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Supporting Information 

 

Vibrating-Tube Method – Density. The liquid density ' was measured at atmospheric pressure of 

0.1 MPa with the vibrating-tube instruments DMA 5000 M and DMA 4200 M from Anton Paar. 

The samples were prepared in the same way as those for the SLS experiments, where syringes 

were used to fill the samples into the densimeters. Three samples per substance were investigated 

in each instrument, where each sample was measured as a function of increasing and decreasing 

temperature. The data from the resulting 6 temperature runs were averaged to obtain the densities 

reported in Table S1 together with their expanded relative uncertainties.  

Table S1. Liquid Density ′(T) of DPM and DCM at Temperature T and 0.1 MPa.a 

T (K) ' (kgꞏm−3) 100Ur(′)

 DPM  

 DMA 4200 M  

298.15 1001.32 0.10 

303.15 997.49 0.10 

323.15 981.88 0.10 

348.16 962.15 0.10 

373.15 942.52 0.10 

398.15 922.77 0.10 

423.15 902.71 0.10 

448.15 882.87 0.20 

473.15 863.04 0.20 

 DMA 5000 M  

298.15 1001.623 0.01 

303.15 997.691 0.01 

308.15 993.762 0.01 

313.15 989.836 0.01 

318.15 985.916 0.01 



T (K) ' (kgꞏm−3) 100Ur(′)

323.15 981.996 0.01 

328.15 978.077 0.01 

333.15 974.160 0.01 

338.15 970.240 0.01 

343.15 966.318 0.01 

348.15 962.394 0.01 

353.15 958.472 0.01 

358.15 954.549 0.01 

363.15 950.623 0.01 

 DCM  

 DMA 4200 M  

298.15 872.50 0.10 

323.15 854.87 0.10 

348.15 837.18 0.10 

373.15 819.45 0.10 

398.15 801.67 0.10 

423.15 783.83 0.10 

448.15 765.94 0.20 

473.15 747.99 0.20 

 DMA 5000  

283.15 883.056 0.01 

288.15 879.540 0.01 

293.15 876.022 0.01 

298.15 872.501 0.01 

303.15 868.979 0.01 

308.15 865.454 0.01 

313.15 861.928 0.01 

318.15 858.399 0.01 

323.15 854.869 0.01 

328.15 851.336 0.01 

333.15 847.802 0.01 



T (K) ' (kgꞏm−3) 100Ur(′)

338.15 844.265 0.01 

343.15 840.726 0.01 

348.15 837.185 0.01 

353.15 833.642 0.01 

358.15 830.097 0.01 

363.15 826.551 0.01 
aThe expanded uncertainties U are U(p) = 3 kPa as well as U(T) = 0.01 K for the DMA 5000 M and U(T) = 0.03 K 

for the DMA 4200 M, while the relative expanded uncertainties Ur(′) are given in the table (k = 2). 

The DMA 5000 M was used starting from 283 K for DCM and from 298 K for DPM up to 

363 K in steps of 5 K. It was checked successfully with deionized and degassed water as well as 

with air before and after each measurement series for a given substance. The maximum relative 

deviation between individual measurements was 0.005% for DPM and 0.003% for DCM. 

Considering the complete experimental procedures, the expanded relative uncertainty (k = 2) is 

estimated to be 0.01% for the results from the DMA 5000 M, where the specified uncertainty of 

the temperature measurement is 0.01 K. 

The DMA 4200 M was used to measure the liquid density from (298 to 473) K in steps of 

25 K for DPM and DCM as well as at 303 K for DPM with a specified temperature uncertainty of 

0.03 K. Also here, test measurements with air and degassed water were performed successfully 

before filling a new substance. The instrument was adjusted at 0.1 MPa from (298 to 473) K in 

steps of 25 K, where air was used as first reference substance for the complete temperature range 

employing the reference data from Lemmon et al. [1] with an expanded uncertainty (k = 2) of 0.1%. 

Up to 423 K, the second reference substance was the commercial standard APS600(HT) from 

Paragon Scientific Ltd. The provided density data certified with an expanded relative uncertainty 

of 0.01% were checked by measurements with the DMA 5000 M for temperatures from (293 to 



363) K, where deviations of less than 0.01% were found. n-dodecane with a specified mass fraction 

purity of w = 0.99 purchased from Merck was used as second reference substance for temperatures 

of (448 and 473) K, where reference data from Lemmon and Huber [2] with an expanded relative 

uncertainty (k = 2) of 0.2% were used. Before the adjustment measurements, more volatile 

impurities in the n-dodecane sample were reduced by applying vacuum at 50 Pa and 323.15 K for 

about 3 h. Check measurements performed with the DMA 4200 M from (323 to 423) K after 

adjustment with air and APS600(HT) showed deviations of less than 0.08% from the data of 

Lemmon and Huber [2]. The maximum relative difference between individual values obtained for 

the same substance from different experimental runs with the DMA 4200 M was 0.08% for DPM 

and 0.01% for DCM. The deviations of averaged densities measured with the DMA 4200 M from 

those obtained with the DMA 5000 M were smaller than 0.03% in most cases. Only for DCM at 

298 K, the deviation was 0.09%. Based on the adjustment procedures and the comparison of results 

as given above, the expanded relative uncertainties of densities measured with the DMA 4200 M 

are estimated to be 0.1% from (298 to 423) K and 0.2% for (448 and 473) K.  

 

Rotational Viscometry – Dynamic Viscosity. A rotational viscometer (Anton Paar MCR 302) was 

used together with a coaxial cylindrical double gap measuring system for the determination of the 

dynamic viscosity at ambient atmosphere of 0.1 MPa at temperatures of 303 K and from (323 to 

423) K in steps of 25 K controlled by a counter-cooled Peltier system. An implemented Pt100 class 

A temperature probe was used to control and measure the temperature with an estimated expanded 

(k = 2) uncertainty of 0.2 K at 303 K up to 0.5 K at 423 K. During the measurements performed 

for a given sample and temperature, the temperature stability was always better than 0.1 K. Before 



each filling with a sample fluid, the double gap measuring system was cleaned with ethanol, 

acetone and hot deionized water. The samples were used without further treatment. 

The measurement procedure included shear rate sweeps where a linear variation of the shear 

rate was accomplished. The dynamic viscosity was calculated by linear regression of the measured 

shear stresses as a function of the increasing shear rates during the sweep measurement. The 

regimes of very small shear rates, where the shear stress is connected with high uncertainties, and 

high shear rates close to and above the onset of turbulence were excluded for data evaluation. 

Check measurements performed at constant shear rates as well as sweeps with decreasing shear 

rates agreed clearly within uncertainties with the results from the procedure described above. 

Check measurements were performed with n-hexadecane (CAS 544-76-3, Alfa Aesar, mass 

fraction purity 0.991) and the commercial standard APDEMA-100 (Paragon Scientific, certificate 

number AP3235) at the same temperatures as for the LOHC samples and covering reference 

dynamic viscosities from (0.507 to 2.798) mPas. In all cases, the deviation from data for a  

n-hexadecane sample from the same supplier measured with SLS [3] (reported maximum 

expanded relative uncertainty in the temperature range of interest is 2.6%) as well as for the 

commercial standard from the corresponding certificate (maximum expanded relative uncertainty 

in the temperature range of interest is 0.32%) was clearly below 5%. The latter value represents 

also the expanded relative uncertainty of the measurement setup at a confidence level of about 

95% according to the manufacturer. 

For excluding any degradation effects on the viscosity especially due to oxygenation of the 

samples in air atmosphere at temperatures up to 423 K, repetition measurements at 323 K were 

performed after the highest temperature had been investigated. The repetition measurements 



agreed with the previously measured data within less than 1% both for the LOHCs and the 

reference materials. 

 

Force Field Parameters for DPM and DCM. The force field (FF) parameters necessary for the 

modeling by EMD simulations are summarized in following. For the non-bonded Lennard-Jones 

(LJ) interactions between two atoms i and j at a distance rij, the 12-6 LJ potential of the form 

VLJ(rij) = 4LJ[(LJ/rij)12-(LJ/rij)6] was used. The energy parameter LJ for the L-OPLS-T FF is 

given here for a temperature of 298.15 K. This value has to be adjusted with respect to temperature 

according to [4] 
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In eq S1, LJ,298.15 K is the energy parameter given at 298.15 K in the L-OPLS FF [5, 6] and 

the coefficients are C0 = –0.1914, C1 = 8.167ꞏ10–4 K-1, and C2 = –5.857ꞏ10–7 K-2 [4]. The FF 

parameters using the L-OPLS-T FF [4-7] are summarized in Table S2 for DPM and in Table S3 

for DCM. The FF parameters using the TraPPE FF [8-11] are summarized in Table S4 for DPM 

and Table S5 for DCM. The labeling of the atoms can be taken from Figure S1. For the TraPPE 

FF, where hydrogen atoms are not explicitly modeled, the atom types CA, CT, and CR refer to the 

united-atom interaction sites. 

 
Table S2: FF Parameters for DPM using the L-OPLS-T FF. 

atom types mass (u) charge (e-) LJ (nm) LJ (kJ∙mol-1) 

CA 12.011 -0.090 / 0.000a 0.355 0.29288
HA 1.008 0.090 0.242 0.12552
CT 12.011 -0.148 0.350 0.27614
HC 1.008 0.074 0.250 0.11000



bond 
stretching  2b b 0

1
( )

2ij ijV r k r r   

 bond kb (kJ∙mol-1∙nm-2) r0 (nm) 
 CA-CA 392459.2 0.140 
 CA-CT 265265.6 0.151 
 CA-HA 307105.6 0.108 
 CT-HC 284512.0 0.109 

bond angle 
bending  2a 0

1
( )

2ijk a ijkV k     

 bond angle ka (kJ∙mol-1∙rad-2) 
 CA-CA-CA 527.184 120.0 
 CA-CA-CT 585.760 120.0 
 CA-CT-CA 334.720 109.5 
 CA-CA-HA 292.880 120.0 
 CA-CT-HC 292.880 109.5 
 HC-CT-HC 276.144 107.8 

dihedral 
angles            d 1 1 3 4

1
( ) 1 cos 1 cos 2 1 cos 3 1 cos 4

2ijklV F F F F               

 dihedral angle F1 (kJ∙mol-1) F2 (kJ∙mol-1) F3 (kJ∙mol-1) F4 (kJ∙mol-1)
 CA-CA-CA-CA 30.334 0.000 -30.334 0.000
 CA-CA-CA-CT 30.334 0.000 -30.334 0.000
 CA-CA-CT-CA 30.334 0.000 -30.334 0.000
 CA-CA-CT-HC 0.000 0.000 0.000 0.000
 HA-CA-CA-HA 30.334 0.000 -30.334 0.000
 HA-CA-CA-CA 30.334 0.000 -30.334 0.000

aThe CA atom, which is bonded to the methyl group, has a partial charge of 0 e-. 
 

 
Table S3: FF Parameters for DCM using the L-OPLS-T FF. 

atom types mass (u) charge (e-) LJ (nm) LJ (kJ∙mol-1)
CR 12.011 -0.148 / -0.074a 0.350 0.27614
HR 1.008 0.074 0.250 0.11000
CT 12.011 -0.148 0.350 0.27614
HC 1.008 0.074 0.250 0.11000

bond 
stretching  2b b 0

1
( )

2ij ijV r k r r   

 bond kb (kJ∙mol-1∙nm-2) r0 (nm) 
 CR-CR 224262.4 0.1529 
 CR-CT 224262.4 0.1529 
 CT-HC 284512.0 0.1090 
 CR-HR 284512.0 0.1090 

bond angle 
bending  2a 0

1
( )

2ijk a ijkV k     

 bond angle ka (kJ∙mol-1∙rad-2) 
 CR-CR-CR 488.27 112.7 
 CR-CR-CT 488.27 112.7 
 CR-CT-CR 488.27 112.7 
 CR-CR-HR 313.80 110.7 



 CR-CT-HC 313.80 110.7 
 CT-CR-HR 313.80 110.7 
 HC-CT-HC 276.14 107.8 
 HR-CR-HR 276.14 107.8 

dihedral 
angles            d 1 1 3 4

1
( ) 1 cos 1 cos 2 1 cos 3 1 cos 4

2ijklV F F F F               

 dihedral angle F1 (kJ∙mol-1) F2 (kJ∙mol-1) F3 (kJ∙mol-1) F4 (kJ∙mol-1)
 CR-CR-CR-CR 2.301 -1.464 0.837 -1.674
 CR-CR-CR-CT 2.301 -1.464 0.837 -1.674
 CR-CR-CT-CR 2.301 -1.464 0.837 -1.674
 CR-CR-CT-HC 0.628 1.883 0.000 -2.510
 HR-CR-CR-HR 0.628 1.883 0.000 -2.510
 HR-CR-CR-CR 0.628 1.883 0.000 -2.510
 CR-CT-CR-HR 0.628 1.883 0.000 -2.510
 CT-CR-CR-HR 0.628 1.883 0.000 -2.510
 HR-CR-CT-HC 0.628 1.883 0.000 -2.510

aThe CR atom, which is bonded to the methyl group connecting the two cyclohexyl rings, has a partial 
charge of -0.074 e-. 

 
 
 
Table S4: FF Parameters for DPM using the TraPPE FF. 

atom types mass (u) charge (e-) LJ (nm) LJ (kJ∙mol-1) 
CA 13.019 / 12.011a 0.000 0.468 0.08314
CT 14.027 0.000 0.395 0.38247

bond 
stretching  2b b 0

1
( )

2ij ijV r k r r   

 bond kb (kJ∙mol-1∙nm-2) r0 (nm) 
 CA-CA 392459.2 0.154 
 CA-CT 265265.6 0.154 

bond angle 
bending  2a 0

1
( )

2ijk a ijkV k     

 bond angle ka (kJ∙mol-1∙rad-2) 
 CA-CA-CA 527.184 120.0 
 CA-CA-CT 585.760 120.0 
 CA-CT-CA 334.720 109.5 

dihedral 
angles            d 1 1 3 4

1
( ) 1 cos 1 cos 2 1 cos 3 1 cos 4

2ijklV F F F F               

 dihedral angle F1 (kJ∙mol-1) F2 (kJ∙mol-1) F3 (kJ∙mol-1) F4 (kJ∙mol-1)
 CA-CA-CA-CA 30.334 0.000 -30.334 0.000
 CA-CA-CA-CT 30.334 0.000 -30.334 0.000
 CA-CA-CT-CA 30.334 0.000 -30.334 0.000

aThe CA atom, which is bonded to the methyl group, has a mass of 12.011 u. 
 
 
 
 



Table S5: FF Parameters for DCM using the TraPPE FF. 
atom types mass (u) charge (e-) LJ (nm) LJ (kJ∙mol-1) 

CR 14.027 / 13.019a 0.000 0.391 0.43651
CT 14.027 0.000 0.395 0.38247

bond 
stretching  2b b 0

1
( )

2ij ijV r k r r   

 bond kb (kJ∙mol-1∙nm-2) r0 (nm) 
 CR-CR 392459.2 0.154 
 CR-CT 265265.6 0.154 

bond angle 
bending  2a 0

1
( )

2ijk a ijkV k     

 bond angle ka (kJ∙mol-1∙rad-2) 
 CR-CR-CR 519.653 114.0 
 CR-CR-CT 519.653 114.0 
 CR-CT-CR 519.653 114.0 

dihedral 
angles            d 1 1 3 4

1
( ) 1 cos 1 cos 2 1 cos 3 1 cos 4

2ijklV F F F F               

 dihedral angle F1 (kJ∙mol-1) F2 (kJ∙mol-1) F3 (kJ∙mol-1) F4 (kJ∙mol-1)
 CR-CR-CR-CR 42.179 -56.871 29.175 -0.5238
 CR-CR-CR-CT 42.179 -56.871 29.175 -0.5238
 CR-CR-CT-CR 42.179 -56.871 29.175 -0.5238

aThe CR atom, which is bonded to the methyl group connecting the two cyclohexyl rings, has a mass of 
13.019 u. 
 

 
Figure S1: Atom types in DPM (upper part) and DCM (lower part). In DPM, carbon and hydrogen 

atoms within the phenyl rings are atom type CA and HA. In DCM, the carbon and hydrogen atoms 

within the cyclohexyl rings are atom type CR and HR. In both cases, the methyl group connecting 

the rings are built from the atom types CT and HC. 



Conformational Analysis. An experimental conformational analysis was performed for DPM and 

DCM using the NMR-1 equipment detailed in the main text. In the following, the measurement 

procedure for the conformational analysis is outlined. 

Conformational analysis was performed on the basis of the dihedral angles as obtained from 

the Karplus equation [12] with the constants A = 7.76 Hz, B = -1.1 Hz, and C = 1.4 Hz, for 

three-bond vicinal 3J couplings. For benzene, it has been shown that the ortho-carbon exhibits a 

three-bond coupling to the para-protons in the range of 3JCH = (7-8) Hz [13-15]. Two- and four-

bond couplings to the meta-protons are much smaller and on the order of 2,4JCH = 1 Hz. 

Therefore, by analyzing the 13C-1H coupled spectrum of DPM (Figure S2), the observed 

couplings of (6.5, 5.2 and 5.1) Hz are attributed to the three-bond connectivity of the ortho-carbon 

to the methylene protons. Due to second-order effects, the resulting multiplets are slightly 

asymmetric and give rise to slightly different couplings, as can be observed from the expanded 

spectrum in Figure S2. Nevertheless, taking the average over these couplings yields a value of 

5.6 Hz, which corresponds to average dihedral angles of (~36 and ~132)°. 

For DCM, the three-bond coupling of the methylene protons to the proton in the –CH group 

was used. Analysis of the 1H spectrum as shown in Figure S3 reveals a value of 3JHH = 7 Hz, which 

corresponds to average angles of (~22.6 and ~141)°.  

 



 

Figure S2. 13C NMR (151 MHz, ~100 mg DPM in 0.75 ml Acetone-d6, 293 K) δ 142.42 (p, 
3JCH = 7.0 Hz), 129.77 (dp, 1JCH = 156.0, 3JCH = 7.4, 6.5, 5.2, 5.1 Hz), 129.35 (dd, 1JCH = 159.6, 
3JCH = 7.6 Hz), 126.91 (dt, 1JCH = 160.7, 3JCH = 7.3 Hz), 42.52 (tp, 1JCH = 127.2, 3JCH = 4 Hz). 

Multiplets are assigned according to the resolved peaks in the spectrum. The upper spectrum 

is the 1H decoupled one, the lower spectrum is the 1H coupled one. The inset indicates the 

spectrum for the region corresponding to the orto- and meta-carbons as well as their 1J and 3J 

couplings. 

Due to the presence of two hydrogen atoms in the methylene group of DPM and DCM, the 

resulting coupling value represents an average value of multiple contributions. The observed 3J 

corresponds therefore to a population-weighted average of the individual couplings, i.e. 

3Jobs = (α∙3J1,2+β∙3J2,3)/2, where α, β are the populations of each conformation and indices 1 to 3 

correspond to the participating protons or carbons, as shown in Figures S2 and S3. 



 

Figure S3. 1H NMR (600 MHz, ~90 mg DCM in 0.75 ml CDCl3, 293 K) δ 1.71 – 1.60 (m, 10H), 

1.31 (ttt, J = 10.6, 6.8, 3.3 Hz, 2H), 1.25 – 1.08 (m, 6H), 1.02 (t, J = 7.0 Hz, 2H), 0.82 (qd, J = 

12.9, 11.8, 3.8 Hz, 4H). The molecular structure indicates the protons of the methylene group 

(red) which are coupled to the –CH proton (blue). 

In order to investigate whether the fluid structure of DPM and DCM can be captured by the L-

OPLS-T FF, the same dihedral angles as studied in the NMR experiments were calculated from 

EMD simulations in the liquid phase.  

For DPM, the dihedral angles between the hydrogen of the methylene group and the carbon 

atoms at the ortho position of the phenyl rings at a temperature of 303.15 K were calculated in 

accordance to the NMR experiments. In total, eight different dihedral angles can be calculated for 

each molecule at every given time step. In order to compare the dihedral angles to the results from 

NMR measurements, which were calculated from coupling constants using the Karplus equation 

[12], the eight different dihedral angles were averaged. The probability distribution of the dihedral 

angle as well as the angle calculated from NMR experiments are shown in the upper part of Figure 

S4. The probability function shows two pairs of distinct peaks at (+37 and −37)° and (+77 and 

−77)°. In EMD simulation, positive and negative dihedral angles are possible, where the sign 



depends only on the order of the four atoms, which define a dihedral angle. This means that the 

dihedral angle between atoms 1-2-3-4 has the same absolute value but the opposite sign of the 

dihedral angle defined by the same atoms with the order 4-3-2-1. Since in the NMR experiments 

only the absolute value of the dihedral angle can be accessed, in the following discussion only the 

absolute values of the dihedral angles from EMD simulations are mentioned. For DPM, this means 

that only two different dihedral angles of (37 and 77)° can be found. The value of 37° is in very 

good agreement with the absolute value of 36° measured with NMR experiments. The presence of 

a second peak at 77° is due to the fact that the planes of the phenyl ring are not parallel. This angle 

between the phenyl rings was calculated to be about 40° for DPM and is shown in Figure S5. 

For DCM, two very distinct dihedral angles were found with values of about (60 and 180)°. 

In order to compare these values to the NMR experiments, the Karplus equation [12] was used to 

calculate the coupling values. For angles of (60 and 180)°, this would correspond to coupling of 

(2.79 and 10.26) Hz, respectively. Due to the fact that the coupling measured by NMR is the 

average of these two values, the simulated angles correspond to an average coupling of 6.5 Hz, 

which is in good agreement with the value of 7 Hz measured by NMR. 



 

Figure S4. Probability distribution of the dihedral angle connecting the methylene hydrogen with 

the carbon atom at the ortho position in the phenyl ring in the case of DPM (upper part). For DCM 

(lower part), the probability function for the dihedral angle between the methylene hydrogen and 

the hydrogen bond to the carbon at the ipso position of the cyclohexyl ring is shown. In both cases, 

the dihedral angles were evaluated from EMD simulations in the liquid phase at 303.15 K. 

 

 

Figure S5. Probability distribution of the angle between the two planes of the phenyl rings in DPM 

at 298.15 K from EMD simulations. 



Summary of EMD Results. Table S6 summarizes the EMD simulation results and expanded 

statistical uncertainties (k = 2) for the densities ꞌ, dynamic viscosities ꞌ and self-diffusion 

coefficients Dꞌself in the compressed liquid phase close to saturation conditions as well as surface 

tensions  at vapor-liquid equilibrium (VLE) conditions of DPM and DCM using the L-OPLS-T 

FF at temperatures between (303.15 and 623.15) K. 

Table S6. Densities ′, Dynamic Viscosities ′, and Self-Diffusion Coefficients D′self in the 

Compressed Liquid Phase Close to Saturation Conditions as Well as Surface Tensions  at 

VLE Conditions of DPM and DCM from EMD Simulations. Expanded Statistical Relative 

or Absolute Uncertainties (k = 2) are Included for All Simulated Properties. 

T (K) 
' 

(kgꞏm−3)
100 

Ur(′)
′  

(mPa∙s) 
100 

Ur(′) 
  

(mN∙m−1)
100 

Ur() 
109 D′  

(m2∙s−1) 
100 

Ur(D′) 

DPM 

303.15 975.6 0.08 3.22 14 38.0 13 0.313 2.7 

323.15 958.9 0.03 2.17 6.0 36.4 4.6 0.541 2.1 

373.15 924.6 0.03 1.08 6.4 32.0 9.2 1.28 3.2 

423.15 891.3 0.03 0.612 4.1 28.4 2.2 2.35 2.2 

473.15 854.6 0.06 0.371 17 24.2 1.4 3.89 2.6 

523.15 818.2 0.04 0.244 17 20.5 1.5 6.01 1.2 

573.15 777.3 0.08 0.197 4.9 16.4 6.5 8.48 2.5 

623.15 730.5 0.13 0.125 13 12.1 3.6 12.6 3.2 

DCM 

303.15 861.0 0.04 6.47 7.5 31.7 7.0 0.173 6.5 

323.15 846.4 0.05 4.01 5.1 29.3 9.1 0.308 6.4 

373.15 810.5 0.10 1.52 8.7 26.5 3.1 0.853 5.4 

423.15 774.8 0.04 0.770 13 22.0 6.4 1.76 6.8 

473.15 737.7 0.04 0.416 10 17.8 4.7 3.13 7.7 

523.15 698.9 0.12 0.244 22 15.1 5.5 5.08 2.9 

573.15 656.8 0.07 0.176 21 10.8 9.0 7.96 7.6 

623.15 606.6 0.16 0.0978 17 6.58 7.0 13.1 8.5 
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