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Serendipitous isolation of a disappearing conformational 
polymorph of succinic acid challenges computational polymorph 
prediction. 
Paolo Lucaiolia, Elisa Nauhaa, Ilaria Gimondib, Louise S Pricec, Rui Guoc, Luca Iuzzolinoc, Ishwar Singha, 
Matteo Salvalagliob, Sarah L Pricec*, Nicholas Blagdena* 

A conformational polymorph (γ) of succinic acid was discovered in an attempt to purify a leucine dipeptide by 
cocrystallization from a methanol solution in the presence of various impurities, such as trifluoroacetic acid. The new γ-form 
was found to have crystallized concomitantly with the most stable β form. In light of this situation, a crystal structure 
prediction study was undertaken to examine the polymorph landscape. These studies reveal that the γ polymorph is 
thermodynamically competitive with the other observed polymorphs; having a more stable folded conformation than the 
planar crystalline conformation in the β form, but being stabilized less by the intermolecular interactions. Simulations and 
experiment show that the folded conformation is dominant in solution, but that trapping long-lived crystals of the new 
metastable polymorph may be challenging. Thus the γ polymorph provides a stringent test of theories for predicting which 
thermodynamically plausible structures may be practically important polymorphs. 

Introduction 
Succinic acid (1,4-Butanedioic acid) is a biologically acceptable 
dicarboxylic acid that has been crystallized with many other 
molecules in attempts to develop cocrystals and salts with 
favourable physicochemical properties within the context of the 
crystal engineering of pharmaceutical dosage forms.1, 2 Despite 
this, only two polymorphs containing just succinic acid have 
previously been reported, the α form,3 which is the most stable 
above 137 °C and can be obtained either by sublimation4 or 
from the melt,5 and the ambient stable β form.6 In both of these 
polymorphs, like the majority of its crystal forms, the succinic 
acid molecule is planar, despite the high degree of 
conformational flexibility of the molecule. 
In this contribution to the assortment of crystal forms of 
succinic acid, we report a new polymorph of succinic acid in a 
non-planar conformation, found concomitantly7 with the stable 
β form, when succinic acid was investigated as a coformer for 
the purification by cocrystallization of leucine dipeptide.8 Thus 
succinic acid is another example of a molecule whose 

polymorphism had appeared to have been established by 
extensive crystallization studies, but where a new polymorph is 
found in an attempted cocrystallization experiment.9-14  The 
change in conformation, the concomitant crystallization and the 
subsequent unsuccessful attempts to reproduce the new 
polymorph, raise many questions about our ability to predict 
potential polymorphs.  

Results and discussion 
The structures of the succinic acid polymorphs 

The new succinic acid γ form crystallizes in space group C2/c 
with half a molecule of succinic acid in the asymmetric unit, in a 
markedly folded conformation. In the γ form, succinic acid 
molecules are connected with an 𝑅𝑅22(8) carboxylic acid dimer 
hydrogen bonding motif (d(D···A) = 2.662(2) Å) at each end of 
the molecule, yielding H-bonded chains running in the ac-
direction (Figure 1b-c). These chains are connected to each 
other with weaker C-H···O hydrogen bonds (the shortest of 
which has d(D···A) = 3.488(2) Å). It is notable that all three 
polymorphs contain the 𝑅𝑅22(8) carboxylic acid dimer-linked 
chains, with the two symmetry independent chains in the α 
polymorph and the chain in the β polymorph being virtually 
identical (Figure 1c), but notably in the γ form the succinic acid 
molecule is folded.  
Analysis of all the crystal structures containing succinic acid in 
the Cambridge Structural Database shows that although the 
molecule is approximately planar in the vast majority (~89%) of 
crystal structures, there are still a number of cocrystals, solvates 
and salts featuring succinic acid in its folded conformation, with 
very high conformational similarity to the γ conformer (see ESI  

a. School of Pharmacy (PL, IS, NB), School of Chemistry (EN), University of Lincoln, 
Joseph Banks Laboratories, Green Lane, Lincoln, LN6 7DL, U.K. 

b. Thomas Young Center and Department of Chemical Engineering, University 
College London, Torrington Place, London, WC1E 7JE, U.K. 

c. Department of Chemistry, University College London, 20 Gordon St, London WC1H 
0AJ, U.K. 

†The crystal structure of the γ form is deposited as CCDC 1836394 
The polymorph of monomethyl hydrogen succinate is noted in the ESI, and the 
structure has been deposited with the CCDC, CCDC1836683, as the details of crystal 
chemistry of this ester will be the subject of a separate publication. 
Electronic Supplementary Information (ESI) available: Full details of the 
experimental and computational work. See DOI: 10.1039/x0xx00000x 
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Figure 1. (a) Overlay of the molecular conformation in the conformational γ polymorph of succinic acid (coloured by element) with PBE0/6-31G(d,p) gas phase optimized conformation 
(magenta). (b) General packing diagram and unit cell of γ polymorph. (c) Comparison of the crystal structures of the three polymorphs of succinic acid, which all contain 𝑅𝑅22(8) doubly 
hydrogen bonded chains (green bonds), that are planar in the α and β polymorphs, but folded because of the conformation of the molecule in γ.  Weaker C-H···O hydrogen bonding 
interactions shown in orange. 

sections 1.5 and 1.6). In this analysis there is no appreciable 
difference in the density or void space between the succinic acid 
cocrystals, solvates and salts with the folded or planar 
conformation (ESI Tables S9-S11). 
A conformational clustering analysis, performed through 
dSNAP,15 shows a dozen folded conformations in cocrystals and 
that folded conformations can also be observed in hemi-
succinates but only rarely in succinate salts (see ESI section 1.6).  
As shown in Figure 1a, ab initio conformational analysis of the 
isolated molecule (ESI)16 shows that the folded conformation of 
succinic acid in the γ polymorph is very similar to the most stable 
conformation. The planar conformation of succinic acid is a local 
minimum in the conformational energy of the isolated molecule 
(ESI Figure S18).  Its energy difference with respect to the folded 

conformation varies with the computational method; however 
the application of density functional methods and larger basis 
sets (Figure S18) reduces significantly this conformational 
energy penalty from the 6 kJ mol-1 which had been noted in an 
early rigid-molecule crystal structure prediction (CSP) study.16  
Within the crystal, different conformations of the molecule are 
capable of packing in different ways. The lattice energy Elatt is 
the sum of the intermolecular energy, summed over all 
interactions in the crystal, and the conformational energy 
penalty for distorting the molecule from its most favourable 
conformation. The compromise is reflected in the CSP study on 
succinic acid, which found a range of structures in between the 
highly metastable α form and the β form, with the stability 
increasing with the density as shown in Figure 2.   

 
Figure 2. Summary of the CSP of succinic acid, where each symbol on the landscape represents a thermodynamically plausible crystal structure (lattice energy minimum).  Colour 
denotes conformation type (red – planar, blue – folded) and shape denotes hydrogen bonding type, (with motif for diamond – 𝑅𝑅22(8), triangle – 𝑅𝑅22(5)𝐶𝐶11(4) ) as shown.  
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Figure 3. The lattice energies of the observed polymorphs and the three lowest energy unobserved CSP generated structures from Figure 2 relative to the β form, by (left) ψmol 
calculations of the distributed multipoles and conformational energy contributions for the molecular geometry found using CrystalOptimizer in the CSP search from the molecular 
PBE0/6-31G(d,p) charge density of the isolated molecule, or within a polarizable continuum (PCM), and the FIT empirical repulsion-dispersion model and (right) by ψcrys DFT-D 
periodic electronic structure calculations, with various dispersion corrections, using the structures optimized at the PBE-TS and PBE-D02 level (see ESI section 3 for more detail.) 

Among these were a few structures with the molecule in a non-
coplanar conformation. The second most stable putative 
conformational polymorph was the new γ form. Furthermore, 
the CSP results suggest that there are other possible 
polymorphs of succinic acid, raising the question as to why we 
don’t find even more polymorphs,17 as well as why the γ form 
remained unreported for so long.   
 
Additionally, CSP suggests that the new polymorph is 
metastable in lattice energy, but more stable than the α form 
at low temperatures. Alternative models for the relative lattice 
energies, using periodic electronic structure calculations (DFT-

D, with the PBE functional, see ESI) (Figure 3), give smaller 
lattice energy differences, with γ slightly more stable than β, 
depending on the dispersion correction. The observed 
polymorphs are more stable than the hypothetical low energy 
structures from Figure 2. However, calculating the Helmholtz 
free energy stabilizes β such that β is more stable than γ at 
ambient temperatures (ESI Figure S22).  
 
The adoption of a higher energy planar conformation of succinic 
acid in the α and β forms raises the question whether this is the 
conformation of the molecule in solution in relation to any pre-
nucleation ordering in solution. NMR analyses of the 

 
Figure 4. Results of MSM on unbiased MD on a molecule of succinic acid in water at 300 K. Network graph for the 9 gauche (shades of red) and anti (shades of blue) 
conformers. The size of the bubble corresponding to each graph is proportional to the overall time that the system spent with the specified conformational arrangement, 
whose molecular structure is shown the graph, while the definition of the labels associated to each conformer can be found in the ESI and Table S19. The conformer 
found in γ appears dominant in solution (67±3%), while the one found in β and α ranks only third (7±1%). The width of the connections is weighted on the total number 
of conversions between the two conformers. These results come from the overall values of 18 unbiased MD simulations run for 100 ns. 

conformation of succinic acid and its ions in solution18-20 suggest 
that 80% of molecules are in a folded (gauche) conformation in 
methanol, more so in water, and less so in other alcohols. Early 
calculations of the conformations in both the gas phase and 
solution favour the folded conformation.21 To further 

characterize the conformational behaviour of succinic acid in 
water, we employed molecular dynamics (MD), well-tempered 
metadynamics (WTMetaD)22 and the Markov State Model 
(MSM).23, 24 In these simulations we explicitly include solute and 
solvent molecules, representing interactions with a classical 
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forcefield.25 We find that the most stable conformer is aGa, 
corresponding to that observed in the γ polymorph, with a 
probability of 69±4% (WTMetaD, MSM 67±3%). The planar 
conformation (aAa), corresponding to that observed in the α 
and β forms is the 3rd most probable conformer, with a 
probability smaller than 10%, corresponding to a solution free 
energy ∼3 kJ mol-1 less stable than aGa.  However, the global 
relaxation time of the network of conformational states in 
solution is rather fast, of the order of 182 ps, showing that the 
conformations are fluctuating sufficiently rapidly that 
conformational change to form any of the polymorphs cannot 
be considered a rate-determining step to nucleation or growth.  
 
The new metastable conformational polymorph appears to be 
thermodynamically plausible, and its conformation corresponds 
to the dominant conformation in solution. We attempted a 
wide range of experiments to reproduce finding the γ 
polymorph (ESI section 1.4) concentrating on the conditions in 
the original cocrystallization with leucine dipeptide that 
generated some single crystal(s) of γ amongst β succinic acid, 
and varying the component concentrations, using unpurified 
peptide, trifluoroacetic acid and the mono-methyl hydrogen 
succinate ester as the potential impurities. We were unable to 
find any single crystals of the γ form, confirming that its 
discovery was serendipitous and that it appears to be a 
“disappearing” polymorph.26 The role of hetero-seeds or 
impurities as important in generating new crystal forms is 
becoming established, for example, a reproducible inability to 

form a cocrystal of caffeine with paracetamol until 
fluoroparacetamol is added.27, 28 Related surfaces can template 
new phases with common characteristics.29, 30 Impurities can 
also impede the transformation to the more stable form.31  
In this instance it was not possible to identify an impurity which 
promotes the nucleation and growth of the γ polymorph 
concomitantly with the stable β form.  (We note that a cocktail 
of impurities were found in a 50 year-old sample of a 
disappearing polymorph (form II) of progesterone32 showing 
that impurity effects on crystallization can be impossible to 
reproduce.) Since trifluoroacetic acid was present, the 
ionization state of succinic acid could be varying, but an early 
NMR study20 concluded that the folded conformation is more 
stable than the planar when pH ≤ 5 though there is a gradual 
change19 in torsion angle with pH, but still favouring a folded 
conformation for the ions. The conformations in the observed 
salts of succinic acid (ESI Table S12) also suggest that local pH 
does not provide a simple explanation for the concomitant 
crystallization. The crystal morphology of β succinic acid is 
affected by a polymer additive,33 showing that the growth 
kinetics are affected by the presence of other molecules.  The 
conformational folding of the leucine dipeptide might aid the 
nucleation and growth of the γ form, altering the kinetic 
competition with the β form. However, nucleation is a 
stochastic process and it is possible that the γ form may have 
been overlooked or be below the concentration for detection 
(c.f. theophylline34, 35) in many crystallization experiments.

 
Figure 5.  (a) Structural fluctuations of the γ polymorph at 300 K leading to melting. The experimental structure relaxes to a non-orthorhombic cell characterized by 
β=99°. Enhancing fluctuations along β (displayed in green) with metadynamics allows us to reversibly sample the formation of a packing defect that leads to the local 
melting of the crystal structure. During this packing rearrangement conformational transitions to the planar conformer take place, leading to the observation of an 
irreversible melting transition that originates at the same layer involved in the appearance of a packing defect.  (b) Free energy surface (FES) associated with the 
fluctuations in the crystal structure along β in the absence of structural defects. The FES has been obtained from Well-Tempered Metadynamics (details in the ESI). In 
red the estimate after 60 ns is reported; while in grey we highlight the range of variability of the free energy estimates obtained in the final 20 ns of simulation.  It can 
be seen that the system gains ~3 kJ mol-1 per molecule due to the distortion of the β angle.  

Performing classical MD simulations on the β and γ phases at 
298 K shows that the β form is stable, with some transitory 
changes of the conformation. Adding thermal motion to 
simulate the γ form does not alter the conformation, though 
some global rearrangement of the experimental cell is 
observed. In particular, slippage of the hydrogen-bonded chains 

leads to a lower energy structure with a β cell angle of 
approximately 99° (see Figure 5 and ESI section 4.3).  This 
transformation in the periodic bulk representation of the γ 
polymorph used in MD simulations may be suggestive of real 
crystallites being susceptible to transformation to the more 
stable form. If the fluctuations shown in Figure 5 for slipping the 
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sheets of the γ form are enhanced through biased sampling with 
metadynamics (see ESI 4.3 for details), we observe defect 
formation, leading to the eventual melting of the structure. In a 
real γ crystal, the transformation to the β form is likely to 
nucleate at surfaces or defects, giving a crystal size dependence 
to the lifetime of γ crystals. 
It seems likely that the crystallization of succinic acid is driven 
by thermodynamics favouring the flattening of the molecule as 
it crystallizes to the β form. Ostwald’s rule of stages36 might 
suggest that γ is an intermediate metastable phase that can 
form directly from solution, with the dominant conformation as 
the growth unit, and that we had serendipitously formed some 
large enough and perfect enough crystals that their size37 and 
crystallinity prevented the transformation to the more stable β 
form (some crystals of which were found in the same vial).  
As metastable polymorphs may have more desirable properties, 
such as higher solubility, or contaminate the phase purity of the 
desired polymorph, there is practical interest in understanding 
the formation of the γ polymorph. The high-temperature α 
phase of succinic acid was once considered elusive at normal 
temperatures, but has been found as a contaminant after 
grinding38, 39 and in liquid- (but not air-) segmented flow 
crystallization40 or by spray-drying from water.41 This suggests 
that the α polymorph is observed when it forms first and there 
has not been sufficient time for the solvent mediated 
transformation. A similar hypothesis might also partially 
account for our inability to reproduce the formation of the γ 
form in solution crystallization with various impurities. (The 
impurities are likely to be necessary as it seems implausible that 
the α form transforms to γ and then to β in an Ostwald’s rule 
thermodynamic sequence if α is less stable than γ.) The 
observation of γ succinic acid is highly plausible, both from the 
viewpoint of CSP and alternative thermodynamic models and 
the conformation in solution. The observation of γ succinic acid, 
with such a different conformation from the stable β form, 
provides a valuable, stringent test of our ability to understand 
and simulate the kinetic factors of nucleation, growth and 
transformation which determine which computer generated 
metastable crystal structures can be observed as metastable 
polymorphs.  

Conclusions 
A conformational polymorph of succinic acid was found in an 
attempted purification of a peptide by cocrystallization, 
concomitant with the stable β form. The conformation in this γ 
form is the most stable for the isolated molecule and is the 
dominant conformation in solution, although the 
conformational change is very facile and rapid.  The new form 
was predicted by a crystal structure prediction study. Periodic 
density functional calculations suggest that the γ form only 
becomes less stable than β through thermal effects. Molecular 
Dynamics simulations of the polymorphs suggest that the γ form 
is susceptible to transformation to the more stable β form, 
hence rationalising why we were unable to reproduce the 
crystallization of the γ form. 

Methods 
Experimental  

Peptide Synthesis and possible impurity profile. The L-Leu-Leu-
COOH dipeptide was synthesized through Fmoc Solid Phase 
Peptide Synthesis using Fmoc-NH Leu-OH protected amino 
acids (Merck Millipore) and 2-chlorotrityl resin (Iris Biotech 
GmBH).  Initial loading was performed using 4 equivalents of 
protected amino acid and 8 equivalents of N,N-
diisopropylethylamine (DIPEA) in dichloromethane. 
Deprotection steps were carried out using a 20% solution of 
piperidine in dimethylformamide (DMF). Fmoc-Leu-
OH:HATU:DIPEA (4:4:8) in DMF was used for the coupling 
reaction while a 20:5:75 mixture of trifluoroacetic acid, 
triisopropylsilane and DCM was the cleavage cocktail 
(evaporated with a rotavapor). The material was freeze-dried to 
remove any possible moisture and to eliminate most of the 
unbounded trifluoroacetic acid. 

Co-crystallization experiment. The L-Leu-Leu-COOH dipeptide 
in the lyophilized state and one equivalent of succinic acid 
(Tokyo Chemical Industries UK Ltd.) were dissolved using the 
minimum amount of methanol (HPLC grade) in separate vials. 
The dissolution of the powders was aided by stirring. The clear 
solutions were mixed, and the homogeneous liquid mixture was 
filtered to remove any possible source of heterogeneous 
nucleation. The vial containing the filtrate was capped with 
perforated parafilm to allow slow solvent evaporation at 
controlled temperature (20 °C) in an incubator. Crystals with 
dimensions suitable for single crystal X-ray diffraction were 
taken from the side and the base of the vial.   
Many similar experiments were made to reproduce the 
formation of the γ polymorph, as detailed in the ESI. These 
included using increased peptide and trifluoracetic acid, 
isolating separate contaminants, and introducing the ester as a 
potential reaction product. 
X-ray diffraction. Single crystals suitable for X-ray diffraction 
measurements were mounted on MiTeGen Dual-Thickness 
MicroMounts and analyzed using a Bruker D8 Venture 
diffractometer with a Photon detection system. Unit cell 
measurements and data collections were performed at 173 K 
using a Mo Kα radiation (λ = 0.71073 Å). Crystal data and 
refinement parameters are presented in ESI Table S1.‡ 
Structure solutions were carried out by direct methods and 
refinement with SHELXL42 was finished using the ShelXle43 
software. 
Computational  

Crystal Structure Prediction. A revised16 crystal structure 
prediction study was performed on succinic acid to cover all 
conformational space, using the programs 
CrystalPredictor2.2,44 CrystalOptimizer2.4.445 and 
DMACRYS2.2.1.046 to generate a lattice energy landscape. The 
lattice energy in Figure 2 was calculated as the sum of the 
intermolecular energy (using a distributed multipole analysis47, 

48 of the PBE0/6-31G(d,p) charge density and FIT repulsion-
dispersion parameters46) and  an intramolecular energy penalty 
from the same charge density calculated by GAUSSIAN.49 Full 
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details of the computational method, and other variations in 
the energy model including the periodic DFT-D calculations 
using CASTEP,50 are given in the ESI. 
 
Molecular Dynamics Simulations. Molecular Dynamics 
simulations were performed to analyse the conformational 
dynamics and thermodynamics of succinic acid in water and in 
the β and γ crystals. Well-Tempered Metadynamics 
(WTMetaD)22 simulations instead have been performed to 
investigate the equilibrium distribution of conformers in 
solution, to analyse conformational transitions of single 
molecules in the bulk of the β phase and to compute the free 
energy surface associated with the distortion of the γ 
polymorph along the β angle (see Figure 5) of its 
crystallographic cell. Plain Metadynamics (MetaD)51 simulations 
were carried out to investigate the destabilization of the γ 
polymorph induced by fluctuations along the β angle. In all 
cases succinic acid was modelled with GAFF,25 while for water 
we used the TIP3P potential. All simulations were regulated at 
300 K and 1 bar, using the Bussi-Donadio-Parrinello 
thermostat52 and Berendsen barostat,53 respectively. Further 
details of all the simulations, including additional analysis of the 
results are reported in the ESI. MD and WTMetaD simulations 
are carried out using Gromacs 5.2.1 patched with Plumed 2.3;54 
post-processing of the outputs employs Python,55, 56 Visual 
Molecular Dynamics57 (VMD) incorporated with GISMO,58 and 
Plumed 2.3.54 
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Legion High Performance Computing Facility. MS, LSP and SLP 
are partially funded by Eli Lilly Digital Design. 

Notes and references 
‡  Crystallographic data: Empirical formula C4H6O4, Formula 
weight 118.09, Crystal system Monoclinic, Space group C2/c, a/Å 
= 5.7015(5) Å, b/Å = 8.4154(8) Å, c/Å = 10.3538(8) Å, α = 90°, β = 
90.374(3)°, γ = 90°, V = 496.77(7) Å3, Z = 4, Density (calculated) = 
1.579 Mg/m3, Absorption coefficient 0.145 mm-1, F(000) = 248, 
Crystal size 0.143 x 0.077 x 0.023 mm3, Theta range 3.936 to 

29.202°, Index ranges -7 <= h <= 7, -11 <= k <= 11, -13 <= l <= 14 , 
Reflections collected 11388, Independent reflections 671, R(int) = 
0.1089, Completeness to theta = 25.242° 100.0 %, Max. and min. 
transmission 0.7458 and 0.6938, Data/restraints/parameters 
671/0/40, Goodness-of-fit on F2 = 1.095, R1 [I>2sigma(I)] = 
0.0472, wR2 [I>2sigma(I)] = 0.0818, Largest diff. peak and hole 
0.317 and -0.220 e.Å-3. 
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