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Figure 1 The Lennard-Johns model potential [6].
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Figure 2 (Color online) Mixing molecules A and B involves three
pairwise interaction energies (g54, €pg and €,5) between adjacent lattice
sites occupied by the two species. Note that the minus sign is due to the
fact that the interaction energy is negative ¢4, and eg<0, while the
energy of vapourization is defined as positive. Conversely, €43 accounts
for the release of energy as favorable solute-solvent interactions
forming.
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Figure 3 (Color online) (a) Comparison of solubility parameters
between PS and its solvents (blue lines) or non-solvents (red lines).
(b) Comparison of solubility parameters between PMMA and its
solvents (blue lines) or non-solvents (red lines). Data are from Ref. [26].
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Table 1 Classification of solutions upon basis of mixing enthalpy, based on Hildebrand [27]
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Figure 4 (Color online) Fundamentals of H-bonding interactions. (a) HBD and HBA parameters represent separate abilities, so a constant H-bonding
intensity may stem from a variety of complementary products of a and f. (b) Three combinations of HBD and HBA abilities have a zero H-bonding
interaction energy. (c) Generally, compounds fall into three categories: “self-associating” (S), “pseudo-inert” (PI, or Ply), and “inert” (I).
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Figure 5 (Color online) Interactions of H-bonding. (a) The H-bonding pairwise interaction energy for the pure A, s yp, accounts for its self-
association. H-bond donors and acceptors are depicted with red and blue fronts, respectively. The directionality of H-bonding is marked by a green
arrow from the donor to the acceptor. Two arrows are equal in the pure state since all molecules are identical [19]. (b) The H-bonding pairwise
interaction energy between A and B molecules, denoted as £, pyp accounts for the cross-species association. Two unequal arrows reflect symmetry
breaking [19]. (c¢) Likelihoods of creating cross-associating H-bondings among four distinct molecular types. H-bonding ability of pseudo-inert

compounds can be reactivated in the mixture, which are marked as blue \/ .
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Figure 6 (Color online) Two-parameter H-bonding model analysis by
a plot of Aa vs. AS. Good solubility predicted in the second and fourth
quadrants.
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Figure 7 (Color online) Evaluations of the H-bonding coefficient ¢y.
The mole cohesive energy of H-bonding contribution AEyy estimated
from (a) the Hansen hydrogen bonding Jyp [45] and (b) the drug
hydrogen bonding solubility parameter dyp, as a function of the product
of Kamlet-Taft H-bonding parameters oxrfxr. The straight line cross
zero-point is drawn by eye [19].
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Figure 8 (Color online) Evaluations of the H-bonding coefficient cyp.
The specific interaction enthalpy AH, (a) and the complexation
enthalpy AH,,, (b) as a function of the dimensionless cross-association
H-bonding strength predicted by the new combining rule. The straight
line cross zero-point is drawn by eye [19].
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Figure 9 (Color online) Correlation between the solubility and H-
bond interactions (Eq. 18). Negative values of cyg indicate the cross-
association H-bond formation (green region); whereas positive values
come from the strong water-water H-bonding interactions (red region)
[19].
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Figure 10 (Color online) Different combining rules: molecular origins and their impacts. In nature, H-bonding cross-interactions at the molecular
lever consist of two distinct electric monopole-monopole interactions (a), whereas non-specific interactions are seen as either permanent or
instantaneous dipole-dipole (b). Different principles, e.g. “unlike attracts unlike” or “like dissolves like”, apply to interactions between heterogeneous

molecules, as results of different combining rules [19].
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Table 2 Comparison of RST and the two-parameter H-bonding model [19]
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Table 3 Driving forces for polymer solubility in the dual-mode theory
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Mechanism 2 Exp \/ 67 AHyg (&)
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Mechanism 4 Exp x 63 AHyg (+)
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Figure 11 (Color online) Schematic diagram of dual mode decom-
position of mixing enthalpy AH,,.
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Figure 12 (Color online) Mechanistic distinction between solvent and
nonsolvent for PMMA (data from Ref. [26]). (a) Comparisons of J,
between PMMA and its solvents (Mechanism 1, green lines) or
nonsolvents (Mechanism 3, red lines). (b) Aa-Af analysis for PMMA
and its solvents (Mechanism 2, green solids) or nonsolvents (Mechan-
ism 4, red solids). Aa=(a,—a), AB=(f,—p;). Pictures from literature
[50].
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Figure 13 (Color online) Two-parameter H-bonding model analysis
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polymers (b), and all polymers tested in this study (c). Solid symbols:
solubilization; half-filled symbols: solubilization at high temperatures
only; open symbols: insolubilization. Pictures from Ref. [36].
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Figure 15 (Color online) (a) KT parameters of TFE/PY mixed solvent mixtures (ay, red square and fy;, blue square). (b) Four pairwise H-bond
interactions in the PHEMA/TFE/PY ternary system. Note that the negative self-association H-bond interactions oy/fSpppva and apypmafv Would
promote dissolution while the positive cross-association H-bond interactions ayfy and opppvaBeremawould hinder dissolution. (¢) Two-parameter
model analysis results for PHEMA in TFE/PY. The cononsolvency of PHEMA would occur in the region AaAS>0. (d) Excess molar enthalpy of mixing
(AHE) for the TFE/PY mixture. A peak appears at x1p=0.6, which is attributed to the strong H-bond interaction between TFE and PY. Pictures from

Ref. [38].
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Molecular thermodynamics: effect of hydrogen-bonding interactions
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Abstract: Intermolecular interactions determine the condensed-phase properties of substances and the thermodynamic
behavior of solutions. In the regular solution theory, the cross-interaction energy is calculated using the Berthelot
geometric-mean combining rule. However, this approach is unable to describe specific interactions such as hydrogen
bonding (H-bonding) interactions, which have features of directionality and complementarity, and therefore its
predictions fail for many polar or H-bonding molecular systems. In the present work, a thermodynamic theoretical
framework for H-bonding interactions is established according to new principles of H-bonding intermolecular
interactions. The core concepts are: (1) The H-bonding is the electrostatic complementary interaction between the donor
monopole () and the acceptor monopole (5). H-bonding interaction energy is proportional to the product of two
parameters af. (2) For two dissimilar molecules (A and B), the H-bonding cross-interaction energy is expressed as the
sum of two terms, a,fgtogfs. This new combining rule is evidently different from the classical geometric-mean rule.
(3) The H-bonding contribution to the enthalpy of mixing is proportional to AaAf. Finally, the total enthalpy of mixing
consists of two modes: the van der Waals contribution and the specific interaction contribution. These intermolecular H-
bonding interaction rules and the dual-mode theory of the enthalpy of mixing provide significant corrections to the
theoretical framework of molecular thermodynamics.
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