
PAPER www.rsc.org/analyst | Analyst

Pu
bl

is
he

d 
on

 2
6 

N
ov

em
be

r 
20

10
. D

ow
nl

oa
de

d 
by

 P
ur

du
e 

U
ni

ve
rs

ity
 o

n 
18

/0
3/

20
17

 2
0:

22
:2

6.
 

View Article Online / Journal Homepage / Table of Contents for this issue
Characterizing the size, shape, and compactness of a polydisperse prolate
ellipsoidal particle via quadruple-detector hydrodynamic chromatography

Amandaa K. Brewer and Andr�e M. Striegel*

Received 21st September 2010, Accepted 29th October 2010

DOI: 10.1039/c0an00738b
A detailed quantitative description of particle size, shape, and their distributions is essential for

understanding and optimization of the solid-, solution-, and melt-state properties of materials. Here,

we employ quadruple-detector hydrodynamic chromatography (HDC) with multi-angle static light

scattering, quasi-elastic light scattering, differential viscometry, and differential refractometry

detection as a method for characterizing three important physical properties of materials, namely the

molar mass, size, and shape of a polydisperse, non-spherical colloidal silica sample. These properties

and their distributions were measured continuously across the HDC elution profile of the sample. By

combining information from the various parameters determined, we were also able to obtain

quantitative knowledge regarding the compactness or denseness of the sample. The applicability of

multi-detector HDC to characterize polydisperse, non-spherical analytes was shown to be rapid,

accurate, and precise. An advantage over traditional characterization methods is the ability of multi-

detector HDC to determine particle size, shape, compactness, and their distributions simultaneously in

a single analysis.
Introduction

The processing of raw materials and the end-use properties of

products are strongly dependent on particle size and shape.

Knowledge of particle geometry is necessary for understanding

behaviors such as packing arrangement, sedimentation,

mechanical strength, and bulk density of materials.1–9 Likewise,

rheological properties of products and raw materials in fluid

mechanical processes such as pumping, mixing, and transport are

directly influenced by particle size distribution.1,5,10,11 As such,

a detailed quantitative description of particle size and shape is

needed for optimizing the processing and design of both the

starting materials and the end products.

Several established techniques such as microscopy, X-ray

crystallography, nuclear magnetic resonance (NMR) spectros-

copy, and laser diffraction have been previously employed for size

and shape characterization of polymers, particles, colloidal

aggregates, and micelles,1–4,11–19 but none have been found fully

satisfactory for the determination of both size and shape, and their

distributions. For example, microscopy methods only allow for

the direct determination of geometric size and shape (but, gener-

ally, not their distributions), based on the radius of the smallest

circle circumscribing each of the observed particles, as averaged

over a fairly limited sample population.1,12–14,20 Likewise, shape

determination from techniques such as X-ray crystallography and

NMR involves complex calculations based on the ensemble

averages of various combinations of the different Cartesian

components of the radius of an object4,18,19 and provides little

information regarding the particle shape distribution.

As seen, particle size and shape analysis is a fairly complex

task; to obtain accurate data for both these parameters and their
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distributions, it is usually necessary to either fractionate or

chromatographically separate sample components into essen-

tially monodisperse aliquots prior to detection. Without frac-

tionation or chromatographic separation, the particle size and

shape data are generally an average of the overall sample pop-

ulation, uninformative about the individual species present.

Because of this, different fractionation and chromatographic

techniques, e.g., filtration, sedimentation, field-flow fraction-

ation, size-exclusion chromatography, and hydrodynamic chro-

matography (HDC), have also been employed for the

characterization of polymers, particles, colloidal aggregates, and

nanoparticles.2,11,14,17,21 In the present work we use hydrody-

namic chromatography coupled to a train of four detectors,

namely multi-angle static light scattering (MALS), quasi-elastic

light scattering (QELS), differential viscometry (VISC), and

differential refractometry (DRI), to characterize a colloidal silica

sample possessing more size heterogeneity and structural

complexity than the traditionally studied suspensions of virtually

monodisperse spherical latexes.

Hydrodynamic chromatography is a solution-based separa-

tion technique which relies on the streamlines of flow in an open

tube or in the interstitial volume of a column packed with a non-

porous material being preferentially sampled, in a size-dependent

manner, by dissolved polymers or particles.21–28 Separation is due

to the parabolic (Poiseuille) flow velocity profile in the open tube

channel, which allows small particles to be close to the walls,

where the flow is stagnant, while larger particles remain nearer to

the center of the tube, where the flow is fastest.22,23 In HDC,

larger analytes elute earlier than smaller ones due to the prefer-

ential sampling of the faster streamlines by the larger particles.21

In this study, multi-detector hydrodynamic chromatography is

introduced as a method for determining the particle size and

shape distributions of polydisperse non-spherical analytes.

Coupling of the aforementioned detection methods to the
Analyst, 2011, 136, 515–519 | 515
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separation technique allowed determination of three colloidal

radii, the root-mean-square radius or radius of gyration RG, the

hydrodynamic or Stokes radius RH, and the viscometric radius

Rh, as well as the statistical moments and distributions across the

HDC elution profile of each of these. The synergistic combina-

tion of MALS with either QELS or VISC allowed for the char-

acterization of the analyte based on its shape and compactness as

a function of HDC elution volume. Characterization of particle

size, shape, and compactness of the sample using multi-detector

HDC was achieved in less than twenty minutes.
Experimental

Materials

SNOWTEXT� ST-OUP colloidal silica was obtained from

Nissan Chemical America Corporation (Houston, TX, USA).

Transmission electron microscopy analysis by the manufacturer

indicated a particle diameter between 9 and 15 nm and a particle

length between 40 and 100 nm. Sodium azide was obtained from

J.T. Baker (Phillipsburg, NJ, USA).
Multi-detector hydrodynamic chromatography (HDC)

Hydrodynamic chromatography analysis was performed on

a system consisting of a Waters 2695 separations module with

on-line degasser and in-line 0.2 mm nylon filter, connected in

series to a DAWN EOS MALS photometer (Wyatt Technology

Corp., Santa Barbara, CA, USA), a QELS photometer (Wyatt),

a Viscostar differential viscometer (Wyatt), and an Optilab rEX

DRI detector (Wyatt), with the MALS and QELS units in the

same housing. Separation of unfiltered 100 mL injections

occurred over a column bank consisting of two 400 � 7.5 mm

PS-1 HDC columns obtained from Agilent/Polymer Laborato-

ries (Amherst, MA, USA), maintained at room temperature. The

solvent and mobile phase were deionized H2O with 0.02% NaN3,

at flow rates of 0.5 and 1.0 mL min�1. Detectors and injection

compartment were maintained at 25 �C. For all chromatographic

determinations, results are averages of at least four injections,

two each from two separate sample dispersions. Data acquisition

and processing were performed using Wyatt’s ASTRA software

(V. 5.3.4.16).

Calibration of the MALS unit was performed by the manu-

facturer using toluene. Normalization of the MALS unit and

interdetector delays and band broadening calculations were

performed in-house using a low molar mass (15 000–20 000 g

mol�1), narrow dispersity (Mw/Mn # 1.06) dextran from USB

Corporation (Cleveland, OH). All off-line MALS experiments

were performed using a Razel model A-99EJ syringe pump to

inject a series of seven sample dispersions, ranging from 0.05 to

0.5 mg mL�1, directly into the light scattering photometer, at

a flow rate of 0.1 mL min�1. On- and off-line MALS data were

fitted using the Zimm model, for data from nine angles ranging

from 50� to 126�. (It should be noted that the lowest two angles

of the MALS unit are unavailable when the photometer is used as

an on-line detector with aqueous eluent. For the remaining

angular positions for which scattering is measured in the MALS

unit, we discarded data from the two higher-angle photodiodes,

from which we were unable to obtain reproducible normalization
516 | Analyst, 2011, 136, 515–519
coefficients, and from two lower-angle photodiodes, which yiel-

ded unacceptably low signal-to-noise ratios).

The specific refractive index increment (vn/vc) of the SNOW-

TEXT� ST-OUP was 0.083� 0.002 mL g�1, as determined using

the differential refractometer off-line, under the same solvent/

temperature/wavelength conditions as above (l0 ¼ 685 nm). The

vn/vc measurement was based on six sample dispersions, ranging

from 0.2 to 1.5 mg mL�1, analyzed at a flow rate of 0.1 mL min�1.
Results and discussion

Molar mass

Generally, the most important physical properties for charac-

terizing polymers and particles are molar mass, size, and shape.4

Because of this, the first physical property we determined was the

molar mass of the sample as various processing characteristics,

such as flow properties and stiffness, are related to the individual

molar mass averages and to the molar mass polydispersity. The

molar mass averages of the sample, Mn, Mw, and Mz (Table 1),

are calculated via:29–31

Mb ¼

P
i

ciM
x
iP

i

ciM
x�1
i

x ¼ 0; b ¼ n; x ¼ 1; b ¼ w; x ¼ 2; b ¼ z

(1)

where, at each elution slice i, ci is the concentration of the analyte

provided by the DRI detector and Mi is the molar mass of the

analyte provided by the MALS detector, after correction for

interdetector delay. The ratio of the weight-average molar mass

Mw to the number-average molar mass Mn, i.e., Mw/Mn,

provides a measure of molar mass polydispersity. As seen in

Table 1, Mw/Mn > 1, indicating that the sample is polydisperse

with respect to molar mass. Additional evidence of the molar

mass polydispersity of the silica sample is seen in Fig. 1, where M

is plotted across the HDC elution profile. From the detector

response it appears as if the chromatogram is essentially mono-

modal; there is only one peak with a shoulder present. If one

ignores the poor resolution inherent to HDC,11 however, and

observes rather the molar mass of the analyte as a function of

HDC elution volume, it can be seen that there are two species

present and that the molar mass of the sample decreases by more

than an order-of-magnitude with increasing elution volume, with

a small plateau in M at a retention volume of 13.5 mL.

As seen in Table 1, the molar mass averages and polydispersity

values of the silica sample do not change when flow rate is

changed by a factor of two. From this observation, we conclude

that the sample is not experiencing on-column, flow-induced

degradation, a feature commonly seen in the analysis of ultra-

high molar mass polymers by size-exclusion chromatog-

raphy28,32,33 and even, in extreme cases,28 by HDC. Another

indication that the particle is not degrading during analysis

comes from the close similarity between the Mw values deter-

mined by HDC/MALS and by off-line MALS: the HDC/MALS

values obtained at 0.5 and 1.0 mL min�1 (Table 1) not only

compare quite well to each other, but also to Mw¼ 1.44� 0.08�
107 g mol�1 obtained when the MALS detector was decoupled

from the separation system.
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c0an00738b


Table 1 Ellipsoidal particle molar mass determined by HDC/MALS/QELS/VISC/DRIa

Flow rate/mL min�1 Mn/g mol�1 Mw/g mol�1 Mz/g mol�1 Mw/Mn

0.5 1.29 � 107 (0.01 � 107)b 1.51 � 107 (0.01 � 107) 2.11 � 107 (0.03 � 107) 1.17 (0.01)
1.0 1.21 � 107 (0.01 � 107) 1.47 � 107 (0.05 � 107) 2.06 � 107 (0.12 � 107) 1.22 (0.06)

a In aqueous eluent (see ‘‘Experimental’’) at 25 �C. b Values in parentheses correspond to standard deviations.

Fig. 1 90� static light scattering (SLS) detector signal, in volts (V),

linked to left y-axis. Red open triangles represent molar mass, in grams

per mole, linked to right y-axis.
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Particle size

Detailed quantitation of another physical property, particle size,

is also achievable with multi-detector HDC. The presence of four

physical detection methods permits for the determination of

three independent size parameters, a statistical radius and two

hard-sphere-equivalent radii. The statistical radius is the radius

of gyration or root-mean-square radius RG, determined using

multi-angle static light scattering, which relies on measuring the

angular distribution of scattered radiation. The radius of gyra-

tion is defined as the root-mean-square distance of an array of

atoms from their common center of mass as per:29,34

RG ¼
"�

1

nþ 1

�X
i

ðri � RcmÞ
#1=2

(2)

where n is the number of bonds in a particle or polymer, ri is the

location of an individual atom or group of atoms, and Rcm is the

location of the center of mass of the particle.

The two hard-sphere-equivalent radii, the hydrodynamic

radius RH and viscometric radius Rh, were determined using
Table 2 Ellipsoidal particle radii determined by HDC/MALS/QELS/VISC/D

Flow rate/mL min�1 RG,n/nm RG,w/nm RG,z/nm RG,w/RG,n RH,n/nm

0.5 41 (1)b 44 (1) 50 (1) 1.1 (0.1) 23 (1)
1.0 39 (1) 43 (1) 48 (1) 1.1 (0.1) 23 (1)

a In aqueous eluent (see ‘‘Experimental’’) at 25 �C. b Values in parentheses co

This journal is ª The Royal Society of Chemistry 2011
QELS and a combination of MALS, VISC, and DRI, respec-

tively. The hydrodynamic radius is the radius of an equivalent

hard sphere that feels the same force due to flow as does

a macromolecule or particle in solution, and is defined as:29,34

RHh
kBT

6ph0DT

(3)

where kB is Boltzmann’s constant, T is the absolute temperature

of the solution, h0 is the viscosity of the solvent, and DT is the

translational diffusion coefficient of the analyte in solution. The

viscometric radius is the radius of a solid sphere that increases the

viscosity of the fluid by the same amount as does a macromole-

cule or particle, and is defined as:29,34

Rhh

�
3½h�M
10pNA

�1=3

(4)

where [h] is the intrinsic viscosity of the analyte solution, M is the

analyte molar mass, and NA is Avogadro’s number.

The number-, weight-, and z-average values for RG, RH, and

Rh are given in Table 2. The size polydispersity of the sample can

be determined from the polydispersity index ratio (PDI), where

PDI is the ratio of the weight- to number-averages of any

particular radius. As can be seen in Table 2, all three radii have

a PDI > 1. The decrease in RG, RH, and Rh as a function of

elution volume, seen in Fig. 2, also provides an indication of the

size polydispersity present in the sample. The three colloidal radii

plotted as a function of HDC elution volume (Fig. 2) follow the

same trend as does the molar mass (Fig. 1), with all radii dis-

playing a small plateau around 13.5 mL. Both particle size and

molar mass are seen to increase as a function of decreasing

elution volume.

As was done with the molar mass, the particle radii were also

measured at two different flow rates. As seen in Table 2, all

averages of all three radii were essentially flow-rate-independent.

Additionally, the RG,z determined by HDC/MALS at both flow

rates is virtually identical to the RG,z of 50 � 1 nm determined by

off-line MALS. This collection of results provides ample

evidence that the silica particle is not experiencing degradation

during HDC analysis.
RIa

RH,w/nm RH,z/nm RH,w/RH,n Rh,n/nm Rh,w/nm Rh,z/nm Rh,w/Rh,n

25 (1) 28 (1) 1.1 (0.1) 25 (1) 24 (1) 27 (1) 1.1 (0.1)
24 (1) 27 (1) 1.1 (0.1) 23 (1) 25 (1) 28 (1) 1.1 (0.1)

rrespond to standard deviations.

Analyst, 2011, 136, 515–519 | 517
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Fig. 2 90� static light scattering (SLS) detector signal, in volts (V),

linked to left y-axis, and RG, RH, and Rh distributions across the elution

profile, linked to right y-axis. RG, RH, and Rh are represented by open

blue squares, open red circles, and open green triangles, respectively.

Numbers on graph correspond to RG, RH, and Rh of analyte at each of

the following elution volumes: 12.5, 13.5, and 14.5 mL.
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Particle shape

A third physical property which can be determined from multi-

detector hydrodynamic chromatography experiments is particle

shape. The synergistic coupling of MALS and VISC and MALS

and QELS provides two independent dimensionless ratios, Rh,w/

RG,z and RG,z/RH,z, respectively, which inform our knowledge of

particle shape and compactness. Let us first focus on the ratio

Rh,w/RG,z as a function of HDC elution volume. For our

colloidal silica analyte this ratio ranges from 0.94 at the early

elution volume, large-radius side of the HDC profile, to 0.62 at

the late-elution volume, small-radius side, with a value of 0.63 in

the plateau region seen for both molar mass (Fig. 1) and the

various radii (Fig. 2). The lower the value of Rh,w/RG,z, the more

extended the particle is in solution. The theoretical limit for

a hard sphere is Rh;w=RG;z ¼
ffiffiffiffiffiffiffiffi
5=3

p
, with highly extended
Fig. 3 Change in dimensionless ratio Rh,w/RG,z as a function of HDC

retention volume. Data for sample depicted by black open triangles. Also

shown are the hard sphere limit (red dashed-dotted line) and the rigid rod

region (in blue).

518 | Analyst, 2011, 136, 515–519
structures having an Rh,w/RG,z value in the range of 0.3–0.4.35,36

As seen in Fig. 3, the ratio Rh,w/RG,z decreases as a function of

increasing HDC elution volume, indicating that the particle

adopts a more extended conformation (not to be confused with

the particle becoming larger) as both molar mass and size

decrease. By combining our knowledge of Rh,w/RG,z, molar mass

M, and size across the HDC elution profile we can conclude that

the early eluting, larger-sized, high molar mass species are more

compact or more dense than the late-eluting, smaller-sized, low

molar mass species, which appear to be less compact or dense.

Information about shape and compactness can also be deter-

mined through the ratio of r h RG,z/RH,z. The theoretical value

of r is 0.778 for a homogeneous hard sphere and 2.36 for a stiff

rod with a molar mass similar to that of the silica sample.40 The r

value of ellipsoids with axial ratios between 1 and 100 ranges

from 0.875 to 0.987 for oblate ellipsoids, and from 1.36 to 2.24

for prolate ellipsoids.37–42 The value of r for the silica sample

examined here decreases from 2.02 to 1.68 as a function of

increasing HDC elution volume, a r range comparable to that of

a prolate ellipsoid. By combining both ratios, Rh,w/RG,z and r,

with the molar mass and size data reported above, we can

conclude that the composition of the silica sample ranges from

large-sized, high-molar mass, compact prolate ellipsoids (which

elute early from the HDC columns due to their larger size) to

smaller-sized, lower-molar mass, more elongated prolate ellip-

soids (the late-eluting species).

The shape of the silica particle was also determined by plotting

the experimentally determined RG,z values versus the corre-

sponding RH,z values, along with the theoretical predictions of

this dependence for spheres, oblate ellipsoids, prolate ellipsoids,

and rods, as shown in Fig. 4. Predicted values for spheres and

ellipsoids were calculated based on the formulas given in ref.

15,17,38–41 and 43. Results for oblate and prolate ellipsoids were

calculated for axial ratios ranging from 1 to 100. For the rigid

rod, results were based on the weight-average molar mass of the

silica sample. As shown in Fig. 4, the experimental data are in
Fig. 4 Radius of gyration (RG) versus hydrodynamic radius (RH): dark

blue squares represent experimental data for the colloidal silica particle;

theoretical predictions for spheres, oblate ellipsoids, prolate ellipsoids,

and rods are represented by a red dashed dotted line, solid green region,

solid light blue region, and solid black line, respectively. The z-averages

of both radii are plotted in the figure.

This journal is ª The Royal Society of Chemistry 2011
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good agreement with the predictions for a prolate ellipsoid and

lie well above the predicted curves for both oblate ellipsoids and

spherical particles. It should also be noted that while the values

for the two dimensionless ratios, Rh,w/RG,z and r, both decrease

as a function of HDC elution, the slope of the RG,z versus RH,z

plot is constant and within the range of values of a prolate

ellipsoid. This constancy in slope implies that, while the molar

mass, size, and compactness or denseness of the analyte all

decrease as a function of increasing HDC elution volume, the

particle shape remains constant. Finally, by combining the three

physical properties discussed here, molar mass, particle size and

particle shape, we can conclude that the sample is a polydisperse,

prolate ellipsoid spanning the molar mass and size ranges indi-

cated in Fig. 1 and 2, and with molar mass and size averages and

polydispersities given in Tables 1 and 2.
Conclusions

A polydisperse, ellipsoidal colloidal silica sample was charac-

terized based on molar mass, size, shape, and their distributions

using hydrodynamic chromatography with MALS, QELS,

VISC, and DRI detection. All three physical properties were

determined as a function of HDC elution volume. The slight

bimodality observed in the chromatogram of the sample was

evidenced much more strongly by the almost stepwise decrease in

both molar mass and size across the HDC elution profile, indi-

cating that the sample is composed of two species of vastly

different molar mass and size. By synergistically combining the

size information obtained through the use of multiple physical

detectors, we were able to also show that, while both species

appear to be prolate ellipsoidal particles, the larger, high molar

mass species is both more compact (more dense) and more

spherical than the smaller, lower molar mass species, which

appears to be both less compact (less dense) and more elongated.

The HDC method was shown to be rapid, accurate, and

precise. Complete characterization was achieved in less than

twenty minutes, and the sample was shown to not have degraded

during analysis, as molar mass and size values obtained by HDC/

MALS at two different flow rates compared quite well to each

other and to values obtained with the MALS detector off-line.

Additionally, the size and shape determined using multi-detector

HDC compared favorably to those determined by the manu-

facturer using microscopy. A distinct advantage of multi-

detector HDC over other characterization methods is its ability

to determine particle size, shape, compactness, and their distri-

butions in a single analysis, using instrumentation common to

many polymer separation laboratories.
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