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We report on the characterization of the solution structure of poly(N-vinyl-2-pyrrolidone)s (PVP) by
small-angle X-ray scattering (SAXS) and by online coupling of asymmetrical flow field-flow fractionation
(A4F), SAXS and dynamic light scattering (DLS). The commercial products PVP K30 and PVP K90 with
nominal molar masses of 40 � 103 and 360 � 103 g mol�1, respectively, were investigated separately and
as binary mixture. Detailed information for all polymer fractions is available on the polymer contour
lengths and the diffusion coefficients. Key areas of applications for the A4F-SAXS-DLS coupling are seen
in comparison to static light scattering for polymers with radii of gyration smaller than 10 nm, for which
only SAXS produces precise analytical results on the size of the polymers in solution.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

PVP is a water-soluble versatile polymer whose application
ranges from pharmaceutical and cosmetics formulations [1] to
technical adhesives, coatings, inks, electronics, etc [2]. Currently
PVP is found to be of increasing interest in nanotechnology espe-
cially for the protection and stabilization of metal and metal oxide
nanoparticles in aqueous surroundings. For example, mono-
disperse silver nanocubes were synthesized in large quantities by
reducing silver nitrate with ethylene glycol in the presence of PVP
[3]. Furthermore, this procedure allows control over shape and size
of gold nanoparticles as well [4]. PVP sterically protects nano-
particles from aggregation [5], and single-wall carbon nanotubes
have been solubilized in water very successfully with PVP [6]. For
cobalt it has been demonstrated that PVP interacts little with the
surface of the particles and therefore would not modify their
electronic and magnetic properties [7]. By contrast, the molar mass
can have a strong influence on the magnetic properties of nickel
nanoparticles [8]. Superparamagnetic nickel particles are formed
when a PVP with medium molar mass (K30) is used for particles
synthesis, but ferromagnetic particles are obtained for the high
molar mass PVP (K90) [8].

The molecular characteristics of PVP were first described with
great effort in the 1950s [9,10] because of its early use as blood
plasma extender, for which the range of molar masses must have
been adjusted. Iodine complexed PVP (povidone-iodine) has
become universal for wound disinfection since it has been found to
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be less toxic than iodine tinctures [11]. PVP has a long-standing
record in biomedical and pharmaceutical applications and
currently PVP based drug delivery systems are under intense
investigation [12].

In the 1990s a detailed study of the hydrodynamic properties in
dilute solution was given by Pavlov et al. [13], who addressed the
finding that the relationships between the intrinsic viscosity and
themolecular mass vary greatly in the literature. One reason for the
great differences in the reports may be that commercial PVPs
display very broadmolarmass distributions with ratios ofMw toMn
of typically larger than three [2]. In addition, PVP is surface active
due to the presence of highly polar amide groups in conjunction
with non-polar ethylene groups. This makes it attractive for
complexation with low molar mass compounds or surfactants
[14,15]. But the wide molar mass range in combination with its
amphiphilic nature makes it very difficult to accurately characterize
PVP. Nevertheless, Jones et al. were successful in developing a HPCL
method for the detection of the lower molar mass PVP K15 in
pharmaceutical formulations [16]. Additional attempts have been
made for automated batch characterization of PVP solutions by
combining SEC, static light scattering and viscometry for high
molar mass PVP [17].

For technical purposes, PVP's molar masses are still classified by
its K-values, which are derived from viscometry measurements
[9,10]. The K-value is an integral parameter and in consequence
a rough estimate of PVP's molar mass, but it is sufficient for char-
acterization in many technical uses of PVP.

In our opinion a detailed knowledge of the PVP's solution state
characteristics is necessary for a systematic development of its use
in nanotechnological applications. Hence, the purpose of this work
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is to provide a more detailed analysis on the solution structure and
molecular characteristics of technically available PVPs. The present
study is organized as follows. We first discuss the scattering
properties of PVP with medium and highmolar mass (K30 and K90,
respectively) in terms of the wormlike chain model. Second, the
separation of K30, K90 and a binary mixture of K30 and K90 is
performed with asymmetrical flow field-flow fractionation (A4F).
Third, online detectionwith SAXS and DLS after A4F fractionation is
discussed.
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Fig. 1. Double logarithmic presentation of the SAXS curves of PVP K30 (a) and K90 (b)
(symbols). Curve fits (solid lines) are from the wormlike chain model with contour
lengths of 50 � 1 nm (a) and 226 � 6 nm (b). The Kuhn length is 3.0 nm for both.
2. Materials and methods

2.1. Materials

Poly(N-vinyl pyrrolidone)s PVP Kollidon 30 and PVP Kollidon 90
were obtained from BASF with nominal molar masses of
4.0� 104 gmol�1 and 3.6� 105 gmol�1, respectively. Themolecular
mass of PVP is given as the K-value [18], from which the viscosity
average molar mass (Mv) can be approximated. K30 corresponds to
Mw andMn values of about 5.0 � 104 g mol�1 and 1.5 � 104 g mol�1,
and K90 to 1.4�106 gmol�1 and 3.25�105 gmol�1 asmeasured by
GPC, i.e Mw/Mn ¼ 3.3 (K30) and 4.3 (K90).
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Fig. 2. Fractograms of the asymmetrical field-flow fractionation with RI detection of
K30 (a), K90 (b) and a mixture of K30 and K90 (c). Right axis. Crossflow profile used for
elution (dotted line).
2.2. Methods

2.2.1. Asymmetrical flow field-flow fractionation (A4F)
The A4F unit was purchased from Postnova Analytics GmbH

(Germany), and consisted of an AF2000 focus system (PN 5200
sample injector, PN 7505 inline degasser, PN 1122 tip and focus
pump) equipped with slot outlet technique for increased sensitivity
[19]. The in-house built slot outlet function was implemented by
using a special channel top with an additional port 13 mm in front
of the laminar outlet port and by connecting a narrow capillary to
the pre-installed slot outlet port of the A4F unit to control the flow
by backpressure.

An inline solvent filter (100 nm, regenerated cellulose, Post-
nova) was placed between the solvent pumps (tip and focus) and
the channel to reduce the background signals. The channel
thickness was 500 mm, and the ultrafiltration membrane was
a regenerated cellulose membrane with a cutoff of 5 � 103 g mol�1.
A solution of 0.1 M sodium chloride in deionized water with
additional 200 mg L�1 of sodium azide to prevent bacterial growth
was used as the solvent for the polymers, as well as for the carrier
solution. The latter was filtered through a 0.1 mm regenerated
cellulose filter, the former samples through a 0.45 mm syringe filter
prior to use to avoid dust in the samples. A volume of 0.40 mL
solution at a polymer concentration of 15 mg mL�1 was used for
analysis of K30 and 0.20 mL at 5 mg mL�1 for K90. 0.40 mL of the
K30/K90 mixture was injected with concentrations of 15 and
5 mg mL�1 of K30 and K90, respectively. The channel flow rate
was set to 1.0 mL min�1 for the A4F experiment, a slot outlet
function was enabled at 80% to reduce further dilution, resulting in
a detector flow rate of 0.2 mL min�1. The crossflow was controlled
by AF2000 software from Postnova Analytics. It was set to
decrease exponentially over time with an exponent of
0.25 ml min�2 according to the power method [20] implemented
in the A4F control software, starting with a flow rate of
3 mL min�1 and decreasing to 0 mL min�1 within 60 min. For the
crossflow profile see also Fig. 2. The PVP solutions were injected
and focused in the separation channel within 3 min and a further
7 min interval of transition time followed before the elution
started. The outlet of the A4F was connected directly to the RI
detector, the flow cell of the SAXS instrument and the flow cell of
the DLS device.
2.2.2. Small-angle X-ray scattering (SAXS)
SAXS measurements were performed at the BAMline at BESSY II

(Berlin, Germany) with a Kratky type instrument (SAXSess from
Anton Paar, Austria) at 25 � 1� C and with an acoustic levitator
setup as described recently in detail [21,22]. The SAXSess has a low
sample-to-detector distance (0.309 m), which is appropriate for
investigation of dispersions with low scattering intensities. The
measured intensity was corrected by subtracting the intensity of
a capillary filled with pure solvent. The scattering vector is defined
in terms of the scattering angle q and the wavelength l of the
radiation (l ¼ 0.124 nm): thus q ¼ 4p/l sin q. Deconvolution
(slit length desmearing) of the SAXS curves was performed with
Glatter's established indirect Fourier transformation method
[23e25] implemented in the PCG Software Version 2.02.05
(University of Graz) to verify the results produced with the
SAXSquant software (Anton Paar).

2.2.3. Dynamic light scattering (DLS)
The DLS measurements were performed using a particle sizer

(Zetasizer Nano ZS, Malvern Instruments, UK) equipped with
a HeeNe laser (l ¼ 632.8 nm). The scattering data were recorded at
25�1 �C in backscatteringmodus at a scattering angle of 2q¼ 173�,
which corresponded to a scattering vector of q ¼ 4pn/l sin q

(0.02638 nm�1). The aqueous sample solutions were investigated
in a flow through quartz cuvette.
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Fig. 3. The radii of gyration as a function of the fraction time for PVP K30 (triangles),
K90 (squares) and mixture (circles). The linear approximation (straight line) has
a slope of (3.83 � 0.17) 10�3 nm s�1 and an intercept at �(0.05 � 0.2) nm.
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Fig. 5. The radii of gyration as a function of the contour lengths for fractionated K30
(triangles), K90 (squares) and mixture of K30 and K90 (circles). Data are listed in Table
2. The best fit of the BenoiteDoty equation corresponds to a Kuhn segment length of
3.5 nm (solid line).
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3. Results and discussion

3.1. Scattering properties of PVP K30 and K90

SAXS of the non-fractionated PVPs were measured from
aqueous solutions at concentrations of 0.3e1.5 % (w/w). Results for
K30 and K90 are displayed in double logarithmic presentation of
Fig. 1a and b, respectively (symbols). No change of the shape of the
curves with concentration could be observed, and we conclude that
interactions between the polymer chains can be neglected in this
concentration regime. Therefore, single-chain models are appro-
priate for interpretation of the SAXS data; the wormlike chain
model seems the most suitable for this [24].

Scattering functions for semi-flexible chains are given by
Pedersen and Schurtenberger [26]. These were tested in a compar-
ative study by Ballauff et al. to provide the best description for the
scattering intensity throughout a large range of possible chain
stiffnesses [27]. Small corrections of that flexible cylinder function
including polydispersity of the length are provided by Chen [28]
and considered in the NIST software package [29]. It calculates
the form factor of a flexible chain with a circular cross section and
a uniform scattering length density. The total scattering function is
given as

IðqÞ ¼ cDr2mMSðq; L; bÞPðq;RÞ (1)
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Fig. 4. The contour lengths as a function of the fraction time for PVP K30 (triangles),
K90 (squares) and mixture (circles, straight line is to guide the eye). Inset: scattering
curves of PVP K30 at separation times of 785 s (a), 1297 s (b), 1553 s (c) and 1809 s (d).
Curve fits for determination of the contour length are given as straight lines.
where c is the polymer concentration, M the molar mass of the
polymer, Dr2m is the square of the electron density difference
between polymer and solvent. S(q,L,b) is the scattering function of
a single semi-flexible chain with the contour length of the polymer
chain, L, and the Kuhn length, b. The b is twice the persistence
length, lp, and a measure for the chain stiffness. The mathematical
expression of S(q,L,b) is lengthy and can be found with a detailed
discussion in the appendix of Ref. [28]. P(q,R) is the scattering cross
section function of a rigid rod given by Pðq;RÞ ¼ ½2J1ðqRÞ=ðqRÞ�2
where J1(x) denotes the Bessel function of the first kind.

The SAXS of wormlike chains in the very small q-region follow
Guiner's law ði:e: IðqÞ ¼ Ið0Þexp½�R2gq

2=3�Þ, which allows the
determination of the radius of gyration, Rg. We determined Rg
values of (5.42 � 0.02) nm and (12.32 � 0.05) nm for K30 and K90,
respectively; the maximum q-values for curve fittings were 0.2 and
0.1 nm�1.

Intensities were detected in a large q-range from 0.06 to
7.00 nm�1 by merging the scattering curves measured with
a Kratky type camera in a capillary and from a droplet in a levitator
[21,22]. The Kratky type camera produces high quality data in the
region of small and the levitator setup at high q-values. Both
instruments were used with synchrotron radiation as scattering
source. Curve fits of the data according to Eq. (1) are shown in
Fig.1a and b for PVP K30 and K90. The best fit values for the contour
length are 50� 1 nm and 226� 6 nm, which are in agreement with
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Fig. 6. Online measured diffusion coefficients as a function of the fractionation time
for K30 (dotted line), K90 (dashed line) and the mixture (solid line). The RI concen-
tration signal is given for the mixture (dashed dotted line).



Table 1
Molar mass characteristics of PVP K30 and K90: nominal molar mass (M), contour
length (L), radius of gyration (Rg) and diffusion coefficient (D). The Kuhn segment
length is 3.0 � 0.2 nm.

Polymer M (g mol�1) L (nm) Rg (Guinier) (nm) D (10�12 m2 s�1)

K30 4.0 � 103 45 � 3 5.43 � 0.01 34.31 � 0.51
K90 3.6 � 105 179 � 5 12.07 � 0.07 10.50 � 0.26

Table 2
SAXS results for PVP K30, PVK K90 and a mixture: radii of gyration (Rg) from
applying the Guinier law and contour lengths (L) from curve fits according to Eq. (1).
A constant persistence length of 3.0 nm was applied. The uncertainties for Rg and L
are less than 0.2 and 5 nm, respectively.

Time (s)
PVP K30 PVP K90 Mixture

Rg (nm) L (nm) Rg (nm) L (nm) Rg (nm) L (nm)

784 3.3 23 2.9 23
1040 3.8 29 4.0 34
1297 4.8 44 4.8 46
1553 5.9 64 6.3 72
1809 6.7 82 7.3 94 7.4 99
2065 7.3 97 7.7 102 7.8 109
2321 8.4 123 8.8 135
2577 9.1 145 9.2 146
2834 10.3 182 10.4 188
3090 10.9 204 11.3 218
3346 12.4 268 12.9 297
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the radii of gyration. The optimumKuhn lengths for the curve fits of
K30 and K90 is (3.0 � 0.2) nm. In comparison, a MALS-SEC study of
high molar mass PVP resulted in an estimated persistence length
of 3 nm [14]. Pavlow et al. [13], determined b¼ 2.1�0.3 nm for PVP
in 0.1 M sodium chloride solution based on viscometry and
analytical ultracentrifuge measurements and the theoretical Kuhn
length of atactic PVP has been calculated as b ¼ 1.72 nm for
a 20-mer in aqueous solution at ambient conditions [30]. Therefore,
our finding for the Kuhn length is in agreement with the values
reported in the literature, which were produced with other
methods.

Interestingly, the scattering chain cross section is around 0.1 nm,
which is identical to the backbone scattering cross section. This
value is identical to the small-angle neutron scattering interpre-
tation reported earlier by Pedersen et al. [26], for a polystyrenewith
deuterated backbone, i.e. where only the backbone was “visible”.
If we tentatively assume a compact cylinder for the PVP structure,
which is clearly separated from its aqueous surroundings, the
radius can be calculated between 0.4 and 0.5 nm from van der
Waals' volumes. This estimated cross sectional radius is in agree-
ment with the value reported by Pavlov et al. (Rc ¼ 0.50� 0.13 nm),
which is an effective hydrodynamic cross section because of their
study is based on hydrodynamic properties [13]. Our finding that
the determined value of 0.1 nm is much lower than this leads us to
the conclusion that the pyrrolidone side groups are well hydrated
so that these groups do not contribute significantly to the electron
density contrast. It produces obviously a contrast matching for
X-rays. Conversely, the SAXS contrast for PVP is produced exclu-
sively by the PVP backbone comparable to a deuterated backbone in
SANS.

3.2. Separation with A4F

The PVP K30 and K90 were injected separately and as a binary
mixture into the asymmetrical flow field-flow fractionation
instrument (A4F) where an exponentially decaying crossflow
profile was applied for an optimized separation (see Fig. 2, dotted
line). The RI signal of the samples, which is detected first inlinewith
SAXS and DLS, reveals that PVP K30 elutes at fractionation times
from 670 to 2300 s, PVP K90 from 760 to 3500 s and the mixture
from 670 to 3600 s (Fig. 2, curves a, b, and c). PVP K30 and the
mixture display each a clearly visible maximum at 1030 s and
1140 s, respectively, whereas the trace of PVP K90 is without
a defined maximum. It can be seen in Fig. 2 that the shapes of the
traces of the two individual samples are in good agreement with
the trace of the mixture. Only a slight broadening of the latter is
found in comparison to the single traces which indicate a successful
sample separation, as expected.

3.3. Online characterization using SAXS

The SAXS intensities were detected as the A4F separation
proceeds and the radii of gyration of the fractions were determined
by applying Guinier fits (not shown). The Rg values as shown in
Fig. 3 range from 3.3 to 7.3 nm (PVP K30), 7.3e12.4 nm (PVP K90)
and 2.9e12.9 nm (mixture). The uncertainties of the values are
smaller than 0.2 nm. The increase of the Rg values with time is
approximately linear with a slope of (3.83 � 0.17) 10�3 nm s�1 and
an intercept at (�0.05� 0.2) nm (straight line in Fig. 3). This finding
proves that the A4F separates the PVP molecules effectively from
small to large radii.

In a next step we determined the contour length by fitting the
curves with the wormlike chain model according to Eq. (1) as
shown in the inset of Fig. 4 exemplarily for the lower molar mass
sample PVP K30 at different separation times. The curve fittings in
Fig. 4 could only performed in a limited q-range (0.04e0.15 nm�1)
because the very low polymer concentrations after A4F separation
do not allow measurement of data at higher q-values. Therefore,
fixed parameter values for b ¼ 3.0 nm and Rc ¼ 0.1 nmwere used to
avoid ambiguous results. The resultant contour lengths for K30,
K90 and the mixture are shown in Fig. 4. The ranges of L are
23 nme97 nm (PVP K30), 94 nme268 nm (PVP K90) and
23 nme297 nm (mixture). An overview on the data is given in
Table 2.

The BenoiteDoty equation [31]

Rg ¼
 
Nk

6
� 1
4
� 1
4Nk

� 1
8N2

k

½1� expð�2NkÞ�
!1=2

b (2)

where Nk ¼ L/b is the number of the Kuhn segment lengths allows
to test the consistency of the value of the Kuhn segment length
used in our work. The best curve fit of Eq. (2) to the set of the eleven
Rg-L-pairs of the mixture results in b ¼ 3.5 � 0.2 nm (see solid line
in Fig. 5). The same value is found when adding the Rg-L-pairs of
K30 and K90 from Table 2. In conclusion, we found that the b value
from applying the BenoiteDoty equation is slightly larger than the
value from the direct curve fits of the wormlike chain model
(3.0 � 0.2 nm). The small difference may result from current
limitations of quality of the SAXS data.
3.4. Online determination of the diffusion coefficients

The diffusion coefficients were determined online with DLS in
series directly after SAXS. It can be seen in Fig. 6 that the diffusion
coefficients decrease monotonically with increasing time of frac-
tionation for the three samples as expected. Diffusion coefficients
range from 46 to 18 � 10�12 m2 s�1 for PVP K30 and 28 to
6 � 10�12 m2 s�1 for PVP K90. These ranges of diffusion coefficients
are in agreement with the values for non-fractionated K30 and K90
(see also Table 1). The mixture of K30 and K90 covers the whole
range of diffusion coefficients from46 to6�10�12m2 s�1 and shows
a satisfactory overlay with the traces of PVP K30 and K90. The
frequency distributions of the diffusion coefficients were calculated
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by assigning the RI signal in the time interval from 623 to 3625 s to
the corresponding diffusion coefficients at the same times. The
results as displayed in Fig. 7 show that the frequency distribution of
themixture is correctly reproduced by the distribution of K90 at low
diffusion coefficients. Similarly, the curve shape of the mixture is
reproduced by the shape of the K30 at high values.

4. Conclusions

The online coupling of asymmetrical flow field-flow fraction-
ation with small-angle scattering and dynamic light scattering has
been demonstrated to be useful to characterize poly(vinyl pyrroli-
done) with a broad molar mass distribution. The time required for
online separation is approximately 1 h and the analysis may be
performed automatically in the future. The key information are the
radii of gyration and contour lengths (from SAXS) and the diffusion
coefficients (from DLS). The method is versatile and can be used for
a wide range of polymers with arbitrary molar mass distributions.
Strong advantages are seen in comparison to the use of static light
scattering for a polymer dimension smaller than 10 nm. Absolute
intensity measurements [32] are planned for future investigations
to assign the molar mass distributions routinely [24]. We expect
a precision around 10% for the molar mass as this has already been
demonstrated for proteins [33]. The attainable accuracy will prob-
ably significantly better (below 2%) in analogy to the accuracy in
X-ray reflectivity [34,35].
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