
i , where Si are the Wannier

spreads and the proportionality constant is obtained to be β ≃0.9. Such an expression for

the mean polarizability also allows for the decomposition of the total Raman spectra into

local contributions26 and provides a straightforward way for the assignment of Raman peaks

(see Supplementary Information).

All Raman spectra are obtained by performing 20 ps ab initio molecular dynamics (AIMD)

simulations in the canonical ensemble to achieve equilibrium at 300K, followed by 80 ps

AIMD simulations in the micro-canonical ensemble to remove thermostat effects and sample

the polarizabilities. A time step of 1 fs is used in these simulations and polarizabilities are
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sampled every 5 fs. The AIMD simulations are also performed using the CP2K software

with the same simulation setup as mentioned earlier. Power spectra have been calculated

using the TRAVIS program.27,28 The power spectra are normalized in a way that the sum

of partial spectra gives the total power spectrum.

Material and Synthesis

The S/DIB samples are synthesized with different weight percentages of DIB, namely 20,

25, 30, 40, and 50wt%, following the method presented in Refs. 29 and 30. Elemental solid

sulfur (99.5%, Sigma Aldrich) is used without further treatment. Sulfur in the powder form

is heated to 185 °C using a thermostated oil bath under the fume hood until a clear yellowish

molten sulfur is formed. DIB (97%, Sigma Aldrich) is passed through an activated, basic

aluminum oxide column to remove 4-tert-Butylcatechol (TBC) as a stabilizer. Afterwards,

pure DIB is directly added through a syringe to the molten sulfur. The mixture is stirred

by a magnetic stir bar for 10 minutes at 185 °C to enhance the ring-opening polymerization

of sulfur and to obtain chemically stable copolymers. Afterward, each sample is placed in a

vacuum oven for approximately 15 minutes at 176 °C to complete the reaction and reduce the

amount of remaining monomers. Then, they are cooled down to room temperature. Within

a few minutes, this results in a vitrified red polymer. The samples are further investigated

using NMR spectroscopy in order to confirm the formation of desired copolymers. Since

low solubility of the S/DIB copolymers in organic solvents is a challenging factor, here we

grind the samples using a mortar to increase sample surface, and then dissolve them in

deuterated chloroform (CDCl3) and place them in ultrasonication water bath to accelerate

their solubility. 1H NMR is carried out afterwards. Further information is provided in the

Supplementary Information.
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Instrumentation and Methods

NMR spectra are recorded using Varian Gemini 400 MHz NMR spectrometer. Deuterated

chloroform is used as solvent. Chemical shifts are given in parts per million (ppm). MestReN-

ova 14.2.1-27684 is used for spectra interpretation and analysis.

Raman spectra of all samples are recorded by a confocal Raman microscope setup (inVia,

Renishaw) consisting of a 532 nm laser as excitation source, notch filter, a turnable grating

(1800 linesmm−1), a CCD camera and a light microscope (Leica, DMI2500). The microscope

is equipped with a x100 objective (Leica) to focus the laser spot (ca. 1 µm) on the sample

as well as to collect the scattered Raman light. Before the measurements, the instrument is

calibrated to a band at 520.4 cm−1 of a polycrystalline silicon disk. All samples are prepared

onto a glass slide and several single spectra are recorded between 100–2000 cm−1. In all cases,

the laser power is adjusted to 0.1mW and each sample spot illuminated for 10 s. Several

spectra are recorded at various positions at the samples to ensure homogeneity.

Results and discussion

First, we start by calculating ab initio Raman spectra of a 1,3-diisopropenylbenzene (DIB)

and a 1,3-diisopropylbenzene molecule in vacuum. The Raman spectra are shown in Fig. 1(a)

and (b), respectively. The Raman spectra presented here agree well with the previous stud-

ies,31,32 with an overal mean relative error of about 10% in dominant peak positions in

comparison to experimental Raman spectra. In comparison to the Raman spectrum of

1,3-diisopropenylbenzene in Fig. 1(a), 1,3-diisopropylbenzene shows similar Raman activi-

ties [Fig. 1(b)], the main difference being the activities around 1560 and 1640 cm−1 related

to the C=C stretching vibration in propenyl groups. The Raman activities in the range of

650-1500 cm−1 are mainly dominated by aromatic ring vibrations, while the activities around

3000 cm−1 arise from C-H stretching vibrations in both Fig. 1(a) and (b). These assignments
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Figure 1: Calculated Raman spectra of (a) 1,3-diisopropenylbenzene (DIB) and (b) a 1,3-
diisopropylbenzene in vacuum. Corresponding atomic structures are also shown in the insets.

are in agreement with previously reported ones.33 Another difference in the Raman spectra

presented in Fig. 1(a) and (b) is the activity at ∼450 cm−1. This peak corresponds to a

CH3 vibration in the propyl group in 1,3-diisopropylbenzene34 and is much less intensive in

1,3-diisopropenylbenzene spectrum (see Supplementary Information).

Calculated Raman spectra of a DIB–S4–DIB and a DIB–S8–DIB are shown in Fig. 2(a)

and (b) in blue curves, respectively. For comparison, Raman spectra of isolated S4 and

S8 chains, where the terminal S atoms are saturated with hydrogens, are also calculated.

These spectra are shown in black curves in Fig. 2(a) and (b), respectively. The red curves in

Fig. 2(a) and (b) show partial Raman spectra corresponding to the vibrations of S4 and S8

chains within DIB–S4–DIB and DIB–S8–DIB structures. Comparison between the spectra

shown in black and red curves in Fig. 2(a) indicates that the characteristic vibrations of S4

chain are almost fully suppressed in DIB–S4–DIB due to the presence of DIB molecules.

In particular, despite S–S bonds being present, Raman activities at ∼165 cm−1 and 400-

500 cm−1, which are assigned to S–S–S deformation and S–S stretching vibrations in free S4

chain respectively (see Supplementary Information), are absent in the partial spectrum of S4

in DIB–S4–DIB. However in Fig. 2(b), although Raman activities below 200 cm−1 are absent

in the partial spectrum of S8 chain within DIB–S8–DIB, a Raman peak corresponding to the

characteristic S–S stretching vibration at 455 cm−1 is seen. Moreover, this activity appears
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Figure 2: Calculated Raman spectra of (a) DIB–S4–DIB and (b) DIB–S8–DIB in vacuum.
Also shown in (a) and (b) are the computed Raman spectra of isolated S4 and S8 chains
(black curves). Partial Raman spectra arising from sulfur chains within DIB–S4–DIB and
DIB–S8–DIB systems are shown in red curves. (c) and (d) show the computed power spectra
of DIB–S4–DIB and DIB–S8–DIB, respectively (blue curves). Power spectra of isolated S4

and S8 chains are shown in black, while partial power spectra of sulfur chains are shown
in red curves. Minimum-energy structures of isolated S4 and S8 chains as well as those of
DIB–S4–DIB and DIB–S8–DIB molecules are shown also in the lower panel.
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to mainly arise from the S8 chain between two DIBs [red curve in Fig. 2(b)].

To further assess the above observation, we calculate power spectra of the same systems

[Fig. 2(c) and (d)]. In Fig. 2(c), a peak is observed at around 450 cm−1 in the power spectrum

of DIB–S4–DIB system (blue curve). Note that there is no activity around 450 cm−1 in the

partial power spectrum of the S4 chain within DIB–S4–DIB in Fig. 2(c) shown in dotted red

curve. As mentioned earlier, this activity corresponds to a Raman-active CH3 vibration in

1,3-diisopropylbenzene [Fig. 1(b)]. This vibration becomes Raman inactive in DIB–S4–DIB

as no Raman activity is observed around its corresponding frequency in Fig. 2(a). This could

be due to the fact that the change in the total polarizability due to this vibration is minimal in

a DIB–S4–DIB molecule. Moreover, in contrast to the partial power spectrum of the isolated

S4 chain, almost no activity is observed in the partial power spectrum of the S4 chain within

DIB–S4–DIB in 400-450 cm−1 and below 250 cm−1 in Fig. 2(c). However, although the low-

frequency vibrations of the partial S8 chain within DIB–S8–DIB are insignificant, the peak

corresponding to the characteristic S–S stretching vibration at 455 cm−1 is clearly visible [red

curve in Fig. 2(d)].

Figure 3 shows how the Raman peaks corresponding to the S–S stretching vibrations

change as the S chain becomes longer. In the case of S4 chain, both peaks attributed to the
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S6 within DIB-S6-DIB
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Figure 3: Calculated partial Raman spectra of S4, S6, and S8 chains in DIB–S4–DIB, DIB–
S6–DIB, and DIB–S8–DIB systems.

symmetric and antisymmetric S–S stretching are nearly absent. As the chain length increases

to six sulfur atoms in DIB–S6–DIB, the Raman peak corresponding to the antisymmetric
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vibration appears, whereas that attributed to the symmetric stretching remains unnoticeable.

As the S chain length further increases to S8, both symmetric and antisymmetric peaks

become distinct.

Based on the above observations, we conclude that in S/DIB copolymers consisting of

short S chains the total Raman spectrum is fully dominated by the Raman activities of the

organic molecules. However, in S/DIB copolymers involving longer S chains, Raman activi-

ties arising from the symmetric and antisymmetric S–S stretching vibrations in 400-500 cm−1

are found to be present. The observed effect has to do with the fact that polarizability of

a typical S–S bond in a short S chain becomes strongly affected by the DIB molecules. As

shown in the Supplementary Information, autocorrelation function of an S–S bond polariz-

ability declines much faster in a short S chain due to the presence of DIB molecules than in

an isolated S chain of the same length. In S/DIB structures with longer S chains, however,

periodic patterns in the time evolution of an S–S bond polarizability are found to be com-

parable to those in free S chains.

The observed difference in the Raman spectra can be used to distinguish between short

and long sulfur chains in S/DIB copolymers, for example in the synthesis process or during

cycling of the battery. To validate the above theoretical observation, first five S/DIB copoly-

mers are synthesized with different mass fractions of DIB (and consequently varying S chain

lengths) using inverse vulcanization.29,35 Here, we refer to them as SDIBw in which w is the

wt% of DIB, namely 20, 25, 30, 40, and 50%. These mass fractions correspond stoichiomet-

rically to average chain lengths of 11, 8, 6, 4, and 3 sulfur atoms, respectively. Presence of

the connection between S chains and DIB molecules is confirmed in all synthesited samples

by liquid-state NMR spectroscopy while crystal formation is ruled out by X-ray diffraction

measurements (see the Supplementary Information). In a second step, Raman spectra of the

synthesized sulfur copolymers are measured. Figure 4 shows a comparison between experi-

mental Raman spectra of S/DIB copolymers with different wt% of DIB. The intensities are
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Figure 4: Measured Raman spectra of S/DIB copolymers with different wt% of DIB.

normalized with respect to that of the peak at ∼1000 cm−1 in SDIB20 sample. This peak

is present in all Raman spectra and corresponds to an aromatic ring vibration. The Raman

peak for the characteristic S–S stretching is observed at 473 cm−1, which is about 4% higher

than the theoretically predicted value. The presence of peaks in 1560-1640 cm−1 region in-

dicates partially unsaturated propenyl groups. It is observed that these peaks become more

intensive with increasing w. This is in agreement with our NMR measurements (see Sup-

plementary Information), where the residual C=C bonds are confirmed by the presence of

NMR peaks in the range of 5.0-5.5 ppm. Nevertheless, the observed NMR peaks at chemical

shift of 2.2 ppm ensure the formation of C–S bonds in all samples. The C–S bond forma-

tion is also seen in the calculated Raman spectrum of DIB–S8–DIB in 560-575 cm−1 range

[Fig. 2(b)]. In agreement with our theoretical prediction, the experimental measurements

show that as the mass fraction of DIB increases (or similarly, as the average S chain length

decreases), the Raman activity at around 473 cm−1 becomes less intensive. In a recent in

operando FTIR study during discharge,36 it has also been observed that the characteristic

S–S stretching vibration is absent in S/DIB copolymers containing short Sn chains (n ≤ 4)

throughout discharge. However, this peak evolves as a function of cell voltage in S/DIB

copolymers with longer chains, clearly indicating the formation of different Li-polysulfides.
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In addition, in Fig. 4 we observe Raman activities at ∼165-200 cm−1 assigned to the sulfur

chain deformation and S-S-S bending [see Fig. 2(a) and (b)], which gradually disappear with

increasing wt% of DIB (shorter sulfur chains).

Conclusions

We have studied Raman spectra of sulfur/organic copolymers, which are presently discussed

as interesting candidates for cathode materials for Li-S batteries, with a particular focus

on the spectral response to variations of the length of the sulfur segments. In particular,

we have chosen sulfur/1,3-diisopropenylbenzene (S/DIB) copolymers, which have recently

shown a promising performance in mitigating the shuttle effect during discharge.

The comparison of quantum-chemical calculations of Raman signals with corresponding

experimental spectra shows that there is a particular spectroscopic fingerprint at about

450 cm−1 which allows to serve for discriminating between shorter Sn chains (n ≤ 4) and

longer ones (n > 4) in the copolymer. This fingerprint, which corresponds to the Raman-

active S-–S stretching vibration, is absent in the Raman spectra of shorter sulfur chains.

We attribute this effect to the confinement of shorter sulfur chains by the organic parts

of the copolymer, which leads to a suppression of the net polarizability change during the

vibrational motion.

It has been demonstrated that formation of short sulfur chains connecting DIB molecules

are thermodynamically more favorable.3 It has also been observed experimentally that for-

mation of higher-order Li-polysulfides which can dissolve in the electrolyte is largely hindered

during discharge in S/DIB copolymers containing short sulfur chains. Therefore, a stable

cycling for 1500 cycles has been reported.36 This clearly emphasizes the need for a synthesis

strategy which facilitates the formation of S/DIB copolymers with short sulfur chains in

a controllable way. The present study shows that Raman spectroscopy is a powerful tool

to investigate structural properties of S/DIB copolymers and provides a way to probe the
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presence and formation of short or long sulfur chains by focusing on the frequency range

attributed to the characteristic S–S vibration.
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