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High-resolution X-ray powder diffraction with synchrotron radiation coupled with Rietveld analysis
has heen used recently as one of the best way to obtain structural information from a powder specimen. Mo-
lecalar and crystal structures of the galvinoxyl radical (Cas,,(0;) were studied by means of powder diffrac-
tion using NSLS (National Synchrotron Light Source) with A= 1.5855 A and a roiating anode with Cu Ka
radiation. The space group of the crystal is C 2/c with refined lattice parameters a = 23.786(1), b =
10.8611(4), c= 10.6766(4) A, B = 106.634(3)°, Z=4. The peak shape was fitted with a pseudo-Voigt profile
funciion. The preferred oricntation is along the <011> direction of the ncedle-like crystals. Final refine-
ments were converged to give agreement indices Rp 0.08 and 0.17 respectively for synchrotron radiation and
rotating anode data. The fitting of the peak profile and refined parameters from the synchrotron radiation
data are significantly better than those from rotating anode data. No significant differences are found be-
tween single crystal resulis and those in this work. This work provides evidence that powder diffraction, es-
pecially with synchrotron radiation, could be used as one means of structural analysis even for such a
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weakly scattering organic material.

INTRODUCTION

X-ray powder diffraction has becn widely applied to
characterize materials’” for which to grow a big enough sin-
gle crystal for structural analysis ts impossible. Sometimes,
it may be needed to investigatc certain particular physical
properties of a powder specimen which may not exist izt the
corresponding single crystal form. The aim of the Rietveld
method is (o produce strucivral parameters from powder dif-
fraction data. 1t was originally proposed™ to avert some dif-
ficulties associated with peak overlapping in neutron dif-
fraction ol powder specimens. Recently, it has been applied
extensively to X-ray diffraction with either a conventional
source’ or with syachrotron sources.”® Of over 280 pro-
grams“’ in existence for analysis of powder diffraction data,
Rietveld method is considered to be one of the most popular
ones. A joint project on the Rietveld refinement of PoS0s
with both X-ray and neutron powder diffraction was inili-
ated by the Commission on Powder Diffraction of IUCt (In-
ternational Union of Crystallography); the results were
compared in detail by Hill." Inhis report, it was clearly in-
dicated that the refinement procedure was by no means triv-
ial,

A combination of high-resolution powder diffraction
and Rietveld method has been applied successfully on metal
alloys and simple inorganic solid state compounds,”™*"*
mainly because of the strong scatiering power and relatively
simple structures of the materials. In other words, there are
generally only a few parameters which can be varied be-
cause of constraints from the crystal symmetries. Recently,
such a technigue has been widely applied to Zeolite struc-
qures'’ in which the frame-work is always known to be rigid;
therefore the variables are restricted to only those "guest
molecules”. Only a few organic samples have been studied
by such a method.*'* Because of the relatively weak scatter-
ing power of an organic substance, a more intense X-ray
source is needed to produce good enough powder diffraction
data for structural refinement. Although some authors
claimed that structural determination could be made even
with low-resolution powder diffraction data,'? synchrotron
radiation as an X-ray source proved a much more promising
source for such work.

The galvinoxyl radical (1) is one of the most important
ferromagnetic organic substance.'”!" Single crystal of such
a compound was reported 1o exhibit strong paramagnetism
above 85 K," however the freeze-dried fuzzy fine powder
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form of this compound exhibited different magnetic proper-
ties. Systematic studies on the suppressed freeze-dried
samples showed an intrinsic paramagnetic 1o diamagnetic
transition," Therefore, it is of interest to investigate the
structure of such a powder form to compare with that of sin-
gle crystal in order to understand their different behaviors in
magnetic properties. This investigation provides a practical
example on the feasibility of such a method applied to a
complicated organic molecule. Powder diffraction patterns
were obtained with both a rotating anode source and syn-
chrotron radiation with similar wavelength in the hope to
provide a useful comparison in terms of radiation sources.

EXPERIMENTAL SECTION

XRD Data Collection

Powder specimens of galvinoxyl radicals were pre-
pared by a freeze-dry technique at 5 °C using a highly ditute
benzene solution. '’ Samples were first placed in a beryl-
lium cell of dimensions approximately 10 x 20 x 1 mm. It
was then mounted on a Huber 5020 diffractometer at X 10B
of the NSLS (National Synchrotron Light Source) at BNL
{Brookhaven Mational Laboratory). A bent triangular
Ge(111) crystal was used o produce monochromatic beam
at wavelength 1.5855 A, which was calibrated by a poly-
crystalline specimen of silicon SRM 6408,

The compiete diffraction pattern was recorded in a ver-
tical plane with 8/28 scan from 26 7.5° to 66.25° in steps
0.01° using fixed monitor counts.” The total duration of
data collection was 16 h. This data set will be referred later
in the text as SR data set. Cu Kor X-ray powder diffraction
data was recorded on a rotating anode (Rigaku 18 KW) with
a similar procedure. A graphite monochromator coupling
with precision slits (Huber 3013) and a diffractometer
(Huber 422) were used to collect the powder pattern from 26
6° to 45" in steps 0.03°, The total duration of data collection
was 72 h. This data set will be referred as RA data set.
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RIETVELD METHOD

A physical description of the Rietveld method would
be siructural refinement based on whole pattern fitting. In-
stead of deriving the relative integrated intensity of a par-
ticular Bragg reflection after resolving the overlap problem,
one starts with a reasonable model of the structure and some
parameters of the patlern to derive an initial calenlated pow-
der pattern. The filting procedure was then processed
minimize the differences between the observed and calcu-
lated patterns by means of least-squares refinement. The
parameters to be refined include peak width, profile func-
tion, instrumentational parameters, cell parameters, back-
ground, atomic coordinates, thermal parameters etc.

As In any other least-squares refinement, the quantity
minimized is the weighted sum of the squares of the ditfer-
ences between observed and calculated intensities at each
step.

WRp = Zx’willyz‘obs - Yn‘caIUEf(Yiobs)

where, Y, is the intensity at step i, Yous and Y.a are observed
and calculated values respectively; wi is the weight associ-
ated with step i. Y: may coniain contributions from several
Bragg reflections, such as

Yica] =8 EkMkLﬂFJZPtOk + Yibg(l

where, s is a scale factor, Ey means the sum over all k Bragg
reflections; M is the multiplicity factor, L is the Lorentz and
polarization factor, F is the structore factor, P is the reflec-
tton profile function, O is the preferred orientation function,
Y ga is the background counts at step i.

REFINEMENT PROCEDURE

Rietveld refinement of powder data was performed
with the GSAS® program on a UVAX computer. The initial
model was taken from the single crystal structure.” In the
initial stage, atomic coordinates and thermal parameters
were fixed at their starting valves, and the scale factor, back-
ground, instrumental parameters, peak width and cell pa-
rameters were refined based on only the low angle part of
the pattern (7° ~ 45"). After the convergence of all these pa-
rameters, refinement including atomic parameters and iso-
tropic thermal parameters of non-H atoms was performed
based on the full range of data points. For all H atoms, the
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positional parameters were fixed at SC values and us,, wete
also fixed at 0.05 during refinement. The agreement index
Rp was (.11 at this stage for SR data. The parameters of the
profile function were then carefully added into the refine-
ment until they were converged. The peak shape was ap-
proximated with a pseudo-Voigt profile funciion. As refine-
ment proceeded, it was necessary to include a preferred ori-
entation correction of the <011> direction for this needle-
like crystal, For RA data, the atomic parameters were fixed
at the vaiues obtained from SR data during refinement. The
final agreement indices were converged to Rp=0.08, wRp =
0.11 and Rp = 0.17, wRyp = (.21 respectively tor SR and RA
data sets,

RESULTS AND DISCUSSION

The profiles of the (400) reflection from both SR and
RA data sels are displayed in Fig. }. Ttis obvious that the
data quality and profile fitting of the SR data are much better
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Fig. 1. Profile of (400) reflection with solid line from fit-
ting of FWHM and (+} as measured data points.
"The horizontal axis is in d-spacing/A in order to
compare the two experiments; the vertical axis is
in counts/step. The bottom curve shows the dif-
ference Yobs - Yeu. (2) SR data; FWHM = 0.065°
(b} RA data with FWHM = (0.243".
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than those of the RA data. The full width at half maximum
(FWHM) of the (400) reflections are 0.069° and 0.243° for
SR and RA data respectively. The profile of this reflection
is also more symmeiric for the SR data than for the RA data.
Counting statistics for intensity are a hundred times greater
for SR data (10*) than for RA data (10%), even with a differ-
ent time scale at each step; the time spent at each data point
tor SR data s 0.055 that for RA data. The powder pattern of
SR and RA data up to 20 = 46" are shown in Fig. 2 and 3 re-
spectively. Inorder to clarify the large difference in relative
intensities between the low and high angle parts in such an
organic material, the patterns are displayed in two parts: the
low angle part from 7.5° t0 26 in 26 for relative high inten-
sities (16 for SR; 107 for RA); the high angle part from 26°
to 46° for relative low intensitics (10° for SR; 10 for RA).
The fitting of SR data is significantly betier than that of RA
data especially in the high angle part. This fact is also indi-
cated in the agreement indices with much smaller Rp and
wRp values for SR data than those for RA data.

Of course with a smaller step size and with wider 28
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Fig. 2. Powder patiern of SR data, solid line and {+}
signs are defined as for Fig. 1. Tick marks under
the profile indicate the positions of Bragg reflec-
tjons. The horizontal axis is in degrees of 28; the
vertical axis is in countsfstep * 10° for the low an-
gle part and * 10 for the high angle part.
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range in SR data, there are far more data points in the SR
data set than in the RA data set; this effect may contribute
the beiter results. A comparison of some essential parame-
ters and experimental conditions of the two data sets as well
as the single crysial work are given in Table 1. The typical
standard deviation in cell dimensions is one tenth for SR
data that for RA data. An ORTEP plot based on the SR data
refinement is shown in Fig. 4. Refinement of atomic pa-
rameters from R4 data was unsuccessful.

Since the structural parameters obtained from the pow-
der sample are the same as those in the single crystal form
within the standard deviations shown in Tables 2 and 3. The
anomalies in magnetic properties of the powder specimen
with respect to the single crystal form cannot be easily cor-
related with the raolecular structure. The magnetic behavior
may well result from a more complicated interaction be-
tween particles, such as the cooperative effect of lon g-range
Spin interactions.

Although this is a refinement on a known structure of
an organic material with 16 non-H atoms, it is conceivable
that a careful powder diffraction measurement, especially
with high-resolution by means of synchrotron radiation
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Fig. 3. Powder pattem of RA data; all definitions are as
for Fig. 2. The vertical axis is in caunts/step *

10° for the low angle part and » 10! for the high
angle part.
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Table 2. Comparism of Non-H Atomic Parameters for {a) SR
Powder and (b) Single Crystal™ Data

Atom x v z Uy
0] (a} 03315(6)  0.137(1)  -0.173{(1)  0.098(5)
(M 0.3302(1)  0.1386(2) -0.173%¢2) 0.120(13
C1 (a) 0.368(1) 0.096(4) -0080(2)  0.070(%)
(b 0.3688(1)  0.1003(3) -0.0791(3) 0HET(Y
C2z (a) 03731 0.032(4) -0044(2)  0.067(H)
(b) 0.3728(1) -0.0320¢2) -D.0446(2) 0.036(1)
C3 {(a) 0.416(2) 3.066(2) 0.059(3)  0.056(8)
(b) 04175(1y -0.0687(2) 00586(2) 0.061(1)
C4 {a) 0.460(1) 0.013(1) 0.139(2) 0.072(%)
{b} 04594(1)  0.0132(2)  0.1393(2) 0.057(1)
Cs {a) G.451(1) 0.137(4) 0.103(3)  0.095(9)
(b 04559(1)  0.1403(2) 0.1028(%) 0.058(1)
Co6 (a) 0.413(2) 0.187(2) 00022) 6.16(1)
{b) 04127(1)  0,1862(2) 0.0020(2) 0.058(1)
C7 (a} 12 -0.038(2) i/4 0.12(1)
(b} 172 -0.0384(3) 144 0.005(1)
CR {a) 0.3261(9)  -0.120(2) -0.122(2) 0.060(8)
(by 03261(1)  -0.1205(3) -0.1230(1) 0.0631)
Co (a) 0.3332(8)  -0254(2)  -0.075(2) 0.086(8)
(b) 03380(2) -0.2523(4) -00744(4) O0.118(1)
C1G (a) 0.3228(9) 012112y 0267 0.093(8)
(b) 0.3226(2)  -0.1180(4) -0.2683(3) 0.096(1)
C11 (a) 0.2699(8) -0.082(2) -0.10%() 0.096(9)
(b) 0.2661(1) -0.0834(4) -0.1089(4) 0.108(1)
C12 (a) 0.406(1) 0.325(2) -0.030(2) 0.066(8)
{b} 0.4068(1) 0.3239(3) -0.0291(3) 0.O70()
CI3 (a) G.4558(8) 0.395() 0.070(2)  0.11%(9)
)] 0.4532(2) 0.3988(3}  0.0706(4) 0.054(1)
Cl14 (a) 0.3473(8) 0.371(2) 0.022(2) 0.094(9)
(b)  03467(2) 03706(3) -0.0228(4) 0.101(1)
C1s (a) 04144(8)  0.347(2) 016212y 0.094(9)
{b} 0.4140(2) -0.1653(3) 0.108(1)

0.3498(4)

measurements, might provide structural information for
normal organic substances. The result of this work is cer-

Fig. 4. Molecular structure drawing with parameters re-
fined on SR data.
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Table 1. Crystal Data and Bxperimental Conditions of SR, RA and Single Crystal Data Sets

SR RA sc®
Formujar CaoHy 1Oz CasHai 02 CooH1 O
Space group C2lc C2kc C2kc
Z 4 4 4
A 23.785(1) 23.76(1) 23.733(4)
blh 10.8611(4) 10.856(6) 10.843(2)
A 10.6766(4)  10.666(4) 10.666(2)
[ideg 106.634(3) 106.62(2) 106.64(2)
Wavclcngthhz\ 1.5855 1.5418 (Cu Ka) 1.5418 (Cu Kot}
20 ranges/deg 7.5~ 6625 6~45 3.-120.
Step size in 20/deg 0.01 0.03 -
time/step/s ~10 ~180 -
# of data points 5696 1333 -
# of integrated reflections 490 189 1959
# of variables 82 20 162
Total data time/h 16 72 14
# of profile parameters 9 9 -
0, <0l1> 102 1.02 -
R, 0.08 0.17 0.051
wip 0.11 021 0.069
Typical std. dev. of positional 0.002 - 0.0002
parameters
Typical std. dev. of thermal 0.009 - 0.001

parameters, (Uiso}

SC: single crystal data
Ry = (T ¥iots - Yieal VE Y ica
Y. intensity at ith step, w: weight

O: preferred orientation
WRP = (Zwil Yioms - Yica VY i

Table 3. Selected Bond Lengths/A and Bond Angles/deg for (a)
SR Powder and (b} Single Cr},rshal22 Data

0-Ct

C1-C2

C1-C6

L0-Cl-C2

£C1-C2-C3

Z£C1-C2-C8

£C2-C3-C4

£C3-C4-C7

£C4-C5-Co

£C4-C1-C4

{a)
(b
(a)
b
(a)
(b3
{a)
G}
(=)
(b)
{a)
by
(a)
(b)
{a}
(b}
(a)
(b)
(a)
(b)
(a)
{h)
{a})
(b

120(3)  C4-C5 (a)
1.226(3) (b}
1432)  C4-CT (a)
1.479(4) (1)
153(3)  C5-C6 (@)
1.476(3) (b)
1351(3)  C2-C8 (a)
1.32(2) (b)
143(2)  C6C12 (a)
1.424(3) )
125() ZO-C1-Cé  (a)
120,72} (b
119(2)  £C2-C1-C6  (a)
117.9(2) (b)
117(3)  2£C3-C2-C8  (2)
119.4(2) (b)
126(2)  ZC3-C4AC5 (=)
123.9(2) (b)
118(2)  ZC5-C4-CT  (a)
116.8(2) (b)
129(3)  ZCI1-C6C12 (a)
123.0(2) (b
1342)  £C5-C6-Cl2 (a)
133.2(3) )

1.40(3)
1.429(4)
1.41(2)
1.408(3)
132(3)
1.351(3)
1.53(3)
1.522(3)
1.53(3)
1.527(4)
117(2)
120.5(3)
118(3)
118.8(2)
123(3)
122.7(2)
115(3)
117.4(2)
128(3)
125.7(2)
119(3)
118.9(2)
126(3)
122.3(2)

tainly encouraging in that it is possible to do the structural
determination of an organic molecule based on powder dif-
fraction data in the near future.

CONCLUSION

The combination of synchrotron radiation powder dif-
fraction measurement and the Rietveld method provides a
powerful tool to obtain structural information of an organic
substance, The improvement of data quality from rotating
anode source to synchrotron radiation source at roughly the
same wavelength is great. Its importance for stractural re-
finement is clearly demonsirated.
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