Supplementary Information (SI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2025

Supporting Information

Compensation Relationship in Thermodynamics of Gas-Phase
Molecular Complexation

Andrey A. Sokolov, Mansur B. Khisamiev, Boris N. Solomonov, Mikhail I.
Yagofarov!

Department of Physical Chemistry, Kazan Federal University, Kremlevskaya str. 18, 420008
Kazan, Russia

I To whom correspondence should be addressed, E-mail: MilYagofarov@kpfu.ru (Dr. M.1. Yagofarov)
1




Table S1

The electronic binding energies (BE), changes in zero-point vibrational energies (AZPVE) and
thermal corrections (AE.ipmem), and binding enthalpy of gas-phase molecular complexation
computed in this work. All values are given in kJ-mol™!.

Compound A Compound B BE AZPVE — AEyptherm AvineF
water water -21.13 8.78 8.17 —14.09

water dimethyl ether -24.67 7.76 9.31 -17.50
hydrogen fluoride hydrogen fluoride —-19.16 7.44 4.24 -14.92
hydrogen fluoride water -36.32 11.15 4.47 -29.37
hydrogen fluoride dimethyl ether —42.81 9.76 6.06 -35.66
hydrogen fluoride methyl ethyl ether -45.21 9.55 5.93 -38.41
hydrogen fluoride diethyl ether -46.40 10.15 5.85 -39.08
hydrogen chloride dimethyl ether -29.09 7.13 6.90 -23.74
methanol methanol -24.01 5.80 10.98 -17.15
methanol methylamine -31.45 6.45 10.42 —24.49
methanol dimethylamine -33.24 5.87 10.89 -26.40
methanol trimethylamine -34.33 4.93 9.07 -30.25
methanol triethylamine -36.69 6.65 10.68 -29.27
ethanol ethanol —27.46 6.12 10.85 -20.40
1-propanol 1-propanol -30.97 5.74 10.94 -24.20
2-propanol 2-propanol —29.58 5.30 11.59 -22.60
2-butanol 2-butanol -29.03 4.45 9.55 —24.95
tert-butyl alcohol tert-butyl alcohol -31.63 5.13 9.28 -27.13
trifluoroethanol methanol -34.11 5.56 8.55 -29.91
trifluoroethanol trifluoroethanol -31.12 4.63 11.69 —24.72
trifluoroethanol propanal -37.04 5.13 11.44 -30.39
trifluoroethanol diethyl ether -35.57 5.44 11.63 -28.41
trifluoroethanol acetone -39.69 5.23 11.14 -33.24
trifluoroethanol tetrahydrofuran —40.41 5.26 9.34 -35.73
trifluoroethanol ammonia -38.42 7.52 9.28 -31.55
trifluoroethanol pyridine —43.58 4.26 11.88 -37.35
trifluoroethanol trimethylamine —48.57 5.24 11.26 —41.98
trifluoroethanol triethylamine -51.35 6.34 10.84 —44.09
trifluoroethanol tetramethylguanidine -55.30 4.60 8.90 -51.71
hexafluoro-2-propanol methanol -39.58 5.62 10.72 -33.16
hexafluoro-2-propanol diethyl ether —41.79 5.00 11.63 -35.08
hexafluoro-2-propanol acetone —40.89 4.80 11.13 —34.88
hexafluoro-2-propanol tetrahydrofuran —44.20 4.46 9.28 —40.38
hexafluoro-2-propanol ammonia —45.59 7.32 9.03 -39.15
hexafluoro-2-propanol trimethylamine —58.56 4.65 8.73 -55.10
hexafluoro-2-propanol triethylamine -59.85 4.87 10.76 -54.14
perfluoro-tert-butanol diethyl ether —48.06 5.17 8.86 —43.95
perfluoro-tert-butanol acetone —46.72 4.52 11.11 —41.00
perfluoro-tert-butanol tetrahydrofuran -52.75 4.16 6.76 -51.74
perfluoro-tert-butanol ammonia -52.83 7.29 8.84 —46.61
perfluoro-tert-butanol trimethylamine —68.27 4.15 11.04 —63.00




Compound A Compound B BE AZPVE AEib therm Apina
pyrrole trimethylamine -34.81 3.35 10.14 -31.24
formic acid formic acid —67.46 7.42 8.49 -61.47
acetic acid acetic acid -70.13 541 9.98 —64.66
acrylic acid acrylic acid -72.17 5.01 10.13 —66.94
trifluoroacetic acid trifluoroacetic acid —65.34 5.08 10.30 -59.88
trifluoroacetic acid cyclopentanone -54.41 4.09 11.40 —48.84
trifluoroacetic acid acetone -51.59 4.74 13.28 —43.49
trifluoroacetic acid dimethyl ether —64.33 5.17 11.16 -57.91
trifluoroacetic acid diethyl ether —68.38 5.11 11.20 -61.99
hydrogen cyanide dimethyl ether -25.91 3.59 9.89 -21.11
iodine dimethyl sulfide —42.46 3.09 10.03 -38.01
iodine diethyl sulfide —45.68 3.18 10.02 —41.16
iodine tetrahydrothiophene —48.16 3.01 10.15 -43.68
iodine benzene -22.06 1.32 8.78 -20.65
iodine diethyl ether -33.25 2.99 10.27 -28.67
tetracyanoethylene benzene -38.58 4.13 12.26 -32.11
acetone acetone —27.56 3.76 11.87 —21.85
acetaldehyde acetaldehyde -19.17 2.69 12.71 —13.68
acetonitrile acetonitrile -26.09 2.77 12.35 -20.89
ammonia ammonia -12.73 6.02 10.09 —6.54
acetylene ammonia —-14.75 4.93 8.36 -10.14
chloroform ammonia -21.47 4.72 11.39 —15.28
chloroform sulfur dioxide —14.54 2.15 13.02 -9.28
sulfur dioxide trans-2-butene —-18.14 3.73 11.74 —12.58
dimethylamine trimethylphosphine —17.44 2.44 10.50 -14.41
methyl chloride methyl chloride -11.18 2.03 13.26 -5.81




Table S2

The comparison of the electronic binding energies computed in this work (DLPNO-
CCSD(T1)/CBS(aug-cc-pVDZ, aug-cc-pVTZ)) with the literature values obtained using the same
or higher level of theory. Unless otherwise stated, all values were calculated using the CCSD(T)
method. The notation of basis sets is following: aXZ = aug-cc-pVXZ, aCXZ = aug-cc-pCVXZ.
All values are given in kJ-mol!.

Compound A Compound B Ref. Basis set BE (lit.) BE (this work)  A®
water water ! CBS(aQZ,a57) " -21.01 -21.13 -0.12
2 CBS(aQZ,a57) -21.00 -0.13
3 aQZ -20.94 -0.19
4 CBS(aTZ,aQZ) -21.21 0.08
3 CBS(aTZ,aQZ) -20.59 —0.54
6 CBS(aTZ,aQZ) -20.96 -0.17
7 CBS(a5Z,a67) -20.87 —0.26
water dimethyl ether 8 CBS(aDZ,aTZ) -23.91 —24.67 -0.76
hydrogen fluoride hydrogen fluoride ~ ° CBS(afC%é’)aCS Z _jo18 ~19.16 0.02
hydrogen fluoride water 10 a57Z -36.40 -36.32 0.08
methanol methanol 5 CBS(aTZ,aQZ) -24.10 -24.01 0.09
6 CBS(aTZ,aQZ) —24.48 0.47
n CBS(aTZ,aQZ)  —24.47 0.46
methanol methylamine 3 CBS(aTZ,aQZ) -31.59 -31.45 0.14
6 CBS(aTZ,aQZ) -32.09 0.64
ethanol ethanol 1 CBS(aDZ,aTZ) -28.47 -27.46 1.01
1-propanol 1-propanol 1 CBS(aDZ,aTZ) -29.94 -30.97 -1.03
formic acid formic acid ¢ 12 CBS(aQZ,a57) —65.06 —67.46 -2.40
2 CBS(aQZ,a57) -77.86 10.40
3 aTZ —78.45 10.99
4 CBS(aTZ,aQZ) —-78.70 11.24
7 CBS(aQZ,a5Z)  -78.46 11.00
1 CBS(aTZ,aQZ) —~78.38 10.92
acetic acid acetic acid 4 3 CBS(aTZ,aQZ,a5Z) -70.92 -70.13 0.79
> CBS(aTZ,aQZ) -79.87 9.74
6 CBS(aTZ,aQZ)  -81.21 11.08
1 CBS(aDZ,aTZ) -80.82 10.69
acetone acetone 1 CBS(aDZ,aTZ) —28.88 —27.56 1.32
acetaldehyde acetaldehyde 1 CBS(aTZ,aQZ) -21.62 -19.17 245
ammonia ammonia 2 CBS(aQZ,a57) -13.26 -12.73 0.53
3 aQZz -13.16 0.43
4 CBS(aTZ,aQZ) -13.18 0.45
7 CBS(aQZ,a5Z)  —13.11 0.38

2 The difference BE (this work) — BE (lit.).

b Calculated using CCSD(T)-F12b.

¢ Calculated using DLPNO-CCSD(T).

4 The deviations of 9-11 kJ-mol"!' for Refs. >7- 1! are likely caused by the insufficient optimization of the
monomer and by the approximation of the CCSD(T) correlation effects with MP2, as shown for formic
acid by Kalescky et al. 12



Table S3

The comparison of the electronic binding energies computed in this work using different theory
levels: “regular” — DLPNO-CCSD(T1)/CBS(aug-cc-pVDZ, aug-cc-pVTZ) with frozen core (FC)
approximation, and “benchmark” — DLPNO-CCSD(T1)/CBS(aug-cc-pVTZ, aug-cc-pVQZ) with
Douglas—Kroll (DK) approach for the treatment of relativistic effects and no FC approximation

(except iodine atoms). All values are given in kJ-mol!.

Compound A Compound B BE A?
regular benchmark

water water -21.13 -20.70 —0.43

water dimethyl ether —24.67 —24.24 —0.43
hydrogen fluoride hydrogen fluoride -19.16 —-18.92 -0.24
hydrogen fluoride water -36.32 -36.42 0.10
hydrogen fluoride dimethyl ether —42.81 —42.40 -0.41
hydrogen fluoride diethyl ether —46.40 —45.56 —0.84
methanol methanol —24.01 -23.69 -0.32
methanol methylamine -31.45 -30.88 -0.57
formic acid formic acid —67.46 -67.44 -0.02
acetic acid acetic acid -70.13 —69.74 -0.39
iodine dimethyl sulfide —42.46 —41.11 -1.35
iodine diethyl sulfide —45.68 —47.26 1.58
iodine diethyl ether -33.25 -33.97 0.72
acetone acetone —27.56 -27.15 -0.41
acetaldehyde acetaldehyde -19.17 —-19.04 —0.13
acetonitrile acetonitrile -26.09 -25.96 —0.13
ammonia ammonia -12.73 —-13.03 0.30
chloroform ammonia -21.47 —22.04 0.57
methyl chloride methyl chloride -11.18 -11.77 0.59

2 The difference BE (regular) — BE (benchmark).



Table S4
The binding entropies computed in this work (QC) and derived from the experimental Gibbs
energies (lit). All values are given in J-K-'-mol!.

AG  ASyms  ASwt ASun  ASup AS AS
Compound A Compound B (lity? Q) QC)  (QC) b (QC) .

water water 74  -136.2 0.7 526 634 828 721

8.2 60.7 —74.8

7.9 61.7 —73.8

water dimethyl ether 7.8 -140.7 288 723 847 972 849
hydrogen fluoride hydrogen fluoride 103 -1375  28.1 247 247 -84.6 -84.6
hydrogen fluoride water 23 -136.8 14.0 250 16,6 -97.8 -106.2
hydrogen fluoride dimethyl ether -6.5 -141.6 -129 467 568 -107.8 97.7
hydrogen fluoride methyl ethyl ether -74 -1425 -173 460 559 -113.8 -103.9
hydrogen fluoride diethyl ether =57 -143.1 -192 467 504 -1156 -111.9
hydrogen chloride dimethyl ether 3.8 -1463 -139 543 679 -1059 -924
methanol methanol 85 1433 514 956 1087 -99.1 -86.0

7.1 113.4 -81.3

8.0 110.4 -84.3

6.7 114.7 -80.0

7.0 113.7 -81.0

methanol methylamine 1.6 -1431 -526 90.5 1084 -1053 -874
methanol dimethylamine 1.3 -1453 -599 99.0 1125 -1062 -92.7
methanol trimethylamine 04 -146.6 —-646 8.1 1084 —-126.1 -102.8

1.0 106.4 —-104.8

methanol triethylamine -03 -148.6 -71.7 99.7 123.1 -1205 972
ethanol ethanol 6.6 1479 -69.6 97.1 1269 -120.3 -90.6

4.9 132.6 —84.9

1-propanol 1-propanol 50 -151.2 =797 99.8 1329 -131.0 -979
2-propanol 2-propanol 30 -1512 -80.5 1253 1458 -106.4 859
5.8 136.4 -95.3

5.5 137.4 -943

2-butanol 2-butanol 46 1538 -87.8 899 1425 -151.7 -99.1
tert-butyl alcohol tert-butyl alcohol 30 1538 -85.8 903 138.6 -149.3 -101.1
4.5 133.5 -106.1

trifluoroethanol methanol 03 1485 -68.0 722 1152 -1443 -101.3
trifluoroethanol trifluoroethanol 35 1575 -89.8 113.6 1527 -133.7 -94.7
trifluoroethanol propanal 0.7 -153.7 -83.8 1059 1332 -131.6 -104.3
trifluoroethanol diethyl ether -0.5 1555 882 1247 150.1 -119.0 -93.6
trifluoroethanol acetone —-2.0 1537 -84.6 978 1335 -140.5 -104.8
trifluoroethanol tetrahydrofuran -3.0 -1553 857 959 1312 -1452 -109.8
trifluoroethanol ammonia -2.1 -1421 405 74.5 83.8 -108.1 9838
trifluoroethanol pyridine -51 -156.0 -86.0 121.6 133.8 -1203 -108.2
trifluoroethanol trimethylamine -6.8 —-153.8 -85.0 104.1 1209 -1347 -118.0
trifluoroethanol triethylamine -6.1 -157.6 -95.1 102.8 1253 -149.8 -127.3
trifluoroethanol tetramethylguanidine —-12.6 -1584 -95.1 80.1 122.1 -1734 -1314
hexafluoro-2-propanol methanol 2.7 -149.8 -729 946 1205 -1281 -102.2
hexafluoro-2-propanol diethyl ether —-46 -1579 -95.1 126.0 150.8 -127.0 -102.2
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AG  ASpms  ASwt ASun  ASup AS AS
Compound A Compound B (lity? (QC) QC)  (QC) b Q) .

hexafluoro-2-propanol acetone -5.8 1557 -90.2 964 1483 -1495 975
hexafluoro-2-propanol tetrahydrofuran -78 -157.6 -914 920 1398 -157.0 -109.3
hexafluoro-2-propanol ammonia =79 -1429 439 744 820 -1124 -104.8
hexafluoro-2-propanol trimethylamine -144 -1559 -91.1 72.9 1104 -1741 -136.5
hexafluoro-2-propanol triethylamine -12.5 -1604 -1024 957 1232 -167.1 -139.6
perfluoro-zert-butanol diethyl ether -83 1590 -982 827 1375 -1745 -119.7
perfluoro-zert-butanol acetone -94 -156.7 -92.3 97.8 143.1 -151.2 -1059
perfluoro-zert-butanol tetrahydrofuran -12.5 -158.8 -93.8 602 121.1 -1924 -131.6
perfluoro-tert-butanol ammonia -133 -1432 451 752 765 -113.2 -1119
perfluoro-zert-butanol trimethylamine -21.8 -156.8 934 107.1 1122 -1432 -138.1
pyrrole trimethylamine 0.0 -151.7 782 102.7 1252 -1273 -104.8
formic acid formic acid —-14.6 -1479 -629 57.1 535 -153.6 -157.2
—14.5 53.2 -157.5

acetic acid acetic acid -17.7 -1512 -789 795 726 -150.6 -157.5
—-18.7 76.0 -154.1

—18.6 75.6 —-154.5
acrylic acid acrylic acid —222 -1534 -849 837 883 -154.6 -150.0
trifluoroacetic acid trifluoroacetic acid -19.7 -159.2 913 85.0 1157 -1654 —134.7
trifluoroacetic acid cyclopentanone -129 -1571 -89.6 101.5 1262 -1452 -120.5
trifluoroacetic acid acetone -13.4 -1543 -852 1158 138.6 -123.7 -100.9
trifluoroacetic acid dimethyl ether -239 -1523 -79.2 947 1174 -136.8 -114.1
trifluoroacetic acid diethyl ether -20.4 -1562 -89.7 1003 1064 -145.6 -—139.5
hydrogen cyanide dimethyl ether 5.1 —144.1 19.4 488 369 -76.0 -879
iodine dimethyl sulfide -54 -1576 -50.1 826 983 -1251 -109.4
iodine diethyl sulfide -85 -le6l.1 554 83.0 1068 -133.6 -109.7

iodine tetrahydrothiophene  —11.3 -160.9 546 86.0 107.0 -129.5 -108.5

iodine benzene 42 -1598 -335 819 1099 -111.3 -833

iodine diethyl ether 34 1592 546 893 1063 -124.6 -107.5
tetracyanoethylene benzene -1.7 -1572 -773 108.6 1325 -1259 -102.0
acetone acetone 5.9 -150.8 -81.3 89.2 1388 -1429 932
acetaldehyde acetaldehyde 89 -1473 -66.2 1147 1377 -988 -75.7
acetonitrile acetonitrile 3.8 -1464 582 1067 1219 -98.0 -82.8
ammonia ammonia 15.0 -1355 34 78.6 667 —603 722
acetylene ammonia 9.8 -137.8 33 598 743 813 —66.9
chloroform ammonia 93 -1424 315 1049 0916 -69.0 -82.3
chloroform sulfur dioxide 10.6  -1553 -71.1 126.8 159.7 -99.6 —66.7
sulfur dioxide trans-2-butene 52  —151.1  —-653 952 1568 -121.2 -59.6
dimethylamine trimethylphosphine 11.0 -1504 -76.0 950 1412 -1314 -85.2
methyl chloride methyl chloride 153 -149.0 -504 1326 128.8 —66.8 -70.6

2 The experimental Gibbs energies of gas-phase molecular complexation.

b Calculated as AS(lit) — (ASans(QC) + ASo(QC)).
¢ Calculated from the experimental Gibbs energies (column 3) and computed binding enthalpies.
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