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ABSTRACT: Traditional energy decomposition analysis (EDA) methods can provide an
interpretive decomposition of non-covalent electronic binding energies. However, by
definition, they neglect entropic effects and nuclear contributions to the enthalpy. With the
objective of revealing the chemical origins of trends in free energies of binding, we introduce
the concept of a Gibbs decomposition analysis (GDA) by coupling the absolutely localized
molecular orbital treatment of electrons in non-covalent interactions with the simplest
possible quantum rigid rotor—harmonic oscillator treatment of nuclear motion at finite
temperature. The resulting pilot GDA is employed to decompose enthalpic and entropic
contributions to the free energy of association of the water dimer, fluoride—water dimer, and
water binding to an open metal site in the metal—organic framework Cu(I)-MFU-4l. The
results show enthalpic trends that generally track the electronic binding energy and entropic
trends that reveal the increasing price of loss of translational and rotational degrees freedom
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he very high strength of electronic binding plays a critical
role in defining the structural properties of molecules,
such as chemical bonds, which are stable up to temperatures of
over 1000 K. As electronic binding weakens from bonded
interactions to nonbonded interactions, for fixed T, thermo-
dynamically stable states are increasingly influenced by nuclear
motion, i.e., translational, rotational, and vibrational degrees of
freedom (DOF). For instance, small-molecule drug binding to
protein receptors is often dominated by non-covalent
interactions resulting in many thermodynamically accessible
binding configurations even at relatively low temperatures.'
With current developments in renewable energy and
atmospheric technologies, computationally tractable models
of binding free energies are essential tools used in the
molecular engineering of adsorbent frameworks for gas
sequestration and traq)ping.(’_9
Energy decomposition analysis (EDA) methods decompose
the electronic binding energy and other properties into
physically meaningful and chemically intuitive compo-
nents.'’”'* Although many EDA schemes exist,' > this
work focuses on the absolutely localized molecular orbital
(ALMO) EDA between two fragments.23_30 Using Kohn—
Sham density functional theory (DFT), ALMO-EDA aug-
ments the initial and final energies with two other intermediate
energies that are minimized subject to a set of progressively
weaker constraints on the one-particle density matrix (1PDM).
The details of the ALMO-EDA method are outlined in the
Supporting Information and are also fully described else-
where.*!
In ALMO-EDA, the electronic binding energy is recast from
a simple energy difference into a sum of physically
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interpretable terms defined via the intermediate constrained
states:

AEy,q = Epyrr — Z E,
A
= AEGD + AEFRZ + AEPOL + AECT (1)

The first term denotes the geometric distortion (GD) of
fragments to the geometry that they adopt in the complex. The
second term is the frozen interaction (FRZ), which physically
is the sum of permanent electrostatics, Pauli repulsion, and
dispersion. AEgy, is the energy difference between the frozen
energy Epp,, evaluated with the very strong constraint of using
the frozen orbitals of the fragments, and the sum of the isolated
(distorted) fragment energies. The next term denotes the
energy lowering due to polarization (POL) and is defined as
the energy difference between the polarization energy, Epqy,
which is evaluated with the weaker constraint of allowing self-
consistent on-fragment relaxation, and the frozen energy.
Finally, the energy decrease due to charge transfer (CT) is
defined as the energy difference between the fully optimized
electronic energy, Epy;;, and the polarization energy.
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Traditionally, ALMO-EDA is performed at a single complex
geometry (e.g, the optimal geometry on the fully relaxed
electronic surface), which may be called a vertical EDA.
Alternatively, an adiabatic version®" of ALMO-EDA shows that
energy differences from optimal configurations on each of the
EDA component surfaces allow one to analyze the structural
rearrangements that occur under the ALMO constraints.’”
This gives a sequence of coupled electronic and structural
relaxations from the isolated fragment to the final complex:

()

An illustration highlighting the adiabatic ALMO-EDA
approach is shown in Figure 1 for the water fluoride ion
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Figure 1. HF/def2-SVPD relaxed potential energy surfaces of the
water fluoride ion (HOH:--F~). Shown are the frozen (FRZ, red),
polarized (POL, green), and charge transfer (CT, blue) components
of the potential energy surface as functions of the oxygen—fluoride
bond length (R). The ion—dipole interaction with the water dipole
calculated at the same level of theory is shown as a dashed line.

(HOH--F~), which is a prototypical model of ion—water
bonding.**~** The ALMO-EDA curves were calculated from
geometry optimizations at the HF/def2-SVPD level of theory,
constraining the oxygen fluoride distance (R). As can be seen
from the figure, the minimum-energy bond length on each
EDA curve is lengthened as the CT, POL, and FRZ constraints
are enforced. The minimum energy on the FRZ surface occurs
at AEgpp, = —57.1 kJ/mol, followed by an energy decrease of
AEpq;, = —24.5 kJ/mol when POL is included, and finally, the
energy lowering from CT gives an additional AEcr = —17.2
kJ/mol to the bond energy. At short range (R < 3.5 A) the
water is preferentially hydrogen-bonded to the fluoride ion. At
longer bond lengths (R < 3.5 A), however, the FRZ surface
follows closely the ion—dipole interaction energy. Geometri-
cally, this results in the water preferentially aligning its dipole
with the fluoride ion.

The vertical and adiabatic EDAs are powerful tools and have
become quite widely used.””~** However, there is a clear gap
between the physical information provided and the thermody-
namic quantities AH, AS, and AG that control equilibrium
states at any given temperature. Understanding the contribu-
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tion of physical driving forces for binding in the association
processes could be greatly enhanced if their influence on the
trade-offs between enthalpy and entropy could also be probed.
The goal of this Letter is to move in that direction by defining
a free energy or Gibbs energy decomposition analysis (GDA).
To pilot this idea, we shall adopt the simplest possible model
for the temperature-dependent contributions of the nuclear
degrees of freedom by using free translational and rigid rotor—
harmonic oscillator (RR—HQO) partition functions for ideal
gas-phase molecules.”” We shall also neglect the contribution
of any electronic excited states (an excellent approximation for
the examples considered later).

The GDA using translational and RR—HO partition
functions yields analytical expressions for thermodynamic
functions given as input the equilibrium geometries and
force constants on a potential surface. Further details are
provided in the Supporting Information, but briefly, the Gibbs
free energy of binding is

AGying = Gy — Z Gy
A (3)

where Ggyyy is the free energy of the interacting complex and
G, is the free energy of each isolated fragment. In the Gibbs
(N, P, T) ensemble, the free energy is G = H — TS, where H is
the enthalpy, T is the temperature, and S is the entropy. If the
optimal geometries and force constants are also provided on
the intermediate frozen and polarized energy surfaces, we
obtain thermodynamic functions corresponding to Ggpy and
Gpor- In combination with Gy and {G,}, we can generate
the Gibbs analogue of eq 2:

AGyg = AGpgy + AGpgy, + AGer 4)

Expressions for the various thermodynamic functions in the
RR—HO approximation are provided in the Supporting
Information.

The ALMO-EDA free energy decomposition of the water
fluoride ion is shown in Figure 2. The decomposition of the
binding energy was evaluated for the histogram plots at T =
300 K and a pressure p 1 bar. Unsurprisingly, the
overwhelming contribution to the binding enthalpy (Figure
2e) comes from the electronic DOF (Figure 2b). As a result,
the total binding enthalpy is systematically strengthened as the
ALMO constraints are released. If the electronic contribution
is removed from the binding enthalpy (i.e., AE — AH), then
the nuclear DOF reduce the binding strength by 4.22 kJ/mol
for the FRZ term, by 3.69 kJ/mol for the POL term, and by
only 1.09 kJ/mol for the CT term. These nuclear contributions
are ZPE-dominated, and the smaller CT contribution is
associated with the CT-induced red shift of the OH stretch of
the proton donor.

The GDA (i.e., the contributions to eq 4) at 300 K is shown
in Figure 2c. AG for this interaction is dominated by
permanent and induced electrostatics. Relative to AH, the
importance of charge transfer is increased in AG. This is
mainly because the dominant entropic contribution (—TAS) is
the translational component (see Table 1). — TAS,,,. is due to
loss of three free translations as an effect of association, and
this +41.0 kJ/mol (at 300 K) must be paid at the level of the
frozen interaction. It is then identical on each subsequent
electronic surface. On the other hand, the — TAS
contributions due to the rotational and vibrational DOF
increase slightly as the constraints are enforced, consistent with
tighter binding. As shown in Figure 2d,g, the free energy and

https://doi.org/10.1021/acs.jpclett.3c01397
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Figure 2. Free energy decomposition analysis for the water fluoride ion. (a) The optimal geometries on the FRZ, POL, and CT surfaces with the
oxygen—fluoride bond length (R) are shown for reference. (b) Adiabatic ALMO-EDA components of the electronic binding energy. (c) Gibbs free
energy of binding at T = 300 K and p = 1 bar. (d) Gibbs free energy of binding as a function of temperature. (e) Binding enthalpy at T = 300 K and
p = 1 bar. (f) Binding entropy at T = 300 K and p = 1 bar. (g) Binding entropy (—TAS) as a function of temperature. All energies are expressed in
kJ/mol. The A values are shown for reference under each histogram.

Table 1. Comparison between the Enthalpic and Entropic Components of the Binding Free Energy under the FRZ, POL, and
CT Constraints for the Different Model Systems Analyzed in This Work”

component

translations
rotations
vibrations
electronic
total

translations
rotations
vibrations
total

H,0-F H,0-H,0 Cu(I)-MFU-4I-H,0

FRZ POL CT FRZ POL CT FRZ POL CT
Bond Enthalpy

-3.74 —3.74 —3.74 -1.25 -1.25 -1.25 -1.87 —1.87 —1.87

0.00 0.00 0.00 —-1.25 —-1.25 —-1.25 —1.87 —1.87 —1.87

10.5 9.92 7.33 8.07 8.55 9.45 7.96 8.98 9.57

=57.1 —81.5 —98.7 —11.0 —-13.3 —194 —-11.8 —24.7 —29.7

—=52.9 —77.8 —97.6 —6.27 —8.06 —13.3 —8.86 —20.7 —25.1
Bond Entropy:

41.0 41.0 41.0 114 114 114 19.6 19.6 19.6

—-12.3 —11.8 —11.4 —1.02 —0.954 —0.839 5.19 5.19 5.19

—4.72 =3.12 -2.35 —1.84 —1.65 —-1.22 —6.76 -5.26 —5.26

24.0 26.1 27.2 8.50 8.75 9.30 17.9 19.5 19.5

“All enthalpies and entropies were calculated at p = 1 bar and T = 300 K for the water fluoride ion, T = 100 K for the water dimer, and T = 150 K
for the MOF—water system. All values are expressed in kJ/mol.

entropy depend linearly on the temperature for T 2 200 K.
The net effect of polarization can be viewed as raising the
temperature at which K ~ 1 by roughly 200 K, while the effect
of CT is smaller, raising the temperature at which K ~ 1 by

roughly 150 K.

The water dimer is the prototypical model of hydrogen
bonding, with many experimental and theoretical studies
dedicated to decomposing the various bonding interac-
tions.** ™’ The hydrogen bond strength between two water
monomers is ~20 kJ/mol, where the minimum-energy
configuration is a near-linear geometry with a single hydrogen

5434 https://doi.org/10.1021/acs jpclett.3c01397
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Figure 3. Free energy decomposition analysis for the water dimer. (a) The optimal geometries on the FRZ, POL, and CT surfaces with the
hydrogen—oxygen bond length are shown for reference. (b) Adiabatic ALMO-EDA components of the electronic binding energy. (c) Gibbs free
energy of binding at T = 100 K and p = 1 bar. (d) Gibbs free energy of binding as a function of temperature. (e) Binding enthalpy at T = 100 K and
p = 1 bar. (f) Binding entropy at T = 100 K and p = 1 bar. (g) Binding entropy (—TAS) as a function of temperature. All energies are expressed in

kJ/mol. The A values are shown for reference under each histogram.

bond connecting the two monomers.”® The ALMO-EDA free
energy decomposition, using the B3LYP/def2-SVPD level of
theory, is shown in Figure 3 at T = 100 K and p = 1 bar. For
the water dimer, the enthalpic contributions to binding from
the nuclear DOF play a more significant role than for water
fluoride ion since the electronic contribution to binding is
substantially smaller. If the electronic binding enthalpy is again
removed (i.e, AH — AE), the nuclear DOF reduces binding
by 4.74 kJ/mol for the FRZ term, by 5.23 kJ/mol for the POL
term, and by 6.12 kJ/mol for the CT term. As a result, even at
100 K, the entropy contribution overtakes the enthalpy on the
FRZ free energy surface, and the binding free energy is
unfavorable (i.e., AGggy = +2.23 kJ/mol). Additionally, since
POL does not increase binding sufficiently, the entropic
contribution also unbinds the two fragments on the POL
surface (i.e, AGpo, = +0.689 kJ/mol). Only when CT is
included is the association of two water molecules favorable at
100 K (i.e., AGryry, = —3.97 kJ/mol).

Coordinatively unsaturated open metal sites in metal—
organic frameworks (MOFs) have been utilized as an
adsorbent for small-molecule gas sequestration and trap-
ping.””~%> Typically, binding of an adsorbate to an open
metal site in these systems is dominated by physisorption (van
der Waals interactions) due to embedding of the binding site,
which acts to hinder strong adsorption; however, recent studies
have focused on MOF systems that can more strongly bind
(i.e,, chemisorb) their target adsorbates.®”™® For instance, of
the many recently synthesized MOFs that exhibit this binding

5435

trend, the copper scorpionate-type Cu(I)-MFU-4] has been
recently shown to undergo chemisorption binding to a H,
adsorbate. Details of the cluster model employed for this work
and its validation for H, binding to the framework can be
found in ref 65.

The ALMO-EDA free energy procedure was employed to
analyze the interaction of a gas-phase water adsorbate with the
Cu open metal site of Cu(I)-MFU-4l using a cluster model.
The electronic energy was evaluated using the wB97M-V
density functional®® with a mixed basis of def2-TZVPPD on
the water adsorbate and the Cu binding site and the def2-SVP
basis used on all other atoms. Harmonic oscillator frequencies
and rotation constants were calculated with the def2-SVP
basis®” at this basis set’s optimal geometries. The results are
shown in Figure 4 at T = 150 K and p = 1 bar. Again, if the
electronic binding enthalpy is removed (i.e, AH — AE), the
nuclear DOF reduces the enthalpy of binding by 2.97 kJ/mol
on the FRZ surface, by 3.99 kJ/mol on the POL surface, and
by 4.59 kJ/mol on the full surface. The relatively weak
enthalpy of binding on the FRZ surface means that association
of the two fragments at 150 K is not favorable due to the
relatively large entropic binding penalty (—TAS = 18.0 kJ/mol;
AGggz = +9.12 kJ/mol). However, since the binding enthalpy
increases strongly on the POL surface, association of the two
fragments becomes favorable (AGpo, = —1.24 kJ/mol).
Donor—acceptor interactions on the full surface make the
free energy of association more favorable (AG = —5.61 kJ/

https://doi.org/10.1021/acs.jpclett.3c01397
J. Phys. Chem. Lett. 2023, 14, 5432—5440
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Figure 4. Free energy decomposition analysis for the Cu(I)-MFU-4/—H,O system. (a) Optimal geometries with select atoms shown near the
binding site on the FRZ, POL, and CT components of the potential energy surface. The optimal oxygen—copper bond length and angle between
the oxygen—copper bond and a vector bisecting the two hydrogen atoms from the adsorbed water molecule is shown. (b) Adiabatic ALMO-EDA
components of the electronic binding energy. (c) Gibbs free energy of binding at T = 150 K and p = 1 bar. (d) Gibbs free energy of binding as a
function of temperature. (e) Binding enthalpy at T = 150 K and p = 1 bar. (f) Binding entropy at T = 150 K and p = 1 bar. (g) Binding entropy
(—TAS) as a function of temperature. All energies are expressed in kJ/mol. The A values are shown for reference under each histogram.

mol), though binding is dominated by permanent and induced
electrostatics.

The dominance of electrostatics in the binding is evident in
the optimized Cu—OH, distances, which are 2.16 A on the full
surface, 221 A on the POL surface (ie., removing dative
interactions), and 2.58 A on the FRZ surface (i.e, removing
induced electrostatics as well as CT). While the CT
contribution to binding is secondary, it does have a dramatic
effect on the angle between the copper—oxygen bond and a
vector bisecting the two hydrogen atoms on the water, as
shown in Figure 4. On the FRZ and POL surfaces, the dipole
of the water molecule nearly aligns with the copper center,
with angles of 162.15° and 157.54°. Upon release of all
constraints, the water molecule lies almost perpendicular to the
copper site at an angle of 120.96°. This is remarkable because
it weakens the charge—dipole interactions that are crucial for
binding.

To investigate the nature of this bonding pattern further, a
complementary occupied—virtual pair (COVP) analysis was
performed for both the POL and CT interactions.”*”"% The
results are shown in Figure 5. We may be expecting strong

5436

polarization of the water molecule by the formally charged
Cu(I) site, but this is not the main effect. Rather, at the POL
level, it is the Cu center that is more strongly polarized, and the
main contributing COVP (71%) describes the occupied 3d,?
orbital of Cu mixing with an empty sp*-like hybrid orbital. The
next highest contributing pair is on water: a donation from a p-
like lone pair (lp) orbital on oxygen into an Ip*-like orbital,
which accounts for an additional 14% of the POL interaction.
As was found previously,”’ the electron density increases at the
places where the occupied and virtual COVPs have the same
phase and vice versa. Therefore, the POL COVPs tell us that
the 3d,? orbital of Cu was polarized away from water by mixing
with the sp-like hybrid orbital due to Pauli repulsion from the
water’s oxygen lone pair. On the other hand, the p electrons of
oxygen polarize toward Cu to induce a larger dipole moment,
as anticipated. This latter effect also serves to prepare water for
the CT process. When CT is included (see Figure Sb), the
main contributing COVP accounts for 67% of the interaction
and can be described as a ¢ donation from an occupied Ip
orbital on water donating into an empty sp> Cu orbital. This
relatively weak CT effect is enhanced by the aforementioned

https://doi.org/10.1021/acs.jpclett.3c01397
J. Phys. Chem. Lett. 2023, 14, 5432—5440
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Acceptor

Figure S. Leading POL and CT constrained occupied—virtual pairs
(COVPs) of a gas-phase water adsorbate binding on the open-metal
copper site of Cu(I)-MFU4-1. (a) The two leading POL pairs. (b)
The leading CT pair. The percentage contributions to the energy are
shown above the arrows. The atom color codes are gray (C), blue
(N), green (Cl), purple (Zn), white (H), red (O), and gold (Cu).
The COVPs were plotted with an isosurface value of +0.07 au.

reorientation of the water molecule, to an extent that exceeds
the loss of electrostatic polarization.

A comparison between the different enthalpy and entropy
components is shown in Table 1. The general trend among the
model systems studied here is that releasing the ALMO-EDA
constraints, from FRZ to POL to CT, strengthens the overall
binding enthalpy due to the electronic contribution. Besides
the electronic binding enthalpy, the only varying component is
from the vibrational DOF, which decreases as the constraints
are released for water fluoride but increases for all other
systems analyzed. The main contributor to the binding entropy
is translational confinement, which, under the approximations
assumed here, is invariant under the ALMO constraints and
only depends on the pressure, temperature, and mass.
However, the total binding entropy (—TAS) follows the
reverse trend to the enthalpy in that releasing the ALMO
constraints systematically decreases the —TAS term after
relaxing the constraints.

The adiabatic ALMO-EDA method®' enables a detailed
analysis of electronic binding energies and other properties
into physically meaningful components such as Pauli repulsion,
dispersion, polarization, and charge transfer. Here, the
adiabatic ALMO-EDA method was extended to decompose
thermodynamic contributions to the free energy of association
for some prototypical hydrogen-bonding motifs and to an
anomalous binding motif involving a metal—organic framework
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and a “flat-lying” gas-phase water adsorbate. Although the
GDA approach described here decomposes the binding
thermodynamics into FRZ, POL, and CT components, it is
important to remember that the FRZ — POL — FULL
sequence is purely for analysis and that binding is not a
stepwise process in that sense. The only sense in which binding
can be stepwise is via intermediate states, such as, in some
cases, weakly bound precursors to more strongly bound
states.”>”"

The free energy model presented here was a simple RR—HO
estimate of the various thermodynamic quantities, which has
the virtue of leading to analytical expressions. However, there
are also clearly some limitations to this approach. For instance,
this approach assumes a separable product partition function
for the translational, rotational, vibrational, and electronic
DOF. Vibronic and rovibrational coupling effects as well as
anharmonicities and mode coupling that arises from the
vibrational DOF would likely have a significant impact on the
estimates of bond energies and trends. Investigating these
effects within the ALMO-EDA partition using grid-based
molecular dynamics and Monte Carlo methods will be
interesting topics for future work. It will also be particularly
interesting to explore whether generalizations of the free
energy decomposition analysis are possible for the condensed
phase.
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