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Figure 7-1.  Unit cell packing as viewed along the crystallographic a (α and ε) and c (γ) axes 

of the published anhydrous sorbitol polymorphs.63-65 
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7.2 Methods 

7.2.1 Experimental  

D-sorbitol was purchased from Alpha Aesar (98% purity) and used as received. Powder 

X-ray diffraction data was taken at room temperature (approximately 295 K) on a Bruker D8 

Advance powder diffractometer using Cu Kα radiation. The diffraction angles were scanned over 

8 - 42° (due to limitations of the instrument resolution at higher 2θ angles) at a step size of 0.01° 

with a scan speed of 20 s/step. The powder pattern was indexed with the DICVOL0666 program 

in the EXPO201467 software package from 10 – 40° using an 8.48% intensity threshold to define 

25 peaks. The identified unit cell dimensions were in close agreement with those published65: a = 

4.8890 Å, b = 24.3670 Å, c = 20.6426 Å, β = 89.7730° and V = 2459.147 Å3. However, contrary 

to the published unit cell (P21212), the indexed unit cell was determined to be monoclinic, 

emphasizing the need for further refinement of the γ crystal structure. 

7.2.2 Theoretical 

 Solid-state calculations were carried out using periodic boundary condition DFT with the 

CRYSTAL1768-69 software package. Anhydrous γ sorbitol structure candidates were initially 

optimized using the PBE70 generalized-gradient approximation density functional with the 6-

31G(d,p)71 basis set. The PBE072 hybrid density functional and the 6-311G(d,p)73 basis set were 

used for structure optimizations on the final determined γ crystal structure, as well as the α and ε 

anhydrous polymorphs for purposes of energy ranking. The D374 dispersion energy correction 

was applied to the DFT energies as specified in certain simulations. 

 Energy convergence criteria were ΔE < 10-8 hartree for optimizations. Atomic overlap 

tolerances for the Coulomb and exchange integrals (program option TOLINTEG) were defined 

as 10-7, 10-7, 10-7, 10-7, and 10-14 hartree for the PBE γ structural optimizations, and 10-9, 10-9, 10-
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9, 10-10, and 10-20 hartree for the PBE0 calculations. 64 (α) and 80 (ε and γ) k-points in the 

irreducible Brillouin-zone were used after monitoring the energy convergence as a function of k-

point count in reciprocal space according to the Pack-Monkhorst method.75 The γ crystal 

structure candidates were created using starting structures derived from room-temperature PXRD 

results.65 Anhydrous α optimizations used an initial structure obtained from room-temperature 

SC-XRD data and anhydrous ε optimizations used an initial structure obtained from 100 K SC-

XRD data63-64. Final optimizations were executed without limits placed on atom positions or cell 

dimensions, beyond that of space group symmetry. 

 Conformational and cohesion energy calculations were carried out on all crystal 

structures optimized with the PBE0 functional. The sorbitol molecular conformational energy in 

each crystal structure was calculated by extracting an individual sorbitol molecule from the 

optimized solid-state structures and calculating its rigid isolated electronic energy. The cohesive 

energy of the solid was calculated from the difference between the total energy of the 

crystallographic unit cell and the conformational energy of a single sorbitol molecule multiplied 

by the unit cell Z value. Estimations of the basis set superposition error (BSSE) were made using 

the counterpoise method, with a spatial cutoff of 250 atoms within 14 Å (α), 26 Å (ε) and 32 Å 

(γ) of the molecule being assessed.76  
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7.3 Results and Discussion 

7.3.1 Theoretical Crystal Structure Refinement 

Initial attempts at structural optimization of the unaltered published γ crystal structure 

were unable to find a stable minimum on the potential energy surface. As the calculation 

progressed, the unit cell continously expanded in volume and was unable to converge to a 

solution due to intermolecular repulsion between misaligned hydroxyl hydrogen atoms. 

Subsequently, the C-C-O-H torsional angles of each symmetry-unique molecule were manually 

adjusted in order to change the directionality of the intermolecular hydrogen bonds within the 

crystal lattice. All of the resulting crystal structures (16 in total) were optimized initially in the 

P21212 space group using PBE/6-31G(d,p) to eliminate unlikely high-energy structures. The D3 

dispersion correction was not used in this initial structural test to avoid the possibility of 

unrealistic unit cell contraction artifacts resulting from overestimated intermolecular forces. Of 

the initial set of structures, only eight hydrogen bond geometry arrangements (structures I – VIII 

in Table 7-2) were able to be optimized to stable energetic minima, with the most favorable 

structure (II) being approximately 1600 kJ/mol lower in energy than the best possible 

optimization obtained from the as-published structure. Structures demonstrating large volume 

expansions, and thus poor densities (e.g. structures I and VIII) relative to the published structure, 

were also deemed to be unlikely solutions. 

The two lowest energy and highest density structures (II and IV of Table 7-2) were 

allowed to further relax in the P1 space group with PBE-D3/6-31G(d,p) to ensure the more 

complete modeling of the intermolecular London dispersion forces with the general hydrogen 

bond network patterns established in the previous step. Comparison of the final structural 

energies from these optimizations showed the two structures to be essentially unchanged in their  
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Table 7-2.  Unit cell dimensions (Å), volume (Å3), density (g/cm3), and relative total 

energy (kJ/mol) of optimized γ-sorbitol crystal structure candidates (PBE/6-31G(d,p)) 

compared to the published structure. No BSSE corrections have been applied. 

 

Structure a b c V density Rel. tot. E. 

Published65 24.30122(17) 20.57261(14) 4.86719(3) 2433.301 1.491 − 

I 25.12581 20.81154 5.13203 2683.574 1.352    985.67 

II 24.99423 20.44187 4.84364 2474.756 1.466       0.00 

III 25.50957 20.49868 4.79050 2505.011 1.448      70.90 

IV 24.12749 21.01214 4.77983 2423.228 1.497      15.60 

V 26.46537 19.89380 4.90136 2580.550 1.406    308.30 

VI 24.91084 20.96649 4.98142 2601.758 1.395  1162.53 

VII 25.06718 21.05456 5.07318 2521.948 1.437    654.89 

VIII 25.16151 21.05456 5.07318 2687.591 1.350  1504.50 
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energy rankings (ΔE = 16.5 kJ/mol). Each structure in its P1 form was further used to generate 

additional structural candidates through C-C-O-H torsional angle manipulation and evaluation of 

the resulting structures for symmetry elements. Final candidates in the structure search were 

optimized with PBE-D3/6-31G(d,p) in the P1, P21 and P21212 space groups with the results 

listed in Table 7-3. It is important to note that candidate structures in the original higher 

symmetry P21212 space group were consistently higher in energy.  

The lowest energy structure, IV-d, was identified as possessing the most chemically 

accurate packing arrangement despite not having the highest density as might be expected from 

the most efficient solid packing. The simultaneous low energy and low density of this structure 

results from the dominance and directionality of the numerous intermolecular hydrogen bonds 

that provide excellent cohesion, but at the expense of creating void spaces in the crystal. The end 

result of the structural candidate search for γ sorbitol yielded a crystal structure with P21 (IV-d in 

Table 7-3) space group symmetry and an asymmetric unit with six sorbitol molecules (Z = 12, 

Z’ = 6), illustrating an overestimation of symmetry elements in the original published crystal 

structure. The differing asymmetric units are illustrated in Figure 7-2. 

This final structure was reoptimized using the PBE0 hybrid functional with the larger 6-

311G(d,p) basis set to improve modeling of the hydrogen bonding within the crystal lattice of γ 

sorbitol. Optimizations of the α and ε structures using this hybrid functional with dispersion 

corrections (PBE0-D3) resulted in large volume contractions (-4.8% for α and -6.0% for ε) and 

large errors in the hydrogen bond lengths (0.087 Å for α and 0.073 for ε). Use of PBE0 without 

the D3 correction improved the modeled crystal structures (Table 7-4), and as a result, 

dispersion corrections were not applied to the final optimization of the refined γ crystal structure. 
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Table 7-3.  Volume (Å3), density (g/cm3) and relative total energy (kJ/mol) of optimized γ-

sorbitol crystal structure candidates (PBE-D3/6-31G(d,p)) in various space groups. No 

BSSE corrections have been applied. 

 

Structure Space Group V density Rel. tot. E. 

II-a P21212 2373.682 1.529 103.33 

II-b P1 2389.524 1.518   38.59 

IV-a P21 2336.034 1.553   31.08 

IV-b P21212 2465.541 1.472   98.76 

IV-c P1 2426.404 1.495     3.25 

IV-d P21 2425.293 1.496     0.00 
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Figure 7-2. The crystal packing and yellow-highlighted asymmetric units of the published γ 

sorbitol crystal structure (top) and the DFT-refined crystal structure (bottom). Hydrogen 

bonds are illustrated as dashed lines in blue if the O-H···O angle is < 160° and in green if 

the O-H···O angle is  > 160°.  
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Table 7-4. Percent errors in the unit cell dimensions (a, b, c, V), and the root-mean-squared 

deviation (RMSD) of the hydrogen bond lengths (Å) of the 100 K α and ε anhydrous sorbitol 

crystal structures optimized using the PBE and PBE0 functionals (both using 6-311G(d,p)) 

with and without dispersion corrections. 

 

 α ε 

 PBE-D3 PBE PBE0-D3 PBE0 PBE-D3 PBE PBE0-D3 PBE0 

% error a -1.55 1.86 -2.24 1.21 -3.22 -1.05 -3.16 -1.10 

% error b 0.29 1.24 -0.66 0.35 -1.21 3.09 -1.92 2.34 

% error c -1.98 0.24 -1.95 -0.13 -0.26 0.77 -0.94 0.03 

% error V -3.22 3.38 -4.80 1.43 -4.69 2.68 -5.97 1.13 

Hydrogen bond 

RMSD 

0.077 0.011 0.087 0.029 0.076 0.025 0.073 0.026 
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Comparison of the hydrogen bond geometries within the published crystal structure and 

the newly DFT-refined crystal structure showed improvement in the hydrogen bond angles in the 

simulated solid with a clear trend towards linearity (180°) (Figure 7-2). Significantly more 

hydrogen bond interactions in the P21 structure achieve O-H···O angles within 10° of the ideal 

linear behavior (Table 7-5). The average hydrogen bond angle of 169° was also compared and 

found to be in good agreement with the average hydrogen bond angles found within the 

optimized crystal lattices of both the α (169°)  and ε (168°) polymorphs.  

To evaluate the accuracy of these refined atomic coordinates, it was also necessary to 

compare the internal molecular geometries found in the γ crystal to those found in the other 

polymorphs. The average C-C bond lengths, C-O bond lengths, and bond angles in the refined γ 

sorbitol molecules were found to be in agreement with those found in the ss-DFT optimized α 

and ε sorbitol molecules (Table 7-6). The torsion angles were not compared across the crystal 

structures due to their strong dependence on the different molecular conformations within each 

polymorph. 

A final PXRD comparison of the ss-DFT calculated IV-d structure to the experimental 

PXRD data confirmed this to be a good representation of the γ sorbitol packing arrangement 

(Figure 7-3, green trace) but with noticeable shifting of the simulated patterns. Use of IV-d as a 

starting point for a Rietveld refinement resulted in excellent agreement with the room 

temperature experimental PXRD pattern (Figure 7-3, red trace). The refinement using the 

experimental PXRD pattern allowed the  zero-temperature ss-DFT crystal structure to expand to 

room-temperature unit cell dimensions with corresponding small changes in atomic positions. 

This highlights a common, by addressable, limitation that occurs when comparing zero-

temperature computational results with non-zero temperature experiments. This Rietveld   
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Table 7-5.  Intermolecular hydrogen bond distances and angles found in the 

computationally refined (PBE0/6-311G(d,p)) and the as-published65 crystal structures of 

γ sorbitol. Values determined using Mercury.77 

 

P21 DFT-refined crystal structure Published P21212 crystal structure 

O···O distance (Å) O-H···O angle (°) O···O distance (Å) O-H···O angle (°) 

2.841 171.2 2.893 161 

2.684 152.6 2.78 163.5 

2.751 170.9 2.723 160.4 

2.720 174.4 2.942 160.9 

2.826 154.1 2.883 168.8 

2.793 179.0 2.838 146.2 

2.730 174.7 2.838 136.3 

2.835 166.6 2.723 148.5 

2.941 165.9 2.785 167.5 

2.685 176.1 Average = 2.823 Å Average = 157.1° 

2.720 174.6 

2.738 164.6 

2.832 175.1 

2.750 146.9 

2.734 170.2 

2.657 171.9 

2.794 170.9 

2.675 163.9 

2.746 176.8 

2.725 176.8 

2.752 164.9 

2.675 173.5 

2.923 158.3 

2.675 178 

2.724 176.8 

2.839 156.2 

Average = 2.760 Å Average = 168.7° 
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Table 7-6. Intramolecular structural analysis for each sorbitol polymorph. Dimensions 

are reported as averages over all sorbitol molecules in the simulated unit cell. Root-

mean-squared deviations (RMSDs) between theory (PBE0/6-311G(d,p)) and experiment 

are reported for only the α and ε polymorphs. 64, 78 

 

 α ε γ 

 Avgs. RMSD Avgs. RMSD Avgs. 

C-C bond length (Å) 1.529 0.005 1.529 0.010 1.527 

C-O bond length (Å) 1.432 0.009 1.429 0.016 1.418 

Heavy-atom bond angle (°) 110.829 0.836 110.723 0.721 110.596 
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Figure 7-3. Comparison PXRD patterns of γ-sorbitol between the final PBE0/6-311G(d,p) 

crystal structure (IV-d), the Rietveld refined pattern (Rietveld IV-d), and the experimental 

pattern. 
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refinement of IV-d resulted in an R value of 6.41%, as compared to an R value of 5.07% when 

using the published structure as a starting point, illustrating the good accuracy of this DFT-

calculated crystal structure. The fact that the published structure achieved a lower R value is also 

indicative of how the less chemically accurate structure could be mistakenly selected in a solely 

PXRD-based crystal structure determination. The lattice dimensions and atomic fractional 

coordinates for both the pure ss-DFT calculated IV-d structure and the room-temperature 

Rietveld refined structure are available in Appendix C. 

7.3.2 Energetic Comparison Across Sorbitol Polymorphs 

Once the final atomic coordinates of the γ polymorph were determined, the PBE0-

optimized structures of all three sorbitol forms were used to evaluate the underlying details of the 

polymorph stabilities and the possible driving forces behind their crystallization. When 

comparing the total electronic energies of the crystal structures, an unexpected pattern is 

observed. Despite being the most commonly encountered sorbitol polymorph, γ sorbitol is 

actually the highest energy form at 0 K (Table 7-7). The hydrogen bond lengths within the 

crystal lattices also indicate the γ polymorph to be the least stable, with the hydrogen bonds in 

the γ structure being longer than those in the α (by 0.03 Å) and the ε (by 0.06 Å) polymorphs. 

These longer intermolecular interactions are also reflected in γ by it exhibiting the poorest 

cohesive binding energy (Table 7-7) of the solid forms. Evaluating the conformational energies 

of each symmetry-unique sorbitol molecule across the three polymorphs shows that the ε 

polymorph contains the most stable solid-state sorbitol molecule, while the α polymorph contains 

the least stable. The γ crystal has six symmetry-unique sorbitols with a range of conformational 

energies, with a relative average (Econ) of 5.65 kJ/mol, being close to that found in the ε form 

(4.87 kJ/mol on average). 
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Table 7-7. Calculated (PBE0/6-311G(d,p)) relative per molecule electronic energy (Etot), 

relative conformational energy (Econ), and cohesive energy (Ecoh) of the sorbitol 

polymorphs. All energy values are reported in kJ/mol and have been corrected for BSSE.  

 Relative Etot Relative Econ Ecoh 

ε 0.00 
0.00 -98.90 

9.73 

α 6.09 18.48 -102.99 

γ 16.36 

4.61 

-85.18 

0.55 

13.60 

7.03 

4.58 

3.51 
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The high electronic energy of the γ polymorph showed it to be metastable with respect to 

both the α and ε polymorphs. This suggests that its crystallization follows Ostwald’s rule, which 

is found in many organic crystal systems where metastable polymorphs are the first ones 

observed.79-80 Still, the commonality and simple growth of the γ form raises the question of what 

is the driving force behind its crystallization. The cohesion and conformation energetic trends 

illustrated in Table 7-7 argue against both enthalpy-driven and kinetically-driven crystallization. 

Therefore, given the lower symmetry and higher Z’ of the γ polymorph, it is likely that its 

formation is entropically favored. 
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7.4 Conclusion 

The ubiquitous γ anhydrous sorbitol crystal structure was refined and fully solved using a 

combination of experimental PXRD and solid-state DFT computational methods. Particular 

focus was placed on determining the correct space group and to improving the hydrogen bond 

geometries within the crystal lattice. Indexing the powder data showed good agreement with the 

published lattice dimensions, justifying their use as starting parameters for computational 

refinement of the atomic positions. Multiple crystal structures were optimized in the P21212, P21, 

and P1 space groups, using solid-state DFT to refine 78, 156, and 312 symmetry unique atoms 

respectively for the various candidates. Overall, this makes the γ anhydrous sorbitol polymorph 

with P21 symmetry and an asymmetric unit comprised of six independent sorbitol molecules, the 

largest crystal structure refined to date using rigorous DFT computational methods. 

The final structure with the new P21 symmetry and proper O-H···O hydrogen bond 

directionality, was used to further understand the relative stabilities of all three sorbitol 

polymorphs. Despite being the most commonly encountered polymorph, the γ crystal is actually 

the least electronically stable sorbitol structure. Due to the lower symmetry and higher 

complexity of its crystal structure relative to the other two anhydrous polymorphs, the formation 

of the γ polymorph is likely to be entropically driven following Ostwald’s rule of stages. 
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7.5 Supporting Information (APPENDIX C) 

 Rietveld refinement plot, lattice dimensions and atomic fractional coordinates of the 

computationally derived γ-sorbitol structure, lattice dimensions and atomic fractional coordinates 

corresponding to a room temperature γ-sorbitol structure. 
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