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ABSTRACT: p-glucose is a strategic chemical for agri-food and
pharma industries, which are now exploiting an expected increase of Q: OH-++0
5% in the global investment round from 2020 to 2028. Despite such a

broad industrial interest, the reasons behind room-p monomorphism X-rays o
in D-glucose are unclear. The crystal structure of a-p-glucose is A
provided here with an unprecedented resolution (0.46 A) by single- =) —
crystal Xeray diffraction at T = 90(1) K. Occurrence of anomeric ~ \gs®wy . O OH--0

disorder in the o phase, which has not been reported to date, is
demonstrated. The topological analysis of the total charge density
distribution is also carried out within the framework of Bader’s
Quantum Theory of Atoms in Molecules, allowing to rank the relative
strength of hydrogen bonds in the crystal structure. It is found that
most OH--O contacts have a significant covalent character and build
up an exceptionally stiff three-dimensional hydrogen bond network. On the one hand, this locks the molecular conformation by
hampering the rotational flexibility of the hydroxy substituents. On the other hand, favorable recognition modes, based on the
interaction of the charge density distributions of glucose molecules, cooperatively account for the lattice cohesion. A change in the
relative orientation of OH groups would affect the crystal cohesion by changing locally the molecular electrostatic potential, V(r).

H INTRODUCTION anhydrous a (T > 50 °C, w/w > 50%) and  (w/w > 80%)
forms (Figure 1).

The a-monohydrated form is the least soluble at low T and
can be easily obtained, for example, by slow evaporation at
room T. Increasing both temperature and concentration favors
the anhydrous forms, which can be obtained by slow cooling of
concentrated solutions; crystalline S prevails at very high
concentrations (Figure 1).

As other metabolites of low molecular weight,w_wD-glucose
is highly functionalized, with five easily rotatable® —OH
groups and one endocyclic oxygen, all available for hydrogen
bonds. Moreover, the pyranose ring can adopt chair, boat, and
skew-boat conformations, all accessible in standard ambient
conditions.”’ Thus, it might be surprising that no conforma-
tional polymorphs of p-glucose are known to date.””* On the
computational side, the rotational flexibility of —OH groups in
pyranose sugars produces several low energy structures.”” >

With the only exception of the high-p phase,”® no
polymorphs of anhydrous a-p-glucose were reported to date,

p-glucose (dextrose, C¢H ,04) is a chemical of widespread use
in foods, cosmetics, and pharmaceutical formulations. The
global glucose market was valued at almost 45 billion USD in
2021," and the demand is expected to grow due to stricter
regulations in additives for products intended for human
consumption.”p-glucose is also employed as a basic scaffold for
the synthesis of drugs® and other chemicals, including ascorbic
acid and sorbitol.” Despite such a broad interest, some
important aspects of solid-state chemistry of D-glucose are still
open to investigation, as testified by recent contributions on its
high pressure behavior® and relative phase stability.’

In aqueous solution, D-glucose is mainly present in the
pyranose cyclic form” as a mixture of @ and  anomers (Figure
1). These are involved in an acid-catalyzed dynamic
equilibrium (“mutarotation”) that results in a 40:60 «/f
ratio at 30 °C.” The f3 form prevails due to a more favorable
hydration energy of ~1.7 kcal'mol™,® but the equilibrium
mixture progressively enriches in a at higher T.” To date, three
crystal forms of D-glucose are known,”~ " and a fourth one is

produced by the rearrangement of H bonds in the anhydrous « Received: July 26, 2022 St
structure above 5.40(2) GPa.’ According to Young,16 the Revised:  October 10, 2022 .
monohydrated @ polymorph (P2,) can be crystallized from Published: October 20, 2022 ‘
diluted aqueous solutions (up to 50% w/w) at moderate E.
temperature (T < 50 °C), while higher T’s and concentrations - -

are generally required to obtain the orthorhombic P2,2,2,
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Figure 1. Left: a and f anomers of D-glucose. Right: composition/temperature phase diagram of the water/glucose system at p° = 1 bar. Solubility

curves are based on Young’s interpolation of experimental solubility data."®

despite extensive and large-scale crystallizations carried out
daily worldwide. To shed light on (room-p) monomorphism in
glucose, a deep and quantitative knowledge of the main
intermolecular recognition modes is mandatory. We here
report on a high-resolution (0.46 A) solid-state study of a-p-
glucose by means of single-crystal X-ray crystallography at T =
90(1) K. The purpose is to study self-recognition of the title
compound by using the magnifying lens provided by the
experimental charge density distribution. To this end, real-
space topological descriptors of chemical bonding were
employed within the framework of Bader’s Quantum Theory
of Atoms in Molecules (QTAIM).”® Not only do we rank the
OH---O hydrogen bonds according to their relative strength,
but we also resolve the occurrence of previously unreported
anomeric disorder. Results provide insights on monomorphism
of the title compound.

B METHODS

Synthesis of a-p-Glucose Crystals. Reagent-grade chemicals
were purchased by Aldrich and used without further purification. A
programmable Huber CC-205B heating circulation thermostat
equipped with a Compatible Control was employed to carry out
slow-cooling crystallizations. Three flat bottom test tubes (¢ 16 mm)
each containing 1.0 mL of 78.5% w/w solution of a-p-glucose in Milli-
Q water were put into a jacketed reactor. After 30’ conditioning at
70.0 °C, the temperature was lowered to 55.0 °C under a linear
gradient of 1.0 °C/hour. Nucleation occurred at 55.7—56.0 °C, as
spotted by visual inspection. These conditions ensure that
crystallization occurs when a full @—f anomeric equilibrium is set
up in solution, based on literature kinetic measurements.” An X-ray
quality specimen (Table 1) was cut from a larger aggregate using a
stainless steel microblade and polished by mechanical ablation in a
drop of perfluorinated oil. The crystal was mounted on top of a glass
capillary fiber with two-component epoxy glue.

X-ray Data Collection and Reduction. X-ray data collections
were carried out at T = 90(1) K up to a resolution of 0.46 A (sind/
Jyiax = 1.09 A™Y Table 1) with a three-circle Bruker AXS SMART
diffractometer equipped with an Apex II CCD detector and an Oxford
Cryosystems N, gas blower. Diffraction intensities were recorded in
®-scan mode with graphite-monochromated Mo Ka radiation (1 =
0.71073 A), using a normal focus sealed tube at a nominal power of
50 kV X 30 mA.

The data were integrated by Bruker SAINT+,>” while SADABS®’
was employed to scale and correct empirically the recorded intensities
for beam anisotropy and absorption. The structure was solved by
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Table 1. @-p-Glucose: Crystallographic Data for the 90(1) K
Study

sample information

empirical formula C4H,,04

formula wt/g mol ™! 180.156

crystal system orthorhombic

space group P2,2,2,

Z 4

crystal dimensions/mm 0.500 X 0.150 X 0.100

T/K 90(1)

a/A 10.317(2)

b/A 14.822(3)

/A 4.9338(10)

V/A3 754.5(3)

D;/g cm™ 1.586

F(000) 384

absorption coeff. ,u/mm_1 0.144

data collection

cryostat N, gas blower
/A 0.71073
(sin6/A) o/ A~ 1.09
scan technique @-scan
scan rate (@)/° min™! 1.5-0.5
w—scanrange/° 180
no. collected refln.s 78286
no. unique refln.s 8182
no. obsd refln.s (I > 0, Ny,) 8105
Ry 0.0352

least-squares refinements

spherical atom

refinement multipole refinement
R(F) 0.0343 0.0233
wR(F*) 0.0883 0.0545
goodness-of-fit 1.039 0.9839

Apmax/Apmm/e'A73
spherical ({ = ka) and C: 1.008(4)/0.876(12),
deformation (¢’ = kK'a’) H: 1.25(2)/1.36(5),
atomic exponents/Bohr™' 0: 0.977(2)/1.20(3)

0.58(7)/-022(7)  0.28(4)/-0.23(4)

direct methods with SIR92*® and initially refined with SHELX’
under the independent atom model (IAM) approximation. The final
model included occupational disorder of substituents at the anomeric
carbon, with the site occupation factor (s.0.f) of the minority
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Figure 2. (a) Asymmetric unit of anhydrous a-D-glucose at T = 90(1) K, with the atom numbering scheme. Thermal ellipsoids were drawn at the
95% probability level. Substituents at the anomeric carbon C1 are disordered, with s.0.£’s of 0.96 () and 0.04 (). (b) OH---O hydrogen bond
map of the @ anomer. Each interaction has an identifying label according to Table 1. See Section S4 in Supporting Information for the f anomer.
(c) Crystal packing of anhydrous a-p-glucose in the (a,b) plane. The hydrogen bond network is highlighted as dotted green lines (asymmetric unit
in blue). The height along ¢ of each molecule is also given in fractional coordinates. (d) Hirshfeld surface fingerprint plot of the & anomer. The
analogue plot including contributions from the  anomer is shown in Section $4 Supporting Information. (e) Fingerprint plot coverage for different

classes of atom—atom contacts.

conformer refining to 0.055(3) (see below). Such disorder was
modeled by positioning two H atoms from the difference map and
introducing the other two in calculated positions.

Experimental Charge Density. The total experimental charge
density distribution of the title compound, p(r)exp, was extracted from
2 99.8% complete set of 8182 symmetry-independent structure factor
amplitudes in the framework of the Hansen—Coppens multipole
formalism™ by using the XD2016 program package.”’ The multipole
expansion was based on the Clementi and Roetti functions.>> The
least-squares matrix was solved with the Gauss—Jordan algorithm,
using an eigenvalue cutoff limit of 107 and a convergence criterion of
107 on the maximum error-weighted parameter shift. All the
observed reflections (I > 0) were included in the refinement.

The complexity of the least-squares model was increased stepwise
(full details in Section S in the Supporting Information). C—H and
O—H covalent distances were restrained to average neutron estimates
of Allen and Bruno.*® The thermal motion of H atoms was modeled
as anisotropic with the TLS + U procedure implemented in the
SHADE2.1 web server’®* and kept fixed thereinafter. The final
multipole expansion included hexadecapoles (I = 4) for C, O, and
quadrupoles (I = 2) for H atoms. Radial scaling parameters k and «’
for each atomic species were also refined. The disorder at the
anomeric carbon (see above) was handled by (i) not refining the
s.of’s of the involved atoms at the best SHELX estimate; (i)
imposing a general restraint of equal total charges for the coexisting o
and f§ molecules; (iii) truncating the multipole expansion to ! = 2 and
1 for disordered O and H atoms; (iv) refining a unique set of thermal
and multipole parameters for the disordered O and H atoms. Final
agreement factors and other relevant quantities are shown in Table 1.

The topological analysis of the p(r)eXP scalar field was carried out
with the XDPROP routine embedded in XD2016.>' Both local
(critical points) and nonlocal (integral) properties were evaluated by
the study of the gradient field in the real space. As for integral
properties, up to 50 X 3470 points were employed for the radial
(Gauss—Legendre) and angular (Lebedev) quadrature, with a target
accuracy in surface determination of 107> A. A fifth-order Runge—
Kutta integrator was employed to solve ordinary differential equations
in the p(r) field. Some atoms (C4—C6, Hla, H7, H10, and H12)
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showed poor accuracy, and their integral properties were extrapolated
to zero Lagrangian according with the procedure described else-
where.*>*” Eventually, the quality of the integration was highly
satisfactory, with an average Lagrangian as low as 5.1 X 107%-A% and
the sum of total integrated charges not exceeding an absolute
unbalance of 3 X 107%.

Bulk Quantum Simulations. Periodic quantum calculations were
carried out by CRYSTAL17°® on an error- and disorder-free model of
the a-p phase, exploiting the PBEO/pob-TZVP-rev2 level of
theory.*”*" The Fourier transform of the DFT charge density gave
a set of synthetic structure factor amplitudes (F,,), which in turn
were employed to develop a multipole density, p(r)peo, fully
comparable with the /)(r)exp distribution. A complete discussion can
be found in Section S2 in Supporting Information.

Molecular Dynamics Simulations of the Crystal. Classical
simulations were carried out with the MiCMoS 2.0 program suite,
exploiting both the Coulomb—London—Pauli (CLP) and Lennard—
Jones—Coulomb (LJC) force fields embedded in the source
code.*'7* 1.0 ns-long NPT trajectories at time steps of 2 fs were
run at 90 K and ambient pressure. The simulation box consisted of 3
X 2 X 7 crystallographic unit cells with 168 a-p-glucose molecules and
an approximately cubic shape (31.1 X 29.7 X 34.8 A’). Box
dimensions and shape were selected to ensure that relevant collective
lattice vibrations are accounted for in all directions, as testified by the
substantial agreement among experimental and predicted lattice
parameters. Full details are deposited in Section S3 in Supporting
Information.

Gas Phase Quantum Simulations. Single-point SCF calcu-
lations on isolated molecular pairs extracted from the crystal at their
final multipole geometry (see above) were carried out at the
perturbative MP2/6-311G* level of theory as implemented in
Gaussian 16.*” The purpose was to estimate the pair cohesive energy.
The basis set superposition error (BSSE) was accounted for by the
counterpoise procedure by Boys and Bernardi.*®

Reproducibility. Input XD files and full experimental structure
factor amplitudes in .hkl and .fcf format were deposited in Supporting
Information. Relevant input files used in quantum and classical
simulations are documented in Sections S2 and S3 in Supporting
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Figure 3. Quality of experimental charge density model of a-p-glucose at 90 K. Contour levels in both graphs (a) and (b) are drawn at steps of 0.0S
e:A3 in a 8 X 8 A wide plane containing atoms C1, C2, C4, and C5 (full lines: positive, dotted lines: negative, dashed lines: Ap = 0 contours). (a)
Difference Fourier density map (Ap) in the crystal. (b) Static deformation density map. (c) Distribution of Hausdorff fractal dimension for the
experimental residual charge density. (d) Normal probability plot of Ap residuals. (e) Average ratio of summed Fyy° and Fy° as a function of sinf/
A. The closer it is to 1, the better the model reproduces the F,”’s in each sinf/A shell. Deviations are <2.5% and much lower in most cases.

Information. CCDC 2192771 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/structures.

B RESULTS

Anomeric Disorder. Least-square IAM refinements of the
a-D-glucose structure against the high-resolution data set at
90(1) K invariably led to odd results in the anomeric region:
the anomeric hydrogen H1 had a negative isotropic displace-
ment parameter; the C1—H1 bond distance was abnormally
long (1.21(2) A), and a significant Fourier residual of +0.56 e
A7 was present along the bond, lying at 0.610 A from C1. Any
attempt to go on with a multipole refinement resulted in a
positively (negatively) charged Ol (H1) atom, strongly
suggesting the occurrence of some extra electron density
contributions close to H1. In retrospect, the warnings sketched
above were already present in a standard preliminary IAM
refinement against RT data at the Cu-sphere resolution,
though they were so poorly evident that they went totally
unnoticed. The issue was solved by introducing anomeric
disorder in the IAM model, which resulted in an estimated
population of 5.5(3)% for the  form. The improvement in the
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overall agreement factors was significant according to the
Hamilton test™ (see Section S4 in Supporting Information).
Starting from the IAM estimate for the s.o.f’s of anomeric
substituents, we tested several multipole models and finally we
selected a value of 4.0% for the § form, which was optimal on
the basis of wR(F), wR(F*), goodness-of-fit, and Fourier
difference residues (Figure 2a).

We do not claim that anomeric disorder was present
throughout the crystallization batch, as we did not carry out
extensive sampling. Future studies could aim at establishing
whether disorder is common within the o phase, and whether
a and f anomers may co-crystallize in specific conditions. A
take-home message is that disorder involving low-occupancy
light atoms could be difficult to recognize in standard data sets
collected at room temperature, as it might be easily confused
with anharmonicity’”" or even go unnoticed when absorbed
into apparently large harmonic thermal parameters. Synergy of
high resolution and low temperature®* proves to be highly
desirable to provide accurate structure determinations of
molecular crystals.

Crystal Structure of a-p-Glucose at 90(1) K. The title
compound crystallizes in the chiral apolar acentric P2,2,2,

https://doi.org/10.1021/acs.cgd.2c00846
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Table 2. Strong Intermolecular OH-+O Contact in the @-p-Glucose Crystal at T = 90(1) K, from the Multipole-Level
Geometry. All Symmetry-Independent Contacts with dy..o < 3.0 A, 120° < @gyo < 180° are Included”

contacts (O—H---O) # symmetryb
Ola—H8a--05 1 12— % —y, =1/2 + 2
02—H9---06 2 1—x1/2+y1/2-2
03-H10--02 3 12+%1/2—y1-z2
O4—H11--04 4 32— -y 1/2 +2
06—H12--03 S 11— —-1/2+y3/2—-2

O-H/A H--O/A 0--0/A Aono/°
0.97 1.90 2.8268(7) 158
0.97 1.79 2.7492(7) 171
0.97 1.75 2.6841(7) 161
0.97 1.80 2.7758(7) 169
0.97 1.74 2.6962(8) 168

“Sensible estimated standard deviations are reported in parentheses. bAccording to standard solid-state conventions, symmetry codes refer to

acceptor atoms.

space group (no. 19) with four molecules in the unit cell and
one (a/f-disordered) molecule in the asymmetric unit (Table
1, Figure 2a). The amount of # anomer is minoritarian (4%).
Thus, crystal packing is neatly dominated by a—a contacts,
and the presence of J can be safely considered as a
perturbation of the main interaction network (see below and
Section S4 in Supporting Information). Accordingly, direct
p—p contacts are unlikely.

Glucose molecules adopt an almost perfect chair con-
formation, with the pyranose ring exhibiting a puckering
amplitude™ of 0.5711 A, and configurational polar coordinates
0 = 4.24° and ¢ = 318.38° for the sequence O5—C1-C2—
C3—C4—CsS. The asymmetric unit is involved in allegedly
strong HB interactions with 10 screw-related neighbor
molecules, of which only S are symmetry-independent (Figure
2 and Table 1 and Figure S3 and Table S3 in Supporting
Information). Four out of five hydroxy groups act as donors
and acceptors of OH--O hydrogen bonds, with the only
exception of the anomeric one (O1—HS8), which only binds
the pyranic OS acceptor.

No cyclic H-bonded molecular pairs are present. Rather, a
complex three-dimensional network is formed, where each
glucose moiety acts as a node connecting 10 neighboring
molecules on three contiguous layers at fractional heights of
0.0, 0.5, and 1.0 along ¢ (Figure 2c). The crystallographic unit
cell corresponds to the minimal volume that accounts for the
space occupied by this 11-molecule cluster, which is tightly
connected to its translation-related images in neighboring cells.

The paramount importance of close HB contacts in this
structure is also highlighted by the Hirshfeld surface fingerprint
plot’*>* (Figure 2d), which is dominated by a couple of
parallel spikes ending at (d; + d,)n, & 1.7 A due to OH--O
contacts. The latter account for roughly one-half (48.7%) of
the Hirshfeld surface coverage, while H---H contacts account
for the 51.1% (Figure 2e). Such a large H--H coverage is due
to very short OH:--O HBs, which get H atoms close to each
other. The remaining 0.2% is due to O--O contacts, localized
in the upper right part of the fingerprint (Figure 2e). These
evidences point out that, from a geometrical viewpoint,
intermolecular interactions are invariably mediated by the
OH groups. More accurate insights on molecular recognition
require to study mechanical stability and interaction energetics,
as discussed in the next sections.

Total Experimental Charge Density. The quality of the
present experimental charge density determination is testified
by the essentially featureless Fourier difference maps (Figure
3a). We note that positive residues of Ap(r), not exceeding
+0.2 e:A73, are visible on some C atoms of the glucopyranose
ring. They are probably imputable to still unresolved disorder,
possibly dynamic in nature,”’ even though it is difficult to
reach safe conclusions considering the unavoidable correlations
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of disorder with structural and electronic parameters. Further
experimental work at higher resolution and lower T is required
to solve the issue. In any case, the static deformation map is
consistent with the features expected in a six-membered ring
containing sp’-hybridized carbon atoms (Figure 3b). The
fractal distribution of the charge density residuals, d'(Ap),>*’
has also the expected behavior (Figure 3c). d' quantifies how
much specific Ap isosurfaces can spread through the whole
space; the closer d'(0) is to 3, the closer is the Ap = 0
isosurface to cover the three-dimensional Euclidean manifold.

For the present data set, the distribution peaks sharply
around 0 with d(0) = 2.65, which is comparable with other
estimates in recent charge density studies of our group.’"*
Moreover, maximum Ap does not exceed +0.28 e-A™> and
reduces to +0.1 e-A™® in the fractal df 2 manifold, a
parameter that is taken as a robust estimator of the model
quality.®" A small deviation from the ideal bell-shaped curve is
appreciable at higher |Apl’s, which mirrors in a deviation from
linearity of the lower tail of the normal probability plot (Figure
3d) and is likely related to the residual positive Fourier peaks
discussed above on C atoms. This might suggest a small
residual overfitting, which is to be expected due to the
difficulty of disentangling disorder, thermal motion, and
valence population parameters, especially in the anomeric
region of the molecule. However, we note also that the normal
probability plot is reasonably linear around Ap = 0, and that
the average agreement among observed (Fy;°) and predicted
(P structure factor amplitudes is highly satisfactory (Figure
3e). As expected, maximum and minimum residuals [+0.28(4)
and —0.23(4) e:A™*] are in the disordered region, close to
O(1A) and O(1B). Overall, the final least-squares model
catches all the relevant features of the charge density
distribution embedded in measured structure factor ampli-
tudes. The substantial agreement of charge density-derived
properties, like the HB energies and electrostatic potential (see
below), among the multipole models based on Fy,, and F,,
further confirms the quality of the present data set. Overall, the
experimental picture of chemical bonding in the OH---O
regions is reasonably accurate, as testified by the good
agreement with benchmark computational models (see infra).

Intermolecular Cohesion. Comparison of accurate
experimental structures of a-p-glucose, including the present
one, shows that the torsions involving hydroxy groups do not
change in the 90—300 K range of T (Table S4 Supporting
Information). T-dependent MD simulations with the LJC force
field* further confirm these results. This suggests that the
torsional degrees of freedom are locked in a tightly bonded
arrangement, resulting in a rigid network that is scarcely
influenced by temperature. Also, hydrogen bond distances and
angles are strictly conserved on cooling down to 90 K (Table
SS in Supporting Information). This is also in accordance with
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Table 3. E,,, and Eyg of Symmetry-Independent Relevant Molecular Pairs (see Figures 2 and S4 Supporting Information)
Extracted from the Crystal, as Computed by Either Quantum (MP2 6-31G**) or Classical (Static Atom—Atom LJC) Methods
on the Final Multipole-Level Geometry”

AA-LJC? Eqg
# dem/ Ab QME;, Egis L L Eine /)expC ptheof BDexpg BDjyeo®
1 5.805 —36.7 -312 —24.1 114 —43.9 —27(3) —24.1 0.25 0.30
2 7.815 -17.8 —20.9 -13.3 9.5 —24.7 —36(16) —40.5 —-0.28 —0.12
3 7.446 —-19.2 —26.7 —14.9 12.4 -29.3 —53(16) —47.5 —0.28 —0.13
4 6.343 -232 -28.1 —18.8 11.1 —35.8 —35(14) —40.8 —0.12 —0.11
5 7.820 —-19.0 —33.7 —18.9 16.3 -36.3 —-30(15) —-50.3 —0.03 —0.16

“All values in kJ-mol ™. ®Molecular center of mass distance. “MP2-level quantum mechanical Ej, corrected for BSSE by the counterpoise method."*
9Static atom—atom calculations with the classical LJC functional embedded in MiCMoS.*Eg, E.,.;, and E,, are dispersion, coulomb, and repulsive
contributions to E;,. “Hydrogen bond energy estimated from local topological descriptors of the experimental charge density (eq 1—3). Estimated
standard deviations (e.s.d.’s) in parentheses. The e.s.d. of #1 is apparently lower due to least-squares constraints and lower-order multipole
expansion applied to disordered anomeric atoms (see the Methods section).”Hydrogen bond energy estimated from local topological descriptors of
the multipole-projected theoretical charge density (eq 1—3). #Bond degree parameter, BD = H(r)pep/p(r)py where H(r) is the total energy

density. Units of hartree-¢e™.
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Figure 4. Charge density and negative charge density Laplacian isolevels in the Ola-H8a--OS (left) and O6—H12---O3 (right) HB planes in
crystalline a-p-glucose at T = 90(1) K, as obtained from the experimental (first row) and theoretical (second row) p(r) distributions. These two
HBs were chosen as they represent the extreme points of the spanned energy range (Table 3 and Figure S). Laplacian maps of the other HBs are
shown in Figure S6, Supporting Information. Charge density isolevels were drawn from 0 to 0.50 at steps of 0.05 in units of e-A>, while variable
step intervals of +a-10™" were employed for the Laplacian in units of e:A™ (a = 9.64, 4.82, and 2.20 and n = 0, +1, +2, +3, +4, and +5). Dotted
lines: V?p > 0; dashed lines: V?p = 0; full lines: V?p < 0.

the fact that the average volume thermal expansion coeflicient are negligible. Moreover, Eyg’s can be obtained from the

of p-glucose (ay = 7(2)-107> K™', this work) is roughly one- analysis of real-space local topological descriptors of the

half of the generally expected in organic crystals (ay = 1.7(7)- experimental (p,,,) and multipole-projected (pye,) charge

1074 K™).>” The small change in cell volume upon cooling densities (see the Methods section). We exploited Abramov’s

(Figure SS, Supporting Information) strongly suggests a fully functional®® to estimate the kinetic energy density (G(r)pep)

harmonic behavior of the lattice (Einstein-like). No evidence from the charge density and charge density Laplacian at the

of anharmonic motion was present, at variance of organic bond critical point (bcp)

compounds whose cohesive forces are dominated by non- 3 1

directional (or poorly directional) physical interac- G(l‘)bcp = —(371'2)2/3,0(1‘)}5,$ + —Vzp(l‘)bcp

tions 505 1,58,60 10 6 (1)
To gain insights into the most important recognition modes Equality (1) is based on Kirzhnitz-corrected Thomas—Fermi

(Table 3), we followed a twofold strategy. First, we evaluated expression for the electron kinetic energy64 and is applicable in

the BSSE-corrected pair interaction energies (E;,) of low p(r) regions when Vp = 0, like the HB’s bep. Then, the

molecules connected by symmetry-independent OH---O local form of the virial theorem is applied to evaluate the

interactions at the MP2 level of theory. E. s quantify the potential energy density at the bep

total (i.e, nonlocal) stabilization energy of each molecular pair e

extracted from the crystal with respect to the same non- V(r)bcp = 4_mV2p(r)bcp - ZG(r)bcp @)

interacting molecules. Second, we focused on local estimates of
the hydrogen bond energies, Eyg, which do not necessarily
correlate with E,.'”%'"% We evaluated Eyy’s by MiCMoS
LJC classical atom—atom summations on the experimental X-
ray structure. These came at no computational cost and
provide a straightforward analysis of dispersive, Coulomb, and Eyp = lV(r)bc
repulsive terms, under the assumption that many-body terms 2 P

where m is the mass of the electron. Following Espinosa,65 a
good descriptor of Eyy for strong hydrogen bonds® is the
functional

3)
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Figure S. (a) Eyy, as evaluated according to eq 3, versus dy;...o for symmetry-independent HB contacts in a-D-glucose at T = 90(1) K. Red triangles:
estimates from the multipole-projected charge density distribution, py,... The red line is the corresponding linear regression, with relevant statistical
parameters shown in the highlighted box. Black rhombi: estimates from the experimental charge density distribution, p.,. Vertical error bars
correspond to 1 least-squares e.s.d. (b) Same Eyy’s as in (a) versus the charge density at the bep. Linear regression from py,, data in red. Error bars

correspond to 1 e.s.d.

As expected, all HBs are characterized by positive Laplacian
values, but potential energy prevails in most of them (#2-S,
Table 3), resulting in a negative total energy density, H(r) =
V(r) + G(r). From the virial eq 2, this implies that G(r) < V(r)
< 2 G(r); that is, such bonds are associated with a certain
amount of electron sharing and are not purely electrostatic in
nature. This can be also appreciated by looking at Laplacian
contours in the OH:-O plane of representative hydrogen
bonds (Figure 4). A neat polarization of the valence shell
charge concentration region of the H basin along the direction
of the H---O bond can be appreciated for O6—H12---O3 (#5).
The same is also true for #2—4 HBs (Figure S6, Supporting
Information), while no bond-directed polarization can be
recognized at all along the anomeric H8a:-OS (#1)
interaction.

Switching to energies, a comparison of experimental Eyyp’s
with periodic DFT-derived ones gives similar results (Figure
5a). A neat linear relationship (R* > 0.99) is evident among
HB energies and H--O distances in the py,, distribution, as
the amount of charge density at the bep increases linearly with
the formal bond order for shared (or partly shared) chemical
bonds (Figure 5b, Table S6 Supporting Information).*® This is
consistent with the fact that we are inspecting at a very narrow
distance window (~1.8—1.9 A), where the exponential trend
found by Espinosa® can be reasonable approximated with a
linear function. Owing the small magnitude of the charge
density and its Laplacian in the internuclear region (<0.4 e-A~,
< +3 e:A™®), even small model inaccuracies may result in very
large relative errors, making the extraction of reliable chemical
information from the observed structure factor amplitudes a
difficult business.

First, it is worth noting that the only HB whose geometry is
markedly different from the others is #1 (1.90 A, 158°), which
is consistently predicted as the least stable one by all the
computational methods and bears only electrostatic character
(Table 3). The other hydrogen bonds #2—S5 all have more
negative Eyp (Table 3) and are very similar from a geometrical
viewpoint (Table 2). Their H--O distances range from 1.74 to
1.80 A and are identical to their average (1.77(1) A) within 3
e.s.d.’s. The variance of angles is higher (average: 167(2)°,
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range: 161—171°), but no patent correlations can be found
with the Eyy energies. For example, the most acute angle (#3)
is always associated with a very strong HB, while #5 is
predicted to be the strongest one by the pg., topology,
although it bears an OHO angle essentially identical to #2 and
#4. A possible take-home message is that the HB stability is
mainly determined by the electronic features of the interaction
(i.e., electrostatic or partly covalent), which in turn determine
the resulting geometry.

Most importantly, the Eyg estimates from the p,,
distribution follow the same trend as those predicted from
Piher Mamely, |Eyg(3)1 > |Eyp(2)l & [Egp(4)] > |Eyp(1)], even
though the large e.s.d.’s make the differences among them
poorly significant. Considering the occurrence of disorder at
the anomeric carbon C1 (see above), such conformity of views
is noteworthy and confirms that the quality of the experimental
charge density analysis is high enough to draw safe conclusions
on this system, albeit on a qualitative level. The p,,, topology
significantly underestimates the stability of the fifth bond, O6—
H12-+03 [1 — x, —1/2 + y, 3/2 — z] (Table 3, Figures 4 and
5). The latter turns out to have Eyg close to those of bonds 2
and 4, while it should be the most stable one on absolute
grounds, based on the pg., prediction. The reason of this
discrepancy can be traced back in a &33% large under-
estimation of the charge density at the bep (Figure Sb), which
results in a less positive G(r) (eq 1) and a less negative V(r)
henceforth (eq 2). We note that the anomeric H8--O$
interaction (# 1), which is totally electrostatic in nature (VZp >
0, BD > 0), is not affected and is satisfactorily modeled by both
Ptheo AN Py, distributions.

Comparison of total interaction energies (E;,,) and hydrogen
bond energies (Eyg) in Table 3 reveals that there is a general
inverse correlation between them: the more negative is E;, the
less Eyp. In other words, the most strongly bonded molecular
dimers are connected by the weakest HBs.

This does not imply that OH---O interactions are weak on
absolute grounds: on the contrary, Eyg’s in glucose are
comparable in magnitude with those found in charge-assisted
HBs in organic salts'’ and neatly more negative than those
estimated in natural compounds of similar composition and

https://doi.org/10.1021/acs.cgd.2c00846
Cryst. Growth Des. 2022, 22, 6627—6638


https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.2c00846/suppl_file/cg2c00846_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.2c00846/suppl_file/cg2c00846_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.2c00846/suppl_file/cg2c00846_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00846?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00846?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00846?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00846?fig=fig5&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.2c00846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

Figure 6. (a) Experimental and theoretical dipole moments of a-p-glucose extracted from the crystal, referred to the molecular center of mass. The
corresponding magnitudes are displayed, together with the relative orientation of the molecular with respect to the crystallographic cell axes.
Arrows point toward the negative ends of each dipole. (b) Packing of molecular dipoles, seen down the g-axis.

Table 4. Dipole Moment Module and Components (All Quantities in Debye, in the Cartesian Reference Frame with the Origin
on the Molecular Center of Mass) of @-D-Glucose for Different Models Employed in This Work”

model partitioning H

Pexp HC DMA" 32+ 1.5
QTAIM“ 32+08

Diieo HC DMA" 1.9
QTAIM*® 1.9

Hy Ha Iul
—4.6 + 1.7 52+ 09 7.7 + 2.5
—46 + 1.1 52 + 06 7.6 + 1.7
-15 2.4 34
-15 2.4 34

“Experimental e.s.d.’s are also given. bHansen—Coppens distributed multipole analysis. “QTAIM partitioning of the charge density. Each
component ; of the total molecular dipole moment was computed according to y, = Z}. [qu,.}. + '“i;']' where the summation runs across the j atoms

in the asymmetric unit and i = %, y, z. r;, ,;, and r; are positions of atom j with respect to the molecular center of mass, g; is the integrated charge of
atom j, and M expresses the atomic dipolar deformation along x, y, and z, as estimated from the momenta of the charge density distribution within
the atomic basin j. 9E 5.d.s are based on an estimated average standard deviation of 2.5 X 1072 on the integral charge.

L 117,67 . . .
weight.””®" This result is not surprising, as molecular

interaction energies are intrinsically multi-body in origin and
depend on how the two whole charge density distributions
interact.”” A take-home message is that care should be paid
when one tries to rank atom—atom interactions based on pure
E, estimates. As for the present case, large negative E; /s are
invariably associated with the largest electrostatic contribu-
tions, as estimated by the classical LJC force field. This further
highlights the importance of electrostatics in anhydrous
glucose, as polar molecules (lul = 2.8 D, in vacuo PBEO
estimate) tend to arrange into favorable head-to-tail inter-
actions under the constraint of null cell dipole moment
imposed by the 222 point symmetry of the crystal (see also
Figure 6 in the next section).

To gain insights into the role of the f anomer in the a
structure, we computed BSSE-corrected MP2-level E;,
estimates of the same symmetry-independent hydrogen
bonded pairs here discussed, where the HB donor is the
molecule. This resulted in S direct f—a contacts (Table S7
Supporting Information), the probability of f—f interactions
being negligible due to the low amount of # in the @ matrix
(see above). A new allegedly strong HB (#1b) is now set up
with the O6 hydroxy of the molecule at 1/2 — x, —y, 1/2 + z
(Section S4, Supporting Information), with the corresponding
pair accounting for E;,, = —49.8 kJ-mol™' (Table S7,
Supporting Information). At the same time, the O1—HS8--
OS5 HB (#1) is broken, while all the other E,,;’s in the cluster
become slightly more negative. This is noteworthy, as the 02—
O6 hydroxy groups conserve the same geometry and,
therefore, local properties of hydrogen bonds #2—S are
expected to be conserved as well. The average stability gain
in electronic potential energy amounts to —1.4(3) kJ-mol™" per
molecular pair, summing up to a total gain of —5.8 kJ-mol™" for
the symmetry-independent molecule—molecule interactions.
Discussing the effect of anomeric disorder on the stability of

the crystal would require the quantitative estimation of
entropic contributions, which are out of reach for our in
vacuo static quantum simulations. However, the following
points are worth of note: (i) substitution of one  molecule
determines a more favorable (negative) BSSE-corrected E,, in
all neighboring a—f pairs and (ii) anomeric disorder can only
add favorable entropy contributions, implying a further
decrease of the chemical potential of the system. In other
words, both terms (enthalpic and entropic) determine a
stability gain, that is, substitution of a with f increases the
cohesion of the whole HB cluster. The implications are
twofold: (i) the very low concentration of the § anomer in the
o matrix must be ascribed just to the lower solubility of the o
phase at moderate heating (Figure 1). In turn, this implies that
the occurrence of anomeric defects in the « lattice may not be
occasional. Extensive screening with high-resolution data sets
on different crystal batches should be carried out to verify this
hypothesis. (ii) The overall attractive potential in the HB
cluster is not attributable just to strong HBs. Molecule—
molecule interactions involving their whole charge density
distributions also play a role, as a change in the orientation of
the only anomeric —OH is enough to produce a significant
change in E;, within the cluster, when all the individual
molecule—molecule contributions are accounted for. To gain
insights on this matter, the total electrostatic potential of p-
glucose is discussed in the next section.

Electrostatics. Multipolar Hansen—Coppens and QTAIM
integral atomic charges are quite different (Tables S9 and S10,
Supporting Information). This is expected, owing to the
different partitioning schemes on which they rely. Pseudoatom
multipoles have no boundaries: they decrease asymptotically
beyond the van der Waals radius, that is, they are free to
overlap. QTAIM charges, on the other hand, are obtained by
integrating the p(r) distribution over nonoverlapping atomic
basins bound by surfaces that satisfy the zero-flux conditions of
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Figure 7. Electrostatic potential, V(r), for the a-p-glucose molecule extracted from the crystal in the plane defined by atoms 02—06—04, as
obtained from the experimental charge density p.,, (a) and from the multipole-projected one py,., (b). Both maps are 8.9 X 8.9 A wide, and
contour levels are drawn at steps of 0.02 e-A™". Dotted lines: V(r) < 0; dashed lines: V(r) = 0; solid lines: V(r) > 0. More specific maps in relevant

HB planes are shown in Section S6 Supporting Information.

the Vp field, §Vp(r)eidS = 0. The integration of atomic
basins thus depends on the choice of the atomic boundaries,
which are necessarily different if the crystal or the isolated
molecule is considered. If the atomic zero-flux surfaces are
moved to infinity, both the partitioning schemes should
provide the same estimate for electrostatic observables, like the
molecular dipole moment. This is indeed the case (Table 4 and
Figure 6).

Contrasting values are given for the dipole moment of a-p-
glucose in the literature. Oliveira® reported 4.3 D in the gas
phase and 5.3 D in solution at the MP2/6-311++G(2d,2p)
level of theory, as compared with our own prediction of 2.8 D
obtained from the accurate 90 K molecular geometry at the
PBEO/pob-TZVP-rev2 level. These large differences likely
reflect conformational differences in the D-glucopyranose
moiety, as isolated molecules set up intramolecular OH:---O
hydrogen bonds, which are not present in the crystal. Other
computational predictions are also available (2.5 D).” In
contrast, the popular Wikipedia page on D-glucose reports a
suspiciously high (and unreferenced) value of 8.7 D.”% To the
best of our knowledge, the present charge density-based
estimate (Table 4) provides the only experimental data
available for the dipole moment of a-p-glucose. It is worth
noting that the p,,;, and py,, distributions substantially agree in
the dipole direction, with a deviation not exceeding ~12°
(Figure 6). The dipole magnitude is probably overestimated by
Pexpr s the error-free multipole refinement on the theoretical
structure factors gives a roughly halved value. However, the
very large uncertainty associated with p,, makes the difference
barely significant on statistical grounds, as the two modules are
equal within less than 2 e.s.d.’s. Diffraction experiments at the
liquid He temperature, possibly on anomerically pure crystals,
are required to improve the precision and accuracy of the
charge density-derived electrostatics. However, our best
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estimate for the in-crystal dipole moment enhancement
(from 2.8 to 3.4 D, +21%) is perfectly comparable with that
predicted by Oliveira and Colherinhas®® in solution (+23%).

A look at the electrostatic potential, V(r), roughly in the
mean molecular plane (Figure 7), allows us to gain further
insights on electrostatics and hence on what are the expected
preferential interaction modes of molecules with themselves.
Negative isolevels imply a prevalence of negative charges and
are associated with regions of valence charge concentration,
like those stemming from the lone pairs of oxygen atoms.
There is a good qualitative agreement between the
experimental and theoretical multipole models. However, p,,,
overestimates the charge separation with respect to pg,., in
agreement with the unphysical enhancement of the dipole
vector module discussed above. Interestingly, both models
predict a large bay area of negative potential in the region of
OS and O6 lone pairs. This area is responsible for the observed
direction of the molecular dipole, which goes out-of-plane with
a large component along the crystallographic direction ¢
(Figure 6). Moreover, due to chemical constraints imposed by
the sp’ hybridization of oxygen atoms, a pattern of highly
structured zones of positive and negative V(r) arises around
the pyranose ring. Regions of large positive electrostatic
potential spread from the O—H bonds (Figure 7) and interact
in a key-lock fashion with large negative zones close to oxygen
acceptors of neighboring molecules (e.g, H10--02, H12--
O3—see Figures 2b and 7). These evidences confirm that
cohesion in a-D-glucose stems from the synergy of directional
strong OH--O HBs with favorable electrostatic interactions
spanning the crystal lattice (Figure 6b).

B CONCLUSIONS

In this work, a high-resolution (0.46 A) single-crystal X-ray
diffraction study was carried out at 90(1) K on the anhydrous
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a anomer of D-glucopyranose. The purpose was to understand
why conformational polymorphism was never observed to date
at room pressure, despite the very low rotational barriers of the
exocyclic —OH groups. To this end, we extracted the accurate
charge density distribution, p(r), from the observed structure
factor amplitudes, studying relevant intermolecular interactions
with the topological toolbox provided by the QTAIM. Both
classical and quantum simulations were also carried out to
complement the experimental picture and validate the accuracy
of the main results with suitable error-free models.

Synergy of low temperature and high resolution demon-
strated the occurrence of previously unreported anomeric
disorder. We found that the  form accounts for 4% of the total
unit cell content, and we confirmed that its inclusion is
energetically favored. More extensive studies are required to
understand to what extent anomeric disorder is frequent in a-
D-glucose crystals. This issues a warning on the importance of
working with reliable high-resolution data to characterize
accurately organic crystals containing only light atoms,
especially when different equilibrium species coexist in the
crystallization liquor.

The a-p-glucose lattice was poorly affected by cooling,
according to the low measured isobaric thermal expansion
coefficient. The relative orientation of hydroxy groups did not
change down to 90 K. The topological analysis of the p(r)
distribution confirmed the high stiffness of the HB network: 4
out of S OH--O close contacts have a neat partial covalent
character. This is due to the significant polarization of the
valence shell charge concentration of hydrogen atoms toward
their oxygen acceptors, appreciable also from the —V?p(r)
maps. At the same time, a key-lock superposition of highly
structured V(r) < 0 and V(r) > O bay areas around the
pyranose ring accounts for directional OH--O interactions.
This mirrors in generally very large HB energies, Eyp.

Perhaps counterintuitively, we found an inverse correlation
between total molecule—molecule interaction energies (E;,,)
and Eyg. Directional HBs tell us just a part of the story: the
lattice cohesion also stems from advantageous electrostatic
contributions among molecular p(r) distributions, for example,
head-to-tail arrangement of dipole moments. Indeed, sub-
stitution of the a anomer with f implies that E;, of each
neighboring molecular pair becomes more negative even
though the geometry of partially covalent OH---O bonds
remains unchanged.

To conclude, in contrast to the large conformational
variability of isolated a@-p-glucose molecules, possible occur-
rence of conformational polymorphism in the solid state is
hampered by two factors: (i) the exceptional stiffness of the
HB network, as partially covalent OH---O hydrogen bonds set
up very stable intermolecular cooperative interactions, and (ii)
favorable key-lock interactions among electron-rich and
electron-poor regions of electrostatic potential of neighboring
molecules. Any change in the mutual orientation of —OH
groups, despite setting up almost equivalent HB interactions
on geometrical grounds,m_25 would affect the electrostatic
potential, resulting in a loss of cohesion of the whole
translation-independent molecular cluster (Figure 2). A strong
evidence supporting this hypothesis is the significant change in
E,./'s of a—p pairs, whose OH:--O contacts are not affected by
anomeric substitution.

A final remark concerns the applicability of classical force
fields when electrostatics and quantum (partial covalence)
effects are intertwined. Ad hoc parametrization should be
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normally required to mimic such a borderline physics, and the
lucky success of the LJC force field is likely due to extensive
parametrization against properties of polar/HB liquids and
crystals.**
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