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Abstract This paper compares the accuracy of
conventional dynamic light scattering (DLS) and
atomic force microscopy (AFM) for characterizing
size distributions of polystyrene nanoparticles in the
size range of 20—-100 nm. Average DLS values for
monosize dispersed particles are slightly higher than
the nominal values whereas AFM values were
slightly lower than nominal values. Bimodal distri-
butions were easily identified with AFM, but DLS
results were skewed toward larger particles. AFM
characterization of nanoparticles using automated
analysis software provides an accurate and rapid
analysis for nanoparticle characterization and has
advantages over DLS for non-monodispersed
solutions.
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Introduction

Nanoparticles display a number of unique properties
that directly correlate to their size. It has been found
that properties such as melting temperature (Dick
et al. 2001) and dissolution rate (Meulenkamp 1998)
are dictated by the size of nanoparticles. The
increased surface to volume ratio of nanoparticles is
a key property that makes them ideal for nanosensors
that depend on surface reactions. As a result, it is
important to be able to accurately characterize size
distributions within nanoparticle suspensions. While
it has been shown that atomic force microscopy
(AFM) and dynamic light scattering (DLS) can
analyze complex colloidal systems such as latex
colloids (Cadene et al. 2005), this study compares
AFM and DLS measurements against reported NIST
traceable polystyrene nanoparticle size distributions
in order to determine an optimal method for size
distribution characterization.

Atomic force microscopy

The atomic force microscope (AFM), developed in
1986 by Binnig et al. (1986), enables users to
characterize nanoscale objects. The AFM utilizes
piezoelectric ceramics to move a specimen in nano-
scale increments in the X, Y, and Z directions. An
AFM tip mounted on a cantilever is positioned above
the specimen at a distance where the tip is repelled or
attracted by the forces due to the interaction with the
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specimen surface. As the specimen is moved below
the tip, the cantilever bends due to topography
changes as the tip maintains a constant force from
the surface. A laser reflects off the cantilever to a
photo-detector. Detector electronics reads the deflec-
tion of the laser, processes it through the feedback
loop, and the data acquisition software turns the
measured deflections into a 3-dimensional image.

The ability of an AFM to characterize nanoscale
objects makes it an ideal characterization tool for
determining particle size distributions as well as
image complex arrays of nanoparticles (Juillerat et al.
2005; Liu et al. 2003; Xia et al. 2004). It has also
been proposed that nanoparticles could function as a
calibration standard for the atomic force microscope
(Li and Lindsay 1991).

Dynamic light scattering

Dynamic light scattering (DLS), a technique often
referred to as photon correlation spectroscopy (PCS),
is a common technique for determining particle size
in colloidal suspensions. Particles suspended in a
liquid solvent undergo random Brownian motion.
Light is scattered off the particles in suspension.
Since the particles cause localized changes in the
refractive index, intensity variations are produced by
the particles and evaluated using the second order
normalized autocorrelation function

_ Gz(‘L’)
(1)?

where (I) is the average intensity, 7 is the correlation
time, and G,(t) is the temporal correlation function.
The second order normalized correlation function is
then related to the first order correlation function
g1(1) where g(1) is expressed as

g1(1) = exp(—¢°Dr) (2)

for particles subject to Brownian diffusion where ¢ is
the magnitude of the scattering vector and D is the
translational diffusion coefficient. The scattering
vector ¢ is expressed as

dnn . [0
q= 7 sm(i) (3)

where n is the refractive index of the solution, 4, is
the wavelength of incident light in vacuum, and 0 is

82(7) (1)
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the scattering angle of light. The sizes of particles in

solution are determined using the Stokes—Einstein

equation
kT
~ 6mnRy

(4)

where D is the diffusion coefficient, k is Boltzmann’s

constant, 7 is the temperature, # is the solvent
viscosity, and Ry, is the hydrodynamic radius of the
particles in solution (Cao 2003; Finsy et al. 1992;
Flamberg and Pecora 1984; Leung et al. 2006;
Provder 1997).

While DLS works well for monomodal samples,
for bimodal samples, it has been reported that
conventional DLS measurements are unable to accu-
rately measure particle mixtures with a large
difference in the ratio between the diameters of the
particles. The size ratio limit beyond which bimodal
size differences cannot be accurately detected has
been reported to range from 2:1 to 3:1 (Bryant and
Thomas 1995; Elizalde et al. 2000; Provder 1997).

Experimental procedure

Twenty nm and 100 nm polystyrene nanoparticles
were obtained from Duke Scientific Corporation.
Particles are suspended in a water-surfactant suspen-
sion with a pH of 7 with an initial concentration of
0.015 vol.%. Vendor reported size values for the
100 nm polystyrene nanoparticles, as determined by
transmission electron microscopy (TEM), are as
follows: mean diameter: 102 £ 3 nm, size distribu-
tion of 4.4 nm, and standard deviation of 4.3%.
Vendor reported size values for the 20 nm polysty-
rene nanoparticles as determined by dynamic light
scattering are as follows: mean diameter: 21 nm, size
distribution not reported, and standard
deviation + 1.5 nm.

AFM sample preparation and analysis

Four nanoparticle dilutions were made for atomic
force microscopy (AFM) analysis. The 20 and
100 nm stock solutions were diluted with de-ionized
water to 5 x 1072 vol.%. For the third and fourth
dilution, 20 and 100 nm stock solutions were com-
bined in an 8:1 and a 5:1 ratio, respectively, and
diluted with de-ionized water to 5 x 107> vol.%.
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Diluted solutions were deposited onto Nanoflat mL-
base substrates™ from Pacific Nanotechnology, Inc.
These substrates are similar in chemistry to poly-L-
lysine functionalized mica substrates. Diluted solu-
tions were allowed to sit for 30 s prior to spin coating
at 2,000 rpm for 30 s. Dry samples were removed
after spin coating and room temperature evaporation
placed in an AFM.

AFM analysis was conducted using a Nano-Rp™
AFM from Pacific Nanotechnology, Inc. in close
contact mode. Instrument was calibrated on NIST
traceable VLSI standard with a pitch size
299 £002pum and a step height of
19.5 £ 0.8 nm. Six 2 um area scans were conducted
over the substrates surface to ensure a large statistical
sampling of polystyrene nanoparticles. Pacific Nano-
technology, Inc. Nano Rule+"™ software was used to
compute the morphological parameters of polysty-
rene nanoparticles. Nanoparticle height (z direction)
was used to determine nanoparticle diameter. Tip
artifacts introduced into AFM images can make in-
plane measurements (x—y direction) larger than the
actual nanoparticle width, requiring deconvolution
methods to remove artifacts (Villarrubia 1997).

Dynamic light scattering sample preparation and
analysis

De-ionized water was filtered through a 0.2 um filter
to remove any large impurity particulates. The 20 and
100 nm polystyrene nanoparticle stock solution from
Duke Scientific Corporation was diluted with the
filtered de-ionized water to produce four dilutions.
The 20 nm polystyrene nanoparticles were diluted to
44 x 107* v/v and the 100 nm polystyrene nano-
particles were diluted to 5 x 10™* v/v. The 20 and
100 nm polystyrene stock solution was mixed in an
8:1 and a 5:1 ratio, respectively, and diluted to
4.0 x 107* v/v.

Light scattering analysis was conducted using a
Dawn® Heleos light scatter from Wyatt Technology
Corp at 25 °C. Ten mL of filtered de-ionized water
was placed in a 10 mL disposable syringe with a
0.2 um filter. Two mL of de-ionized water was
flowed through the internal flow cell to ensure that
residual particulates were flushed from the system.
The flow rate was stopped and light scattering data
was collected for 2 min to produce a baseline
scattering intensity measurement. About 0.8 mL of

the polystyrene solution was placed in a 1 mL
disposable syringe and flowed into the flow cell after
a baseline intensity was established. Of the 0.8 mL of
polystyrene solution, 0.7 mL of solution was pumped
through the flow cell to determine that scattering
intensity was within the detector limit. After 0.7 mL
of solution was flowed through the cell, the flow rate
was stopped and light scattering measurements were
taken for 25 min. Filtered de-ionized water was then
pumped into the cell to purge the polystyrene solution
and re-establish a baseline for nanoparticle size
analysis. The size distribution of polystyrene nano-
particles was determined using Wyatt Technology’s
ASTRA cummulants algorithm software.

Results and discussion
Monomodal size distribution characterization
100-nm Polystyrene particles

Dynamic light scattering analysis conducted on the
100 nm polystyrene nanoparticles yielded a nominal
diameter of 114.6 nm with a standard deviation of
2.3 nm (Fig. 1).

Vendor reported size values for the 100 nm
polystyrene nanoparticles as determined by transmis-
sion electron microscopy (TEM) are as follows: mean
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Fig. 1 DLS size distribution of 100 nm polystyrene
nanoparticles
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Fig. 2 (a) AFM scan of the
100 nm polystyrene
nanoparticles. (b) 100 nm
polystyrene nanoparticle
detailed AFM size
distribution data

0um 0.71 um

diameter: 102 &+ 3 nm, size distribution of 4.4 nm,
and standard deviation of 4.3%. The vendor reported
that the size distribution in the range of one standard
deviation is 90.5-114.1 nm. DLS results suggest that
the 100 nm polystyrene nanoparticles are closer to
the upper limit reported value. Atomic force micros-
copy analysis conducted on the 100 nm polystyrene
nanoparticles yielded a nominal diameter of 99.1 nm
with a standard deviation of 5.6 nm. Values deter-
mined by the AFM were closer to the TEM
determined diameter calculated by the vendor
(Fig. 2a, b).

Analysis conducted by the AFM places a nominal
size range from 93.5 to 104.7 nm within one standard
deviation. Vendor reported nominal sizes range from
90.5 to 114.1 nm within one standard deviation, and
thus AFM analysis yields a size range within the
limits of the specified range.

20-nm Polystyrene particles

DLS analysis conducted on the 20 nm polystyrene
nanoparticles yielded a nominal diameter of 22.8 nm
with a standard deviation of 0.4 nm (Fig. 3).

The vendor reported sizes range from 19.5 to
22.5 nm. The DLS deviation from the reported value
is less than 15%, which is not surprising given that
vendor sizes were determined by DLS. AFM analysis
conducted on the 20 nm polystyrene nanoparticles
yielded a nominal diameter of 15.6 nm with a
standard deviation of 4.6 nm (Fig. 4a—c).

While size distribution data gathered using the
Dawn® Heleos DLS agreed with vendor DLS data,
AFM scans show that not only are particles present
within the reported size range but also particles that
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Fig. 3 DLS size distribution of 20 nm polystyrene
nanoparticles

are more than half the nominal size are present. DLS
fails to detect the smaller particles, but AFM scans
show a more accurate representation of the entire
system since each individual particle can be
accounted for to determine a size distribution.

Bimodal 20 nm, 100 nm mixture size distribution
characterization

DLS analysis conducted on the 8:1 20 nm, 100 nm
polystyrene nanoparticle mixture yielded a nominal
diameter of 245 nm with a standard deviation of
17.6 nm (Fig. 5). Since the size difference between
the two particles was more than 2:1, it was expected
that the DLS would be unable to confirm two separate
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Fig. 4 (a) AFM scan of
20 nm polystyrene
nanoparticles. (b) AFM
scan of 20 nm polystyrene
nanoparticles. (¢) 20 nm
polystyrene nanoparticle
detailed AFM size
distribution data
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Fig. 5 DLS size distribution of the 8:1 20 nm, 100 nm
polystyrene nanoparticle mixture

distributions. The nominal diameter of 245 nm
reported by the DLS shows that particle mixtures
with a size difference greater than 2:1 yields

statistical data not representative of the mixture.
The anomalously large 245 nm value could be due to
agglomeration or impurities.

AFM analysis conducted on the 20 nm, 100 nm
polystyrene nanoparticle mixture yielded two distri-
butions. The first distribution had a nominal diameter
of 15.8 nm with a standard deviation of 4.7 nm, the
second had a nominal diameter of 98.2 nm with a
standard deviation of 6.4 nm.

As illustrated in Fig. 6a, AFM analysis of the
mixed sample was able to easily produce two distinct
distributions with nominal sizes similar to the nom-
inal sizes found for monodisperse samples. Both the
20 and 100 nm nanoparticles can be easily identified
and counted to form a statistical analysis (Fig. 6b, c).

A second bimodal distribution was obtained by
mixing 20 and 100 nm polystyrene nanoparticles in a
5:1 ratio.

DLS analysis conducted on the 20 nm, 100 nm
polystyrene nanoparticle mixture with a 5:1 ratio
yielded a nominal diameter of 109.4 nm with a
standard deviation of 2.0 nm (Fig. 7). DLS analysis
of the 5:1 size ratio mixture yielded a distribution
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'I.‘able. 1 .AFM and DLS Nanoparticle Volume Nominal size DLS (nm) AFM (nm)
size distribution data . . .
sizes (nm) ratio determined
by vendor (nm)
100 - 102 £ 3 1146 £ 2.3 99.1 £ 5.6
20 - 21+ 1.5 228 £ 04 15.6 +£ 4.6
20,100 5:1 - 1094 £ 2.0 149 + 3.8
953 + 3.8
20,100 8:1 - 245 £ 17.6 15.8 + 4.7
98.2 + 6.4

closer to the monodispersed value obtained for the
100 nm polystyrene particles. AFM results (Fig. 8)
yield a more accurate representation with a bimodal
size distribution of 149 £ 3.8 nm and
95.3 £ 3.8 nm in the nanoparticle mixture.

A bimodal distribution could not be obtained using
conventional DLS due to the intensity difference of
scattered light from the 20 nm particles versus the
100 nm particles. Since the intensity I of a spherical
particle with radius r is proportional to r°, the
scattered intensity of the 100 nm polystyrene parti-
cles contributes heavily to the DLS measurement
whereas the scattered intensity from the 20 nm
polystyrene particles are lost in the background
signal. A summary of the data comparing measure-
ment values obtained by conventional DLS and AFM
is presented in Table 1.

An attempt to quantify the ratio of 20-100 nm
particles deposited using the spin coating technique
was unsuccessful. Taking the volume ratio between
20 and 100 nm particles, there should be 125 20-nm
particles of every 1 100-nm particle. Over a 2 pm by
2 um area, the 8:1 mixture deposited 153 20-nm
particles and 6 100-nm particles. For the 5:1 mixture
over the same sized area, 241 20-nm particles and 24
100-nm particles were deposited. Since the spin
coating method deposits nanoparticles randomly over
a smooth surface, the ratio of 20-100 nm particles
could not be determined since a 2 um by 2 pm area
shows a random arrangement of particles.

Conclusions

For monosize 100 nm polystyrene nanoparticles,
DLS and AFM size distributions were similar to
vendor data obtained by TEM. For 20 nm polysty-
rene nanoparticles, DLS confirmed vendor data but

AFM scans show that particles much smaller than the
reported nominal size are also present within the
sample. An accurate size distribution for the 20 nm,
100 nm polystyrene nanoparticle 8:1 and 5:1 mix-
tures could not be determined using DLS. AFM scans
of the mixed sample showed that both the 20 nm and
100 nm polystyrene nanoparticles were detected and
two separate size distributions were formed. How-
ever, AFM scans cannot always be used to accurately
calculate the ratio of nanoparticle sizes used in the
nanoparticle mixtures, as deposition methods may
skew the size distribution. DLS is a fast and accurate
measurement tool for size distribution analysis of
monosized particles in suspension. While intensity
mode DLS alone may be insufficient for analyzing
polydisperse mixtures, number mode as well as
additional light scattering techniques and hybrid
techniques are available for analyzing particle mix-
tures with broad particle size distributions, as
illustrated by Provder (1997). Since AFM scans have
the ability to identify large bimodal size distributions
regardless of particle shape, AFM analysis of an
unknown particle mixture serves as an excellent
screening technique prior to DLS analysis.
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