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C-S-H SYNTHESIS

We conducted an independent study to that of Snider et al. [1], with the synthesis of

11 crystals of C-S-H carried out at UNLV. Boehler-Almax design diamonds with 80◦ aper-

tures were used in conjunction with modified BX90 style cells to enable a higher degree of

completeness in the acquisition of SC-XRD data. Each cell was prepared using Re foil as

a gasket material, which was preindented to a 10th of the culet diameter, confirmed using

interferometry, and a sample chamber made by laser micromachining. A sample of a ball-

milled mixture of elemental carbon and sulfur with dimensions about 15% of the diamond

culet was placed into the sample chamber, as well as a ruby sphere to accurately determine

pressures below 10 GPa.[2] Gas-phase H2 was loaded at 3 kbar.[3] Samples were then pres-

surized to 3.7–4.0 GPa and excited for several hours using a 514 nm laser with power ranging

from 10 and 150 mW depending on sample response. As the sulfur bond is photochemically

cleaved using green laser, the sample will begin to appear transparent, after this point sulfur

will have a tendency to form the van der Waal crystal. At this point focusing higher pow-

ered laser on the carbon sample for several hours, often overnight at the highest available

power available, to warm carbon in a liquid hydrogen medium will help react carbon into

the CSH crystal. After pressing above the solidification of hydrogen, rapid small crystal

formation will grow. At this stage the crystal is still sensitive to higher laser powers and can

be manipulated, albeit, they are much less volatile, to help place and form a single crystal.

Without unreacted carbon, leads, or ruby in the chamber, it is often very difficult to place

the crystal in an ideal position. After synthesis crystals were pressed to about 10 GPa to

ensure stability during Raman. Raman spectroscopy was used to confirm the transformation

into CSH via the previously reported C-H, S-H, and H-H Raman modes at �4 GPa.[1]
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EXPERIMENTALLY DETERMINED BIRCH-MURNAGHAN EQUATION OF STATE

FITS

Presented below are the fit parameters for the 2nd-order Birch-Murnaghan equation of

state.

III III/IV

Run X1
Run X2
SH3

Figure S1: A plot of the representation of fitted results. Plotted results are presented from

first measured point to the either the next phase or highest pressure for a given run. The

presented phase boundaries are from the boundaries determined from SC-XRD in this

work.
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Table SI: The fit parameters of the 2nd Order Birch-Murnaghan equation of state fits.

Phase III/IV contributions were determined from fits to both crystals 3 and 4 from Run

X2.

Run X1 Crystal K0 (GPa) V0 (Å3)

1 8.39 434.76

2 10.02 412.80

3 7.32 448.69

Phase I 1.32 761.55

Phase II 11.67 395.96

All 8.40 433.16

Run X2 Crystal K0 (GPa) V0 (Å3)

1 13.75 377.29

2 13.19 377.60

3 14.50 372.87

4 13.08 378.77

Phase I 1.01 791.54

Phase II 17.31 349.00

Phase III/IV 21.32 331.31

All 13.09 380.68

Full Data Set K0 (GPa) V0 (Å3)

Phase I 6.32 464.21

Phase II 4.86 504.29

Phase III/IV 21.32 331.31

All 11.32 397.54

SH3 Crystal K0 (GPa) V0 (Å3)

all 11.44 399.75
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SC-XRD DETERMINED STRUCTURES

Single-crystal Xray diffraction experiments were performed at the HPCAT beamline using

monochromatic Xrays with the wavelength of 0.3445 Å. The Xray beam was focused to 2.4

�m by 6.4 �m. Diffraction images were collected using a Pilatus 1M detector detector. The

beamline parameters were calibrated with CeO2 powder and an enstatite single crystal using

the programs Dioptas and CrysAlisPro, respectively.[4, 5] Data collections were performed

using step scans of 0.5◦ with 3-5 s exposure over a total ! scan range of �30◦ (DAC1)

and �35◦ (DAC2) about the vertical axis of the DAC. The lattice parameters and the

integrated intensities of the Bragg reflections were obtained from the measured images using

the program CrysAlisPro.[5] The crystal structures of CSH were solved using direct methods

implemented in the SHELXT program.[6] The iterative structure refinements were performed

with the SHELXL program[7] built in the ShelXle graphical user interface.[8] Details on

the crystal structure refinements are given in Tables SVI-XVIII. Three (CH4)x(H2S)2−xH2

loadings (DAC1, DAC2, and DAC4) used in this study, and a (H2S)2H2 loading (DAC3) are

shown in Figure S2. Figures S3-9 show the reciprocal space reconstructions for the different

crystals in the four loadings. These highlight that the crystal quality can vary, as well as

the occurrence of the monoclinic distortion.

Figure S2: Diamond-anvil sample chambers for experiments 1-4.
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(CH4)x(H2S)2−xH2 DAC1

Table SII: Crystallographic details of (CH4)x(H2S)2−xH2 at variable pressure for c1 in

DAC1.

P (GPa) 12.2 14.4 15.0 16.1 17.2 18.8

Crystal System Tetragonal

Space Group I4=mcm

Z 8

a (Å) 6.8228(13) 6.695(2) 6.661(3) 6.613(2) 6.5691(18) 6.516(3)

c (Å) 5.6283(14) 5.552(2) 5.536(3) 5.507(3) 5.481(2) 5.450(3)

V (Å3) 262.00(12) 248.91(19) 245.6(2) 240.8(2) 236.50(16) 231.4(2)

Data collection

No. of reflections

measured 234 264 273 267 204 223

unique 87 75 80 78 65 70

unique with I > 2� 71 62 66 63 53 57

Rint 0.0507 0.0187 0.0182 0.0491 0.0573 0.0606

Refinement

No. of parameters 10 11 9 9 9 9

No. of restraints 4 4 4 4 4 4

Data/parameter ratio 7.5 6.0 7.8 7.4 6.3 6.8

R1 [I > 2�(I)] 0.0585 0.0484 0.0576 0.046 0.0437 0.0547

wR2 (all data) 0.1847 0.1432 0.1691 0.1237 0.1284 0.1328

��min/��max (eÅ−3) 0.46/-0.63 0.47/-0.48 0.69/-0.74 0.51/-0.56 0.45/-0.43 0.56/-0.55
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Table SIII: Crystallographic details of (CH4)x(H2S)2−xH2 at variable pressure for c1 in

DAC1.

P (GPa) 20.3 22.4 24.5

Crystal System Monoclinic

Space Group C2=c

Z 24

a (Å) 8.458(2) 8.404(4) 8.316(4)

b (Å) 6.5003(17) 6.452(3) 6.419(3)

c (Å) 12.504(4) 12.409(7) 12.246(9)

� (◦) 99.58(3) 99.56(5) 99.57(6)

V (Å3) 677.8(3) 663.5(6) 644.5(6)

Data collection

No. of reflections

measured 708 680 643

unique 486 474 456

unique with I > 2� 285 288 243

Rint 0.0156 0.019 0.0252

Refinement

No. of parameters 56 56 57

No. of restraints 11 10 11

Data/parameter ratio 5.3 5.3 4.5

R1 [I > 2�(I)] 0.0552 0.0685 0.0953

wR2 (all data) 0.2147 0.2222 0.3524

��min/��max (eÅ−3) 0.62/-0.53 0.57/-0.54 1.30/-0.75
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Table SIV: Crystallographic details of (CH4)x(H2S)2−xH2 at variable pressure for c2 in

DAC1.

P (GPa) 12.2 14.4 15.0 16.1 17.2

Crystal System Tetragonal

Space Group I4=mcm

Z 8

a (Å) 6.8028(9) 6.667(3) 6.639(4) 6.594(5) 6.539(6)

c (Å) 5.6337(10) 5.564(2) 5.543(3) 5.509(3) 5.488(4)

V (Å3) 260.72(8) 247.3(3) 244.3(3) 239.5(4) 234.7(5)

Data collection

No. of reflections

measured 250 254 253 234 180

unique 96 94 93 91 76

unique with I > 2� 80 80 80 75 54

Rint 0.0199 0.0544 0.0762 0.009 0.0198

Refinement

No. of parameters 9 11 9 5 5

No. of restraints 4 3 3 1 1

Data/parameter ratio 9.3 7.5 9.2 15.2 11.0

R1 [I > 2�(I)] 0.0849 0.0424 0.066 0.0837 0.0872

wR2 (all data) 0.1815 0.1146 0.1719 0.2074 0.2862

��min/��max (eÅ−3) 0.90/-0.94 0.50/-0.49 0.90/-0.65 1.60/-1.07 0.65/-0.71
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Table SV: Crystallographic details of (CH4)x(H2S)2−xH2 at variable pressure for c2 in

DAC1.

P (GPa) 18.8 20.3 22.4 24.5

Crystal System Monoclinic

Space Group C2=c

Z 24

a (Å) 8.567(8) 8.500(8) 8.417(7) 8.311(11)

b (Å) 6.531(4) 6.495(3) 6.457(3) 6.393(5)

c (Å) 12.512(8) 12.410(7) 12.354(9) 12.303(12)

� (◦) 99.52(8) 99.50(7) 99.54(8) 99.44(11)

V (Å3) 690.3(9) 675.8(8) 662.0(8) 644.9(12)

Data collection

No. of reflections

measured 710 681 685 672

unique 431 425 433 435

unique with I > 2� 289 262 276 232

Rint 0.0676 0.0238 0.0667 0.03

Refinement

No. of parameters 53 35 28 28

No. of restraints 10 0 0 0

Data/parameter ratio 5.6 7.5 9.9 8.3

R1 [I > 2�(I)] 0.1129 0.0849 0.0886 0.0856

wR2 (all data) 0.4069 0.2639 0.2933 0.2744

��min/��max (eÅ−3) 2.07/-1.04 0.95/-0.79 0.95/-0.81 1.23/-0.73
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Table SVI: Crystallographic details of (CH4)x (H2S)2� xH2 at variable pressure for c3 in

DAC1.

P (GPa) 12.2 14.4 15.0 16.1 17.2

Crystal System Tetragonal

Space Group I 4=mcm

Z 8

a (Å) 6.8236(10) 6.6883(13) 6.658(3) 6.618(3) 6.575(2)

c (Å) 5.6430(9) 5.5276(9) 5.5008(14) 5.4500(14) 5.4358(14)

V (Å 3) 262.75(9) 247.27(10) 243.9(2) 238.7(2) 235.01(17)

Data collection

No. of re�ections

measured 261 253 226 206 167

unique 97 93 91 76 71

unique with I > 2� 84 79 77 58 49

Rint 0.0148 0.0835 0.0555 0.1006 0.0306

Re�nement

No. of parameters 10 9 8 8 9

No. of restraints 4 4 4 4 4

Data/parameter ratio 8.4 8.8 9.6 7.3 5.4

R1 [I > 2� (I )] 0.0262 0.0525 0.0569 0.0717 0.1105

wR2 (all data) 0.0758 0.1365 0.1487 0.2116 0.3815

� � min / � � max (eÅ � 3) 0.24/� 0.22 0.67/� 0.78 0.53/� 0.69 0.57/� 0.47 0.88/� 1.35
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Table SVII: Crystallographic details of (CH4)x (H2S)2� xH2 at variable pressure for c3 in

DAC1.

P (GPa) 18.8 20.3 22.4 24.5

Crystal System Monoclinic

Space Group C2=c

Z 24

a (Å) 8.457(3) 8.394(3) 8.337(3) 8.257(3)

b (Å) 6.5590(14) 6.5180(19) 6.4877(12) 6.4271(17)

c (Å) 12.562(4) 12.458(5) 12.317(4) 12.194(5)

� ( � ) 98.81(4) 98.81(5) 98.72(3) 98.69(4)

V (Å 3) 688.7(4) 673.6(4) 658.5(3) 639.7(4)

Data collection

No. of re�ections

measured 678 646 635 618

unique 432 415 411 401

unique with I > 2� 315 272 256 251

Rint 0.0475 0.0720 0.0914 0.1087

Re�nement

No. of parameters 50 50 46 50

No. of restraints 9 9 9 9

Data/parameter ratio 6.3 5.4 5.6 5.0

R1 [I > 2� (I )] 0.0788 0.0871 0.0919 0.0885

wR2 (all data) 0.2875 0.3033 0.2932 0.2795

� � min / � � max (eÅ � 3) 0.65/� 0.90 0.69/� 0.78 0.66/� 0.55 0.85/� 0.69
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Figure S3: Selected reciprocal space reconstructions for crystals 1 to 3 of the

(CH4)x (H2S)2� xH2 loading in DAC1. The monoclinic phase is observed for all crystals at

19-20 GPa.
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(CH 4) x (H 2S)2� xH 2 DAC2

Table SVIII: Crystallographic details of (CH4)x (H2S)2� xH2 at variable pressure for c1 in

DAC2.

P (GPa) 8 9 13 18 26 29

Crystal System Tetragonal

Space Group I 4=mcm

Z 8

a (Å) 7.099(7) 6.863(10) 6.654(10) 6.480(6) 6.35(3) 6.275(6)

c (Å) 5.859(2) 5.734(7) 5.566(7) 5.400(3) 5.189(10) 5.238(3)

V (Å 3) 295.3(6) 270.1(9) 246.4(8) 226.7(4) 209(2) 206.3(4)

Data collection

No. of re�ections

measured 360 351 302 279 281 266

unique 114 108 90 87 81 78

unique with I > 2� 52 57 52 58 43 44

Rint 0.0432 0.0375 0.1805 0.033 0.1433 0.0507

Re�nement

No. of parameters 6 3 4 7 4 4

No. of restraints 0 0 0 0 0 0

Data/parameter ratio 8.7 19.0 13.0 8.3 10.8 11.0

R1 [I > 2� (I )] 0.1285 0.1249 0.1031 0.1221 0.1618 0.1149

wR2 (all data) 0.3585 0.329 0.2744 0.2851 0.3582 0.2914

� � min / � � max (eÅ � 3) 0.81/-1.48 1.07/-0.62 1.03/-0.54 1.02/-0.89 1.22/-0.70 0.72/-0.58
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Table SIX: Crystallographic details of (CH4)x (H2S)2� xH2 at variable pressure for c1 in

DAC2.

P (GPa) 32 37 38 40 45 49

Crystal System Tetragonal

Space Group I 4=mcm

Z 8

a (Å) 6.221(5) 6.124(3) 6.094(3) 6.072(2) 5.976(5) 6.022(10)

c (Å) 5.179(2) 5.135(2) 5.1148(16) 5.0961(11) 5.011(5) 5.011(8)

V (Å 3) 200.4(3) 192.6(2) 189.94(18) 187.91(15) 179.0(3) 181.7(7)

Data collection

No. of re�ections

measured 270 251 256 214 240 218

unique 80 74 73 70 82 83

unique with I > 2� 54 64 64 60 31 25

Rint 0.0344 0.0177 0.0242 0.0667 0.1459 0.1798

Re�nement

No. of parameters 4 3 3 4 7 3

No. of restraints 0 0 0 0 0 0

Data/parameter ratio 13.5 21.3 21.3 15.0 4.4 8.3

R1 [I > 2� (I )] 0.1105 0.0922 0.1146 0.087 0.1518 0.1768

wR2 (all data) 0.2716 0.2288 0.2657 0.1962 0.3636 0.4235

� � min / � � max (eÅ � 3) 0.98/-0.98 1.29/-0.87 1.28/-0.87 0.66/-0.93 1.05/-0.82 1.36/-0.73
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