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ABSTRACT: A new method for determining molecular weight distributions is explored. Matrix fluorescence
photobleaching recovery (MFPR) requires dye attachment to the polymer analyte. No physical separation of
macromolecules is accomplished, as in the predominant gel permeation chromatography technique. Rather, the
distribution of diffusion coefficients is determined by inverse Laplace transformation of fluorescence photobleaching
recovery decay profiles, and the diffusion data are then mapped onto molecular weight using a measured calibration.
Resolution is enhanced by forcing the labeled polymer analyte to diffuse through a solution that contains unlabeled
matrix, which can even be the same type of polymer. Relative to free diffusion, this increases the dependence of
diffusion on molecular weight, making it easier to differentiate components having similar mass. Simulated,
noise-corrupted data for molecules diffusing by reptation suggest that excellent resolution may be achieved.
Empirical tests were conducted using fluorescent dextran and pullulan diffusers in unlabeled dextran matrix
solutions. Although the resolution fell short of the simulated results, it exceeded that available from gel permeation
chromatography as normally practiced. An investigation conducted to understand why the full resolution was not
achieved revealed that matrix solutions of high molecular weight dextran lie in the unentangled semidilute regime,
as evidenced by the scaling behavior of probe diffusion with probe molecular weight, the absence of a rheological
plateau modulus, and the shape of the small-angle X-ray scattering profiles. Branching of high-molecular-weight
dextran seems to preclude entry into the entangled regime, where a stronger diffusion vs mass relationship is
expected. The good performance that was nevertheless achieved suggests that further exploration may prove
fruitful.

Introduction

When gel permeation chromatography (GPC) was invented
about 40 years ago,1-9 the polymer analyst simply calibrated
the molecular weight-elution volume profile with polymer
standards, ran the samples of interest, and obtained a precise
distribution of molar mass by mapping the output onto the
calibration curve. GPC is only accurate when the standards are
chemically identical to the unknown, but accuracy is often less
important than precision and long-term reproducibility. Uni-
versal calibration schemes10,11 remove much of the inaccuracy
and are particularly effective with GPC/viscosity detectors.12

The addition of light scattering detectors13 (GPC/LS for a single
scattering angle, GPC/MALS for multiple angles) removes
almost all approximations and inaccuracies, at the expense of
more required starting information (specific refractive index
increment) and operational complexity, such as standardization
to a Rayleigh reference, precise calibration of the concentration
detector, normalization of the various scattering angles (GPC/
MALS only), and interdetector time alignment.14

Probably no method for polymer characterization is more
widely used than GPC in its various incarnations, but GPC-
based measurement is not without problems. Run times are long,

typically 15-45 min. Changing solvent, pH, salt, or temperature
may require several hours. The expensive columns are easily
damaged by dirty or reactive samples. A vast parts bin must be
stocked for plumbing and maintenance of pump and detectors.
Much solvent is consumed. Measurements can be made in
aggressive solvents or at high temperatures, but only at the price
of even more complexity and maintenance. The analyte should
not adhere to the stationary phase, although this is less of a
problem if a viscosity or light scattering detector is used. Finally,
although good practice requires testing the column performance
with frequent (regular GPC) or occasional (multidetector GPC)
injection of calibration standards, nothing interesting is learned
during this time-consuming activity. Elution volume lacks
molecular significance.

An alternative to GPC was developed in the dynamic light
scattering (DLS) community, partly motivated by the need to
characterize polymers at very high temperatures or in aggressive
solvents. A calibration curve of a different type is constructed
by measuring diffusion coefficient (D) as a function of molecular
weight (M). Unlike the elution volume vs molar mass calibra-
tion, this is molecularly interesting because theD vs M
relationship provides an indication of molecular shape. The
distribution of diffusion coefficients for the unknown is
estimated by an inverse Laplace transform (ILT) algorithm15,16

applied to the autocorrelation function, which takes the form
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of a multiple-exponential decay. The distribution is then mapped
onto the calibration curve to obtain the molar mass distribution.
In this way, molecular weight distributions (MWDs) of very
difficult-to-measure polymers have been estimated.17,18

The DLS/ILT approach might have found wider acceptance
as a polymer characterization tool, were it not for poor
resolution. The problem can be traced to the ill-conditioned
nature of ILT for “noisy” data.19 Even though DLS signal-to-
noise ratios typically exceed 1000, it is difficult for ILT to
resolve exponential decays separated by less than a factor of
∼2. Diffusion usually follows a scaling law20 with molecular
weight,D ∼ M-â. An exponent ofâ ) 1/2 for an unperturbed
chain implies that molar masses must differ by a factor of 4 to
be resolved, which is unsatisfactory except for broad distribu-
tions. A way to improve the resolution is to force the polymer
analyte to diffuse through a matrix polymer. This effectively
stretches theD vsM behavior, raisingâ, because large polymers
are more affected by the matrix than small ones. In the reptation
limit,20 â ) 2, polymers differing in molecular weight by a factor
of x2 = 1.4 should be separable. This would be acceptable for
many situations. Typical GPC installations may or may not
perform any better, depending on column configuration. Even
higher values ofâ have been reported.21

Many scattering experiments have been performed in a matrix
solution for studies in polymer physics (see for example refs
22-28), and the sensitivity to molecular weight distribution has
been noted.29 Great care must be taken to match the refractive
index of the matrix and solvent. Otherwise, the scattering from
the matrix can dominate that from the polymer analyte. When
index matching is imperfect, the results are not easily inter-
preted.30,31Even if the match is perfect, the matrix and polymer
must be thermodynamically compatible to avoid aggregation
or even outright phase separation. Finally, no one should relish
the prospect of preparing dust-free analyte/matrix/solvent solu-
tions.

The picture brightens considerably if the diffusion coefficients
come not from DLS but from fluorescence photobleaching
recovery (FPR).32-34 In the matrix fluorescence photobleaching
recovery (MFPR) experiments to be considered, the polymer
to be analyzed is lightly tagged with a fluorescent molecule
and dispersed at low concentration in a matrix polymer solution
at much higher concentration. Neither dust nor the matrix
polymer is detected. The matrix can be the same type of polymer
as the analyte, lacking only the fluorescent tag, which neatly
solves the compatibility issue (except in rare instances where a
chain is incompatible with its own homologues across a
molecular weight distribution). MFPR is similar in spirit to the
original GPC because it relies on a calibration, but it is
potentially much simpler and more robust. Thanks to the high
sensitivity of fluorescence detection, a quantity of standard
polymer sufficient to calibrate an MFPR instrument can be
obtained by asinglerun of a broadly distributed sample on an
analytical scale GPC/MALS followed by a fraction collector.35

Other sample-efficient, absolute molecular weight methods, such
as analytical ultracentrifugation, can also be used. Thereafter,
these tools, which are more at home in a central research lab
than in a production environment or, say, a space station, can
be returned to physical studies and not be burdened with routine
MWD analysis. Moving parts are not required in MFPR,
changes in solvent, pH, and temperature are trivial, and mere
microliters of solvent suffice. The need to label the analyte may
seem to be a nuisance, but the chemistry of dye attachment has
improved to the stage where it is often routine. The necessity
of labeling can even be viewed as an opportunity because

different ways to attach the dyesrandomly along the chain or
only at its endscan provide added flexibility.

In this paper, the potential of MFPR as a polymer analysis
tool is first explored using simulated, noise-corrupted data.
Success is measured in terms of the ability to resolve bimodal
distributions. This is followed by an experimental test of the
resolving power of MFPR using fluorescently labeled polysac-
charides, either dextran or pullulan. Both are made to diffuse
in a matrix of unlabeled, high molecular weight dextran. The
results are interpreted with the aid of rheological and small-
angle X-ray scattering measurements on the dextran matrix
solutions and compared to some of the available theories for
diffusion in polymer-containing solutions.

Background

Fluorescence Photobleaching Recovery.FPR methods have
been reviewed recently.36-42 In an ideal FPR measurement, some
fraction of covalently attached dyes are destroyed without
damaging the macromolecule or heating the solution. The
recovery provides information about the diffusion. The original,
simplest, and still most common form of the experiment, deep
bleaching of a circular or Gaussian spot, is not well-suited to
the problem at hand. Such spot photobleaching does not establish
a simple boundary condition for the diffusion. Striped or fringed
patterns are preferable, and several groups32,43-45 have developed
schemes that permit the diffusive recovery to be observed at a
specific spatial frequency,K:

whereL is the period of the pattern in the sample. To each
diffuser, let us assign an indexi and a fluorescent strength,
Fi. At time t ) 0, a photobleaching pulse is applied. The
contrast, C(t), of the striped or fringed pattern, which is
typically proportional to a voltage output of the modulation
detector system,32,43,44will fade according to a sum of expo-
nential terms:

The baseline,B, represents noise from scratches on the cell or
particulate matter in the sample, plus electronic jitter. In the
integral form, which holds for the approximately continuous
distributions of most synthetic polymers, a decay rateγ ) DK2

has been introduced.
The output of an ILT algorithm, such as the popular CONTIN

program,15,16is a set of pairs of fluorescent amplitudes and decay
rates, denoted by [F,γ]. Let index j represent an element, or
grid point, of the set. The relationship connectingD andM may
be written for each element of the set:

where theR is a prefactor. Molecular weight values for each
grid point are obtained by inverting eq 2. Sometimes, in simple
solutions, a distribution of hydrodynamic radius,Rh, is desired.
This follows from the Stokes-Einstein law

wherek is Boltzmann’s constant,T the Kelvin temperature, and
η the solvent viscosity.

K ) 2π/L (1)

C(t) ) B + ∑
i

Fie
-DiK2t = B + ∫0

∞
F(γ)e-γt dγ (2)

Dj )
γj

K2
) RMj

-â (3)

Rh,j ) kT
6πηDj

(4)

Macromolecules, Vol. 39, No. 26, 2006 Polymer Molecular Weight Distributions9447

CDV



The relationship between fluorescence strength and polymer
concentration depends on the labeling scheme. Adopting most
of the notation from ref 46, we may write

whereNj is the number of diffusers associated with thejth grid
point. The coefficientsp andp′ formally account for variation
in labeling efficiency and quantum yield with mass and size,
respectively; here, they will be treated as constants. The
parametersδ and σ reflect the nature of the dye attachment.
The fluorescence intensity does not depend on mass or size for
end labeling of linear polymer chains (or any other scheme that
puts exactly the same number of dye moieties on each diffuser).
In such cases,δ ) σ ) 0, and the fluorescence intensity is
proportional only to the number of diffusers. Labeling of a
polymer chain randomly along its length corresponds toδ ) 1,
while σ depends on the architecture of the chain (e.g.,σ ) 2
for a Gaussian random coil). Now the fluorescence intensity is
proportional to the number of diffusers multiplied by their
molecular weight, i.e., to the total mass or mass density,c (e.g.,
g/mL). Equations for solid spheres were given earlier.46 The
ability to control how intensity depends on size provides
additional power not available to DLS. That technique always
sees an amplitude proportional toNjMj

2, veiled at finite angles
by a particle form factor that depends on shape. If the shape is
not known, or not uniform across the distribution, the experi-
ments must be conducted at low angles where interference from
dust is strongest and signal acquisition longest. In FPR, one
may be able to choose end labeling to ensure that small polymers
can be seen in the presence of large ones. Even with random
labeling, FPR detects the first moment of the distribution, while
DLS senses the second.

Equations 3-5 show that it is a simple matter to convert
[F,γ] to [N,M], but how well might we be able to determine
[F,γ] in the first place? A good way to find out is to simulate
bimodal distributions according toD ) RM -â, add realistic
levels of noise, and test whether CONTIN can resolve the two
peaks. Extensive comparisons of CONTIN and other methods
(see, for example, ref 47) suggest that CONTIN is representative
of the better algorithms. As the focus here is to evaluate the
potential of a new experiment that may offer inherently greater
resolution, other ILT choices are not considered.

Polysaccharide Solution Behavior.Dextran is a polysac-
charide produced by theLeuconostoc mesenteroidesbacterium,
strain B-512(F). The molecules are composed ofR-D-glucopy-
ronosyl residues primarily linked at theR(1-6) position.48

Dextran is considered to belong to the class of branched
molecules. Branching occurs when (1-2), (1-3), or (1-4) links
appear along the backbone. Short chain branching accounts for
about 5% of the links even though branching density as high
as 30% has been reported.48-55 Long-chain branching is
observed in molecules with a molecular weight of 150 000 Da.
Pullulan is a polysaccharide produced by theAureobasidium
pullulan fungus as a linear polymer consisting of maltotriose
repeat units linked at the (1-6) position by a glycosidic bond.

Although many studies have used dextran and related
polymers as dilute probes of various environments (see, for
example, ref 56), only recently have there appeared detailed
studies of concentrated solutions, which address the nature of
overlap in these branched polymers.51 Diffusion of small solutes
and larger micelles in concentrated dextran in solution and gel
form has been studied, though.57,58 It was found57 that specific
interactions did not play a strong role in diffusion, suggesting
the importance of physical impediments. Many theories have

addressed this problem,59-69 and the detailed nature of the
constraints is beginning to be worked out experimentally by
varying the molecular architecture of probe and matrix.70

Experimental Section

Fluorescence Photobleaching Recovery System.The apparatus
follows the prescription of Lanni and Ware,32,33 except that the
striped illumination pattern (Ronchi ruling) is now wiggled instead
of translated over long distances. The electromechanical modulation
detection system initially reports a triangle-shaped signal at the
photomultiplier tube. This quickly rounds to a sine wave as terms
associated with high spatial frequencies fade. The signal amplitude
at the fundamental frequency (typically 32 Hz) is detected by a
peak voltage detector triggered by a zero crossing circuit. The
number of points detected is large. While many experimental
methods in various fields of science rely on multiple exponential
decays, DLS practitioners were the first to discover that the entire
record (linearly spaced correlation function, in their case) is not
necessary; for maximum efficiency, data along the time axis should
be grouped logarithmically.71-74 Modern correlators for DLS often
use a quasi-logarithmic scheme, with blocks of lag time channels
separated by equal increments, each block rising up by a power of
2. A similar “blocking” routine is applied to our FPR record, either
real or simulated, meaning that data gathered long after the
photobleaching pulse are averaged over longer times and, therefore,
quieter than data from the early part of the recovery. The noise
profile qualitatively resembles that of DLS performed with a
modern, logarithmically spaced correlator. Further details of the
apparatus appear in the Supporting Information.

Inverse Laplace Transformations. The MFPR distributions
(apparent chromatograms) that appear below are an average of three
normalized results from three different measurements. The error
bars for amplitudes are the standard deviations. Averaging of
“chromatograms” is possible because the range of decay rates in
CONTIN and the number of points between the minimum and
maximum decay rates was kept constant. Scaling of the “chro-
matograms” was accomplished by dividing the amplitude associated
with each decay value by the sum of all amplitudes then multiplying
by an arbitrary number so details can be seen.

Simulation of FPR Recoveries.Recovery curves were simulated
using a software package that was developed to support the FPR
apparatus. The simulation is designed to match the normal output
of the FPR instrument. The program also combines a cumulants-
style linear polynomial fit, multiple-exponential nonlinear fit and
CONTIN Laplace inversion into an intuitive, graphical interface.
The ability to simulate multiple exponential decays should be part
of any ILT package because the ill-posed nature of ILT often leads
to questions like, “can this apparent separation be real”? The user
answers such questions by simulating the distribution, adding noise
comparable to that present in the experiment, and testing.

In the simulations, we assigned a diffusion ofD ) 2.0× 10-7cm2

s-1 to M ) 10 000, scaled the diffusion at other molecular weights
according to the reptation prediction ofD ∼ M-2, and applied 3%
noise to the unblocked data. The spatial frequencies selected for
the simulations correspond to the use of an epi-illumination FPR
microscope with 10× objective to cast into the sample the image
of a Ronchi ruling having either 50 or 100 lines/in. Under these
conditions, data acquisition times (and simulated recovery times)
are typically∼20 min, which is similar to GPC with two columns.
The CONTIN parameters were set to span a wide range of decay
times with 50 grid points. They were not optimized from run to
run to test simple, “push-the-button” operation. CONTIN produces
many trial solutions and automatically selects one to be the
smoothest distribution consistent with the data. This solution was
used, except as noted.

Gel Permeation Chromatography.The aqueous GPC used to
characterize dextran and pullulan samples was assembled from a
Waters Associates chromatography pump model 6000A, a Polymer
Labs Aquagel chromatography column part number 1149-6800, a
Wyatt Technology Corp. Dawn DSP laser photometer operating at

Fj ∝ pNjMj
δ ) p′NjRh,j

σ (5)
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632.8 nm, and a Waters Associates differential refractometer model
R401. The Dawn was calibrated using toluene as the Rayleigh
reference, and the multiple detectors were normalized using low-M
pullulan standards from Polysciences, Inc. The mobile phase for
all experiments on the GPC-MALS was a sodium phosphate buffer75

of pH ) 7.8 with 5.0µM sodium azide made with water from a
Barnstead Nanopure filtration system. Typical concentrations for
injected samples range from 1 to 5 mg/mL. Samples were run in
triplicate for the measurement of number-average molecular weight,
Mn, weight-average molecular weight,Mw, and polydispersity index,
PDI ) Mw/Mn. Separation of dextran and pullulan mixtures was
attempted with the same setup after substituting a series of columns
specifically selected for good performance in the desired range
(Polymer Laboratories Aquagel-OH: 40A, molecular weight range
10 000-200 000; 50A, molecular weight range 50 000-1 000 000).

Rheology.A Rheometrics Scientific SR5000 controlled stress
rheometer with a parallel plate setup was used to measure the
storage modulus,G′, and viscosity,η, of the matrix solutions.
Measurements ofG′ were done using oscillating shear, varying the
frequency at constant strain. The range of frequencies used to
measureG′ was 1 to 100 s-1 with 10 points for each decade. The
stress for dextran matrix solutions withw ) 0.25, 0.20, 0.15, 0.10,
and 0.05 was 100, 75, 50, 20, and 10 Pa, respectively. Viscosity
was measured using the torque during a constant shear experiment.
Storage modulus results are reported over the range of frequencies.
Each solution of a given weight fraction was measured in triplicate
at identical frequencies so the storage modulus and viscosity
measured at one particular frequency could be averaged.

Small-Angle X-ray Scattering. Small-angle X-ray scattering
(SAXS) data were obtained at the Stanford Synchrotron Radiation
Lab, SSRL, at beamline I-4. Five samples with concentrations
representative of those used for the diffusion calibration plots were
measured. The scattering data were collected withλ ) 0.1488 nm.
The liquids cell, designed and built at SSRL, sandwiches the fluid
between polyimide film, with an average path length of 1 mm.

Dextran. The dextran used for matrix solutions was purchased
from Sigma (Catalog # D-5376 Lot # 98H-0939, averageM )
2 000 000 Da). Fluorescein isothiocyanate, FITC, and labeled
dextrans (FD) were used as received from Sigma. The molecular
weights of the probes and matrix dextrans were characterized using
GPC-MALS, and the results are found in Table 1. The molecular
weights measured by GPC-MALS either agree with or slightly
exceed the vendor-supplied values.

Pullulan. Fluorescently labeled pullulan probes (FP) were
prepared from a set of GPC standards from Polymer Laboratories,
Cat. # 2090-0100, and 5-(4,6-dichlorotriazinyl)aminofluorescein (5-
DTAF) from Molecular Probes. Pullulan was dissolved at a

concentration of 10 mg mL-1 in sodium hydroxide, pH 10, and
likewise for 5-DTAF at a concentration of three dye molecules per
pullulan molecule. The reaction mixture was stirred for 28 h at
room temperature, and then 1 M hydrochloric acid was added while
monitoring with indicating paper until pH) 7.0-7.2 was reached.
Millipore Ultrafree-4 centrifugal filter units (Cat. # UFVBGC25)
were used to remove excess 5-DTAF from the samples. The
5-DTAF-labeled pullulan was freeze-dried to remove any excess
solvent. Pullulans before and after labeling were characterized using
GPC-MALS. The results appear in Table 2. The molecular weights
and polydispersity values measured could be skewed due to a
change in the dn/dc value from attaching the 5-DTAF and peak
broadening, but due to the light labeling this seems unlikely.

Solutions.Matrix solutions were prepared by adding 5 mM NaN3

solution to the matrix dextran for the desired concentration and
were inverted each day 25 times until dissolved. The sodium azide
solution was prepared from NaN3 (J.T. Baker Chemical Co.) and
water (Barnstead Nanopure deionization system series 630).
Calibration samples were prepared by placing a small amount FD
or FP (<0.01 mg) into a 2.5 mL vial. The matrix solution was
then added on top of the solid, filling approximately three-quarters
of the vial, ensuring a negligible change in total concentration. Vials
containing the probe/matrix solutions were rotated at a slow speed
around their long axes by a homemade spinning device for a week
and were inverted 25 times each day. Samples to be used for the
resolution tests were prepared by pipetting two or three different
dilute solutions of labeled dextran or labeled pullulan into a vial
and then dried using a vacuum oven. The amount of the solution
was regulated to produce the desired ratio of fluorescence in the
sample. The matrix of choice was added to the dried probe
molecules and mixed for 3 days.

Results and Discussion

Ease of Labeling.Many if not most water-soluble polymers
are easily labeled, the pullulan here being typical of polysac-
charides. The time required for labeling is not an important
limitation because good practice for most other methods requires
extensive dissolution that requires preplanning anyway. As a
challenge, we attempted to measure the diffusion profile of a
polymer unknown by FPR and by DOSY NMR. A day was
chosen when the NMR was available, ensuring that the results
from NMR came first; however, the gradient specifications were
poorly optimized. (DLS practitioners of a certain age will
remember the importance of establishing the sample time;
DOSY NMR still has this limitation, there being no equivalent

Table 1. Characterization of Fluorescein-Labeled (FD) Dextran Probes and Dextran Matrixa

sample lot no. vendor’sM/1000 GPC-MALLSMw/1000 GPC-MALLS PDI Rh/nm Rh/nm from ref 15

FD4 38H-1768 4.4 5.0( 0.2 1.15( 0.01 1.4 1.3
FD10s 38H-5083 9.5 11.2( 0.3 1.18( 0.01 2.3 1.7
FD20 77H-0361 21.2 27.4( 0.4 1.36( 0.02 3.3 2.8
FD40 39H-0871 38.2 42.4( 0.9 1.22( 0.02 4.5 4.5
FD70 117H-0564 71.6 80.6( 0.5 1.19( 0.01 6.0 5.8
FD150 127H-5080 148 161( 4 1.84( 0.02 8.5 8.8
FD500s 38H-5082 500 456( 8 1.96( 0.02 unknown 13.3
matrix 98H-0939 2000 4150( 261 3.21( 0.28 27.0 unknown

a The samples are listed by the Sigma-Aldrich catalog number.Rh is calculated fromD0 measured in FPR.

Table 2. Characterization of Pullulan Probes before and after Labelinga

unlabeled labeled

sample
M from Polymer

Labs/1000 GPC-MALLSMw/1000 GPC-MALLS PDI GPC-MALLSMw/1000
GPC-MALLS

PDI Rh/nm

pullulan 11.8 11.5( 0.2 1.33( 0.04 22.4( 8.5 1.61( 0.50 2.3
22.8 29.3( 12.5 1.62( 0.15 26.1( 0.6 1.67( 0.17 3.3
47.3 50.1( 5.2 1.36( 0.04 48.6( 14.9 1.75( 0.40 4.1

100.0 109.8( 7.6 1.58( 0.19 104.2( 8.7 1.43( 0.04 7.5
380.0 408( 16.5 1.63( 0.26 393.8( 15.3 1.65( 0.14 14.3

aRh for the labeled pullulan is calculated fromD0 measured in FPR.
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of the modern autocorrelator that spans 11 decades of time, or
even of FPR as practiced here, which spans 2-4 decades
depending on user patience.) By the time an appropriate gradient
matrix was devised, the sample had been labeled, isolated from
unreacted dye, and successfully measured by FPR. It is not
difficult to imagine that labeling could be automated. In an age
when minute fragments of DNA are automatically amplified to
measurable levels, there is no reason to fret over dye chemistry,
especially of water-soluble polymers.

Simulations. The ability to resolve two peaks from noise-
corrupted FPR data was consistent with what has been known
about CONTIN for some time: for typical levels of noise, it is
possible to resolve two peaks when their decay rates differ by
about a factor of 2 or more. Signals corresponding to polymers
with molecular weights 10 000 and 20 000 were separable when
â ) 2, but not whenâ ) 1/2. An important parameter is the
minimum polydispersion index that might be believed for a
perfectly sharp peak, which was about 1.05 for the CONTIN-
chosen solution. This is not a practical problem for all but very
detailed characterizations. More about the simulations appears
in the Supporting Information, where it is evident that many
polymer distributions could be characterized by MFPR whenâ
) 2.

Scaling Relations.The scaling exponent for labeled dextran
in water was found to beâ ) 0.52( 0.03 (Figure 1), which is
typical of random coil polymers in dilute solution.20 Furukawa
and Ware49 measured the infinite dilution values,D°, for
fluorescein and two different molar masses of dextran in dilute
solution, obtainingâ ) 0.52( 0.01. Bu and Russo76 measured
the diffusion of labeled dextran through the matrix of hydrox-
ypropyl cellulose (HPC);â in dilute solutions of dextran in the
absence of HPC was 0.53( 0.02 for molecular weights in the
range of this study. When two higher-M samples from that study
are included,â becomes 0.44( 0.03, probably due to structural
effects (branching) not present in the samples at lowerM. Ioan
et al.48 reportâ ∼ 0.45. As matrix is addedâ climbs, reaching
∼1 at the highest weight fraction,w. This resembles Rouse-
like behavior.77 There is no evidence for entanglement because
â never reaches the reptation expectation20,78of 2, let alone the
empirical value, 2.3( 0.1,79-81 which may be understood in
terms of extensions to the original reptation theory.82

As shown in Figure 2, similar results were achieved for the
pullulans: â ∼ 0.5 in dilute solution, andâ ∼ 1 as the dextran
matrix concentration rises. Again there is no sign of entangle-
ment. Matrix weight fractions did not exceedw ) 0.15 because

no significant improvements were anticipated, given the be-
havior of the dextran probes. Even thoughâ does not reach the
reptation limit, the reasons for which are considered below, the
results suggest that added matrix will improve the ability of
FPR to resolve bimodal polymer solutions.

Resolution Tests.Several bimodal systems were studied.83

When the separation in molar mass was large, the expected
bimodal character was evident even without added matrix, but
polydispersity indices for the individual peaks were overesti-
mated. This is a consequence of the natural “line broadening”
of ILT (as the grid points of the algorithm are finite in number
and not guaranteed to match a single, sharp decay rate arising
from a monodisperse sample, several adjacent grid points may
be assigned finite amplitude). Addition of 5% matrix sharpened
the peaks, as shown in Figure 3 for a 1:3 mixture (by fluorescent
intensity) of 11.8 and 380 kD fluorescent pullulan.

This is the expected consequence of the “stretching” of the
D vsM relationship (rise inâ). Molar mass accuracy was within
about 15% but worsened as matrix was added. Relative
concentrations were estimated well (∼3% error). Studies of a
reverse mixture (i.e., 3:1 11.8 and 380 kD FP) again showed
the sharpening of the individual peaks as matrix was added,
but molar mass accuracy of the heavy component was reduced,
as was that of the relative concentrations. It is difficult to
imagine a dilute solution DLS experiment that would better these
results; the weak scattering from the 11.8 kD component would
be difficult to detect in the presence of the 380 kD material.
The often quieter signal from DOSY NMR might prove superior,
assuming the availability of an NMR-invisible, yet thermody-
namically compatible, matrix. These 11.8 kD/380 kD mixtures
would be easily resolved by GPC. The potential of MFPR
becomes more readily apparent when closely spaced bimodal
samples are tested.

As shown in Figure 4, complete inability to detect the
presence of FD20 and FD70 in dilute solution improves to the
appearance of a definite shoulder when matrix is added. This
is hardly baseline resolution, but it is encouraging. To this point,
ILTs have been conducted in automatic, “push-the-button” mode
because of our eventual interest in a simple method for
technicians with little training. Thus, the number and location
of CONTIN grid points was set to cover a very broad range of
molecular weights and left unaltered. Only the solutions chosen
by the program have been shown. Better use of CONTIN
requires “squeezing” the grid points (by varying the first and
last decay rates considered) to match the actively decaying part
of the curve and full consideration of all the distributions
proposed by the program (which vary according to the strength
of the regularizer) in terms of their residuals, including

Figure 1. Diffusion of fluorescently tagged dextran in unlabeled
dextran matrix ofMw ) 2 000 000 Da: no matrix (b), 5% w/w matrix
(9), 10% w/w matrix (2), 15% w/w matrix (0), 20% w/w matrix (O),
and 25% w/w (4).

Figure 2. Fluorescently tagged pullulans diffusing through dextran
matrices: no matrix (b), 5% w/w (9), 10% w/w (2), 15% w/w (0).
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systematic trends. In Figure 5, a satisfactory resolution of FD20
and FD70 is displayed, in this case at a matrix content ofw )
0.25. The error bars represent repeat measurements. The
bimodality was evident at other matrix contents, too.

One may ask how GPC/MALS would perform when it comes
to separating these same two dextrans; this is discussed in the
Supporting Information. Briefly, we agree with others48 that the
resolution of closely spaced dextrans is not such a simple matter
as often supposed. From the standpoint of resolution of dextrans,
MFPR certainly seems competitive with GPC as it is normally
practiced, even when the scaling exponent has only risen toâ
∼ 1.

As an alternative to ILT, and as noted previously,76 one may
choose a simple multiexponential analysis. The results appearing
in Table 3 suggest that the matrix does greatly help FPR find
the correct amplitudes (50% for each component). Even at
relatively low matrix concentrations, the two-exponential (2EXP)
analysis returns reasonable molecular weights.

Physical Characterization of Aqueous Dextran as a
Polymer Matrix Material. The low â values seen here and
elsewhere51,81,84-87 suggest that the matrix polymer, despite its
high molar mass, did not become self-entangled and therefore
was not fully capable of restraining the diffusion of the larger
probe molecules. Only in recent years have very detailed studies
of dextran solutions at high concentrations appeared.51 In what
follows, we attempt to further the understanding of concentrated
dextran solutions in molecular terms.

As noted already, dextran is described as a branched molecule
when M exceeds 150 000 Da.51,88,89 Branches of short and
intermediate length may interfere with entanglement because
the molecular interiors crowd upon themselves, never interpen-
etrating. GPC/MALS measurements of the fluorescein-labeled
dextrans reveal a relationship,Rg ∼ Mν with ν ≈ 0.41, for
FD150 and FD500s. (See Supporting Information, where only
Rg values exceeding about 10 nm were used, this being about
1/45th the laser wavelength in solution; likewise, data for
molecular weights of FD70 and FD40 are shown in the
Supporting Information but not included in the analysis.) This
exponent is reasonable, given the result of ref 76 thatD ∼
M-0.44(0.03 when high-M dextran data are included, becauseD

Figure 3. CONTIN results from FP380:FP11.8 mixtures in a 1:3 ratio
diffusing through different dextran matrices: (A) no matrix; (B) 5%.

Figure 4. Detecting FD20 and FD70 dissolved in dextran matrix
solutions. Concentrations of the matrix solutions are (A) no matrix and
(B) 10% w/w.

Figure 5. Representative distributions calculated by CONTIN and
chosen by the user showing the detection of FD20 and FD70 in a
mixture. The weight percent of the matrix solutions was 0.25. Spurious
peaks at low and highM not shown.
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∼ Rh
-1 andRh is proportional toRg as a first approximation.

(The dynamic scaling exponent is slightly less than the static,94

reinforcing the case for a lowâ value.) The expected results
for a linear chain areRg ∼ M0.588 in a good solvent andRg ∼
M0.5 in a Θ solvent. As the aqueous salt solution behaves as a
good solvent for the polymer,90-93 the difference between the
results and theoretical relationship is most easily understood as
branching in the molecules. Also shown in the Supporting
Information is the GPC/MALS trace for the high-M dextran
that was selected as matrix; its radius scales weakly with mass,
Rg ∼ M0.13, suggesting that the molecules contain so many
branching points that mass can be added without significantly
increasing the molecular size. (This behavior cannot continue
indefinitely; the inverse relation over the measured range,M ∼
Rg

8 must give way to a solidlikeM ∼ Rg
3 at higherM values,

if indeed such molecules exist.) Another possibility is that these
large polymers were poorly separated.48

Turning to the rheology, in the measured range of oscillation
frequency (1-100 Hz), no plateau was evident to signal an
entangled system.94 Ioan et al. did observe a storage modulus
plateau at still lower frequencies; even so, the storage modulus
was exceeded by the loss modulus over most of the frequency
range. In our measurements, the storage modulus decreased
slightly with concentration at every measured frequency, as
illustrated in Figure 6. This may again be a consequence of
branching. As the matrix polymers come closer together, yet
remain unable to intertwine due to enhanced density at their
cores, they may deswell due to a crowding effect.

SAXS scattering profiles are displayed in Figure 7. At the
lowest concentration measured, the correlation length,ê,
between segments can be obtained cleanly from the Guinier
relation,I ∝ exp(-q2ê2). At higher matrix concentrations, a peak
emerges in the scattering profiles at some valueqmax. This

suggests a characteristic distance, possibly intermolecular,
denotedêpeak ) 2π/qmax. Densely packed, branched molecules
may act somewhat like spheres in solution. The average center-
to-center distance at a given volume fraction,êCV, is easily
calculated. Figure 8 showsêpeakandêCV as a function of weight
fraction. The similarity between them leads to the conclusion
that the peak in the scattering profile measures a characteristic
distance between the matrix molecules in solution. For con-
venience, the hydrodynamic radius,Rh, of each dextran or
pullulan is plotted on an ordinate of the same scale, choosing
molecular weight as the abscissa. TheseRh values were
measured by FPR in dilute solutions and exceed the size of the
diffuser when dispersed in the matrix. Even so, the probes are
smaller thanêpeak or êCV, suggesting limited potential for
interaction with the matrix molecules.

Combining the SAXS, rheology, and diffusion data, the
matrix polymers appear to screen hydrodynamic interactions
effectively, but they are not entangled.

Comparison of Diffusion Results to Selected Theoretical
Treatments. Langevin and Rondelez64,95 proposed a simple
stretched exponential, eq 6, to describe the diffusion of probes
in semidilute solutions or gel. In their model the diffusion
normalized by its value in dilute solution absent any matrix,
D/D0, minus the quotient of viscositiesη0/η, depends on probe

Table 3. Results from One-Exponential (1EXP) Analysis (No Matrix)
and Two-Exponential (2EXP) Analysis (Otherwise) of FPR

Measured Decay Curves of Mixtures of FD20 and FD70 in Different
Matricesa

matrix wt % M1/1000 %M1 M2/1000 %M2

no matrix 32( 7 N/A N/A N/A
5 21( 3 80.5( 1.9 170( 24 19.5( 1.9

10 14( 2 71.0( 6.3 94( 13 29.0( 6.3
15 16( 2 59.3( 8.9 67( 7 40.7( 8.9
20 23( 4 66.1( 4.3 92( 15 33.9( 4.3
25 16( 3 51.1( 2.1 56( 8 48.9( 2.1

a M1 and M2 relate to the fast and slow diffusion components. The
percentages indicate the amount each contributes to the decay and thus the
relative concentration.

Figure 6. Illustration of the change ofG′ over the range of dextran
matrix concentrations at oscillation frequencies 2 (9), 5 (b), 10 (2),
and 20 Hz (1).

Figure 7. Overlay of scattering from dextran matrices in 5 mM NaN3.
From top to bottom (atq ) 0.2 nm-1) 0.05, 0.10, 0.15, 0.20, and 0.25.

Figure 8. Comparison of dextran matricesêcv and êpeak, with
hydrodynamic radius (Rh) of the dextran and pullulan probes.êcv is
calculated using a matrix molecular weight of 2× 106 g mol-1, andRh

is calculated fromD0 measured with fluorescence photobleaching
recovery.
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radius and the correlation length of the matrix. Phillies and
Streletzky revisited the idea of microrheology in polymer
solutions using probe diffusers.96 They proposed

Here,D is the diffusion of a spherical probe of radiusR through
the solution,D0 is the diffusion of the probe absent any retarding
matrix, and ê is the correlation length of the matrix. The
parameterδ (not to be confused with the same symbol in eq 5)
is expected to be 2.5 for rigid gel matrices and should be less
in solutions. The parameterR′ can be adjusted to obtain the
best fit. Included inR′ are the solution properties of the mixtures.
Data collected in this study includeD, D0, ê, andRh, allowing
a master curve to be constructed if it is assumed thatR ) Rh,
as calculated fromD0 using the Stokes-Einstein equation with
a temperature of 298 K. Using a nonlinear least-squares analysis
to fit eq 6 (Microcal Origin 6.1), it is found thatδ ) 0.744(
0.074 for labeled dextran diffusing through the matrix dextran
solutions (Figure 9A). Russo and Bu measured an averageδ of
0.63 for labeled dextran diffusing in solutions of HPC. The fit
of the Langevin-Rondelez model to labeled pullulan diffusing
through the dextran matrix solutions is shown in Figure 9B with
δ ) 0.577( 0.086.

An obstruction-scaling theory has been proposed by Ams-
den.59,97The model is intended for globular solutes, not branched
probes as measured here, but it has the appealing characteristic
that the molecular nature of the solution components is

considered. The restraining polymer is modeled as a fiber, whose
radius is estimated from chemical parameters. The model
predicts that the probe diffusion declines according to

whereRf is the fiber radius of the matrix polymer chain. In
comparing to eq 6, the most significant difference is the
exponent 2 in the argument to the transcendental term. Amsden
computesRf ) 0.692 nm for dextran. The parametersQ andN
do not appear in ref 59. They have been introduced because eq
7 predicts declines in diffusion that are far too modest compared
to our data if used atQ ) N ) 1. The basis for eq 7 is

whereg(r) is the distribution of radii between matrix fibers and
r* is the minimum radius for passage of the solute (r* ) R +
Rf). From this form, it is evident that the introduction of
parameterN implies that the chain will only pass larger openings
of the fibers, while the parameterQ g 1 is introduced to express
that a solute may not take advantage of every opening that is
available. In this study, all parameters in eq 7 are known except
N andQ. Either of these may depend on matrix concentration
and probe molecular weight, so there are two variables and one
equation for each probe-matrix combination. To gain some
insight, we may setQ ) 1 and solve forN. As shown in Figure
10A, N (at Q ) 1) rises with matrix concentration and falls
with probe molecular weight: if every opening in the matrix
of fibers is diffusion-effective (i.e.,Q ) 1), then, within the

Figure 9. Langevin-Rondelez analysis of (A) labeled dextran and
(B) labeled pullulan diffusing through dextran matrix solutions: (A)
FD4 (squares); FD10s (circles); FD20 (up triangle); FD40 (down
triangle); FD70 (diamond); FD150 (left-pointing triangle). (B) LP11.8
(squares); LP22.8 (circles); LP47.3 (up triangle); LP100 (down triangle);
LP380 (left triangle).

Figure 10. Analysis based on eq 2: (A) solved forN with parameter
Q ) 1; (B) solved forQ with parameterN ) 1.

D

D0
) 1

Q
exp[-πN( R + Rf

ê + 2Rf
)2] (7)

D

D0
) 1

Q∫Nr*

∞
g(r) dr (8)

D/D0 ) exp[-R′(R/ê)δ] (6)
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confines of the Amsden model applied to these data, pores in
the fiber matrix must be larger than expected, the more so at
low probe sizes and high matrix concentrations. This is difficult
to explain. Conversely, ifN ) 1 (i.e, the required pore size is
as expected), thenQ rises with weight fraction of matrix polymer
and overall with probe molecular weight, as shown in Figure
10B. It is not difficult to understand that more attempts to pass
a barrier would be needed, the larger the probe and the more
concentrated the matrix.

Conclusion

A problem that has long plagued studies of diffusion in
complex media, namely that polydispersity of the probes
becomes highly visible, can be viewed as an opportunity in
macromolecular characterization. While trying to develop that
potential, new physical features of dextran concentrated solutions
have been identified. The systems studied do not approach the
reptation limit, probably due to branching in the matrix polymer,
yet the ability to resolve closely spaced components in a bimodal
distribution is enhanced relative to free diffusion and can at
least equal that available from GPC as normally practiced.
Simulations suggest that performance will be very good atâ )
2. These results should apply to other diffusion methods
whenever the analyte and matrix signals are easily differentiated.
Finally, there are reasons besides polydispersity why a popula-
tion of molecules may not diffuse at identical rates. The
quantification of the number of long chain branches comes to
mind. In this regard, the good amplitude accuracy that was
observed is very encouraging.
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