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S1 Force Field Parameters

S1.1 Solute Atomic Charge Comparison

Atom EPM2 SAPT OPLS
CO,-C +0.6512 +0.65738 —
C0,-0 -0.3256 -0.32869 —
NH;-N — -1.0503 -1.02
NH;-H — +0.3501 +0.34

Table S1: Compare atomic charge of solutes in different force fields.!™

S1.2 NHj; SAPT FF validation

Figure S1 shows the calculated second virial coefficient, B, of NH3 using OPLS and two SAPT FF variants

as compared to experimental. We find that the OPLS result (blue triangles) agrees well with the experiment,

while the isotropic SAPT FF with Born-Meyer functional form (SAPT-original, filled red squares) exhibits overly

strong dimer interaction; this deviation was previously shown to arise from atomic anisotropy in the intermolecular

interaction, and could be corrected introducing atomic anisotropy..®
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Figure S1: Calculated second virial coefficient Ba of NH3 compared to experimental values.®

Rather than utilize an anistropic form, we chose to increase the short-range repulsion by scaling the Aexch

parameter by 1.4. The calculated By resulting from this adjusted FF is shown as open red squares, yielding a
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significant improvement in the calculated By. This adhoc fix influences only the exchange repulsion parameters
and does not effect the electrostatic interaction. We use this optimized SAPT NHj3 FF for all subsequent solvation

studies.
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S2 Thermodynamic Integration Details

For OPLS-like (LJ + point charges) FFs, decoupling is separated into two steps: first lineally eliminate the Coulomb
interaction by linearly scaling the atomic charge of the solute ¢ — Ag; then turn eliminate the LJ interaction using

a soft-core potential to avoid the singularity of integrand at A = 0:7

U2, = d)e K;)w - (r‘;ﬂ , T =0 {0.5(1 A+ (;)6} v (1)

For hard sphere (WCA) models we can use similar soft-core scheme to turn off the interaction:

g
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In the case of SAPT FF, the decoupling scheme is slightly more complex. For the electrostatic part, we use a
linear scaling for both atomic and Drude charges, while also scaling the polarizability quadratically to avoid over-
polarization. For the exp-n (exchange + dispersion), we here first convert the exp-n potential to a HS potential via

a linear decoupling:

UekxprS = >\Uexp7n + (1 - )‘)UHS (3)

and then utilize a standard soft-core potential to achieve full decoupling.
For smooth electrostatic and the exp-n to HS conversion, 6 A parameters (0, 0.2, 0.4, ... 1.0) were used; for
LJ or HS case, 11 A parameters (0, 0.1, 0.2, ..., 1.0) were used. We estimated the uncertainty of AGg,, by block

averaging.®
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S3 Neat IL properties

Properties density AH,p Dy D_ 7 (cP)
(g-cm™3) (kJ - mol~1) (107" m?.s71)  (1071m?.s71)

SAPT 1.181 128 29.5 (400K) 27.1 (400K) 93
0.8*OPLS 1.150 140.5 43.1 (425K) 42.9 (425K) 97.8
Experiment 1.202 128, 136 27.5 (400K), 31.6 (400K), 90.4

40.0 (425K) A7.6 (425K)

Table S2: Comparison of the predictions of neat IL properties by SAPT and 0.8*OPLS.
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Figure S2: Ion-ion RDF for neat [BMIM]|[BF,]| calculated by 0.8*OPLS and SAPT FF.
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S4 Extrapolation of AH,,, for Real Systems

Because of the slow dynamics at room temperature, the enthalpy of solvation at room temperature was also
obtained by extrapolating A Hy,), calculated at elevated temperature (350, 400 and 450 K) back to low temperature.
Assuming the heat capacity change of solvation, AC) solv, is independent of temperature, we can the temperature

dependence of AH by:

AHSO]V(T) = A]—Isolv(jj = O) + ACVp,solvT' (4)

MD simulations were run at 350, 400 and 450K with the same settings as introduced in the main text. The fitted
AH line is shown in Figure S3. The detailed enthalpy result as well as the electrostatic component at elevated
temperatures are shown in Table S4. The AH — T plot shows fairly good linear behavior, indicating that the
assumption that AC) sy is independent on temperature is reasonable. The colored areas in Figure S3 represent
the roughly estimated uncertainties of the fitted curve due to the uncertainty of each point. The extrapolated

AHg,, values were listed in Table S3, which are consistent with those obtained via direct simulation.

AH st rapolate/kJ - mol ™! SAPT 0.8*OPLS
CO,-[BMIM][BFy] -13.2 (-13.0) -14.7 (-13.7)
NH;-[BMIM][BF ] -25.3 (-25.7) 174 (-17.1)

Table S3: Enthalpy of solvation of CO2/NH3-[BMIM][BF4] system, extrapolated to 298K based on A Hg,1y values at elevated

temperature. Numbers in the parentheses shows the brute force simulation results at 298K for comparison.
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Enthalpy of solvation extrapolation
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Figure S3: Enthalpy of solvation of (a) CO2-[BMIM][BF4] and (b) NH3-[BMIM][BF4] system, extrapolated to room tem-
perature. The squares and solid lines indicates the simulation AH values and fitted lines of CO3 solution and the circles
and dashed lines indicate those for NHs solution. The red markers and lines shows the result using SAPT FF, and the blue
ones are results using 0.8*OPLS FF. Experimental AH values at 298 K are shown as black markers. The area filled by light

color shows the roughly estimated uncertainty of the fitted lines.

CO,-[BMIM][BF,] NH;-[BMIM][BF]

T/K
SAPT 0.8*OPLS SAPT 0.8*OPLS
AHgoy /kJ - mol ™!
350 -11.2 £ 2.0 -13.3 £ 2.0 -22.5 £ 2.0 -15.4 £ 2.0
400 8.7+ 1.0 -10.7 £ 1.0 -19.9 £ 1.0 -13.6 £ 1.0
450 -7.1 £ 0.8 -9.8 £ 0.8 -17.7 £ 0.9 -11.5 £ 0.9
Eelst /kJ - mol 1
350 -10.6 £ 2.0 -8.3 £ 2.0 -40.7 + 2.0 -26.5 £ 2.0
400 -93£1.0 -7.9+ 1.0 -38.7 £ 1.0 -24.6 £ 1.0
450 -7.8 £ 0.8 -6.8 £ 0.8 -35.4 £ 0.9 -22.7£0.9

Table S4: Enthalpy of solvation and Electrostatic component of CO2/NHs-[BMIM]|[BF4] interaction at elevated temperature.
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S5 Radial Distribution Function for hard sphere model solutions

Solute-solvent site-site Radial distribution functions (RDF) of the hard sphere model solutions are calculated from
the simulation trajectories. Since H atoms on cations and F atoms on anions are the atoms that have direct contact

with the solute, we only show the solute-H and solute-F RDF's here, as in Figure S5—S6. The H atom labels on

the cation are shown in Figure S4.

Figure S4: Atom labels for [BMIM]™ cation.
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S5.1 HS
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Figure S5: Comparing the 0.8*OPLS and SAPT FF solute-solvent site-site RDFs, HS case. (a) solute-H RDF for SAPT,
(b) solute-H RDF for 0.8*OPLS, (c) solute-F RDF for SAPT, (d) solute-F RDF for 0.8*OPLS.
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S5.2 polarHS, g = 0.5

polarHS_qg0.5-H Radial Distribution Function, SAPT polarHS_g0.5-H Radial Distribution Function, 0.8*OPLS
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Figure S6: Comparing the 0.8*OPLS and SAPT FF solute-solvent site-site RDFs, polarHS with ¢ = 0.5 case. (a) solute-H
RDF for SAPT, (b) solute-H RDF for 0.8*OPLS, (c) solute-H RDF for 0.8*OPLS-c, (d) solute-F RDF for SAPT, (e) solute-F
RDF for 0.8*OPLS, (f) solute-F RDF for 0.8*OPLS-c.
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