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Abstract

Understanding and controlling polymorphism in molecular solids is a major unsolved problem in crystal
engineering. While the ability to calculate accurate lattice energies with atomistic modelling provides valuable
insight into the associated energy scales, existing methods cannot connect energy differences to the delicate
balances of intra- and intermolecular forces that ultimately determine polymorph stability ordering. We report
herein a protocol for applying Quantum Chemical Topology (QCT) to study the key intra- and intermolecular
interactions in molecular solids, which we use to compare the three known polymorphs of succinic acid
including the recently-discovered y form. QCT provides a rigorous partitioning of the total energy into
contributions associated with topological atoms, and a quantitative and chemically intuitive description of the
intra- and intermolecular interactions. The newly-proposed Relative Energy Gradient (REG) method ranks
atomistic energy terms (steric, electrostatic and exchange) by their importance in constructing the total energy
profile for a chemical process. We find that the conformation of the succinic acid molecule is governed by a
balance of large and opposing electrostatic interactions, while the H-bond dimerisation is governed by a
combination of electrostatics and sterics. In the solids, an atomistic energy balance emerges that governs the
contraction, towards the equilibrium geometry, of a molecular cluster representing the bulk crystal. The
protocol we put forward is as general as the capabilities of the underlying quantum-mechanical model and it

can provide novel perspectives on polymorphism in a wide range of chemical systems.



Introduction

Antibiotic resistance is fast becoming a major public health concern'. The development of new drugs
has been drastically held back by the time and costs involved in research, with no new classes of antibiotic
having been discovered since 1987°. Among the most difficult steps in taking a new drug molecule to a
marketable formulation is identifying and controlling the resulting solid form. This solid form dictates key
physical properties including the compressibility and the dissolution rate, which in turn determine
processability and bioavailability, respectively’*. The conformational flexibility and broad spectrum of
intermolecular interactions often enables molecules to crystallise into multiple polymorphs and/or solvates
under different crystallisation conditions. These polymorphs may subsequently transform into different forms
under processing and storage conditions’. Polymorphs and solvates often display significant differences in

physicochemical properties, introducing an extra level of complexity to drug design and manufacturing®.

A number of well-documented cases highlighting the impact of polymorphism on the pharmaceutical
industry have made this an important contemporary research area’®. In 1998, the capsule form of the HIV drug
Ritonavir had to be temporarily removed from the market because the original Form I converted to a more
stable and less soluble form, Form II, in the final formulation’. Although Form II was not discovered in the
four years from initial development to marketing, once production lines became contaminated, the supply of
the drug was drastically reduced while a new formulation was developed. Another example is the 1991 patent
dispute over the anti-ulcer drug ranitidine hydrochloride. Ranitidine hydrochloride has two polymorphic
forms, Form I and Form II, with very similar solubility and bioavailability, but Form II is easier to prepare
than Form 1. After discovering Form II, GSK obtained a new patent and, given the difficulty of preparing
phase-pure Form I, the company was able to limit competition from generic manufacturers once the original

patent on Form I expired'”.

A recent statistical analysis of molecular crystals in the Cambridge Structural Database found that as
many as 50 % of known molecules display polymorphism, and that differences in lattice energy very often lie
within the chemical accuracy threshold of 1 kcal mol™ (4 kJ mol™)®. Despite the inherent challenge these
circumstances pose to theoretical methods, crystal-structure prediction (CSP)''is a highly active research field.
In a typical CSP study, 10°-10* candidate crystal structures are generated and their lattice energies evaluated
using a parameterised force field model, a first-principles electronic-structure method such as density-
functional theory (DFT), or a combination of the two. Depending on the system, CSP may find a single (global)
energy minimum or a set of energetically similar metastable polymorphs''. CSP has evolved with computing
capability to become a useful counterpart to experiment, for example, to screen for unidentified polymorphs
of new drugs'?. Nevertheless, even moderately complex systems can challenge current state-of-the-art

methods'.

A key disadvantage common to most contemporary CSP methods is the difficulty of ascribing the subtle
energy differences between competing structures to specific chemical interactions. The implications of this
situation are twofold. Firstly, it limits the insight available from CSP studies, which may otherwise point to

predictive rules or “smarter” screening approaches. Secondly, in the cases where CSP fails to predict
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experimental outcomes, it is difficult to identify the classes of interactions that the underlying total-energy
methods cannot describe appropriately.

The current state-of-the-art for analysing total energies is to use quantum-chemical topology (QCT)

methods'*!'*

such as the Interacting Quantum Atoms (IQA) energy decomposition scheme'®. IQA examines
the molecular quantum-mechanical wavefunction (or the corresponding electron density function in DFT) to
rigorously partition the total energies obtained from electronic-structure calculations into a sum of intra- and
interatomic terms with intuitive chemical interpretations. We and others have successfully applied IQA, in
conjunction with tools such as the Relative Energy Gradients (REG) method'’, to examine many different
phenomena. A few examples include hydrogen'’ and halogen'® bonding, the fluorine gauche effect'’, the
biphenyl torsional angle energy barrier”, and the reaction mechanism of the peptide hydrolysis of HIV-1
protease”’. In this work, we apply these methods to elucidate the chemical origin of the polymorphism in
succinic acid (SA). By combining complementary periodic electronic-structure calculations with IQA analyses
of SA monomers, dimers and clusters, we explore the delicate energetic balances that ultimately determine the
structure and stability of the three known SA polymorphs. This method is general and provides a foundation
for future studies to improve our fundamental understanding of polymorphism and to devise and improve novel

CSP methods.

Computational Methods
a. Periodic calculations

Periodic plane-wave DFT calculations were performed on the crystal structures of the a, § and y
polymorphs of SA using the Vienna Ab initio Simulation Package (VASP) code®. A plane wave basis with a
kinetic-energy cut off of 850 eV was used with Projector Augmented-Wave (PAW) pseudopotentials®***
including the H 1s and C and O 2s/2p electrons in the valence shell. Calculations were performed with six
different exchange-correlation functionals: (i) the PBE generalised-gradient approximation (GGA)
functional®, (ii) the PBE0?® and (iii) B3LYP?” hybrid functionals, (iv) PBE with the DFT-D2 correction®, (v)

PBE with the DFT-D3 correction®’, and (vi) PBE with the Tkatchenko-Scheffler (TS) dispersion correction®.
I'-centered Monkhorst-Pack k-point meshes®! with 2X2X3 (@-SA), 2X1X3 (8-SA) and 2X1X 1 subdivisions
(y-SA) were used for the Brillouin-zone integrations. A series of gas-phase calculations were also performed
as follows. SA molecules and H-bonded dimers were extracted from the experimental structures and placed at
the centre of a large periodic box with an initial distance of 15 A between images. These were then optimised
with the same technical parameters as used for the crystal structures but with I'-point Brillouin zone sampling.
In all calculations, the PAW projection was performed in the reciprocal space and non-spherical contributions
to the gradient corrections inside the PAW spheres were accounted for. A tolerance of 10 eV on the total
energy was applied when optimising the Kohn-Sham orbitals. Geometry relaxations were performed with the
atomic positions, and the lattice parameters and cell volumes in the periodic structures, allowed to vary until

the magnitude of the forces on the ions fell below 102 eV A,
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b. Molecular calculations

Gas-phase electronic-structure optimisations and single-point calculations were performed on SA
monomer, dimer and multi-molecule cluster models using B3LYP*’ and the 6-31+G(d,p) split-valence basis
set’? with the GAUSSIAN09*® software. The Kohn-Sham orbitals were optimised with tolerances of 10 and

10® a.u. on the maximum and root-mean-square (RMS) changes in the density matrix, respectively. Geometry

optimisations were performed to tolerances of 4.5 X 10 and 3 X 10™* a.u. on the maximum and RMS force,

and 1.8 X 107 and 1.2 X 107 a.u. on the maximum and RMS displacements, respectively. For the larger

cluster calculations, we used the recommended SuperFineGrid setting for computing integrals.

¢. Quantum-chemical topology calculations

The Kohn-Sham electron densities obtained from the molecular calculations were analysed using the
IQA partitioning scheme as implemented in the AIMAIl package®*. The largest value of L(Q) was 1.5X 107
a.u for the carboxylic carbon atoms in the y conformation. The integration strategy was carefully and
successfully optimised to reduce the absolute recovery error, defined as the difference between the calculated
total energy and the sum of the IQA energy terms, to below 1 kJ mol™ for all SA monomers and dimers. As
outlined in the Results and Discussion section, series of IQA calculations for configurations along carefully-
selected “control coordinates” were analysed using the Relative Energy Gradient (REG) method implemented

in our in-house ANANKE software'”.

Results and Discussion

a. Solid-state calculations

Succinic acid has three reported polymorphs: a triclinic P-1 () phase and the two monoclinic P2:/c (B8)
and C2/c (y) phases (Fig. 1). All three structures are built from chains of SA molecules formed by strong
directional H-bonded carboxylic acid dimers, which pack parallel with weaker intermolecular interactions

35,36

between adjacent chains. 8-SA crystallises from solution and is stable under ambient conditions,”” while a-

SA is obtained by rapid quenching of a melt above ~135 °C*’ and can also be prepared by sublimation®®.

The a = B phase transition is slow, and once prepared, @-SA remains stable for long periods of time. y-
SA was isolated®® serendipitously in 2018 and differs markedly from a- and -SA in that the SA molecules
adopt a “folded” or “twisted” rather than planar geometry. SA adopts the planar geometry in 89 % of reported
multicomponent crystals (i.e. those formed from two or more different molecules), making the twisted

configuration comparatively rare.
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Figure 1. Solid-state polymorphism in the succinic acid molecule. The SA molecule can adopt planar (a) and twisted (b)
conformations. There are three known polymorphs of SA, viz. @ (c¢) and B (d), which are based on the planar SA

geometry, and y (€), which is based on the twisted geometry. These images were generated using the VESTA software®.

PBE predicts an energetic ordering of @ <y < 8, with energy differences of 1.2 and 1.7 kJ mol per SA
molecule between the @ and y polymorphs, and the y and 8 polymorphs, respectively, which we denote AE(a
- y) and AE(y - B). These energy differences are both well within the 4 kJ mol" chemical accuracy threshold.
The two hybrid functionals, PBEO and B3LYP, predict an ordering of y < 8 < &, and these XC-functionals
notably predict the y polymorph to be 7.2 and 5.9 kJ mol" lower in energy than the g phase, respectively
(Table S1 of the Electronic Supplementary Information (ESI)). When one of the three dispersion corrections
is applied to PBE, the energy differences between polymorphs are reduced to within 1-2 kJ mol™ per SA
molecule. Our PBE-D2 and PBE-TS results are in line with the calculations carried out by Lucaioli et al.*®,
and a full set of energy differences calculated with the six functionals is given in Table S1. Overall, there are
six possible energy orderings, of which four are recovered by the six levels of theory tested, and none of the

orderings is predicted by more than two of the functionals.

By comparing the optimised and experimental structures, we find that PBE and B3LYP overpredict the
unit cell volumes by 13-19 %, PBEO overpredicts by 8-11 %, and the three dispersion-corrected functionals

predict smaller volume changes ranging from a 1 % expansion to a 6 % contraction (Tables S2-S4 in the ESI).
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All six functionals predict similar molecular conformations, with RMSD values from 8.1 X 107 A to 2.8 X

102 A compared to the PBE structure (overlay plots in Fig. S1-S3, Table S5, all in the ESI). The six functionals
also predict similar SA dimer H-bond distances with a maximum difference of ~0.1 A across the three

polymorphs (Table S6, ESI).

Gas-phase calculations on the planar and twisted SA conformation of the single molecule consistently
predict the twisted form to be lower in energy than the planar conformer, with energy differences ranging from
0.7 kJ mol™! with PBE to 1.9 kJ mol" with PBE-D2 (Table S7, ESI). Calculations on gas-phase dimers in both
conformations indicate formation energies (Er) from 65 to 84 kJ mol™, and all six functionals predict the

twisted dimer to be more stable than the planar dimer by 0.8-1.4 kJ mol™ (Tables S7 and S8 in the ESI).

The gas-phase calculations consistently show the twisted monomer and dimer to be the lowest in energy,
and the solid-state calculations predict similar molecular geometries and H-bond distances. We therefore
suggest that the large differences in the cell volumes, and the variability in the energetic ordering predicted by
the six functionals, is due to differences in how these functionals describe the weaker intermolecular forces

between the SA chains.

b. The IQA energy decomposition scheme

Having established a baseline for our calculations, we next applied the IQA method to determine the
origin of the predicted energetic differences between the SA conformations and the three solid-state

polymorphs. The IQA scheme emerges from the Quantum Theory of Atom in Molecules (QTAIM) approach

16,40

as a rigorous decomposition of the total energy into a sum of intra- and interatomic energy terms, " and

provides detailed and quantitative descriptions of the underlying chemical interactions.

The total energy is decomposed into a sum of the IQA energies Ejp4 of the N topological atoms in the

molecular system (single molecule or molecular aggregate) according to:

N
E= Eioa(d) (Eq. 1)
i=1

The Ejg4 (i) energy of the i-th topological atom can be expanded as a sum of intra- and inter-atomic

contributions:

N
. N, 1 .
E1ga(D) = Epnera (D) + 52 Vinter (,J) (Eq. 2)

J#i

The energetic contribution Ej,¢, comprises a sum of the (intra-)atomic kinetic energy T (i) and the electron-

electron and electron-nucleus potential energy V,_.(7) and V,_, (i). These energies are obtained from
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volume integrals of appropriate quantum-mechanical densities over the topological atoms. The intra-atomic
energy Emwa 1S @ measure of the intrinsic stability of an atom in its chemical environment, which defines many
stereo-electronic phenomena including steric hindrance in rotational barriers®. V., (i, j) are the interatomic

contributions to the potential energy due to the interactions between atoms i and j, which are calculated as:

Vinter (0J) = Ve (6 )) + Ve (6, 1) + Voo (6)) + Ve (6, ) (Eq. 3)

where V,_,,(i,j) and V,,_.(i, ) are, respectively, the potential energy contributions due to interaction of the
electrons associated with atom i and the nucleus of atom j, and vice versa, i.e. the order of the subscripts is
significant. The electron-electron potential energy V,_, incorporates the classical Coulomb (Vcou) and

quantum-mechanical exchange-correlation (V) interactions:

Ve—e (L)1) = Veouwr (6, J) + Vae (6, ). (Eq. 4)

V cour (i, J) is the Coulombic interaction between the electrons in atoms i and j while V. (i, j) primarily reflects
the degree of covalent bonding between the two atoms*’. Finally, it is often convenient to group the “classical”
(“cI”) terms in Egs. (3) and (4), Viz. Vin, Ve, Ve and the purely electrostatic part of Ve, i.e. Vcoul, into a

single term V(i,j).This new term allows Eq. (3) to be rewritten:

Vlnter(i:j) = Vcl(iﬂj) + ch(i,j) (Eq. 5)

The interatomic terms arising from electron-electron interactions are calculated from a six-dimensional
integration of the appropriate densities over the volumes of the two topological atoms involved. The classical
electrostatic terms capture the electrostatic energies along with charge transfer effects, while the exchange-

correlation interactions capture, at DFT level, only covalency and (hyper)conjugation.

A limitation of all current IQA implementations is that they only work with molecular (and thus
aperiodic) systems. We therefore identified and analysed the three main interactions involved in the SA crystal
packing using appropriate molecular models, viz. the planar and twisted conformers of the SA molecule, dimers
of SA molecules in the two conformations, and H-bonded chains packed to form larger clusters representative
of the extended crystal structure. We chose to perform our calculations with the B3LYP hybrid functional, as
this is a typical choice for molecular quantum chemistry, but we note that IQA can in principle be applied to

the wavefunctions (or electronic densities in the case of DFT) obtained from any electronic-structure method.
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c. The Relative Energy Gradient method

The number of individual energy terms in an IQA decomposition rapidly becomes large as the size of
the system increases, making manual analysis of the data impractical. As a result, it becomes hard to answer a
crucial chemical question: which individual energy terms are most responsible for the energetic behaviour of
the total system? This question is at the heart of any chemical phenomenon, such as hydrogen bonding, the
gauche effect, the anomeric effect, and rotational energy barriers, to name a few. In the current study, we aim
to identify which atoms play a pivotal role in the crystallisation of SA into the three polymorphs, and which
type of energy (i.e. steric, electrostatic or exchange) controls the relevant interactions. The Relative Energy
Gradient (REG) method is designed to answer this question, and to do so by unbiased computation. REG
operates on a dynamic change, i.e. it requires a sequence of molecular geometries and the corresponding
energies that represent the chemical phenomenon being studied. For example, a REG analysis of a rotational
energy barrier requires a series of geometries generated by varying the relevant torsion angle, termed the
“control coordinate”. In the case of a REG analysis of a hydrogen bond, the control coordinate is typically the
H-acceptor distance. In the current study we perform three different REG analyses, each with its own control
coordinate: (i) the central C-C torsional angle within one SA molecule, or both molecules in a SA dimer; (ii)

the hydrogen bond distance between two SA molecules; and (iii) the unit cell volume in the crystal structures.

As the name suggests, the REG compares two energy gradients by calculating their (dimensionless)
ratio, which is termed the REG coefficient. The gradient of each energy contribution is compared to the
gradient of the total energy, both of which vary along the control coordinate. These ratios are then ranked to
identify the most significant energy components in terms of their impact on the overall change in total energy.
The key idea is to identify the largest positive REG coefficients, corresponding to the atomic energy
contributions that most support the total energy change, and the most negative REG coefficients, which

identify the energy terms that most oppose the total energy change.

The control coordinate is divided into segments whose extremes are at critical points of the potential
energy surface (PES) as a function of the control coordinate (i.e. minima, maxima and/or saddle points). The
behaviour over each segment is analysed separately, and both IQA and total energies are calculated over a
number of geometries determined by the control coordinate. The REG coefficient (Ri) for the k-th IQA term

is calculated as follows:
€k = Rx X Ejga + ¢ (Eq. 6)

where R; denotes the coefficient of the linear regression used to fit (over all geometries of a given segment)
the IQA energy term €, and the IQA energy of the total system E;p4, and ck are constants without physical
meaning. The REG coefficients R, measure how large the changes in €, are compared to the change in the
total energy within each segment. Note that the sign of Rk and its interpretation (i.e. whether a term supports
or opposes the change in total energy) is independent of the direction in which the analysis is performed (i.e.

from minimum to maximum or vice versa).

- Page 8 -



d. Conformation of the succinic acid monomer

To explore the energetic differences between the planar &/ and twisted y conformations of SA, we
performed a scan of the PES associated with the C-C torsion angle (Fig. 2). The PES has two unique minima
at dihedral angles of 70 and 180° corresponding to the twisted (y) and planar (@/B) conformations,
respectively. These calculations predict the twisted conformation to be lower in energy than its planar
counterpart by 0.3 kJ mol"! with a rotation barrier of 5 kJ mol”. The 0.3 kJ mol" energy difference between
the twisted and planar forms is of the same order of magnitude as the 0.7 kJ mol"' computed with B3LYP
plane-wave calculations. Figure 2 also compares the total electronic energies obtained from the molecular
calculations (Eppr) to those obtained by summing the terms in the IQA partitions (Ejq4). There is an excellent

agreement between the two data sets, indicating minimal IQA recovery errors.
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Figure 2. Conformational analysis of the succinic acid monomer. (a/b) Optimised geometries of the twisted (y; a) and
planar (a/B; b) conformers showing the atom labelling scheme employed in the text and the C-C torsion angle @ varied
during the PES scan. (c¢) Change in energy as a function of @. The two curves compare the total energies from the B3LYP
calculations (Epr, red squares) to the sum of IQA energy terms (E 4, blue circles). The black box marks the region of
the profile from 70° to 180° representing the rotational energy barrier between the two conformers. (d/e) REG analysis of
this section of the profile in two segments indicated by the dotted vertical line at the local maximum energy at 120°. The
analysis highlights the main energetic contributions to the barrier as (d) the attractive interaction between the C atom and
acceptor O atom at opposite ends of the molecule, and (e) the repulsive interaction between the pair of acceptor O atoms

and pair of C atoms.
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In order to gain insight into the factors underlying the energy difference between the twisted and planar
conformations, we performed a REG analysis of the section of the profile in Fig. 2(c) between 70 and 180°.
These segments correspond to the paths (i) from the twisted y conformation to the energetic maximum, and
(i1) from the maximum to the planar /8 conformer. Table 1 identifies the largest REG coefficients (in absolute

value), which are the most important to understand the chemical origin of the rotational barrier.

Table 1. REG analysis of the IQA energies along the paths linking (i) the twisted (y) SA conformer with the energy
maximum (Segment 1), and (ii) the maximum and the planar (/f) conformation (Segment 2). These segments are marked
on the PES as a function of the C-C torsion angle in SA shown in Fig. 2(a)/(b), which also shows the atom labelling
scheme. The notation V;(i,j) denotes a classical electrostatic interaction between the pair of atoms in parentheses. For
each segment, the terms with the largest absolute REG coefficient R;, are shown along with the (Pearson) correlation (R)

to the total energy.

Segment 1 Segment 2
IQA Term Ry, R IQA Term Ry, R

V1(C*,0.,)/V(C,007) 27.4/27.2 0.98 V.(C,C) 12.1 0.99
Ve1(C,04° )V (C,00) 12.6 0.98 V:(0.,04) 12.0 0.99
Ve1(0a,H)/V (04, H) 6.5/6.4 0.98 V. (Hoi’,C)Vey(Hat,C) 4.6/4.5 0.89
Vo (H,C)Ve (H,0) -6.5 -0.98 V. (CHu' )V (C' Ha) 4.5 0.89
V1(04,0.)/Ve(Od’,04) -12.7/-12.9 098  V,(04,0.)Vs(04’,0,) 4.4 0.95
Ve1(0a,04) 232 -0.98 Ve (Ha1,0.)/Vey (Har”,0,) 3.8 -0.89
Va(C,C) -30.0 -0.98 V.1(C,04)/V(C’,04) -4.0 -0.96

Vi (C,0)/V(C,0,7) -12.3 -0.99

The most significant terms in both segments are the classical electrostatic interactions V., among atoms
in the carboxylic acid groups at opposite ends of the SA molecule. In Segment 1, the attractive interactions (i)
between opposing carbonyl C and acceptor O atoms, (ii) between opposing carbonyl C and donor O atoms,
and (iii) between opposing acidic H and acceptor O atoms all feature with the highest positive REG
coefficients. Hence these 3 electrostatic interactions work to support the total energy barrier. In other words,
the attraction between the carboxyl groups becomes less and less stabilising along the path from the energy
minimum to the maximum. The terms with negative Rk counteract the energy barrier. Since C and C’ have the
same atomic charge, as do O,” and O,, the corresponding interactions are repulsive in nature. Because they
counteract the barrier, they must decrease in strength along the path from the minimum to the maximum in the

PES.

- Page 10 -



In Segment 2, which corresponds to torsion from the local maximum to the minimum at the planar
conformation, these same repulsive interactions support the decrease in total energy, i.e. the repulsion energy
decreases and thereby stabilises the planar minimum. However, new electrostatic interactions become
significant, viz. those between the carbonyl atoms and the methylenic hydrogens in both 1,3 and 1,4
relationships. Finally, the attractive interaction between the two opposing carboxyl groups now emerge as the
most dominant negative Rx values, indicating that these interactions continue to strengthen on approach to the

planar minimum.

In conclusion, the above analysis shows that the rotational barrier is governed by classical electrostatic
interactions, in particular those of the two carboxylic acid groups. Indeed, a comparison of the two REG
analyses (one for each Segment) identifies the most important terms with the largest absolute Rj, to be (i) the
attractive interactions between opposing carbonyl C and acceptor O atoms, V. (C,0,"), (ii) the repulsive
contacts between carbonyl C atoms, V ;(C,C’), and (iii) the repulsive interactions between acceptor O atoms,
V:(02°,0,). As shown in Fig. 2(d)/2(e), the rotation from the twisted to the planar conformer, via the PES
maximum, leads to a continuous weakening of all three interactions. The twisted conformer therefore
maximises the attractive interaction relative to the two repulsive terms, making it slightly more stable. We note
that the changes in energy associated with these electrostatic terms are some two orders of magnitude larger
than the barrier height itself. The energy difference between the two conformers, and thus the PES, arises from

a balance of energetically large, but opposing, chemical interactions.

e. H-bond dimerisation

We next examined the formation of H-bonded dimers of both SA conformers, as the H-bond between
carboxylic acid groups likely represents the strongest single intermolecular interaction in all three SA
polymorphs. Here the H-bond distance was taken as the control coordinate in REG analyses of the twisted and
planar dimers. The coordinate was adjusted from the calculated equilibrium distance of ~1.65 A to values
between 1.15 A (compression), and 4.55 A (extension) in steps of 0.1 A (Fig. 3). The resulting potential energy
curves predict dimer formation energies of -66.8 and -68.0 kJ mol™ for the planar and the twisted dimers,
respectively, which are once again very similar to those computed from the plane-wave calculations (-65.1 and
-65.5 kJ mol ™). The twisted dimer is predicted to be 1.4 kJ mol” per SA molecule more stable than the planar
dimer, which is a fivefold increase on the energy difference between the monomers, although the plane-wave

calculations predict a much smaller stabilisation of 0.2 kJ mol™' per molecule.

In order to gain further insight into the selective stabilisation of the dimer, the curves in Fig. 3 were
divided into two segments corresponding to the repulsive and attractive part of the potential energy curve,
respectively at small and large monomer separations. The IQA decomposition of the total energies of the
configurations in each segment was analysed using REG, in order to identify the most important terms

summarised in Table 2.
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(b) Planar dimer
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Figure 3. Analysis of the H-bond dimerisation between two molecules of succinic acid (marked “1” and “2”) in planar

and twisted conformations. (a)/(b) Optimised twisted (a) and planar (b) SA dimers showing the atom labelling used in the

text. The H-bond distance dug used as control coordinates are marked by dashed black lines. (¢) Total energy of the

twisted and planar dimers as a function of the H-bond distance. The energy is expressed relative to a separation of 4.6 A,

which effectively corresponds to two isolated SA dimers. The vertical black line marks the equilibrium H-bond distances

at which the two PES curves were split into compression and extension segments marked Segment 1 and Segment 2,

respectively.
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Table 2. REG analysis of the partitioned IQA energies along the H-bond compression (Segment 1) and lengthening
(Segment 2) regions of the H-bond potential energy curves for the planar and twisted succinic acid dimers shown in Fig.
3. The two monomers in the dimer are indicated by the subscripts “1” and “2”. The parameters Rx and R have the same
meaning as in Table 1. The Ej,;, refer to the intra-atomic energies of the atoms in parentheses, and the V; refer to the

classical electrostatic interactions between the pairs of atoms in parentheses. The atom labelling is shown in Fig. 3(a).

Segment 1
Planar Twisted

IQA Term Ry R Ry R

Enera(Oa)Epmra (Oa2) 1.4 0.98 1.4 0.98
Ve (CL,H2)/V (Co,Hy) 1.4 0.90 1.3 0.90
Va(Ci,Cy) 1.1 0.90 1.2 0.91
Ve1(04d1,022)/V1(042,0a1) 1.0 0.96 1.0 0.96
Ve (C1,042)/V (C2,041) -1.0 -0.93 -1.0 -0.93
Ve (C1,0a1)/V(C2,0a2) -1.5 -0.77 -1.6 -0.87
Vei(H1,0a2)/V (H2,0a1) -1.6 -0.87 -1.6 -0.79

Segment 2
Planar Twisted

IQA Term Ry R Ry R

V1(C1,042 )V (C2,041) 59 0.99 59 0.99
Vei(C1,002 )V (C2,0a1) 5.5 0.98 5.6 0.98
Ve1(Oa1,H2)/V;1 (Oa2,Hy) 52 0.99 52 0.99
V1(041,022) -3.8 -0.96 -3.9 -0.96
V:1(O41,042) -4.1 -0.99 -4.0 -0.99
Ve (H1,C)/V (Ha,Co) -5.0 -0.99 -5.0 -0.99
V1(0d1,022)/V1(042,0a1) -5.5 -0.99 -5.5 -0.99
Vo (C1,C2) -6.9 -0.98 -7.1 -0.98

We discuss the complete energy profile from long to short H-bond distances distance, beginning with
Segment 2. While it is possible to perform this analysis in the reverse direction, it is more intuitive to start with
widely-separated SA monomers and identify the chemical interactions that drive them to form the H-bonded
dimers. Continuing to analyse Segment 1, where the dimer is compressed to shorter H-bond distances, allows

us to further elucidate the nature of the corresponding energy barrier.

We find that electrostatic interactions between atoms in the two carboxyl groups involved in the H bond

play the largest role in the formation of the dimer (Segment 2). Attractions between the carbonyl carbon and
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donor/acceptor oxygen atoms on the opposing group make a substantial supporting contribution, as does the
attraction between the acceptor oxygen and donor acidic proton. The latter phenomenon is expected and has
been seen in REG analyses of other H-bonded systems, and confirms the H-bond in the SA dimer to be
predominantly electrostatic in nature. We emphasise that while the two O---H hydrogen bonds feature much
in stabilising the SA dimer, they do so alongside non-bonded C---O contacts between the two adjacent carboxyl

groups.

Energy terms with negative REG coefficients identify destabilising interactions that oppose the H-bond
formation. In principle, the positive REG coefficients suffice to explain the nature of the attraction between
the monomers when forming the dimer. However, the negative REG coefficients provide an alternative
narrative, which is again identical for both the planar and twisted dimers. The dominant negative REG
coefficients again involve atoms from opposing carboxyls. This time all electrostatic interactions are repulsive
in nature, starting with the most dominant one, which is the repulsion between the carbonyl carbons. As
expected, all possible O---O interactions across the carboxyls play a dominant role. More surprising, however,

is the strong repulsion between the acidic protons and the carbonyl carbons.

We now explain the nature of Segment 1, starting with the most positive REG coefficients. As for
Segment 2, the analysis is qualitatively the same for the planar and the twisted dimer. As the dimer is
compressed beyond its equilibrium geometry, the intra-atomic energy Ej,:rq 0f the donor O atoms increases
most, compared to other types of local energy. This indicates a steric effect where the atom’s kinetic energy is
combined with the potential energy of the deforming electron cloud to strengthen the energy barrier to
compression. The next three most dominant energy contributions are all electrostatic, and by deduction
repulsive, because they help in constructing the compression energy barrier. Perhaps unexpectedly, the
interaction between the carbonyl C and the acidic proton of the opposite COOH plays a leading role. The
interaction between the two carbonyl carbon atoms follows closely, as does that between the donor and
acceptor oxygen atoms. Finally, the alternative narrative associated with the negative REG coefficients shows
that increased electrostatic attraction between the carboxyl groups play the most important role in
counteracting the energy barrier. This assertion reinforces the role of the electrostatic interaction between the

carboxyl groups over the whole energy profile, throughout the two segments.

The REG coefficients for the twisted and planar dimers are similar, and thus do not highlight any clear
differences in H-bond strength that might explain the higher stability of the twisted dimer. We therefore
investigated the hypothesis that this higher stability is instead due to differences in the intramolecular
interactions within the SA monomers. A set of calculations analogous to those performed on the SA monomer
in Fig. 2, but where both molecules in the dimer are rotated from the twisted to the planar form, were therefore
run, as shown in Fig. 4(a). This procedure yields a rotational barrier of 11.1 kJ mol™ (5.5 kJ mol™ per SA
molecule), which is ~10 % higher than in the monomer. A REG analysis taking as the control coordinate the
C-C torsion angle - again in both monomers - confirms that the same terms govern the rotational barrier in the

monomer and dimer (Table 3).
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Figure 4. Conformational analysis of the C-C torsion angle in the succinic acid dimer. The atom labelling is the same as
used in Fig. 3 but without the molecular subscript index, for brevity. Note that the two monomers in the dimers are
equivalent. (a) Structure of the planar SA dimer showing the atom labelling used in the text and the two C-C torsion
angles, @, varied together during the PES scan. (b) Change in the total energy AEpgr as a function of @ from 75-180°.
As in the monomer PES scan in Fig, 2, the PES is divided into the two segments marked by the vertical dotted line, and
each is characterised using a REG analysis of the IQA decomposition of the total energies of each configuration. (c)
Contribution to the total energy of the attractive interaction between the carbonyl C and opposing acceptor O atoms within
the SA monomers. (d) Contributions to the total energy from the repulsive interactions between pairs of acceptor O and

carboxyl C atoms within the SA monomers.

Table 3. Comparison of the REG coefficients R, for the three major electrostatic interactions determining the variation
in energy along the rotational PES between the twisted (y) conformations of the succinic acid monomer and dimer and
the local energy maximum (Segment 1), and the maximum and the planar (/) monomer and dimer (Segment 2). These
segments are marked on the twist potential energy surfaces in Figs. 2 and 4. The atom labelling scheme follows that used
in Figs. 2 and 4. Note that the two monomers in the dimers are equivalent. The notation V.;(A,B) denotes the classical

electrostatic interaction between the pairs of atoms in parentheses.

Monomer Dimer
Segment 1 Segment 2 Segment 1 Segment 2
Ry R Ry R Ry R Ry R
V. (C,0.) 27.4 0.98 -12.3 -0.99 9.7 0.99 -6.0 -0.99
V:1(04°,04) -23.2 -0.99 12.0 0.99 -8.5 -0.99 6.2 0.99
V.4(C,C) -30.0 -0.98 12.1 0.99 -10.4 -0.99 5.7 0.99
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Further insight can be obtained by comparing the QTAIM atomic charges in the SA molecules in the
monomers and dimers in the planar and twisted conformations (Table 4). Importantly, these charges are
obtained directly from the same type of volume integral as the IQA energies, a uniformity not found in other
common partitioning schemes. There is little difference between the charges in the twisted and planar
conformations, whether in the monomer or the dimer. However, the dimerisation leads to a clear redistribution
of charge, on the order of tens of milli-electrons. In both the planar and twisted dimers, there is a quantitatively
similar charge transfer within the carboxyl group involved in the H-bonding. Upon dimerisation the H and
acceptor O both become more positive, while the carboxyl C atom becomes more negative, which can be
interpreted as an internal charge transfer. The increase in positive charge of the hydrogen-bonded H atoms is

well known and can be observed through enhanced infrared activity in H-bonded systems** .

Table 4. Atomic net charges  (a.u.) on each atom in the planar and twisted conformations of the succinic acid monomers
and dimers found in a@-/B-SA and y-SA, respectively (note that the two monomers in the dimers are equivalent). The

charge difference (A) for atom A is defined as ga(dimer) - qa(monomer). The atom labels are shown in Figs. 2 and 4.

Monomer Dimer A
Planar Twisted Planar Twisted Planar Twisted

H 0.61 0.61 0.64 0.64 0.03 0.03
H’ 0.61 0.61 0.58 0.58 -0.03 -0.03
Oq -1.15 -1.15 -1.15 -1.15 0 0

04 -1.15 -1.15 -1.09 -1.09 0.06 0.06
C 1.59 1.60 1.53 1.54 -0.06 -0.06
O 1.59 1.60 1.51 1.52 -0.08 -0.08
O, -1.22 -1.22 -1.18 -1.17 0.04 0.05
Oy -1.22 -1.22 -1.15 -1.15 0.07 0.07
Co 0.09 0.09 0.04 0.04 -0.05 -0.05
Co 0.09 0.09 0.04 0.04 -0.05 -0.05
Ha 0.04 0.04 0.06 0.06 0.02 0.02
Hor’ 0.04 0.02 0.06 0.06 0.02 0.04
Hea 0.04 0.02 0.05 0.04 0.01 0.02
Heo’ 0.04 0.04 0.04 0.04 0 0
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f. Crystal packing and polymorphism

Finally, to probe the additional intermolecular interactions in the bulk SA crystals, we developed a
model comprising clusters of molecules from each of the periodic structures with a central SA molecule
surrounded by the full set of nearest-neighbours present in the bulk environment. This leads to molecular
models with 15 and 17 SA molecules for the a/p and y polymorphs, respectively (210 and 238 atoms). The

sizes of these systems are at the limit of what it is currently feasible to analyse using IQA.

In these analyses, the volume of the unit cell in the periodic calculation provides a natural control
coordinate for REG analyses because the expansion and contraction of the volume about the computed
equilibrium (i.e. the energy/volume equation of state (EoS) curve) probes the full range of energetic
interactions that determine the equilibrium structure. We therefore performed a set of periodic calculations in
which each of the three SA structures was re-optimised with the cell volume fixed to £5 % of the calculated
equilibrium value in steps of 1 %. Due to the significant computational overhead of hybrid functionals in the
periodic electronic-structure calculations, it was not possible to compute the EoS curves using B3LYP. We
therefore used PBE instead, as this functional predicts the most similar equilibrium volume to B3LYP, and we
performed a series of single-point energy calculations on the PBE-optimised structures. This procedure is
equivalent to the rapid volume optimisation method outlined by Jackson et al.*’. The resulting energy/volume
curves are shown in Fig. 5. A fit of the Birch-Murnaghan equation of state*® to the PBE E/V curve yields
equilibrium energies, E, within 0.5 kJ mol” per molecule and equilibrium volumes, Vo, within 4-6 % of the
values obtained by variable-cell optimisation. Fitting the E/V curve obtained with the B3LYP single-point
energies computed with PBE structures yields a similar error in the predicted Vo but a rather larger ~3.5 kJ
mol ™! error in the E. Nevertheless, the computed energies predict the same stability ordering of y-SA < -SA

< a-SA.
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Figure 5. Calculated energy/volume curves for (a) ¢-SA , (b) B-SA and (c) y-SA as a function of volume. The red curves
show the energies obtained from a series of structures optimised at constant volume with PBE. The blue curves show the
energies obtained from single-point B3LYP calculations on the PBE structures. The green curves show the energies from
single-point B3LYP calculations on clusters of molecules extracted from the periodic structures. Some examples of these
structures, viewed along one of the crystallographic axes, are shown to the right part of the figure. Note that the viewpoint
may hide some of the molecules. Finally, the orange curves indicate the energies of the “bulk-like” reference molecules
(extracted with the IQA energy partitioning) in the centre of the clusters, represented in the images using balls and sticks

rather than lines. The images were produced with the VMD software®.
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To examine how well the cluster models reproduce the solid-state E/V curves, we compared single-
point energy calculations on the clusters, using B3LYP, with single-point B3LYP calculations on the periodic
structures. The gas-phase computations show a reasonable overlap with the solid-state calculations at expanded
volumes but the calculations on @-SA and B-SA deviate significantly at compressed volumes. This is likely
because the outer shell of molecules in the clusters are in a very different chemical environment to those inside
the periodic structure. Partitioning the total energies using the IQA and extracting the energy of the reference
“bulk like” molecule largely corrects this discrepancy, which suggests that the central molecules in these
clusters are representative of the monomers within the corresponding crystal structures. However, we note that
the cluster and IQA calculations both predict a different energetic ordering to the periodic calculations, viz. a
< pB <y (Fig. S4(b)) and a <y < B (Fig. S4(d)), respectively. The comparison of the full energy/volume
curves (Fig. S4) shows that this effect is not due to the noise in the energies. Instead, we attribute the
discrepancy between the periodic and molecular B3LYP calculations to implementation differences in the
periodic and aperiodic codes used for the solid-state and molecular cluster models. Given the small energy
differences between the polymorphs predicted by the initial periodic calculations, the differences in qualitative

stability ordering are perhaps inevitable.

Nonetheless, we proceed to analyse the energy differences based on the partitioned energies of the
different types of atoms in the reference molecules (Table 5). Comparison of the IQA contributions in @-SA
and B-SA, for which the reference SA molecule is in the planar conformation, shows that the higher energy of
the B-SA phase is almost entirely by virtue of the destabilisation of the donor O atoms. The same is true when
comparing the a-SA and y-SA reference molecules, for which the higher electronic energy of the latter occurs
through a balance of (i) stabilisation of the acidic H and both C atoms, and (ii) destabilisation of the two O
atoms and the methylene (@) H atoms. The respective stabilisation and destabilisation of the C and donor O

atoms in the carboxylic acid groups are particularly significant.
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Table 5. Differences in atomic energies AE of the central reference molecules in f-SA and y-SA with respect to a-SA.

A negative/positive value of AE implies that the atom is more/less stable relative to the equivalent atom in @-SA. The
atomic energies are calculated for the cluster molecules for those volumes closest to the equilibrium predicted based on

single-point B3LYP calculations on PBE-optimised structures. The energies are summed over atoms of the same type

(e.g. H/H’, O,/O,’, all four H,, etc.). The atom labelling is shown in Fig. 2.

AFE [kJ mol ]

Atom Type AP —a) Aly — a)
H -0.5 -11.8

C 0.2 -25.8
O, 1.7 93

Oq 5.7 34.0
Ca 1.0 -6.6
Hq -2.7 44
Total 54 34

To better understand these effects, each E/V curve in Fig. 5 was separated into two segments bounded
by the volume with the lowest energy, resulting in two segments corresponding to volume compression and

expansion. We found that these changes in volume have a minimal effect on the conformations of the SA

monomers and the H-bond distances. We observed a maximum RMSD of 2.5 X 107 A in the atomic positions

of the SA monomers and a maximum change in the H-bond distance of 5.7 X 10 A across the full set of
expansions and compression or all three structures (Tables S9-S11 in the ESI). Thus, the differences in cell
volume are almost entirely due to changes in the distances between the SA chains. Therefore, the region of the
EoS curve from the most expanded volume to equilibrium mimics the process of the SA chains coming
together to form the crystals, and the analysis of this section of the EoS curve gives insight relevant to crystal
growth. Likewise, examination of the compression region would be relevant to explain changes to the crystal
structure under pressure, which is in itself an interesting topic but which we do not pursue here. We therefore
analysed the IQA energy curves only over the expansion region using the REG method. It is natural to analyse
this energy segment from the expanded configuration to the equilibrium, i.e. in the direction corresponding to
forming the equilibrium crystal. Thus energy terms with positive (negative) R; coefficients correspond to

terms that stabilise (destabilise) the crystal formation.

Due to the size of the clusters, we restricted the number of energy terms calculated in the IQA
decompositions by using two complementary analysis modes, viz. AB and AA’. The AB analysis considers for
each atom in the reference molecule an intra-atomic (4) energy and a series of pairwise interactions with the
other atoms in the reference molecule (AB). This procedure yields a total of 14(14-1)/2+14=105 energy terms

and describes how the atoms in a single SA molecule interact with each other in the bulk environment of the
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crystal. This AB analysis does not take into account explicit interactions with the other molecules in the crystal
but it does consider the influence of the environment on the intra- and inter-atomic energies with respect to the
gas-phase monomer the molecules in the gas-phase dimer. On the other hand, the AA’ analysis returns only a
single energy term for each of the 14 atoms in the reference molecule, but these energies include both the intra-
atomic energy and the interaction energies with all the other atoms in the cluster. In other words, the AA’
analysis adds a description of how the energies of the atoms in the reference molecule are influenced by explicit
interactions with the other neighbouring molecules in the crystal. The comparison of these two analyses allows
the separation of the energetic contributions due to (i) the conformation of the molecule, and (ii) the

intermolecular interactions associated with the crystal packing.

REG analyses show that the dominant energetic terms governing the packing in the SA crystal
structure are again predominantly electrostatic in nature (Table 6), except for the weak steric stabilisation (En)
of the carbonyl C atoms in the f-SA and y-SA polymorphs. The majority of the energy contributions are
attractive electrostatic interactions between the acidic H, methylene () H and carbonyl C on one hand, and
the donor and acceptor O atoms on the other hand. Furthermore, the positive R, values indicate that the
conformations of the monomers adapt to the crystal environment in order to optimise these attractive contacts.
In the planar & and 8 polymorphs, the equilibrium conformation also reduces the repulsion between the acidic
H and carbonyl C atoms, whereas in y-SA the repulsion between the two carbonyl C atoms is reduced.
However, these reduced repulsions are counteracted by V, terms between the methylene C and H atoms, as
reflected by their negative Rk values, indicating that they oppose the change in total energy. The adapted
conformation thus weakens the covalent bonding between these atoms. Finally, the electrostatic stabilisation
is strongly counteracted by the steric destabilisation of the methylenic H and acceptor O atoms in all three
polymorphs, and by the steric destabilisation of the donor O in the @ and B-SA polymorphs. Thus the crystal

packing also leads to destabilising deformation of the electron densities of the atoms in the monomers.
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Table 6. REG analysis of the partitioned IQA energies of the central reference molecules in cluster models of the a-SA,
B-SA and y-SA crystal structures, computed with the AB analysis, as the unit-cell volume is adjusted from the expanded
to the equilibrium volume. E},,,,, denote intra-atomic energies modified by deformation of the atomic densities, while
V.(A,B) and V«(A,B) denote, respectively, classical electrostatic and exchange interactions between the pairs of atoms
in parentheses. The Ry are only shown for polymorphs where the corresponding energetic terms are significant. Positive
(negative) Ry values correspond to energy terms that stabilise (destabilise) the crystal as unit-cell volume is adjusted from

an expanded volume to the equilibrium. The atom labelling is shown in Fig. 3.

a-SA B-SA y-SA
R, R R, R R, R

Epnira(CVE pmira(C) 0.2 -/0.75 0.1/0.2 0.78/0.89

V,(C.C%) 0.2 0.94

Vo (C.00/Vy(C,04) 0.6 0.72/0.75 /0.3 -/0.76

V1 (H,00)/Vs (H,04) 0.2 0.93/0.96 0.3/ 0.93/- 0.1 0.86/0.83

V,(H,C) 0.2 0.89 0.1 0.86

V1(06,C)V 1(04’,C) 0.2 0.84/0.85 0.1 0.84/0.87

Vi(Ha’,04 )V (He',04’) 0.2 0.91/0.89 0.3/ 0.93/- 0.1/- 0.75/-

V i(Hat,00/V oy (He2,04) 0.2/- 0.89/- -/0.3 -0.93 -/0.1 -/0.75

Vo(Har’,0,) 0.2 0.92 0.3 0.93 0.1 0.76

V.(C,0.) 0.2 0.81 0.1 0.82

Voi(Hat”,00)/V o(Ha2”,0.) 0.1 0.91/0.90 0.3 0.93 0.1 0.74

V i(He,0) 0.1 091 03 0.93 0.1 0.76

Ve(Ha",.CWVe(Ho2,Ci)  -0.2/-0.1  -0.91/-0.89 02 -0.92/-0.95 -0.1 -0.74/-0.73

Epnera(HatVE ppra(Ha) 0.3 090 02003 095092 -0.1 -0.76

E tmera(Hat VE pera(Ha2) -0.4/-03 -091/-090  -0.3/-02  -0.92/-0.93 -0.1 -0.76

E 1mera(OoVE pra(O1) 0.6 0.91 0.7 -0.91 0.2 -0.75

E 1mtra(O8)/E inera(Od) 1.1 -0.87 -1.0/-1.1 -0.90/-0.91
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The complementary AA’ analysis shows that the interactions with neighbouring molecules include a
variety of classical electrostatic, exchange interactions and steric influences (Table 7). All three polymorphs
show stabilising exchange interactions at the donor O atoms. The a-SA and B-SA forms both show strong
electrostatic stabilisation of the donor O atoms, together with weaker exchange stabilisation of the acceptor O
atoms. All three polymorphs also show weak exchange stabilisation of the o H. In a-SA and B-SA the strongest
destabilisation is in the intra-atomic energy of the donor O atoms, while a similar steric destabilisation of the
acceptor O and o H atoms is present in all three polymorphs. We note that the overall steric destabilisation on

adjusting the volume to the equilibrium is consistent with the AB analysis.

Table 7. REG analysis of the partitioned IQA energies of the central reference molecules in cluster models of the a-, 8-
and y-SA crystal structures, computed with the AA" analysis, as the unit cell-volume is adjusted from the expanded to the
equilibrium volume. E|,,,,, denote intra-atomic energies modified by deformation of the atomic densities, while V,;(A)
and V,.(A) denote respectively classical electrostatic and exchange interactions associated with the atom in parentheses.
The Ri are only shown for polymorphs where the corresponding energetic terms are significant. Positive (negative) Rk
values correspond to energy terms that stabilise (destabilise) the crystal as unit-cell volume is adjusted from an expanded

volume to the equilibrium. The atom labelling is shown in Fig. 3.

a-SA B-SA V-SA

R, R R, R R, R
Ve1(0a)/Vei (04”) 0.8 0.86/0.87 0.6/0.5 0.89/0.88 - -
V,(04)/V,(0d) 0.5 0.91 0.5 0.92 0.2 0.76
Ve (0)/V(0,) 0.4 0.87 0.4 0.9 - -
Ejpira(C) - ; 0.2 0.75 0.2 0.89
V,1(0)/V,(0x) 0.3 0.93 0.4 0.91 0.1 0.81
Vi (Hat)/Vye (Hao) 0.2 0.91 0.1 0.87/0.93 0.1/0.03 0.76/0.73
Vi (Hor ")V (Heo') 0.2 0.90/0.91 0.1 0.93/0.90 0.03/0.1 0.74/0.76
Vi (Ca)/Vi(Co) 0.1 0.86/0.87 -/0.1 -/0.87 - .
Epnira(Ca) 0.1 0.75 0.1 0.78 0.1 0.92
V(CWV (C) 0.1/ -0.83/- 02 -0.82/-0.79 0.1 -0.79/-0.92
Epnera(Hat VE jra(Haz) 203 -0.90 202/-03  -0.95/-0.92 -0.1 -0.76
Epera(Hat VE pora(Ha') -0.4/-03 -0.91 203/-02  -0.92/-0.93 -0.1 -0.76
Entra(Oa)/ Entra(Oa’) 0.6 -0.91 0.7 -0.91 0.2 -0.75
Entra(Oa)Epntra(Od’) 1.1 -0.87 1110 -0.91/-0.90 - -
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By taking these analyses together, we can extract the following general trends. In the bulk crystal
environments, the monomers optimise the intra-molecular electrostatic interactions between atoms at the
expense of steric destabilisation of some atoms. The interaction with neighbouring molecules produces
additional stabilisation through a mix of electrostatic and covalent interactions associated mainly with the O
atoms and the methylene groups. Within the IQA analysis, the I/, and V; terms reflect covalent and polar
interactions respectively, and their importance in the AA’ analysis can be attributed to the formation of strong
H-bonds with neighbouring molecules. This indicates that the dominant interaction in the SA crystals is the

formation of hydrogen bonds with neighbouring chains in the cluster.

The REG analyses also provide additional insight into the origin of the (predicted) energy differences
between the polymorphs. The AB analysis shows that the intra-molecular electrostatic interaction between the
donor O and C atoms in the carboxylic acid group has a larger R, value for the a¢-SA than for 8-SA. On the
other hand, the AA’ analysis shows that electrostatic stabilisation of the donor O atoms is more important in
lowering the energy of the & phase as the crystal is formed. This suggests that the difference between the two
planar SA polymorphs is primarily due to differences in the electrostatics. On the other hand, the AB analysis
shows that some of the intra-molecular electrostatic interactions that stabilise the & and 8 polymorphs are not
important in y-SA, while the AA’ analysis shows a reduced significance of V. terms, in particular interactions
with the acceptor O atoms, in y-SA. However, both analyses notably show that the increased Ej,,;, of the
donor O atoms, which constitutes a significant destabilising effect in the & and 8 polymorphs, is not important
in the formation of the y-SA crystal. This observation is consistent with the comparison of the atomic energies
in Table 5, but provides greater insight into the chemical interactions responsible for the differences. Thus, as
for the SA monomer, the differences in energy between the twisted and planar polymorphs may be a balance
of energetically large, but opposing effects, which partially explains the differences in qualitative stability

ordering obtained with different functionals.

Before moving on to the general conclusions, two remarks on future developments are useful. Firstly,
the small energy differences, on the order of kJ mol”, between the three succinic acid polymorphs is fairly
typical of molecular solids and challenges the accuracy of theoretical methods. In particular, it is possible that
an accurate description of dispersion forces may be important to account for the correct energetic ordering
between polymorphs. The IQA can be used with more accurate electronic-structure methods such as MP2.
This approximation should provide an improved description of electron correlation and it would more
accurately model dispersion. However, calculations on the large cluster models used here to represent the bulk
crystal structure are likely to be prohibitively expensive. Nonetheless, analyses of the type outlined here may
provide useful quantitative information on why different DFT functionals predict different energetic ordering,

which may inform future development of new electronic-structure methods.

Secondly, current implementations of IQA are restricted to non-periodic systems. While our cluster
model obtained from a solid-state energy/volume curve appears to work reasonably well in this case, adapting

IQA for periodic systems would likely be both more accurate and more efficient. On the other hand, many
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molecular solids have unit cells containing hundreds of atoms, and periodic plane-wave DFT calculations on
such systems with hybrid functionals or post-DFT methods are likely to be prohibitively expensive. This
problem may be partially mitigated by periodic DFT implementations with local orbitals. On the other hand,
the development of improved functionals is an active development area, and advances in software efficiency
and computing power are steadily enabling more accurate calculations to be performed on larger systems. We
would therefore expect that the protocol we put forward here will be applicable to a wide variety of interesting

and topical polymorphism problems in the near future.

Conclusions

The present case study of succinic acid demonstrates that detailed information from quantum-chemical
topology calculations can provide atomistic chemical insight into polymorphism in molecular solids. The REG
method, when combined with intra-atomic and interatomic energies from Quantum Chmiacl Topology,
identifies the energy terms that best represent and thereby govern the energetic behaviour of the total system.
We studied all three known polymorphs of succinic acid (a, f and y), for which the twisted conformer,
corresponding to vy, is consistently the lowest in energy in the gas phase, at any level of theory used. Three
REG analyses were performed on the monomer, the dimer and clusters of succinic acid molecules, representing

the different interactions in the solid-state.

Firstly, the relative energies and rotational barrier between the twisted and planar forms of succinic acid
result from a balance of large and opposing electrostatic interactions that are 2 to 3 orders of magnitude larger
than the corresponding energy differences. The rotation barrier between the twisted (y) and planar (a, )
conformers is electrostatic in nature, and governed by atoms from the two COOH groups at opposite ends of
succinic acid. More precisely, we find that repulsive C---C interactions and attractive C---O(=C) interactions

dominate the rotation barrier.

Secondly, the assembly of a H-bonded dimer of either planar or twisted succinic acid molecules is again
determined predominantly by electrostatic interactions between the two COOH groups involved in the
hydrogen bond. Remarkably, the four non-bonded C-:--O contacts between the two adjacent COOH groups are
slightly more important in determining the equilibrium H-bond distance than the O ---H interactions
themselves. As the dimer is compressed beyond its equilibrium geometry, the intra-atomic energy of the donor
O atoms explains the increase in total energy and thus the barrier to compression, followed closely in
importance by repulsive interactions between the carbons, and between the carbon and acidic proton. The same
terms govern the rotational barrier in the monomer and dimer. Upon dimerisation, the acidic H and acceptor

O both become more positive, while the carboxyl C becomes less positive.

Thirdly, analysis of molecular clusters representative of the bulk crystal shows that the higher predicted

energy of the - and y- polymorphs compared to the a-polymorph is almost entirely by virtue of the
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destabilisation of the donor O atom. The attractive segment of the energy/volume equation of state curve
(expanded to equilibrium volume) mimics the process of the succinic acid chains coming together.
Furthermore, the dominant energetic terms governing the packing in the crystal structure are again
predominantly electrostatic in nature, except for the weak steric stabilisation of the carbonyl C atoms in the
B and y polymorphs. A further analysis was also performed focusing on a single energy term for each of the
14 atoms in a reference succinic acid molecule in a bulk-like chemical environment, which includes both the
intra-atomic energy and the interaction energies with all the other atoms in the cluster. This revealed that all
three polymorphs show stabilising exchange interactions of the donor O atoms. However, only the @ and 8

forms show strong electrostatic stabilisation of the donor O atoms.
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