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1. Introduction

X-ray scattering is a nondestructive technique used to characterize the morphology
of materials. A collimated beam of X-rays is transmitted through a specimen, and
interactions with the matter within the sample cause some portion of the X-rays to
be scattered away from the transmitted primary beam. When 2 photons having
wavelength A are scattered by features separated by a distance, d, the scattered
photons are in phase only at a specific angle, 26. This relationship is described by
Bragg’s law, given as

niA = 2d -sin(20). 1)

More generally, it can be shown that over the range of scattering angles, the
scattered intensity, I, is a function of the scattering vector, g, where the magnitude
of the scattering vector is q = 2x/d.

Traditional X-ray diffraction experiments to determine crystal structure are
generally concerned with features on the size of atoms, with an upper limit of
feature size of a few angstroms, therefore havingd <5 A, or g > 0.6 A% These data
have traditionally been reported as intensity versus scattering angle in terms of 26,
where 26 ranges up to tens of degrees, and are called wide-angle X-ray scattering
data. Conversely, small-angle X-ray scattering (SAXS), and small-angle scattering
in general, describes morphological features ranging in size from 10 A to 100 nm,
thus spanning a range of g from 0.6 A to 0.006 A 1. Recently, a preference has
developed for reporting g in nm, but in this manuscript, g will be given in units of

Al

SAXS experiments are most commonly performed on “soft” materials, including
polymers, proteins, and other biological and bioinspired materials.' In some
materials (e.g., microphase separated block copolymers) Bragg diffraction occurs,
and crystal structures can be determined simply by extracting the relative positions
of the diffraction peaks.* However, a more typical experiment involves substantial
data analysis, including least-squares fitting of structural models to the data.
Detailed analysis can determine the size, shape, and orientation of scattering
features. In biological systems, it is sometimes possible to calculate the electron
density distribution of biological molecules in solution, allowing the general shape
of the complex to be determined. When a 2-D detector is used, information about
anisotropic morphologies is also available. Specific interfacial area in phase-
separated or filled systems, and characteristics of those interfaces, are available
through analysis of the Porod scattering invariant.®
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Proper calibration of scattered intensity is useful in many of these situations. For a
laboratory-scale instrument, where direct measurement of photon flux using ion
counters is not generally feasible, calibration must be achieved by comparing
experimental data to a calibrated standard. One of the most reliable standards for
this purpose is vitrified “glassy” carbon, which has a Guinier knee around 0.1 A,
form factor scattering at low-q that is free of interdomain effects, and very high
contrast.%” However, calibration using glassy carbon requires that the scattering
from the same specific sample be known and assumes that the scattering behavior
of the glassy carbon sample is constant over time (years). These conditions may not
always be true. With the advent of X-ray collimating optics,® the increased photon
flux in laboratory instruments now allows the scattering from pure liquids (e.g.,
water, or cyclohexane) to be used.®° The scattered intensity from water, although
very weak, can be calculated from first principles, and will be the subject of a
subsequent report.

A typical SAXS experiment requires correction for X-ray absorption by the sample
(transmission, T), subtraction of background scattering from the instrument and
sample holder (the “empty cell” correction), detector noise and cosmic radiation
background (“dark frame™), and in some cases, detector sensitivity.!* A final
correction to experimentally measured SAXS data is the correction for the effect of
the beam-stop shadow. Just as with light from the sun, objects illuminated by X-
ray wavelength photons cast a shadow. For most X-ray detectors in use today, the
direct beam in a SAXS camera is bright enough to damage the detector and must
be blocked using a beam stop. The beam stop casts a shadow on the detector
surface, diminishing the scattered intensity at the lowest measurable angles. The
information contained in that data, however, is often the most interesting in a SAXS
experiment. To recover that information, a beam-stop shadowing factor can be
calculated and applied to measured data.® This calculation requires the knowledge
of the scattering behavior of a sample in the q range affected by the beam-stop
shadow. The use of calibrated glassy carbon as a secondary intensity standard thus
also allows the determination of the effect of the beam stop on the data.

In 2013, the Materials Division of the US Army Research Laboratory (ARL)
purchased a Rigaku Americas, Inc., SAXS instrument (“camera’”). This instrument
represents a substantial improvement over the older SAXS camera in use at that
time. The primary changes were the use of a brighter X-ray source, the Rigaku
Micromax HF0O7 rotating anode X-ray generator, and the addition of a focusing
optic prior to the 3-pinhole collimation system. Together these improvements
improved the data collection time by a factor of between 5 and 8 times, depending
on the anode bias setting, and reduced smearing in the data by monochromating the
incident X-ray radiation. A further enhancement was the purchase of a 200-mm-
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diameter area detector, which by virtue of its large size, allows collection in a single
experiment of data spanning a wider g-range when placed at a comparable distance
from the sample.

In the following sections, the procedure used to collect SAXS data on this new
instrument will be described, including calibration using glassy carbon, as a
secondary intensity standard. The geometry of the new SAXS camera will be
analyzed, including determination of the beam-stop shadow on the data. Finally,
scattering data collected for a dispersion of silver nanoparticles (AgNPs) will be
analyzed, illustrating these procedures.

2. Experimental

2-D SAXS patterns were collected using a Rigaku SMAX-3000 camera. The X-ray
source was a MicroMax-007HFM rotating copper anode operated at 40 kV and
30 mA, for a total power of 1.2 KW. The cathode produces a focal spot on the anode
of 0.3 mm by 3 mm, that when observed from a take-off angle of 6° appears as a
square roughly 0.3 mm by 0.3 mm. The resulting characteristic X-rays are then
focused and monochromated to the Kq doublet, with wavelength (1) of 1.5418 A,
using a Confocal Max-Flux double-focusing optic.® The photon beam was then
shaped using an evacuated 3-pinhole collimation flight path.

The samples were characterized at a sample-to-detector distance of 1.5-m camera
length using a Gabriel-type 2-D multiwire xenon proportional counter.'? Based on
the circular integration of a calibrated glassy carbon standard, the detector’s
effective angular range was found to be 0.01-0.25 A 1."13 Distance and beam-center
calibration were performed with silver (Ag) behenate.*

Two samples of AgNPs dispersed in water were obtained from Dr Brian Pauw at
the BAM Federal Institute for Materials Research and Testing, Germany. The
AgNP samples were loaded into 1- and 2-mm-diameter quartz capillaries (Charles
Supper Company, Natick, MA, USA), which were then sealed using “5 Minute”
epoxy. The epoxy was allowed to cure overnight. The samples were then placed on
the sample holder and characterized in the SAXS camera. The sample chamber
vacuum was approximately 75 mTorr, which has been found empirically to be
sufficient for data collection with low background noise.

Raw data were corrected for sample background (empty), detector (dark field)
noise, and sample absorption (transmission).!! The isotropic 2-D data were
azimuthally averaged so that 1-D I(q) data could be evaluated and modeled. IGOR
Pro v. 6.37 (Wavemetrics, Inc.) was used for all data processing and analysis. Two
sets of procedures, “Nika” and “Irena”, available from the Advanced Photon
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Source, Argonne National Laboratory, were used for all data handling.™ The form
factor modeling incorporated in the Irena package is based on procedures developed
at the National Institute for Standards and Technology, Gaithersburg, MD.

Transmission electron microscopy (TEM) data were collected using a JEOL JEM-
2100F transmission electron microscope operated at 200 kV. Bright field TEM was
performed on samples prepared by placing drops of AgNPs suspended in water onto
TEM grids coated with lacey carbon films, ultrathin films of pure carbon, or both.
The best results were obtained using grids coated with lacey carbon. Images were
collecting using a 10.7-MP fiber-optically coupled charge-coupled device detector
manufactured by Gatan, Inc. (Orius model 832). No additional processing was
performed.

3. Results and Discussion

One of the first steps in the use of the new instrument was to determine the
minimum value of the scattering vector magnitude, g, that could be measured. This
was accomplished using a simple geometric calculation based on the 3-pinhole
configuration and assuming uniform illumination across the entrance aperture (first
pinhole).® In Table 1, PHi and Li refer to the i pinhole and the distance between
pinholes i and i+1. dLsawm is the distance between PH3 and the sample, while dLss
is the distance between the beam stop and the plane of the detector (anode).
Although every effort was made to be precise in these measurements, some
information is approximate by definition, such as the distance between the beam
stop and the detector, because of the nature of the multiwire detector.'? The double-
focusing optic filters out all radiation other than the Cux. peak, which has
wavelength 1.5418 A.

Table 1 Camera configuration information as calculated

Pinhole Diameter Segment Distance Results
(Hm) (mm)
PH1 400 L1 690 Sample-to-detector distance = 1525 mm
PH2 200 L2 486 a = 0.000435 radians
PH3 700 L3 1510 B =0.000926 radians
dLsawm 15 Minimum g = 0.00475 A
dLes 30 Actual minimum g = 0.00535 A

Based on the information measured and discussions with the manufacturer, the
minimum value of ¢ that should be achievable is 0.00535 A, corresponding to a
real space dimension of 117.4 nm. This dimension includes the effect of the beam
stop on resolution. The actual minimum resolution based simply on the camera
geometry should be g = 0.00475 A, which falls inside the 4-mm-diameter beam
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stop. Another important dimension is the diameter of the beam at the sample
position, which is calculated to be 636 pm. In practice, the minimum resolution is
not easily achieved. The beam stop casts a diffuse shadow on the detector, which
is further expanded by the smearing effects of the multiwire detector. This shadow
affects the data to a g value as high as 0.01 A. For some experiments, this effect
is negligible, but for others, the lowest angle data are required. In the latter case,
the effect of the beam-stop shadow can be mitigated by scaling the low angle data
using a function determined from a sample with known scattering.®

Figure 1 gives examples of the Ag behenate beam center and distance calibration
data, glassy carbon data, data from one of the AgNP samples, the empty cell data
(capillary and water), and detector dark noise. In this figure, none of the data have
been corrected other than to be normalized by collection time so that the relative
scattering power of the different samples can be more readily observed. The strong
Bragg diffraction peaks from Ag behenate are evident and demonstrate why this
material is a good calibration standard. Glassy carbon scatters very strongly, and
its structure does not change appreciably with time. The AgNP solution also scatters
strongly, such that the corrections for background and detector noise have minimal
effect on the data (which is desirable).

10 T T T

® Ag behenate

W Glassy Carbon i

M Empty (H2O in capillary}

10° v Dark -
H AGNPs 3

Intensity [Counts/sec]
3
|

i
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"W»,M_ S
| | |
0.10 0.15 0.20 0.25
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Fig.1  Azimuthally averaged SAXS data for Ag behenate (red), glassy carbon (blue), a glass
capillary containing water only (green), the detector dark noise (black), and a sample of Ag
nanoparticles dispersed in water (orange). Data have been normalized by collection time only.
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In Fig. 2, the effect of the beam-stop shadow is clearly evident in the glassy carbon
data collected at ARL (blue). It is known that the glassy carbon scattering data
should not decrease as q — 0, but a clear decrease in scattered intensity is observed
for g <0.01 A. As discussed previously, this effect can be mitigated by correcting
the low-q data using a function determined based on scattering from a known
material. In this case, the glassy carbon sample (T4) provided by Dr llavsky at the
Advanced Photon Source works well because the scattering from this sample is
known down to g < 0.002 A, By dividing the experimental data collected at ARL
by the known scattering data, a set of data (green) is generated by which the ARL
data can then be normalized to correct for the beam-stop shadow. As can be seen
in Fig. 2, however, this data set is somewhat noisy in the low-q regime. To
compensate for this noise, the normalization data are fitted with an exponential of
the form shown in Eq. 2.

® Glassy carbon data from Argonne

B Glassy carbon data from ARL
Beamstop shadow based on data

100 ¥ Beamstop shadow correction function
F Glassy carbon data from ARL, corrected

o
T

Intensity [Arbitrary]

01

01

L L1 ! [ N 1 A R
2 3 4 567 2 3 4567 2 3 4567

A"
Fig.2  Glassy carbon SAXS data from Argonne National Laboratory (red, on absolute
scale, units of cm™), background-corrected data from ARL (blue, scaled to match the data
from Argonne), the beam-stop shadow normalization data (green), the beam-stop shadow

normalization function (black), and beam-stop shadow-corrected glassy carbon data from
ARL, scaled arbitrarily for clarity

F@) =yo+Ap*es. )

The background-corrected data (blue) can then be normalized by the beam-stop
shadow correction function (black), which effectively raises the intensity of the data
at the very lowest g (orange).

Furthermore, after correcting for the beam-stop shadow, the apparent minimum
value of q for which usable intensity is obtained was 0.00473 A, However, this
value is within the direct footprint of the 4-mm-diameter beam stop on the plane of
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the detector. Discarding the data point at the lowest g gives a minimum q of
0.00522 AL, which is slightly better than the calculated resolution given in Table 1
(0.00535 A™). In practice, the minimum value of ¢ used during data reduction
should therefore be chosen conservatively.

Figure 3 shows the effect of the background correction and beam-stop shadow
correction on a typical set of data for a sample of Ag nanoparticles. Both corrections
are important in this experiment. The scattering from the capillary (green) shows a
significant upturn in the low-q region, which, if not removed from the raw data,
might suggest the presence of AgNP aggregates.!’” The beam-stop shadow,
however, causes a decrease in low-q intensity, mimicking the presence of
interparticle scatter.? This would suggest that the concentration of nanoparticles is
too high for accurate size analysis. The corrected data (red) show neither an upturn
or decrease in intensity down to g = 0.006 A, confirming the presence of only
well-dispersed nanoparticles.

® AgNP after beamstop correction i
B AgNP after empty correction
Empty (H20 in capillary)

o

Intensity [Arbitrary]

I
o
T

0.001

TR i L ! M S R | i
4 5 8 7889 2 3 4 5 6 788 2
0.01 01

qA’]

Fig.3  SAXS data showing scattering from a water-filled capillary (green), AgNPs in a
water-filled capillary after background subtraction (blue), and the same AgNP data after
correction for back-stop shadowing (red)

Once the raw data have been corrected for background and the effect of beam-stop
shadowing has been removed, they can be fit using the appropriate form factor for
the scattering particle. In this case, the form factor for a spheroid (Eq. 3) is most
appropriate, given the approximately spherical shape of AgNPs.8

. o 2
P(q) = scale - |22t oy piegd 3)
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In this formalism, volume, V, is the volume of a sphere with radius r. The terms
scale and bkgd are simply constants that account for background noise, contrast
between the spherical particles and the solvent, and other instrument-related terms.
For aspect ratios greater than 1.01, the calculation uses the form factor in Eq. 3 but
replacing gr with Eq. 4:

qr = qry/[1 + (AR? — 1)cos%(6)] . 4)

Figure 4 shows an example of a typical least-squares fit to the SAXS data using the
spheroid form factor and allowing the aspect ratio to vary. The normalized residual
is less than 1 for all but the lowest angle data, a fit that is quite good. If the aspect
ratio is fixed at 1.0, substantial deviations between the data and the fit occur around
q = 0.14 A as well as at the lowest angles.

— T —T— T T ™
& AghPs after beamstop cnrrectionL:

— Maddal fit to data
1000 | ® MNormelized residual

Inlensity [Arbitrary]

S e - o R

‘ P x_'_"‘-;v'.r“-"ﬁ;?t' ._I‘?-E -

| . | :
T 86 2 a 4 [] & T &9

0.01 0.1

Mormalized Residusl
[ S~

QA

Fig.4 Least squares fit of a spherical form factor to a typical set of data for Ag nanoparticles

Two samples were provided by Pauw, “0043” and “0045”. Sample 0043 was found
to have a mean particle radius of 28.60 A, with a standard deviation of 5.21 A and
an aspect ratio of 1.42. Sample 0045 was found to have a mean particle radius of
28.67 A, with a standard deviation of 5.29 A, and an aspect ratio of 1.40. Pauw later
revealed that each participant in the study was provided with 2 identical samples to
test the reproducibility of each laboratory’s data and procedures. The data from
ARL and all the other laboratories were fit by Pauw using the same approach as the
fitting performed at ARL and reported previously, generating a mean particle
diameter (undisclosed) and a particle size distribution (also undisclosed).'® Figure 5
shows the 2 data sets from ARL relative to data from other researchers using
laboratory-scale instruments and to data from synchrotron facilities, plotted as a
function of deviation from the distribution mean and from the distribution variance.
In both measures, the data from ARL are excellent.
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Deviation from distribution parameters

e laboratory

e synchrotron

o Participant: Beyer
0.4
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Fig.5  Deviation from the particle size distribution mean (AMean) and distribution breadth
(AVar). Data collected at ARL are shown in yellow and are very close to the center of both
parameters. The scale varies between the 2 axes.1%?°

Finally, TEM data were collected to confirm the particle size, as shown in Fig. 6.
In most cases, the typical particle diameter was observed to be approximately
5-6 nm. In most micrographs collected, a small number of larger particles can be
observed. These particles appear to be aggregates of 2 or more individual
nanoparticles. The formation of the aggregates is most likely due to the TEM
sample preparation process, which concentrates the nanoparticles on the carbon
film surfaces but may also be due to aging effects on the nanoparticle dispersion,
as the TEM samples were prepared 4 months after receipt of the samples. These
TEM data also highlight the benefits of using SAXS for morphology analysis.
SAXS provides an ensemble average over a relatively large volume as comparted
to the microscopic volume characterized in TEM.

Fig.6  TEM micrograph showing dispersed Ag nanoparticles on a carbon support film. The
nanoparticles range in size from approximately 3 to 10 nm, with a few aggregates of multiple
particles visible.
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4. Conclusions

SAXS is a powerful tool for characterizing the internal structure of materials, but
the indirect nature of the technique requires that great attention be paid to
instrument calibration and data handling. Correction of the data for the effects of
beam-stop shadowing has been described, and it was found that the instrument has
a slightly larger resolution (lower minimum q) than anticipated based on a simple
geometric model. Two samples of AgNPs dispersed in water were characterized
using these techniques. The 2 nanoparticle samples were found to be essentially
identical, with a mean particle diameter of 5.6 nm. Furthermore, it was found that
the data collected using the ARL instrument are among the best data available,
including that from synchrotron sources, confirming the accuracy of the data
handling and calibration procedures in use at ARL.
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1-/2-D 1-/2-dimensional

AgNP silver nanoparticle

ARL US Army Research Laboratory
SAXS small-angle X-ray scattering
TEM transmission electron microscopy
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