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Synchrotron powder diffraction data from beamline 08B1-1 at the Canadian Light Source have been
used to examine the structure of curcumin, a prime component of the Asian spice turmeric. Rigid body
refinement, with the application of restraints on distances and angles, was performed with the Rietveld
software package GSAS yielding monoclinic lattice parameters of a = 12.6967(1) A, b=7.198 52(3)
A c= 19.9533(2) A, and B=95.1241(6)° (C21H200¢, Z=4, and space group P2/n). The refinement
was compared with a recent single-crystal structure and ab initio results obtained with density func-
tional theory calculations. © 2014 International Centre for Diffraction Data.

[doi:10.1017/S0885715614001018]

Key words: curcumin, synchrotron, powder diffraction, density functional theory

I. INTRODUCTION

Curcumin, (1E,4Z,6E)-5-hydroxy-1,7-bis(4-hydroxy-3-
methoxyphenyl)hepta-1,4,6-trien-3-one, is the principal active
component of the spice turmeric, which is a common food ad-
ditive, pigment, and ingredient for traditional medicines in
Asia (Jayaprakasha et al., 2005). Considerable recent attention
has been directed to curcumin and structural analogues for
their medicinal potential, including anti-inflammatory (Liang
et al., 2009), anti-malarial (Mishra et al., 2008), and anti-
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cancer properties (Mehta et al.,
among others.

The structure of curcumin was originally solved by
Tonnesen et al. (1982) using single-crystal X-ray data, but
some uncertainty surrounded the enol H atom, which was as-
signed two atomic sites with the occupancy split between
them. A more recent single-crystal study by Parimita et al.
(2007) established a single enol H site nearly symmetrically
centered between the O, and O; atoms. Figure 1 displays
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(Colour online) Two 2D diagrams illustrating the molecular structure of curcumin (C,;H»¢Og) and the assigned atom labeling.
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Figure 2. (Colour online) A 2D pattern obtained from curcumin, illustrating
the slight graininess of the as-supplied powder.

two illustrations of the curcumin molecule, including the atom
labels, which are identical to the site assignments previously
defined by Parimita ez al. (2007).

Despite its usage and investigation for a variety of appli-
cations, for many years only one experimental powder diffrac-
tion pattern appeared for curcumin in the Powder Diffraction
File (PDF 00-009-0816), which is an un-indexed, low preci-
sion entry. A new entry 00-063-0943 has been included as a
private communication, based on data collected at 100 K
and the structure of Form 1 from Sanphui er al (2011).
Additional patterns 02-075-3596 and 02-093-7329 are

included in the PDF-4 Organics calculated from the crystal
structures of Ishigami et al. (1999) and Suo et al. (2006), re-
spectively. This paper examines the Rietveld refinement of
curcumin using rigid body refinement with the Rietveld pack-
age GSAS/EXPGUI and provides a comprehensive reflection
list for phase identification.

Il. EXPERIMENTAL

Curcumin obtained from Sigma-Aldrich (product number
C7727) was loaded as-supplied, with no grinding, into a 0.5
mm ID Kapton capillary, which was sealed at both ends with a
Loctite adhesive.

Synchrotron powder diffraction (PXRD) patterns were
collected using a Canadian Macromolecular Crystallography
Facility beamline (CMCF-BM or 08B1-1) at the Canadian
Light Source (CLS). 08B1-1 is a bending magnet beamline
with an Si (111) double-crystal monochromator. Two-dimen-
sional (2D) data were obtained using a Rayonix MX300HE
detector with an active area of 300 mm x 300 mm. The patterns
were collected at an energy of 18 keV (1=0.688 80 A) and
capillary—detector distance of 350 mm.

The 2D PXRD patterns were calibrated and integrated
using the GSASII software package (Toby and Von Dreele,
2013). The sample—detector distance, detector centering and
tilt were calibrated using a lanthanum hexaboride (LaBg)
standard reference material (NIST SRM 660a LaB¢) and the
calibration parameters were applied to all patterns. After cali-
bration, the 2D patterns were integrated to obtain standard 1D
powder diffraction patterns. A pattern from an empty Kapton
capillary (collected using the same conditions) was subtracted
from the sample data during integration. The integrated LaBg¢
pattern was used to obtain the instrument resolution of the
beamline for the refinement of the curcumin sample.

The single-crystal structure model of Parimita et al.
(2007) was used as a starting point for the refinement. The
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Figure 3.
The patterns were obtained at 18 keV (0.688 80 A).
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(Colour online) A comparison of the PXRD patterns for curcumin with no grinding (top), ~2 min grinding (middle), and ~4 min grinding (bottom).
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Figure 4. (Colour online) A plot of the final Rietveld refinement obtained for the curcumin sample using GSAS (y*=1.54).

structure was analyzed with the Mogul 1.6 module of the
Cambridge Structural Database (Allen, 2002) in order to pre-
pare appropriate restraints for the distances and angles associ-
ated with the carbon and oxygen atoms.

TABLE I.  The refined crystal structure of curcumin obtained from the
GSAS refinement (;(2 =1.54, R,= 0.0322, and Ryp= 0.0428). The refined
lattice parameters obtained are a=12.6967(1) A, b=7.198 52(3) A, c =
19.9533(2) A, and =95.1241(6)°. All atom positions, in space group P2/n
(#13), correspond to 4 g Wyckoff sites with occupancies of 1.

Atom xla vib e Usso (A%
C; 1.0131(3) 0.2288(9) 0.4251(2) 0.022(3)
H; 0.959 55 0.240 57 0.379 72 0.028(4)
Cg 0.9559(3) 0.2416(9) 0.4781(2) 0.023(3)
Hg 0.992 39 0.2381 0.529 84 0.029(4)
Co 0.8433(3) 0.199(1) 0.4751(2) 0.044(3)
0, 0.8018(3) 0.1533(7) 0.4161(2) 0.046(2)
Hys 0.706 16 0.138 16 0.426 97 0.065(3)
Cio 0.7888(3) 0.198(1) 0.5322(2) 0.034(3)
H 0.827 54 0.232 31 0.581 36 0.043(4)
Cyy 0.6781(3) 0.159(1) 0.5265(2) 0.060(3)
O3 0.6319(3) 0.1199(6) 0.4680(2) 0.050(2)
Ci 0.6179(4) 0.151(1) 0.5810(2) 0.034(3)
Hi, 0.542 02 0.077 71 0.572 63 0.044(4)
Ci3 0.6432(3) 0.2072(8) 0.6478(2) 0.027(3)
Hi; 0.700 55 0.318 63 0.656 36 0.035(4)
Phenyl 1 rigid body
Cs 1.126 36(4) 0.2694(4) 0.4214(1) 0.021(3)
Ce 1.1948(2) 0.3121(3) 0.477 43(5) 0.017(2)
C, 1.3013(1) 0.3348(3) 0.471 48(6) 0.031(3)
C, 1.341 32(4) 0.3138(4) 0.4091(1) 0.058(4)
Cs 1.2747(2) 0.2732(3) 0.353 43(5) 0.031(3)
Cy 1.1676(1) 0.2511(3) 0.359 51(6) 0.048(3)
H; 1.3056(3) 0.2581(6) 0.304 54(9) 0.041(4)
H, 1.1147(2) 0.2190(6) 0.3150(1) 0.062(4)
Hg 1.1642(3) 0.3277(6) 0.526 40(9) 0.022(3)
Continued
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Rigid body Rietveld refinement was performed with the
GSAS/EXPGUI program (Toby, 2001; Larson and Von
Dreele, 2004). The implementation of rigid body refinements
in GSAS and EXPGUI have been described previously in the
literature (Dinnebier, 1999; Lake and Toby, 2011). Rigid bod-
ies were created for each phenyl group based on the single-
crystal atomic coordinates, including the hydrogen atoms,
using the centroid of the ring as the rigid body origin. The iso-
tropic displacement parameters (Uj,,) of the carbon and

TABLE I. Continued

Atom xla ylb e Usso (A%
Os 1.3756(2) 0.3774(6) 0.5237(1) 0.065(2)
(&) 1.3442(4) 0.3703(9) 0.5904(2) 0.045(3)
Hasa 1.28527 0.478 02 0.596 45 0.059(4)
Hasp 1.413 26 0.391 32 0.626 05 0.059(4)
Hasc 1.309 65 0.235 27 0.598 04 0.059(4)
0, 1.4460(2) 0.3378(6) 0.4025(2) 0.054(2)
Hio 1.489 98 0.297 17 0.443 67 0.070(2)
Phenyl 2 rigid body

Cuy 0.5768(2) 0.1998(5) 0.699 56(9) 0.044(4)
Cis 0.5861(2) 0.3292(3) 0.7504(1) 0.053(3)
Cie 0.5239(2) 0.3176(3) 0.803 58(9) 0.040(3)
Cy; 0.4537(2) 0.1757(4) 0.807 79(9) 0.052(3)
Cig 0.4457(2) 0.0411(2) 0.7577(1) 0.055(3)
Cio 0.5055(2) 0.0531(3) 0.703 69(9) 0.031(3)
H;s 0.6431(3) 0.4418(5) 0.7488(2) 0.069(4)
Hie 0.5309(4) 0.4233(5) 0.8427(2) 0.052(4)
Hio 0.4971(4) —0.0513(5) 0.6641(2) 0.040(4)
O 0.3830(3) —0.1055(4) 0.7712(2) 0.071(2)
Cy 0.3807(4) —0.2609(7) 0.7262(3) 0.080(3)
Hyia 0.317 08 —0.242 14 0.685 54 0.104(4)
Hyip 0.368 55 —0.387 63 0.753 31 0.104(4)
Hsic 0.45558 —0.2687 0.703 99 0.104(4)
Oy 0.3947(3) 0.1637(6) 0.8619(2) 0.064(2)
Hio 0.358 14 0.042 46 0.866 05 0.083(3)
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TABLE II. A comparison of selected bond distances and angles obtained
from the literature single-crystal refinement (Parimita et al., 2007), the
PXRD refinement, and the DFT calculations.

Bond distance Single crystal PXRD DFT
(bond angle) (Parimita et al., 2007)

Cs-C; (A) 1.466(4) 1.475(3) 1.454
Cs-C,—Cs () 129.4(3) 128.7(3) 128.7
C,—Cs (A) 1.320(4) 1.339(4) 1.357
C—Cs-Cy (°) 122.8(3) 123.6(2) 121.6
Cs-Cy (A) 1.446(4) 1.457(1) 1.446
Cg—Co—Cip (°) 122.6(3) 121.93) 123.7
Co-0, (A) 1.303(3) 1.291(1) 1.344
Co—Cip (A) 1.390(4) 1.385(2) 1.387
Co-C10-C11 (°) 121.7(3) 119.8(2) 120.2
Ci0-Ci11 (A) 1.401(4) 1.428(3) 1.429
C1-C11-Ci2 (©) 124.6(3) 123.6(2) 122.5
Ci1-05 (A) 1.282(4) 1.289(1) 1.285
C11-Ci» (A) 1.458(5) 1.386(3) 1.463
Cy1—C1»—Cy3 (©) 125.8(4) 129.6(3) 125.6
Ci1>-Ci3 (A) 1.298(4) 1.390(4) 1.350
C1-C15-Ci4 (°) 125.5(4) 126.4(3) 124.8
C15Cs (A) 1.487(5) 1.401(4) 1.462
C,-0; (A) 1.366(4) 1.358(3) 1.354
C17-0,4 (A) 1.356(4) 1.370(3) 1.357
C-0s (A) 1.375(4) 1.376(2) 1.362
C1-05-Cas (°) 117.2(3) 118.0(2) 117.8
C15-06 (A) 1.363(4) 1.363(2) 1.367
C15-06-Co1 (°) 118.7(3) 117.5(2) 118.7

oxygen atoms were given the initial values from the single
crystal model. Hydrogen atoms were constrained to Ujg, val-
ues of 1.3 times the nearest carbon or oxygen neighbor. The
positions of the hydrogen atoms were unrefined but periodically
optimized with the Mercury 3.3 module of the Cambridge

Structural Database (Allen, 2002). The global weight factor
for the restraints was initially set at 100, but lowered in steps
to a value of 60 for the final refinement. The restraints contrib-
uted 13.8% to the final y*. The background was refined using a
combination of an orthogonal Chebyschev polynomial (three
terms) and Debye scattering function (six terms).

A density functional geometry optimization (fixed exper-
imental unit cell) was carried out using CRYSTALO9 (Dovesi
et al., 2005). The basis sets for the H, C, and O atoms were
those of Gatti et al. (1994). The calculation used 8 k-points
and the B3LYP functional.

lll. RESULTS AND DISCUSSION

A 2D PXRD pattern for curcumin is illustrated in
Figure 2, which exhibits mild graininess, suggesting a portion
of the crystallite size distribution is larger than optimal and the
crystallite statistics deviate from those of an ideal powder.
Patterns were also collected after grinding the powder in an
attempt to eliminate the graininess; however, the patterns
obtained from the ground powder suggest that the crystallinity
decreases rapidly with grinding. Approximately 4 min grind-
ing nearly completely eliminated the crystalline reflections,
as illustrated by Figure 3, and while grinding for 2 min clearly
decreased the crystallinity, it did not completely eliminate the
graininess. This type of material is well suited to the current
Debye—Scherrer geometry with a large area detector, where
large portions of the Debye rings can be integrated to obtain
accurate intensity estimates. Although the 2D CCD detector
limits the resolution, it is superior for obtaining reasonable
intensity estimates compared with point detector or multi-
detector/analyzer setups which are designed to optimize
resolution. This can be crucial for some molecular compounds

TABLE III.  Curcumin hydrogen bonds obtained from the DFT calculations, with PXRD values for the D---A distances given underneath the DFT values.
Bond D-H (A) H--A (A) DA (A) D-H---A (°) Overlap (e) Energy (kcal mol™")?
0,-Hj3:-05 1.045 1.445 2.437 155.9 0.110 17.6
2.487(4)
04—Hy0:+-0, 0.980 1.988 2.874 149.2 0.036 10.8
2.828(5)
04-H;0°+-O¢ 0.980 2.208 2.682 108.3 0.014 7.7
2.647(4)
0,-Ho+-03 0.979 2.055 2.810 132.3 0.033 10.2
3.032(5)
0,-H,o+-O5 0.979 2.231 2.681 106.7 0.018 8.0
2.667(4)
Cy3-Hjsp:+-Oy 1.088 2.766 3.521 126.4 0.007
3.386(6)
C;-H7---0O, 1.087 2.377 2.772 99.4 0.006
2.727(5)
Cio-Hj9:--Oy 1.081 2.359 3.401 161.4 0.020
3.609(4)
Cg—Hg:--Oy4 1.084 2.483 3.519 159.5 0.015
3.609(6)
Ce—Hg+-O4 1.083 2.541 3.504 147.7 0.013
3.656(3)
Cy1-Hz14:02 1.092 2421 3.510 175.3 0.012
3.585(7)
Cy1-Hzic++0y 1.092 2.630 3.534 139.7 0.009
3.571(6)
Ci>-Hjp--03 1.086 2.721 3.792 169.1 0.014
3.778(5)
“The hydrogen bond energies were calculated from the overlap populations using the correlations of Rammohan and Kaduk (2014).
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TABLEIV. The reflection list obtained for curcumin from the Rietveld refinement, including integrated intensities >0.6%, after summing reflections closer than
0.02° as multiple reflections and using a weighted average reflection position.

h k l dubs (A) 20calc (o) 2eobs (O) I/Imax (%) A26 (o)
1 0 -1 11.128 18 3.547 3.547 14.0 0.000
0 0 2 9.937 874 3.972 3.972 65.6 0.000
0 1 0 7.197 886 5.485 5.485 31.1 0.000
2 0 0 6.322 638 6.245 6.245 2.5 0.000
1 0 -3 6.096 396 6.477 6.477 14.9 0.000
1 1 6.044 194 6.533 6.533 31.0 0.000
1 1 5.892 827 6.701 6.701 2.3 0.000
0 1 5.829 396 6.774 6.774 14.2 0.000
1 0 3 5.664 041 6.972 6.972 3.3 0.000
2 0 -2 5.564 404 7.097 7.097 11.9 0.000
1 1 -2 5.403 216 7.309 7.309 9.3 0.000
2 0 2 5.131 223 7.697 7.697 100.0 0.000
0 0 4 4968 177 7.950 7.950 10.5 0.000
0 1 3 4.874 521 8.103 8.103 45.1 0.000
2 1 4.750 449 8.315 8.315 4.1 0.000
2 1 -1 4.692 427 8.418 8.418 17.0 0.000
2 1 1 4.552 095 8.678 8.678 20.9 0.000
2 1 -2 4.402 24 8.974 8.974 14 0.000
3 0 -1 4.200 477 9.406 9.406 11.2 0.000
2 1 2 4.178 316 9.456 9.456 28.4 0.000
0 1 4 4.089 014 9.663 9.663 2.5 0.000
2 0 —4 4.089 014 9.665 9.663 2.5 0.002
3 0 1 4.050 957 9.754 9.754 1.5 0.000
2 1 -3 3.989 351 9.905 9.905 2.5 0.000
1 1 —4 3.977 334 9.935 9.935 2.3 0.000
1 0 -5 3.892 534 10.152 10.152 5.8 0.000
1 1 4 3.809 456 10.374 10.374 53.0 0.000
2 0 4 3.743 603 10.546 10.557 379 —0.011
2 1 3 3.743 603 10.558 10.557 37.9 0.001
3 1 0 3.637 451 10.866 10.866 22 0.000
3 1 -1 3.627 798 10.895 10.895 1.0 0.000
0 2 0 3.599 145 10.982 10.982 87.7 0.000
0 2 1 3.5416 11.161 11.161 1.2 0.000
3 1 1 3.530 249 11.197 11.197 10.3 0.000
0 1 5 3.479 453 11.361 11.361 9.7 0.000
1 2 0 3.461 838 11.419 11.419 69.8 0.000
1 1 -5 3.420 933 11.545 11.556 3.7 —0.011
3 0 3 3.420 933 11.557 11.556 3.7 0.001
1 2 1 3.396 33 11.640 11.640 27.0 0.000
0 2 2 3.384 161 11.682 11.682 11.9 0.000
3 1 2 3.333 828 11.859 11.859 23.2 0.000
2 1 4 3.324 053 11.894 11.894 2.2 0.000
0 0 6 3.312 398 11.936 11.936 1.8 0.000
1 2 -2 3.293 156 12.002 12.006 22.7 —0.004
1 1 5 3.293 156 12.019 12.006 22.7 0.013
1 2 2 3.244 427 12.187 12.187 48.6 0.000
0 2 3 3.161 733 12.504 12.507 12.4 —0.003
4 0 0 3.161 733 12.508 12.507 12.4 0.001
2 1 -5 3.154 448 12.536 12.536 4.5 0.000
2 2 0 3.127 858 12.642 12.643 1.6 —0.001
2 2 -1 3.111 194 12.711 12.711 11.3 0.000
1 2 -3 3.099 295 12.760 12.760 0.8 0.000
3 1 3 3.089 65 12.800 12.800 7.0 0.000
2 2 1 3.069 116 12.886 12.886 27.1 0.000
3 1 —4 3.048 855 12.971 12.972 124 —0.001
2 0 —6 3.048 855 12.975 12.972 124 0.003
1 2 3 3.037 896 13.020 13.019 6.8 0.001
3 0 -5 3.030 017 13.053 13.053 1.6 0.000
2 2 -2 3.022 179 13.087 13.087 0.6 0.000
1 1 -6 2.982 25 13.263 13.263 2.8 0.000
2 2 2 2.946 644 13.424 13.424 1.4 0.000
4 0 2 2.93793 13.464 13.464 1.6 0.000
0 2 4 2.914 873 13.571 13.571 0.9 0.000
1 2 —4 2.873 362 13.768 13.768 2.4 0.000
3 1 4 2.832 823 13.966 13.966 7.5 0.000

Continued
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TABLE IV. Continued

h k [ dobs (A) 20calc (O) 2Hcobs (O) I/Imax (%) A260 (0)
4 1 1 2.832 823 13.972 13.966 7.5 0.006
1 2 2.807 818 14.089 14.091 1.8 —0.002
2 1 -6 2.807 818 14.096 14.091 1.8 0.005
4 0 —4 2.782 281 14.221 14.221 0.8 0.000
4 1 -3 2.73578 14.464 14.464 2.0 0.000
1 0 7 2.718 767 14.555 14.555 1.2 0.000
3 2 1 2.690 638 14.708 14.708 0.6 0.000
0 2 5 2.667 91 14.834 14.834 3.2 0.000
1 2 -5 2.641 703 14.976 14.982 1.5 —0.006
0 1 7 2.641 703 14.985 14.982 1.5 0.003
3 2 2 2.600 631 15.220 15.220 2.0 0.000
4 1 —4 2.595 038 15.253 15.253 1.1 0.000
3 1 5 2.584 259 15.307 15.317 1.3 —0.010
3 2 -3 2.584 259 15.323 15.317 1.3 0.006
1 2 5 2.576 401 15.346 15.364 7.0 —0.018
4 1 3 2.576 401 15.365 15.364 7.0 0.001
5 0 —1 2.537 498 15.601 15.601 0.6 0.000
5 0 1 2.480 623 15.956 15.961 5.3 —0.005
3 2 3 2.480 623 15.968 15.961 5.3 0.007
3 0 -7 2.458 739 16.104 16.104 34 0.000
4 1 -5 2.436 646 16.251 16.251 3.9 0.000
5 0 -3 2.436 646 16.252 16.251 3.9 0.001
1 2 —6 2.423 022 16.343 16.343 1.0 0.000
4 1 4 2.416 56 16.387 16.387 2.0 0.000
4 0 -6 2.396 373 16.526 16.526 0.6 0.000
5 1 -1 2.39321 16.548 16.548 0.7 0.000
2 0 -8 2.385 765 16.600 16.600 2.2 0.000
0 3 1 2.382 203 16.625 16.625 1.8 0.000
4 2 —1 2.375 959 16.659 16.669 1.2 —0.010
4 2 0 2.375 959 16.674 16.669 1.2 0.005
2 1 7 2.368 06 16.725 16.725 1.4 0.000
3 1 6 2.359 236 16.781 16.788 1.1 —0.007
1 3 0 2.359 236 16.801 16.788 1.1 0.013
5 1 1 2.345 505 16.884 16.887 6.3 —0.003
1 3 —1 2.345 505 16.886 16.887 6.3 —0.001
4 2 1 2.340 002 16.926 16.927 14 —0.001
2 2 -6 2.326 089 17.029 17.029 1.0 0.000
5 0 3 2.295 452 17.258 17.258 1.3 0.000
5 1 2 2.276 472 17.398 17.403 0.6 —0.005
4 2 2 2.276 472 17.407 17.403 0.6 0.004
2 1 -8 2.263 31 17.494 17.505 2.3 —0.011
3 0 7 2.263 31 17.507 17.505 2.3 0.002
0 3 3 2.255512 17.562 17.566 2.1 —0.004
4 1 5 2.255512 17.579 17.566 2.1 0.013
2 3 0 2.243 349 17.662 17.662 0.6 0.000
1 3 3 2.209 23 17.936 17.937 1.4 —0.001
1 0 -9 2.209 23 17.939 17.937 1.4 0.002
2 3 -2 2.203 382 17.985 17.985 2.2 0.000
3 2 5 2.195 633 18.049 18.049 1.1 0.000
4 0 6 2.189 858 18.085 18.097 1.8 —0.012
4 2 3 2.189 858 18.098 18.097 1.8 0.001
2 3 2 2.173 306 18.234 18.236 14 —0.002
3 2 -6 2.173 306 18.241 18.236 1.4 0.005
0 3 4 2.159 219 18.343 18.356 14 —0.013
3 1 7 2.159 219 18.359 18.356 14 0.003
2 2 -7 2.150 045 18.435 18.435 2.2 0.000
2 3 -3 2.145 661 18.473 18.473 0.8 0.000
5 1 -5 2.126 379 18.642 18.642 1.0 0.000
1 3 4 2.115 581 18.732 18.738 5.0 —0.006
4 1 -7 2.115 581 18.741 18.738 5.0 0.003
1 1 -9 2.111 784 18.772 18.772 1.3 0.000
6 0 0 2.107 667 18.809 18.809 1.2 0.000
2 3 3 2.104 673 18.836 18.836 1.8 0.000
4 2 -5 2.101 025 18.860 18.869 7.2 —0.009
6 0 -2 2.101 025 18.876 18.869 7.2 0.007
4 1 6 2.096 291 18.912 18.912 0.7 0.000
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TABLE IV. Continued

h k [ dobs (A) 20calc (O) 2Hcobs (O) I/Imax (%) A260 (0)
3 3 0 2.084 605 19.012 19.019 0.7 —0.007
5 1 4 2.084 605 19.029 19.019 0.7 0.010
2 3 —4 2.069 406 19.160 19.160 4.4 0.000
5 2 0 2.069 406 19.160 19.160 4.4 0.000
5 2 -2 2.056 013 19.285 19.286 2.7 —0.001
2 1 -9 2.056 013 19.288 19.286 2.7 0.002
5 2 1 2.042 586 19411 19.414 4.6 —0.003
1 2 -8 2.042 586 19.419 19.414 4.6 0.005
3 0 -9 2.032013 19.515 19.516 6.0 —0.001
3 2 -7 2.032 013 19.533 19.516 6.0 0.017
6 1 —1 2.029 953 19.536 19.536 1.4 0.000
5 1 -6 2.018 087 19.648 19.652 1.1 —0.004
5 2 -3 2.018 087 19.656 19.652 1.1 0.004
1 2 8 1.995 27 19.878 19.879 7.4 —0.001
6 1 1 1.995 27 19.880 19.879 7.4 0.001
3 1 8 1.981 163 20.018 20.022 3.6 —0.004
4 2 5 1.981 163 20.021 20.022 3.6 —0.001
5 1 5 1.973 748 20.098 20.098 0.8 0.000
5 2 —4 1.961 866 20.221 20.221 2.2 0.000
3 3 -4 1.953 264 20.305 20.311 0.7 —0.006
2 1 9 1.953 264 20.314 20.311 0.7 0.003
1 3 -6 1.935 632 20.495 20.498 0.6 —0.003
5 2 3 1.935 632 20.501 20.498 0.6 0.003
3 2 7 1.915 756 20.713 20.713 2.1 0.000
0 1 10 1.915 756 20.714 20.713 2.1 0.001
4 3 0 1.911 375 20.761 20.761 0.6 0.000
2 2 8 1.904 752 20.834 20.834 1.2 0.000
3 3 4 1.893 071 20.962 20.964 0.8 —0.002
4 3 1 1.893 071 20.967 20.964 0.8 0.003
3 0 9 1.887 995 21.021 21.021 5.0 0.000
2 3 -6 1.885 246 21.050 21.052 2.5 —0.002
4 2 -7 1.885 246 21.054 21.052 2.5 0.002
1 2 -9 1.882 682 21.081 21.081 0.9 0.000
6 1 -5 1.868 662 21.241 21.241 1.6 0.000
6 0 -6 1.854 766 21.402 21.402 0.6 0.000
2 2 -9 1.842 769 21.544 21.543 1.1 0.001
6 2 0 1.817 678 21.831 21.844 0.9 —0.013
4 3 -4 1.817 678 21.851 21.844 0.9 0.007
7 0 —1 1.813 741 21.891 21.892 2.0 —0.001
4 1 8 1.813 741 21.898 21.892 2.0 0.005
6 2 1 1.798 648 22.078 22.078 1.1 0.000
5 2 5 1.782 07 22.275 22.286 3.5 —0.011
1 4 0 1.782 07 22.291 22.286 3.5 0.005
1 4 1 1.772 569 22.407 22.407 3.4 0.000
0 4 2 1.769 918 22.429 22.441 1.5 —0.012
3 2 -9 1.769 918 22.446 22.441 1.5 0.005
2 2 9 1.767 352 22472 22.474 1.5 —0.002
1 0 11 1.767 352 22.484 22.474 1.5 0.010
1 4 -2 1.757 549 22.601 22.601 0.6 0.000
4 0 —10 1.754 637 22.639 22.639 0.7 0.000
4 3 4 1.752 422 22.668 22.668 1.0 0.000
1 4 2 1.749 908 22.701 22.701 3.1 0.000
5 3 -1 1.742 711 22.786 22.796 1.6 —0.010
1 2 —-10 1.742 711 22.805 22.796 1.6 0.009
0 4 3 1.736 697 22.876 22.876 1.2 0.000
7 1 -3 1.730 949 22.946 22.953 0.7 —0.007
3 3 6 1.730 949 22.958 22.953 0.7 0.005
2 4 -1 1.727 83 22.992 22.995 1.2 —0.003
2 1 —11 1.727 83 22.997 22.995 1.2 0.002
0 3 8 1.724 944 23.021 23.034 0.6 —0.013
1 3 -8 1.724 944 23.041 23.034 0.6 0.007
6 2 3 1.720 376 23.096 23.096 1.5 0.000
3 0 —11 1.717 076 23.141 23.141 0.8 0.000
1 4 3 1.715102 23.168 23.168 2.7 0.000
4 1 —-10 1.704 725 23.311 23.311 0.6 0.000
7 1 2 1.700 481 23.368 23.370 1.6 —0.002
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TABLE IV. Continued

h k l dobs (A) 20<:al<: (O) 2Hobs (O) I/Imax (%) A20 (0)
7 1 —4 1.700 481 23.387 23.370 1.6 0.017
2 4 2 1.698 188 23.402 23.402 1.0 0.000
2 4 -3 1.684 773 23.591 23.591 1.0 0.000
3 2 9 1.671 92 23.775 23.775 0.6 0.000
2 4 3 1.664 743 23.879 23.879 0.6 0.000
3 3 -8 1.632 618 24.348 24.356 1.1 —0.008
5 3 =5 1.632 618 24.368 24.356 1.1 0.012
1 4 5 1.617 707 24.576 24.584 1.5 —0.008
4 3 6 1.617 707 24.578 24.584 1.5 —0.006
7 2 -2 1.614 216 24.638 24.638 0.6 0.000
6 2 5 1.607 472 24.740 24.743 1.3 —0.003
7 1 —6 1.607 472 24.743 24.743 1.3 0.000
3 2 10 1.564 429 25.416 25.435 2.7 —0.019
4 4 —1 1.564 429 25.432 25.435 2.7 —0.003

which cannot be mechanically ground without significantly
reducing their crystallinity.

The final Rietveld refinement is illustrated in Figure 4,
whereas the refined atomic coordinates are shown in Table I.
Selected bond lengths and angles are provided in Table II
for the single-crystal refinement (Parimita et al., 2007),
GSAS PXRD refinement and the density functional theory
(DFT) calculations for comparison. The bond lengths are gen-
erally comparable between the single-crystal and PXRD re-
finements, but there are some differences. The
root-mean-square (RMS) difference between the heavy atom
positions and those of Parimita er al. (2007) is 0.110 A, and
the RMS difference between the experimental and DFT struc-
tures is 0.176 A. In particular, the C,—C;3 and C;3—C ;4 bond
differ significantly, with the DFT calculated bond lengths fall-
ing between the values in both cases. The PXRD refined iso-
tropic displacement parameters do not suggest significant

issues with the refinement, and generally show marginal dif-
ferences from the single-crystal values.

Hydrogen bonds obtained from the DFT calculations are
shown in Table III, with the D---A values from the GSAS re-
finement provided for comparison. The shorter distances
(below 3 10\) vary little between the DFT and PXRD results,
generally less than 0.05 A; however, larger differences can
be seen between some of the longer distances. Much of the im-
petus behind the single-crystal study of Parimita et al. (2007)
was an accurate determination of the position of the enol H
atom, Hy3. The DFT calculations suggest that Hy3 is most
closely associated with O,, whereas the single-crystal results
place the H,; atom nearly symmetrically between O, and O;
[at distances of 1.26(5) and 1.28(5) A, respectively].

The final reflection list for curcumin obtained from the
GSAS refinement is provided in Table IV. To process the
data, adjacent reflections with relative integrated intensities
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Figure 5. (Colour online) The PXRD pattern obtained from commercial ground turmeric.
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larger than 0.2% and closer than 0.02°26 were summed as
multiple reflections and assigned a weighted average reflection
position. The final reflection list in Table IV contains all re-
flections with relative integrated intensities greater than 0.5%.

This curcumin pattern explains well the crystalline peaks in
the pattern of commercial ground turmeric (Figure 5). The sam-
ple apparently contains a trace of quartz. The peaks of pattern
00-063-0943 (measured at 100 K) are significantly shifted
from the experimental peaks and those of the room-temperature
calculated patterns 02-075-3596 and 02-093-7329. Anisotropic
thermal expansion between 100 and 300 K means that patterns
calculated from low-temperature crystal structures are not as
useful for phase identification as might be expected, as the
peaks are shifted significantly from their positions at ambient
conditions. This high-quality powder pattern measured at ambi-
ent conditions should prove useful for identification of curcur-
min using normal powder diffraction techniques.
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