Downloaded viaNATL RESEARCH COUNCIL CANADA on February 24, 2021 at 19:29:52 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

CRYSTAL
GROWTH
SDESIGN

pubs.acs.org/crystal

Solid-State 'H, '3C, and 7O NMR Characterization of the Two
Uncommon Polymorphs of Curcumin

Yizhe Dai, Victor Terskikh, Andreas Brinmkmann, and Gang Wu*

Cite This: Cryst. Growth Des. 2020, 20, 7484-7491

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: Curcumin is known to exist in three polymorphs (forms I, II,
and III) in the solid state. The most common polymorph of curcumin (form
I) is monoclinic in the space group P2/n, whereas the other two uncommon
forms are both orthorhombic with the space groups of Pca2, and Pbca for
forms II and III, respectively. While crystal structures are known for all three
polymorphs of curcumin, their solid-state NMR signatures are incomplete in
the literature. In this study, we report a complete set of solid-state 'H, *C, Form Il
and 70 NMR data for form III of curcumin. In addition, we discovered that
form III of curcumin prepared by repeated drying from methanol is not stable,
which undergoes slow structural transition to form II in the solid state over a
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period of days at room temperature. As a result, we were able to obtain new

solid-state '’O NMR data for form II of curcumin, which complements the existing solid-state '"H and "*C NMR data for this
polymorph in the literature. We compare experimental NMR parameters with calculated values by the GIPAW DFT and dispersion
corrected DFT-D2 methods. We found that while the computed "*C chemical shifts are generally in excellent agreement with
experimental values, the quality of the computed 'H and 'O NMR chemical shifts is less satisfactory. This may imply that it is
necessary to include the nuclear quantum effects in future quantum chemical calculations to account for potential proton tunneling

and dynamics.

1. INTRODUCTION

Curcumin is a key component of turmeric that is produced by
the plant Curcuma longa of the ginger family (Zingiberaceae).
The biological activities of curcumin and related curcuminoids
have been the focus of intense studies in recent years.' "
Although curcumin is commonly referred to by the chemical
name of (1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione (belonging to a general class of organic
compounds known as 1,3-diketones or f-diketones), it exits in
the solid state exclusively as the keto—enol tautomer, as
illustrated in Scheme 1. Thus, the proper chemical name for
curcumin should be (1E4Z,6E)-5-hydroxy-1,7-bis(4-hydroxy-
3-methoxyphenyl)-hepta-1,4,6-trien-3-one. Like many natural
products, curcumin is known to exhibit polymorphism in the
solid state. The polymorphism of curcumin has also been
explored to im4pr0ve its bioavailability with better drug
formulation."' ™' The first crystal structure of curcumin was
reported by Tonnesen et al. in 1982."° This monoclinic
polymorph with the space group P2/n (Z = 4; Z' = 1) is the
most common one, often denoted as form I. Several
subsequent studies of curcumin further confirmed the crystal
structure of form 1.'°7'% In 2011, Sanphui et al'” discovered
two new polymorphs of curcumin: forms II and III. Both of the
new polymorphs are orthorhombic with the space groups of
Pca2, (Z=8;Z =2) and Pbca (Z = 8; Z' = 1) for forms II and
III, respectively. The overall molecular structures and crystal
packing are quite similar in forms II and III. The most
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Scheme 1. (Upper) Resonance Structures Including the
Resonance-Assisted Hydrogen Bonding (RAHB) Model for
Keto—Enol Tautomers of 1,3-Diketones. (Lower) Molecular
Structure of Curcumin
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important structural difference between forms II and III is that
form II has two independent curcumin molecules in the
asymmetric unit cell, whereas form III has only one. Although
Sanphui et al.'” also reported solid-state *C NMR spectra for
all three polymorphs of curcumin, their samples of forms II and
III used in the solid-state NMR experiments were later proven
to contain impurities, as recently pointed out by Wasylishen
and co-workers."” The most complete solid-state NMR
characterization of curcumin in form I was reported by Kong
et al.>° in 2016, which included solid-state 'H, 2H, *C, and
70 NMR data, together with periodic DFT results obtained
with the GIPAW method. In 2018, Wasylishen and co-
workers'” reported correct solid-state 'H and 3C NMR
spectra for form II curcumin. However, the question regarding
the solid-state '3C NMR data reported by Sanphui et al.'” for
form III curcumin is still unresolved. In addition, form III of
curcumin was known to be metastable. As a result, there is no
standard solid-state '*C NMR data reported for form III of
curcumin in the literature. While other techniques such as
powder X-ray diffraction (PXRD) and scanning electron
microscopy (SEM) are also commonly used in studies of
polymorphism of curcumin,'”*"** solid-state NMR appears to
be the most effective in offering the clearest interpretation.

Solid-state NMR is a powerful tool for studying poly-
morphism of organic molecular solids, especially pharmaceut-
icals.”> ™" Most solid-state NMR studies of pharmaceutical
molecules have employed 'H and "*C as NMR probes because
of the ease in obtaining NMR signals from these nuclei at their
natural abundance levels. However, recent studies have shown
that, with isotopic '7O-labeling, it is possible to obtain solid-
state 7O NMR spectra for organic and biological molecules
and use them to complement the 'H and *C NMR data for
these molecules.**™>° In principle, one should be able to obtain
more complete information about molecular structure and
bonding by studying all magnetic nuclei available in a molecule
such as 'H, *C, and 7O. A few recent examples demonstrated
the utility of this approach in studying a variety of chemical
compounds including pharmaceutical compounds.’*~*" In this
work, we report new solid-state 'H, 13C, and YO NMR data
for forms II and III of curcumin. In particular, we obtained a
complete set of solid-state 'H, *C, and 7O NMR data for
form IIT and new solid-state 'O NMR data for form II. These
new results, together with those available in the literature for
forms I and II, constitute a complete set of solid-state NMR
signatures for all known polymorphs of curcumin.

2. EXPERIMENTAL SECTION

Curcumin was purchased from Alfa Aesar (95% purity). '7O-Labeled
curcumin was prepared by following the method reported by Kong et
al*® In particular, the commercial curcumin was first recrystallized
twice from methanol to remove minor impurities. The purified
curcumin (200 mg) was dissolved in 17 mL MeOH (0.1% H,O
content), followed by addition of '7O-enriched water (200 mg, 40%
70, purchased from CortecNet) and prewashed Amberlite IR-120
ion-exchange resin (100 mg strongly acidic form). The mixture was
kept at 65 °C (oil bath) for 3 h. After the resin was removed, the
mixture was concentrated to a small volume. The resulting solids were
collected, washed with cold water (4 mL) and ether (3 X 1 mL), and
dried under vacuum (yield 165 mg). The '7O-enrichment level in the
7O-labeled curcumin was determined to be 20% by comparing the
70 NMR signal of the compound with that of the solvent (acetone)
in a solution 70O NMR spectrum. Form I of curcumin was prepared
from recrystallization from MeOH. Form III was obtained in the
following manner. Form I of curcumin was dissolved in MeOH and
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dried quickly with a stream of N,(g). This process was repeated
several times. Initially, the solid was a mixture of 80% form I and 20%
form III. After several cycles, the compound became pure form III as
monitored by solid-state '"H NMR (see Figure S1 in the Supporting
Information). In some cases, a trace amount of form I (<5%)
remained. However, we found that the form III samples prepared in
the above fashion were not stable and underwent solid-state
transformation to form II in days at room temperature. Thus, this
turned out to be another way of preparing form II, which was known
to be difficult to prepare in a reliable fashion.'® More stable form III
crystals were made by recrystallization of the unstable form III solids
from MeOH with seeding. The resultant crystals of form III were
stable on the bench for months (see Figure S2 in the Supporting
Information).

Solid-state 'H, *C, and 7O NMR experiments were performed on
a Bruker NEO-700 (16.4 T) spectrometer with a Bruker 2.5 mm MAS
probe. In the '*C CP/MAS experiments, a contact time of 2 ms was
used and the 'H decoupling field was about 100 kHz. A rotor-
synchronized Hahn-echo sequence was used for recording both 'H
and 7O MAS NMR spectra to eliminate the acoustic ringing and the
background signal from the probe. For the 7O MAS experiments, no
proton decoupling was applied. The 90° pulse width for the 7O
central transition was 1.0 ps. The recycle delays used in different
solid-state NMR experiments were as follows: 60 s for 'H; 10 s for
BC; 5 s for 70. Sample temperatures under MAS conditions were
calibrated with the 7’Br NMR signal from a solid KBr sample.* All
3C chemical shifts were referenced to the signal of 1% TMS in CDCl,
(6 = 0 ppm) by setting the '*C NMR signal of the carboxylate group
of solid a-glycine to 176.5 ppm.** All 'H and 7O chemical shifts were
referenced to 1% TMS in CDCl; and neat D,0O(liq), respectively, by
using the frequency ratio (E) values from the literature (for 'H, E =
100.000000%; for 3C, 2 = 25.145020%; for 70, E = 13.556457%)**
and the C frequency for 1% TMS in CDCl,. Spectral simulations
were performed with DMfit.**

All quantum chemical calculations were performed usinﬁg the
Cambridge Sequential Total Energy Package (CASTEP) code (ver.
2017) implemented within BIOVIA’s Materials Studio. CASTEP
employs DFT using the plane-wave pseudopotential approach. The
generalized gradient approximation with the Perdew—Burke—
Ernzerhof exchange correlation functional*’ was chosen. First,
geometry optimization was performed employing the Broyden—
Fletcher—Goldfarb—Shanno (BFGS) algorithm together with OTFG
on-the-fly ultrasoft pseudopotentials (version 2017R2), a cutoff
energy of 571.4 eV and a 1 X 2 X 1 k-point grid. Subsequently, the
NMR parameters were calculated using the gauge including the
projector augmented waves (GIPAW) method implemented in the
NMR module of CASTEP,"**’ employing OTFG on-the-fly
pseudopotentials (version 00), a cutoff energy of 610 eV, and a 1 X
2 X 1 k-point grid. Calculated isotropic magnetic shielding values
were converted to calculated isotropic chemical shift values as follows:
for 'H, 8/ppm (calc.) = 29.0/ppm — o/ppm (calc.); for *C, §/ppm
(calc.) = 170.4/ppm — o/ppm (calc.); for 7O, 6/ppm (calc.)
287.0/ppm — o/ppm (calc.).

For the dispersion-corrected DFT calculations (DFT-D2), the
geometry optimization step was performed using the revised Perdew—
Burke—Ernzerhof exchange correlation functional,”® OTFG on-the-fly
ultrasoft pseudopotentials (version 2017R2), a cutoff energy of 571.4
eV,and a1l X 2 X 1 k-point grid. Dispersion was included through the
reparameterization of the two-body force field developed by Grimme
(D2).>! For the damping parameter d, values of 3.5°* and 5.0>* were
used. Subsequently, the NMR parameters were calculated with the
same computational settings as for the geometry optimization step
except for omitting the dispersion correction. The following
conversions were used between calculated isotropic magnetic
shielding values and isotropic chemical shift values: for 'H, §/ppm
(calc.) = 30.0/ppm — o/ppm (calc.); for *C, §/ppm (calc.) = 175.0/
ppm — o/ppm (calc.); for 70, §/ppm (calc.) = 275/ppm — 6/ppm
(calc.).
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3. RESULTS AND DISCUSSION

Figure 1 shows the solid-state "H NMR spectra obtained under
the MAS condition for the three polymorphs of curcumin. In

16.8 ppm
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Figure 1. Experimental 'H MAS NMR spectra of the three
polymorphs of curcumin. All "H MAS spectra were recorded at
16.4 T (700 MHz for 'H) with a sample spinning frequency of 30
kHz. The sample temperature was controlled at 293 K.

all cases, the '"H NMR signals from the enolic protons are
clearly resolved. The "H chemical shifts observed for forms I
and II are in excellent agreement with the literature results.'”*°
For form III, the 'H chemical shift of the enolic proton is 14.5
ppm. Interestingly, this value is similar to that found for
molecule B in form II of curcumin. Further, in contrast to the
situation seen in form II, only one enolic proton signal was
observed for form III, which is consistent with the crystal
structure of form III (only one molecule is in the asymmetric
unit cell)."”

Figure 2 shows the *C CP/MAS NMR spectra obtained for
the three polymorphs of curcumin. For form I, the "*C

chemical shifts for C; and C; are found at 187.4 and 182.7
ppm, respectively. In contrast, a total of four signals were
observed for form II in the same spectral region: 189.6, 186.2,
179.2, and 177.8 ppm. These results for forms I and II are in
excellent agreement with what have been reported in the
literature.'”?° In addition, as Wasylishen and co-workers'’
recently showed, the '>*C NMR signals at 189.6 and 177.8 ppm
for form II are due to molecule B, whereas the enolic proton
displays a 'H chemical shift of 14.5 ppm. For molecule A of
form 1II, the >C NMR signals are found to be at 186.2 and
179.2 and the enolic proton at 15.7 ppm. For form III, we
found that the *C NMR signals for C, and C; appear at 190.2
and 177.8 ppm, respectively, and the enolic proton at 14.5
ppm. Thus, it seems that the 'H and '*C NMR signals for form
III resemble those observed for molecule B of form II. This
general trend is also seen in the '"O MAS NMR spectra
obtained for the three polymorphs of curcumin, as shown in
Figure 3. We should note that, while three resolved 7O NMR
signals are observed in the spectrum of form II, the signal at
the high-frequency end exhibits higher intensity suggesting the
presence of two overlapping signals. Indeed, we were able to
extract the 7O NMR parameters for the two overlapping sites
by spectral simulation, as seen in Figure 3. We also obtained
70 MAS NMR spectra of form II at a higher magnetic field,
21.1 T, and confirmed the O NMR parameters for all four
sites (see Figure S3 in the Supporting Information). Thus, the
fact that a total of four 'O NMR signals are observed for form
I1 is in agreement with the observation in solid-state '*C NMR
mentioned earlier. We can then assign the four 7O NMR
signals in a similar way as done for the four *C NMR signals.
As also seen in Figure 3, only two 7O NMR signals are
detected for form III, and their 7O NMR parameters
(chemical shifts and quadrupole parameters) are similar to
those for molecule B of form II. Further, the enolic proton in
form III has a "H chemical shift of 14.5 ppm, which is identical
to that seen for molecule B of form IL. All experimental 'H,
BC, and 7O NMR parameters are summarized in Table 1.
Among the three polymorphs of curcumin, there are four
crystallographically distinct curcumin molecules. Now that we
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Figure 2. Experimental *C CP/MAS NMR spectra of the three polymorphs of curcumin. All spectra were recorded at 16.4 T (700 MHz for 'H
and 176 MHz for '*C) with a sample spinning frequency of 20 kHz. The sample temperature was controlled at 293 K. Note that a trace amount of

form I (<5%) was present in the sample of form IIL
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Figure 3. Experimental (black traces) and simulated (colored traces)
70 MAS NMR spectra of the three polymorphs of curcumin. All
spectra were recorded at 16.4 T (700 MHz for 'H and 94 MHz for
70) with a sample spinning frequency of 30 kHz. The sample
temperature was controlled at 293 K.

have obtained a complete set of 'H, 3C, and O NMR data
for all four molecules provides an excellent opportunity to look
into the relationship between NMR parameters (**C and '"O
chemical shifts and '"O quadrupole couplings) and molecular
structure. We found that in each case the curcumin molecule is
nonsymmetric. That is, the C;—O,; and C;—0, halves of the
molecule are different, resulting in two sets of NMR signals for
each curcumin molecule. Interestingly, after examining the
NMR data presented in Table 1, we found that the *C and
70 chemical shift differences between the C,—0; and C;—0,
halves of the molecule (i.e, AS(**C) = 5(C;) — 8(**C;) and
A5(Y70) = 5(770,) — 6(*70,)) are clearly correlated with the
"H chemical shift of the central enolic proton. As illustrated in
Figure 4, the chemical shift difference appears to decrease with

100 200
170
4 —_—

80 r 150
g_ 60 A
o
E r 100

40 A o

20 - 13C r 50

-—
0 T — T 0

12 13 14 15 16 17 18 19 20
S(*H)/ppm

Figure 4. Correlation between chemical shift difference (**C and '70)
and the "H chemical shift for the enolic proton in three polymorphs of
curcumin. The chemical shift difference is defined as AS(°C) =
5(BCy) — 8(1C;) and AS(Y0) = 6(70,) — 8(770,).

the increase in 6(*H) of the enolic proton. Furthermore, two
general trends in Figure 4 are worth noting. First, the slope of
the 170 line is about 10 times steeper than that of the "*C line.
This reflects the remarkable sensitivity of '’O NMR parameters
on molecular structure and chemical bonding. Second, the e
and 7O data points converge to a narrow 'H chemical shift
range between 17.5 and 18.0 ppm. This means that, if a
curcumin molecule displays a symmetric O,---H---O, hydrogen
bond as fully depicted by the RAHB model®* shown in Scheme
1, the 'H chemical shift for the enolic proton would be about
17.5—18.0 ppm. Thus, the plots shown in Figure 4 suggest that
the O;---H--O, hydrogen bond in form I is the least
asymmetric among the three forms of curcumin. However,
we caution that such an interpretation should be restricted to
different polymorphs of the same molecule. For example, Kong
et al.”’ reported the following NMR parameters for the O;--
H--0, hydrogen bond in dibenzoylmethane: §('H) = 17.5
ppm, AS(C) = 6(C;) — 6("3C;) = 5.3 ppm, and AS(770) =
5(*"0,) — 8("’0,) = 72 ppm. These data points clearly lie
outside the two straight lines shown in Figure 4.

Now we can also examine structural variations among the
four curcumin molecules on the basis of their crystal structures.

Table 1. Summary of Experimental and GIPAW Computed Solid-State 'H, *C, and '’O NMR Parameters for Selected Atoms
around the 1,3-Enol Moiety (shown below) in Three Polymorphs of Curcumin®

Jiso/PPm Cq/MHz o
Polymorph H1 C3 Cc2 c1 01 02 01 02 01 02
Form 1”
Exptl. 16.8 182.7 99.0 187.4 252 209 —6.2 —6.0 0.90 0.60
Compt. 16.0 181.2 103.2 187.3 272 183 —6.9 -72 0.91 0.23
Form II°
Exptl. (A) 15.7 179.1 105.7 186.2 276 197 6.2 —-6.8 0.60 0.60
Exptl. (B) 14.5 177.8 104.3 189.6 295 133 7.1 -7.1 0.50 0.20
Compt. (A) 142 178.6 112.3 185.6 278 156 7.0 —7.4 0.95 0.28
Compt. (B) 16.2 177.3 110.5 188.8 332 153 7.4 -72 0.62 0.16
Form IIT¢
Exptl. 14.5 177.8 106.9 190.2 295 134 —6.9 -7.0 0.70 0.15
Comput. 15.5 177.7 110.7 186.0 291 160 —6.8 -7.3 0.99 0.21

“Uncertainties in experimental results are estimated to be &,,("H), 0.1 ppm; &,,(*C), +£0.1 ppm; 5,,(*’0), +2 ppm; CQ(”O), +0.5 MHz;
71Q(17O), +0.2. The sign of the experimental CQ(”O) was assumed to be the same as that of the computed one. “From ref 20. “From ref 19, except

for the 70O NMR data which are from this work. “This work.
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The key bond distances in the keto—enol core of the curcumin
molecule are shown in Figure 5. In general, for hydrogen
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Figure S. Selected bond distances and an additional hydrogen bond
around the keto—enol core of each curcumin molecule found in the
three polymorphs of curcumin. The 'H chemical shifts are also
shown.

bonds of the O—H---O type, the 'H chemical shift is expected
to be correlated with r..q.”> "> However, as seen from Figure
S, this is not the case among the four curcumin molecules,
suggesting that other factors are in play in these cases. Indeed,
as noted by previous workers,'”'? three of the four curcumin
molecules experience additional hydrogen bonding around the
central keto—enol core of the molecule, as also highlighted in
Figure 5. In particular, for the curcumin molecules in forms I
and III as well as molecule A in form II, O, forms a hydrogen
bond with the phenolic OH group from a neighboring
molecule. We speculate that this additional hydrogen bond
may play an important role in influencing the "H chemical shift
for the enolic proton. We also attempted to link the observed
3C and 'O chemical shifts to the structural features. The key
measure is the difference between the C,—O; and C;—0O,
bond lengths. The smaller this difference, the more similar the
13C or 7O chemical shifts observed for the two halves of the
molecule. For example, in form III, this bond-length difference
is 1.334—1.277 = 0.057 A, whereas the corresponding value for
the curcumin molecule in form I is only 0.007 A. Thus, the
curcumin molecule in form III can be described, to a greater
degree, by the C,=0, and C;—0,—H bonding schemes,
which results in a greater difference between the two sets of
BC or 7O NMR signals. We should note that this argument
cannot explain the trends seen for molecules A and B in form
II. Once again, a key difference between molecules A and B in
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form II is the presence of an additional hydrogen bond only in
molecule A.

In two previous studies of curcumin, experimental 'H,
BC, and 'O NMR results for forms I and II were compared
with computational data. Here, we are able to examine the
accuracy of computational results for all three polymorphs.
Table 1 also shows the computed results based on the GIPAW
DFT method. As shown in Figure 6, the computed chemical
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Figure 6. Comparison between experimental and computed 'H, *C,
and 7O chemical shifts for the three polymorphs of curcumin. The
diagonal line is shown to aid in visual inspection of data. The inset
shows the expanded region around the 'H chemical shift data points.

shifts are generally consistent with the experimental values.
However, it is important to point out that, while the
experimental *C chemical shifts are very well reproduced by
the GIPAW DFT computation, the agreements between
experimental and computed for 'H and '"O chemical shifts
are considerably poorer. For example, as noted by Wasylishen
and co-workers'” in their recent study, the GIPAW DFT
calculation was unable to reproduce the trend in the 'H
chemical shifts observed for form II; see the inset of Figure 6.
This particular difficulty in computing 'H and '"O chemical
shifts around the keto—enol moiety of the molecule may be
related to the type of hydrogen bonding interaction that these
atoms are involved in. Curcumin, together with many 1,3-
diketone molecules, is a well-known example where the O—
H--O hydrogen bond in its keto—enol tautomer can be
considered to be a low-barrier hydrogen bond (LBHB).”~"!
As pointed out by many previous workers, it is more instructive
to view the proton involved in a LBHB as a nuclear wave
function rather than to ask about its precise “location or
position”. It is not difficult to see why the 'H and 'O chemical
shifts should be more sensitive to such nuclear quantum
effects. Similar trends were seen in the calculated 7O
quadrupole parameters. As seen in Table 1, although the '"O
quadrupole coupling constants are reasonably reproduced by
the GIPAW DFT calculations, the asymmetry parameters
display considerable discrepancies. It is also noted that the
largest discrepancies are found for form I and for molecule A of
form II. Indeed, these two cases have the greatest LBHB
characters.

To further examine the origin of the poor calculated 'H and
70 chemical shifts, we carried out additional dispersion-
corrected DFT-D2 calculations for all three polymorphs of
curcumin. We found that, while the *C chemical shifts change

https://dx.doi.org/10.1021/acs.cgd.0c01164
Cryst. Growth Des. 2020, 20, 7484—7491


https://pubs.acs.org/doi/10.1021/acs.cgd.0c01164?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01164?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01164?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01164?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01164?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01164?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01164?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01164?fig=fig6&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c01164?ref=pdf

Crystal Growth & Design

pubs.acs.org/crystal

very little as compared with those from regular GIPAW DFT
calculations, the 'H and O chemical shifts showed even
worse agreement with the experimental data; see Figure S4 in
the Supporting Information. The most pronounced changes
occurred for form I. A close inspection of the molecular
geometries reveals that the dispersion-corrected DFT-D2
method tends to make the O,;H:-O, LBHB in form I
curcumin more like a regular O,--H—O, HB. That is, the
enolic proton was moved closer to the O, atom resulting two
very different C;,—O; and C;—0O, bond distances. As seen from
Figure S, form I has the greatest character of a LBHB among
the three polymorphs (i.e., the difference between the C,—O;
and C;—O, bond lengths is the smallest). Thus, we can
conclude that, while the dispersion corrected DFT-D2 can
improve the accuracy of computed chemical shifts in molecular
systems containing regular HBs, this is not the case for LBHBs.
This observation is not totally unexpected, because the
dispersion forces that are included in DFT-D2 are
fundamentally different from the nuclear quantum effects.
Perhaps calculations based on path-integral molecular
dynamics (PIMD)”” are better suited to treat the nuclear
quantum effects seen in curcumin.

4. CONCLUSIONS

We have reported solid-state 'H, *C, and 7O NMR
characterization for the two uncommon polymorphs of
curcumin, known as forms II and III. This is the first time
that complete solid-state 'H, 13C, and YO NMR signatures are
available for all three polymorphs of curcumin. These data can
serve as standards in future solid-state NMR studies of
curcumin polymorphism. The new solid-state '’O NMR data
appear to exhibit a parallelism with the *C NMR data, but
display greater sensitivity toward changes in molecular
structure and chemical bonding. We have also supplemented
solid-state NMR experiments with GIPAW DFT calculations.
While the GIPAW DFT computation produces excellent *C
chemical shifts, the agreement between experimental and
computational results is less satisfactory for 'H and 'O
chemical shifts. Further, we showed that the computed 'H and
70 chemical shifts in curcumin were not improved by the
dispersion corrected DFT-D2 method. This observation
suggests that it is important to explicitly consider nuclear
quantum effects in systems where LBHBs are present. In this
respect, curcumin may be used as a good test case in any future
computational study.
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