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a b s t r a c t

We report the first of a series of studies on the obstruction factor � in size-exclusion chromatography
(SEC). Here, using narrow dispersity polymer standards we examine how the intraparticle obstruction
factor �p depends individually on a number of analyte properties, column characteristics, and user-
defined parameters. Far from being constant, �p is seen to vary with analyte molar mass and solvent,
eywords:
bstruction factor

ntraparticle obstruction
ass transfer

as well as with the pore size and particle size of the column packing material, sometimes in seemingly
counterintuitive manner. Over the limited temperature range accessible to our equipment, however, no
statistically significant change in �p with temperature was discovered. The results presented should be
applicable to forms of packed column chromatography other than SEC. The latter technique, however,
presents a convenient test bed for quantitative determination of the obstruction factor, due to minimized

d long
ize-exclusion chromatography
acked column chromatography

sorptive mass transfer an

. Introduction

In 1956, van Deemter et al. first identified three different funda-
ental causes of band broadening in chromatography [1], namely

ddy diffusion (A-term), longitudinal diffusion (B-term), and resis-
ance to mass transfer (C-term), which were incorporated into the
ow-classic van Deemter equation, given in expanded form in Eq.
1) [2]:

= A + B

v
+ CMv + CSMv + CSv (1)

here H is the plate height; v is the flow velocity of the mobile
hase; CM is the resistance to mass transfer that occurs in the inter-
titial mobile phase, i.e., between the particles of column packing
aterial; CSM is the intraparticle mass transfer, i.e., the resistance

o mass transfer in the stationary phase or, in the case of size-
xclusion chromatography (SEC), in the stagnant mobile phase
nside the pores of the column packing material; and CS is the resis-
ance to mass transfer due to sorptive–desorptive (i.e., enthalpic)
nteractions between the analyte and the column packing material.

The research presented here focuses on the mass transfer (C)

erms of the van Deemter and related equations. Because the pri-

ary form of band broadening in non-oligomeric size-exclusion
hromatography is resistance to mass transfer [2], we use SEC to
solate a particular component of the C term, namely the intra-

∗ Corresponding author. Tel.: +1 850 942 0362; fax: +1 850 644 8281.
E-mail address: striegel@chem.fsu.edu (A.M. Striegel).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.09.021
itudinal diffusion contributions to band broadening in most forms of SEC.

© 2010 Elsevier B.V. All rights reserved.

particle obstruction factor, �p, defined as the ratio of the diffusion
coefficient of the analyte within the pores of the packing material to
the diffusion coefficient of the analyte in the flowing mobile phase.

In the present experiments, we have determined �p under
a variety of experimental conditions and examine how vari-
ous analyte properties, column characteristics, and user-defined
parameters affect this term. We compare the effect on �p of ana-
lyte properties such as molar mass and repeat unit chemistry, of
experimental parameters such as solvent and temperature, and of
column properties such as particle size and pore size.

2. Background

The diffusion coefficient of an analyte in free solution or trav-
eling through an open tube depends on solvent, temperature, and
analyte molar mass. If this same analyte travels through a column
packed with porous, non-interacting particles, both tortuosity (the
“zig–zag” network of channels throughout the packed medium)
and constriction (the widening and narrowing of these channels)
cause the diffusion coefficient of the analyte to appear to be smaller
than in the open tube, free solution scenario under otherwise iden-
tical conditions [3]. For a given analyte, this difference in diffusion
coefficients is known as the obstruction factor � , or total obstruc-
tion factor � t, and is defined as:
�t = Deff

Dm
(2)

where Deff is the effective or apparent diffusion coefficient of an
analyte in a packed column and Dm is the diffusion coefficient

dx.doi.org/10.1016/j.chroma.2010.09.021
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:striegel@chem.fsu.edu
dx.doi.org/10.1016/j.chroma.2010.09.021
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f the same analyte in free solution or in an open tube. For an
pen tube, in which diffusion is unobstructed, � t = 1, whereas for
maximally obstructed scenario �� = 0 (i.e., larger values of the

bstruction factor correspond to less obstruction to diffusion). In
he case of porous media in a chromatographic column, not only
oes obstruction occur as the analyte travels in the interstitial space
etween the column particles (interparticle obstruction), but also
s a result of permeation within the pores of the column pack-
ng (intraparticle obstruction). The former case is described by the
nterparticle obstruction factor �e, the latter by the intraparticle
bstruction factor �p.

The work presented here focuses on the intraparticle obstruc-
ion factor �p. We use SEC to determine if and how �p varies
ith changes in analyte and column properties as well as with

hanges in user-controlled parameters. Our choice of SEC is based
n two major considerations. First, outside of the oligomeric region
ongitudinal diffusion has a negligible effect on chromatographic
and broadening in SEC [4], meaning that the B term in Eq. (1)
hould not significantly influence our results. Second, due to the
ntropic nature of SEC separations (verified experimentally; also,
ee e.g. [5,6]), we need not worry about mass transfer processes
esulting from enthalpically-governed sorption–desorption pro-
esses between the analyte and the packing material (the CS term
n Eq. (1)).

The most significant form of chromatographic band broadening
n non-oligomeric SEC is mass transfer via intra- and interparticle
iffusion. With eddy diffusion (A-term) processes generally consid-
red to be flow-rate-independent (or weakly dependent), it should
herefore be possible to isolate the effect(s) of stagnant mobile
hase (CSM) mass transfer processes on �p.

Even with the growing use of on-line static light scattering
etectors [2,7–9], the most common method of determining the
olar mass of polymers using SEC remains peak-position calibra-

ion curves. Because these curves rely on a logarithmic M scale,
mall changes in peak width can correspond to large differences
n molar mass. Band broadening will thus lead to underestimation
f the lower statistical moments of the molar mass distribution
MMD) of a polymer (Mn, Mn − 1, . . .), to overestimation of the higher

oments (Mw, Mz, Mz + 1, . . .), and to a belief that the MMD itself
overs a broader M range than it, in fact, does. To effect more
ccurate band broadening corrections than currently exist (see e.g.,
ection 8.7 in Ref. [2]), in both size-based and “interactive” sep-
ration techniques [10,11], we rely on an increased fundamental
nderstanding of the mechanisms responsible for band broadening
nd of their consequences.

Dating back to the work of Giddings in the mid-1960s, various
heories have been proposed to describe the complex effects of
olute diffusion within porous materials, in general, and the role
f the intraparticle obstruction factor, in particular [3,12–16]. In
981, Klein and Grüneberg used Eq. (3) as the basis through which
o measure intraparticle obstruction [14]:

2
perm = KSECVid

2
pu

30Ds
= KSECVid

2
pu

30�pDm
(3)

here �2
perm is the variance of the peak due to solute permeation

nto and out of the pores of the packing material; KSEC is the solute
istribution coefficient, the ratio of the analyte concentration in the
tationary phase (internal pore volume or stagnant mobile phase)
o that in the mobile phase (interstitial volume); Vi is the internal

ore volume; dp is the particle diameter; u is the volumetric flow
ate; and Ds is the effective diffusion coefficient in the stationary
hase. The structural size parameter of 1/30 was derived based on
he very realistic assumption that the shape of the packing material
s spherical [3].
ogr. A 1217 (2010) 7131–7137

Eq. (2) can be written in terms of intraparticle obstructivity �p

and intraparticle effective diffusion Ds as:

�p = Ds

Dm
(4)

We account for obstruction within the pores only by examining
the fraction of analyte that permeates into the pores, as given by
KSEC. For analytes experiencing only interparticle obstruction, rep-
resented by the factor �e, KSEC = 0 and a different equation is used.
We deal with this in an upcoming publication.

The internal pore volume Vi in Eq. (3) is determined via:

Vi = VTotal − Vo (5)

where VTotal is the retention volume of a totally permeating solute
(i.e., of a small solute that samples all available interstitial and pore
volume), and Vo is the void volume for an unretained solute (i.e.,
of a large solute which cannot penetrate the pores of the packing
material and which, therefore, samples only the interstitial vol-
ume). In SEC, the partition coefficient KSEC of an analyte is calculated
according to [2,17]:

KSEC = VR − Vo

Vi − Vo
(6)

where VR is the retention volume of the analyte. By performing
experiments at several flow rates, measuring the change in peak
variance as a function of flow rate (i.e., measuring ∂�2

perm/∂u), and
rearranging Eq. (3), one obtains:

�p = KSECVid
2
p

30Dm(∂�2
perm/∂u)

(7)

The non-constant terms of Eq. (7), namely KSEC, Vi, and
∂�2

perm/∂u, can be determined experimentally, Vi and KSEC through
Eqs. (5) and (6), respectively, and ∂�2

perm/∂u from the slope of a plot
of variance versus flow rate. The parameters that remain constant
in Eq. (7) are dp, the average packing particle diameter, provided
by the column manufacturer, and Dm, the solute diffusion coef-
ficient, which is constant for a particular molar mass of a given
analyte in a given solvent at a given temperature. For large M poly-
mers, which diffuse orders of magnitude more slowly in solution
than their monomeric or oligomeric counterparts, measuring the
change in variance with changing flow rate is preferred to the so-
called “stop–flow” method, which measures the change in variance
as a function of the time during which an analyte is held on the
column at zero flow [4,16]. The latter type of experiments are essen-
tially inapplicable (or, at least, highly impractical) when it comes
to polymers with M greater than about 30,000 g/mol.

Here, we have employed Eq. (7) to determine �p. Our intent
has been to isolate the dependence of �p on various user-defined
parameters, packing material characteristics, and sample proper-
ties. We have done this by using the relation between �p and
the flow rate dependence of the band broadening that occurs
during SEC analysis of different polymers (namely, polystyrene
and poly(methyl methacrylate)), while individually varying molar
mass, solvent, temperature, column pore size, and packing material
diameter. Enthalpic contributions to the separations presented are
negligible and, with the possible exception of some of the lower
M polymers examined, our results should be absent of any sub-
stantial contribution from longitudinal diffusion [4]. Because the
contributions to band broadening from both A-term eddy diffusion
and molar mass dispersity are constant and thus cancel out when

measuring the change in band broadening as a function of flow rate
[16], and the B-term and CS-term contributions to band broaden-
ing are minimal, our experiments aim to quantitatively isolate the
remaining C-term contribution to �p. Results should be applica-
ble to forms of liquid chromatography other than SEC, as well as
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o improved understanding of diffusion through porous media in
eneral [18,19].

. Experimental

.1. Materials

Tetrahydrofuran (THF), spectrophotometric grade, inhibited
ith 250 ppm butyrated hydroxytoluene, was purchased from EMD
hemicals (Gibbstown, NJ, USA); chloroform was purchased from
DH (West Chester, PA, USA); and toluene was purchased from
isher Scientific (Fair Lawn, NJ, USA).

Polystyrene (PS) of molar masses 355,000 g/mol and
,260,000 g/mol were purchased from Toyo Soda Manufactur-

ng Company (Tokyo, Japan). Poly(methyl methacrylate) (PMMA)
f molar masses 467,000 g/mol and 838,300 g/mol were pur-
hased from Scientific Polymer Products (Ontario, NY, USA) and
f molar mass 1,500,000 g/mol from American Polymer Standards
orporation (Mentor, Ohio, USA). All other standards were from
gilent/Polymer Laboratories (Amherst, MA, USA). Molar mass

nformation given in the tables and throughout the paper was
rovided by the manufacturers. For all PS and PMMA standards,
olar mass dispersity Mw/Mn ≤ 1.1. All columns were from
gilent/Polymer Laboratories.

.2. Chromatography

All experiments were performed using 1 mg/mL solutions of PS
nd PMMA in either THF or CHCl3, a concentration 2–6 times lower
han the critical overlap concentration c* of even the highest M PS
nd PMMA examined. Each polymer was added to the solvent, gen-
ly shaken, and allowed to solvate overnight. To each 2 mL injection
ial, 5 �L of toluene was added to determine the total permeation
olume of the column and also to act as a reference peak serving
o adjust for minor pump fluctuations. Two unretained polymers,
,260,000 g/mol PS and 1,500,000 g/mol PMMA, were used to deter-
ine the void volume Vo of the 104 Å pore size columns. The void

olume of the 105 Å pore size column was determined with a
,400,000 g/mol PS.

Three commercially-available PLgel columns were used indi-
idually for each experiment: a 10 �m particle size, 104 Å pore
ize column; a 5 �m particle size, 104 Å pore size column; and a
0 �m particle size, 105 Å pore size column. Information provided
y the manufacturer indicated the actual average particle size for
he columns is closer to 8 �m and 4 �m for the 10 �m and 5 �m
olumns, respectively. As such, we used the former values (8 and
�m) rather than the latter ones (10 and 5 �m) in all calculations
f �p.

100 �L of each polymer solution were injected onto each col-
mn, at a flow rate of 1 mL/min using a Waters 2695 Separations
odule (Waters, Milford, MA, USA). The concentration of the ana-

ytes was detected using a Waters 410 differential refractometer
Waters). For all experiments, the temperature of the sample, injec-
or, and column compartments and the detector temperature were

aintained at 30 ± 1 ◦C. This procedure was then repeated at flow
ates of 0.75, 0.50, 0.30, and 0.15 mL/min for PS in both THF and
HCl3 and for PMMA in THF. None of the polymers appeared to
egrade during analysis.

For data acquisition and for determination of peak variances,
e used Clarity software (version 2.4.1.91) from DataApex (Prague,

zech Republic) and Origin Peak Fitting Module software (v.1.4)

rom OriginLab (Northampton, MA, USA), respectively. For molar
asses below 500,000 g/mol, a Gaussian fit was used for determi-

ation of the peak variance, while for molar masses 500,000 g/mol
nd above, an exponentially-modified Gaussian (EMG) equation
Fig. 1. Effect of molar mass, particle size, and pore size on the intraparticle obstruc-
tion factor �p of PS in THF at 30 ◦C.

[2,20–22] was used due to the larger peak tailing that occurred
for the higher molar mass samples. This tailing is expected, as the
living anionic polymerization used to make narrow-polydispersity
PS and PMMA samples yield polymers with a Poisson-like distribu-
tion [23] (an additional source of tailing for the highest M polymers
in the 104 Å columns is that a significant number of molecules may
not enter the pores of the column packing material when KSEC ≈ 0
[24]).

Separation appeared to follow a near-ideal size-exclusion mech-
anism, i.e., was primarily governed by entropic, not enthalpic
interactions between the analyte and the stationary phase. This
conclusion was arrived at by determining the KSEC of the various PS
and PMMA standards used at two different temperatures, 30 and
50 ◦C. With this 20 ◦C change in temperature, the biggest change in
KSEC observed was only 2% and, in most cases, the change was <1%.
Had there been a substantial enthalpic contribution to the sepa-
ration, we would have expected a much larger change in KSEC (on
the order of 10–20% or more) with a 20 ◦C change in temperature
[6,25,26].

4. Results and discussion

4.1. Determination of �p

Results from our experiments are shown in Tables 1–3 and
Figs. 1–3. In all cases, the intraparticle obstruction factor �p was
determined according to Eq. (7). The distribution coefficient KSEC
was obtained from Eq. (6). The total exclusion volume Vo was deter-
mined as described in Section 3.2. The pore volume Vi was the
difference between Vo and the retention volume of toluene, a totally
permeating solute (identical results were obtained using acetone
in select injections).

For the remaining parameters in Eq. (7), for dp we used the par-
ticle diameters provided us by the manufacturer which, as noted in
the previous section, are approximately 20% smaller than the val-
ues in product brochures. The peak variances �2 at the various flow
rates u were determined using either a Gaussian or an EMG fit, as

explained in Section 3.2.

Values for Dm were obtained from previously-determined rela-
tionships at 25 ◦C (adjustment for temperature differences is
explained at the end of this section). For PS in THF, Dm were
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Table 1
Intraparticle obstruction factor (�p) values for PS and PMMA at both 30 and 50 ◦C for a 8 �m particle size, 104 Å pore size column.

THF CHCl3

Polystyrene Poly(methyl methacrylate) Polystyrene

Molar mass (g/mol)a �p Molar mass (g/mol) �p (30 ◦C) Molar mass (g/mol) �p

30 ◦C 50 ◦C 30 ◦C 50 ◦C

925 0.083 (0.007)b 0.079 (0.007) 1280 0.081 (0.007) 1050 0.096 (0.006) 0.098 (0.005)
8450 0.116 (0.005) 0.109 (0.005) 4910 0.110 (0.007) 8450 0.119 (0.004) 0.122 (0.015)

30,300 0.126 (0.008) 0.126 (0.006) 27,000 0.090 (0.005) 31,420 0.116 (0.002) 0.112 (0.007)
189,300 0.063 (0.005) 0.063 (0.002) 107,000 0.072 (0.002) 197,300 0.047 (0.005) 0.061 (0.032)
355,000 0.040 (0.002) 0.041 (0.003) 265,000 0.023 (0.001) 355,000 0.033 (0.001) 0.032 (0.002)
500,000 0.033 (0.002) 0.028 (0.002) 467,000 0.022 (0.002) 538,000 0.011 (0.001) 0.023 (0.002)
950,000 0.008 (0.001) 0.007 (0.002) 838,300 0.006 (0.001) 950,000 0.011 (0.005) 0.012 (0.006)

a Peak-average molar mass, Mp , as provided by manufacturer.
b Data in parentheses represent standard deviations based on at least triplicate analyses. See Section 3 for details.

Table 2
Intraparticle obstruction factor (�p) values for PS and PMMA at 30 ◦C for a 4 �m particle size, 104 Å pore size column.

THF CHCl3

Polystyrene Poly(methyl methacrylate) Polystyrene

Molar mass (g/mol)a �p (30 ◦C) Molar mass (g/mol) �p (30 ◦C) Molar mass (g/mol) �p (30 ◦C)

1050 0.036 (0.001)b 1280 0.045 (0.004) 1050 0.023 (0.001)
8450 0.052 (0.002) 4910 0.044 (0.003) 8450 0.032 (0.002)

31,420 0.059 (0.002) 30,530 0.050 (0.003) 31,420 0.034 (0.002)
197,300 0.045 (0.003) 90,250 0.047 (0.004) 197,300 0.033 (0.003)
355,000 0.028 (0.007) 342,900 0.016 (0.003) 355,000 0.018 (0.001)
538,000 0.013 (0.001) 467,000 0.010 (0.002) 538,000 0.009 (0.001)

nalyse

o

D

a

D

w
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950,000 0.001 (0.001) 838,300

a Peak-average molar mass, Mp , as provided by manufacturer.
b Data in parentheses represent standard deviations based on at least triplicate a

btained from [27]:

m = (2.4 ± 0.1) × 10−4M(0.54±0.01) (8)

nd for PMMA >30,000 g/mol from [28]:

m = 2.3 × 10−4M−0.517 (9)

here M is the molar mass of the analyte. For PMMA <30,000 g/mol,
m were determined by comparison to the Dm versus M rela-

ionships obtained by Yamakawa et al. in acetonitrile [29], which
xtended into the oligomeric region of PMMA. Conveniently, for M
30,000 g/mol the slope of a plot of Dm versus M for PMMA in THF is
qual to that of the same plot for PMMA in acetonitrile. As such, we

sed this constant offset between each set of plots, in combination
ith Eq. (9), to obtain the Dm in THF of PMMA with M < 30,000 g/mol

applying a similar procedure to PS < 30,000 g/mol yielded Dm that
ery closely matched those measured by Wernert et al. in reference
27]).

able 3
ntraparticle obstruction factor (�p) values for PS and PMMA at 30 ◦C for a 8 �m particle s

THF

Polystyrene Poly(methyl methacrylate

Molar mass (g/mol)a �p (30 ◦C) Molar mass (g/mol)

1050 0.108 (0.009)b 1280
8450 0.159 (0.006) 4910

31,420 0.184 (0.004) 32,530
197,300 0.199 (0.008) 90,250
355,000 0.124 (0.013) 342,900
538,000 0.110 (0.002) 467,000
950,000 0.077 (0.003) 838,300

a Peak-average molar mass, Mp , as provided by manufacturer.
b Data in parentheses represent standard deviations based on at least triplicate analyse
0.003 (0.001) 950,000 0.006 (0.001)

s. See Section 3 for details.

For PS in CHCl3, Dm was obtained using the relation [30]:

Dm = 1.24 × 10−4M−0.492 (10)

Adjustment for differences in temperature (50 or 30 ◦C exper-
imental temperatures versus 25 or 20 ◦C literature reference
temperatures) was done via [31]:

Dm,exp = Dm,ref

(
Texp

Tref

)(
�ref

�exp

)
(11)

where Dm,exp were the values we used in our calculations at an abso-
lute temperature (in Kelvin) Texp in a solvent of viscosity �exp, and
comparison was to Dm values from the literature (Dm,ref) obtained
at an absolute temperature Tref in a solvent of viscosity �ref.
4.2. Effect of molar mass on �p

As can be seen in Tables 1–3 and Figs. 1–3, the intraparticle
obstruction factor is molar-mass-dependent, with this dependence

ize, 105 Å pore size column.

CHCl3

) Polystyrene

�p (30 ◦C) Molar mass (g/mol) �p (30 ◦C)

0.129 (0.013) 1050 0.132 (0.015)
0.097 (0.004) 8450 0.145 (0.007)
0.146 (0.006) 31,420 0.149 (0.020)
0.144 (0.008) 197,300 0.119 (0.028)
0.082 (0.003) 355,000 0.099 (0.008)
0.074 (0.008) 538,000 0.069 (0.006)
0.037 (0.005) 950,000 0.041 (0.009)

s. See Section 3 for details.
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ig. 2. Effect of molar mass, particle size, and pore size on the intraparticle obstruc-
ion factor �p of PMMA in THF at 30 ◦C.

enerally exhibiting a maximum at M ≈ 30,000 g/mol. A maximum
s expected, due to the counterbalancing effects of KSEC and Dm

n �p. As M increases (i.e., as the polymer increases in size), Dm

ecreases. The mutual scaling of diffusion coefficient and molar
ass, for both PS in THF and CHCl3 and for PMMA in THF, is given by

he approximate relation Dm ∝ (1/
√

M) (see Eqs. (8)–(10)). There-
ore, we can express the scaling relationship between �p, KSEC, and

as �p ∝ KSEC

√
M. Starting at the highest molar mass examined,

e observe the following behavior as a function of decreasing M:
hen the molar mass is large (relative to the exclusion limit of

he column), KSEC is consequently small (close to zero) and domi-
ates the change in the value of �p (also close to zero). As molar
ass decreases, KSEC increases (begins to approach 1), causing �p

o increase, and the term that eventually dominates the relation
s

√
M. As M continues to decrease, the decrease in the

√
M term

or analytes with KSEC close to unity results in an accompanying

ecrease in �p. The competing effects of KSEC and M thus result in a
aximum in the relationship between �p and M.
Similar behavior to that described above has been observed pre-

iously for low molar mass analytes [14,30]. Recently, Gritti and
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ig. 3. Effect of molar mass, particle size, and pore size on the intraparticle obstruc-
ion factor �p of PS in CHCl3 at 30 ◦C.
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Guiochon noted that a maximum in the resistance to mass transfer
through porous particles can be ascribed to the balance that exists
between the influence of increasing accessible pore volume and the
influence of increasing Dm with decreasing M [16].

It should be noted that the maximum in the �p versus M plots
occurs at lower M than predicted by the simple relation �p ∝
KSEC

√
M. The reason is that this relation ignores the effect of the

∂�2
perm/∂u term, the change in peak variance as a function of flow

rate, in Eq. (7) on �p. Changes in peak variance depend on the size
of the molecules in solution. All other things being equal, as an ana-
lyte becomes larger its diffusion coefficient becomes smaller, and
a smaller diffusion coefficient results in slower partitioning of the
analyte into and out of the pores of the packing material. This slow
diffusion affects intraparticle mass transfer (CSM-term broadening)
and, because mass transfer is directly proportional to flow rate, as
flow rate increases larger polymers exibit more band broadening
than do smaller ones. This causes �2

perm to increase as a function
of polymer size and ∂�2

perm/∂u to increase with increasing M. The
intraparticle obstruction factor thus decreases with increasing M
(beyond a given value of M, in our case ∼30,000 g/mol) for two rea-
sons, because of the decrease in KSEC and because of the increase in
∂�2

perm/∂u, both with increasing M.

4.3. Effect of analyte chemistry on �p

To examine the influence of repeat unit chemistry on �p, we
compared our results for PS to those for a series of PMMAs.
We chose PMMA due to the commercial availability of well-
characterized narrow dispersity PMMA standards that cover
the same broad M range examined for PS (roughly 1 × 103 to
1 × 106 g/mol). Additionally, PMMA can be analyzed at the same
solvent and temperature conditions as PS.

The data in Tables 1–3 and Figs. 1–3 show the difference
between the intraparticle obstruction factors of PS and those of
PMMA under identical experimental conditions. For PS and PMMA
of similar M, minor differences in �p are observed, with the obstruc-
tion factor of PMMA usually being slightly smaller than that of a
similar-M PS. Because, at the experimental conditions employed,
both the Dm and KSEC of PMMA and PS are almost identical to each
other, the observed differences in �p are seen to be due to the mea-
sured larger (by ∼10–20%) change in peak variance with a change in
flow rate (larger ∂�2

perm/∂u term in Eq. (7)) for PMMA as compared
to PS. We are, at present, unable to explain the molecular-level basis
of this difference.

As our results for �p rely on previously-reported Dm versus M
relations, it seems appropriate to comment on the latter. For PS
in THF, we chose to use the data set by Wernert et al. [27], as it
appears to be the most recent and complete set, appearing in the
literature earlier this year and covering the entire M range of our
study (we had less choice when trying to find Dm versus M relations
for PMMA in THF or PS in CHCl3). We note, however, that we also
calculated �p using three other sets of literature data [28,32,33]. In
all cases, we found statistically significant differences between the
�p values of PS and those of PMMA in THF at 30 ◦C. While all three
sets produced similar results, the data set by Wernert et al. actually
gave �p values for PS that were closest to those for PMMA, i.e., even
larger differences between the intraparticle obstruction factors of
PS and PMMA in THF at 30 ◦C are obtained using the data sets in
Refs. [28,32,33].
4.4. Effect of solvent on �p

To investigate the effect of solvent on �p, we compared results
obtained for PS in THF at both 30 and 50 ◦C to results obtained
in CHCl3 at the same temperatures and under otherwise identi-
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al conditions (i.e., same concentration and injection volume, same
olums, etc.). We chose CHCl3 for comparison because, as is the case
or THF, CHCl3 is a thermodynamically good solvent for PS and one
n which the relationship beween M and Dm for PS can be derived
rom literature data (see Eqs. (10) and (11)).

As seen in Figs. 1 and 3 and Tables 1–3, the �p versus M rela-
ionship follows a similar trend in CHCl3 as it does in THF. For the
ame M, however, the values of �p are generally lower in CHCl3
han they are in THF. This is a direct result of the relation between
m and M for PS in both solvents, given in Eqs. (8) and (10), respec-

ively: The diffusion coefficient of a PS of a given M is lower in CHCl3
t a given temperature than it is in THF at the same temperature.
his lower Dm results in slower partitioning of the analyte into and
ut of the pores of the column packing when operating in CHCl3,
.e., it corresponds to higher resistance to mass transfer (larger CSM
erm in Eq. (1)) in CHCl3 than in THF. The increase in band broad-
ning that accompanies increased resistance to mass transfer (to
hich the difference between the viscosities of THF and CHCl3 at a

iven temperature contributes), coupled with the increase in resis-
ance to mass transfer that accompanies an increase in flow rate,
auses peak variance to increase with increasing flow rate, more so
n CHCl3 than in THF (i.e., the ∂�2

perm/∂u term in Eq. (7) is larger in
HCl3 than in THF). This, in turn, results in a higher �p for PS in THF
han in CHCl3.

It should be noted that the differences observed for �p in CHCl3
ersus THF are not due to preferential swelling of the column pack-
ng material in one solvent versus the other. We were able to rule
ut this possibility by noting that the ratio of system backpressures
hen operating in CHCl3 and in THF at 30 ◦C was the same as the

atio of the 30 ◦C viscosities of these solvents. This was true at all
ve flow rates examined.

Not examined here were the effects, if any, on �p resul-
ant from using solvents with different solvating power or, more
ccurately, of employing very thermodynamically different sol-
ent/temperature conditions.

.5. Effect of temperature on �p

The relationship between the intraparticle obstruction factor
nd temperature was examined by conducting experiments with
S in both THF and CHCl3 at two different temperatures, 30 ◦C and
0 ◦C, the latter being the upper temperature limit of the instru-
entation in our laboratory. When comparing the data obtained

t these two temperatures, the values of �p for each molar mass at
ach temperature were generally within experimental error of each
ther (see Table 1). As such, it would appear that relatively modest
∼20 ◦C) changes in temperature cause no significant change in the
alues of the intraparticle obstruction factor. Because temperature
ffects both solvent viscosity and polymer size in solution, it would
ppear worthwhile to investigate the effect of temperature further
sing instrumentation with a higher upper temperature limit than
he equipment presently available to us.

.6. Effect of particle size on �p

To determine what effect, if any, column packing particle size
as on �p we compared, under otherwise identical conditions, two
olumns of equal pore size (i.e., which separate over the same molar
ass range for linear PS, or over the same size range in general)

ut which differed in particle size by a factor of two. The pore
ize of both columns was 104 Å, the “nominal” particle sizes 5 and

0 �m. As mentioned in Section 3.2, the actual particle sizes of these
olumns are 4 and 8 �m, respectively.

The smaller plate height afforded by smaller particles corre-
ponds to less band broadening in the column packed with 4 �m
articles as compared to the column packed with 8 �m particles. It
ogr. A 1217 (2010) 7131–7137

also corresponds to a slower change in peak variance with chang-
ing flow rate (smaller ∂�2

perm/∂u) for the column packed with
smaller particles. This alone would tend to make �p larger for a
given analyte in a column packed with smaller particles. How-
ever, as seen in Figs. 1–3 and when comparing to each other the
data in Tables 1 and 2, we actually observe the opposite of this
for PS and PMMA in THF and for PS in CHCl3: in all circumstances,
the experimentally-determined intraparticle obstruction factor is
larger in the column packed with larger particles. To explain this
result, we hypothesize as follows.

First, it should be noted that the retention volumes and distri-
bution coefficients of the analytes are essentially the same in both
columns. This indicates that both column have virtually identical
pore volumes, as the interstitial volume of a column filled with
identically well-packed spherical particles of homogeneous size
is constant [3,34], regardless of the size of the particles. Also, the
porosities of both columns are nearly identical (∼0.3% difference).

It has been known for several decades that, for linear random
coils, the dependence of the distribution coefficient on the ratio
of molecular size to pore size does not quantitatively agree with
theoretical predictions that assume the shape of the pores to be
either slab-shaped, cylindrical, or spherical (this matter is reviewed
in more detail in Section 2.5.3 of Ref. [2]). Results from mercury
porosimetry experiments on porous glass SEC packings suggest
the presence of “ink bottle” structures in the packings [2,35,36].
If this is so, then the actual pore size of the packing material is
underestimated, either by mercury intrusion or by the inverse SEC
methods commonly used to determine the pore size distribution of
polymeric (e.g., styrene/divinylbenzene) packings [2]. The pore size
reported by the manufacturers is based on the lowest molar mass
PS standard that is totally excluded from the pores. This, however,
only means that the PS standard is slightly larger than the nar-
row entrance of ink bottle pores, not necessarily larger than the
internal cavity. If the larger-diameter (8 �m) packing particles in
our study have larger “ink bottle” pores, of equal entrance size,
to those in the smaller-diamater (4 �m) packing material, poly-
mers will have the same access to the pores but, once inside the
pores, there will be less obstruction to diffusion (larger �p) in the
8 �m as compared to the 4 �m particles. Pore volume and porosity
should remain virtually identical, however, with retention volumes
and distribution coefficients remaining constant regardless of par-
ticle size. The postulated hypothesis based on an ink bottle pore
structure reconciles our results for particle size, pore size, retention
volume, distribution coefficient, pore volume, porosity, and intra-
particle obstructivity with the hysteresis loops previously observed
in the mercury porosimetry experiments of Yau and Malone.

4.7. Effect of pore size on �p

To determine the effect of pore size on �p we compared, under
otherwise identical conditions, two columns of the same particle
size but which differed from each other with respect to pore size.
Both columns were packed with 8 �m particles (nominal particle
size, 10 �m). One column had a pore size of 104 Å and the other
a pore size of 105 Å (as noted in the previous section, it is quite
possible these pore size values represent the sizes of the entrances
of pores with an ink bottle structure).

As seen in Figs. 1–3 and Tables 1 and 3, the analytes experience
less intraparticle obstruction (larger �p) in the column packed with
larger pore size particles. There are two reasons for this. First, for a
column packed with large pore size particles, there is a greater dif-

ference between the volume occupied by the polymer in solution
and the pore volume than there is for a column packed with parti-
cles with smaller pores. Qualitatively, the larger intraparticle (i.e.,
pore) volume available to the analyte means that the larger pores
resemble the open tube scenario more so than do the smaller pores.
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uantitatively, this corresponds to a larger KSEC for the analyte in
he column packed with large pore size particles, as compared to
he KSEC in the small pore size column. Second, larger pores diminish
he resistance to stagnant mobile phase mass transfer of the ana-
yte, resulting in decreased band broadening and in a slower change
n peak variance with changing flow rate (smaller ∂�2

perm/∂u). As
iven by Eq. (7), both the larger KSEC and the smaller ∂�2

perm/∂u
ontribute to the larger value of �p for the larger pore size column.
ritti and Guiochon have reported on the increase in intraparticle
bstruction of reversed-phase columns with increasing stationary
hase density [37]. As more stationary phase was present within
ilica particles, the volume of liquid available within the parti-
les decreased. As pore volume lowered, intraparticle obstruction
ncreased (i.e., �p decreased).

. Conclusions

Presented here are results of experiments quantitating the indi-
idual influence of various analyte and column properties and
ser-defined parameters on the intraparticle obstruction factor �p.
ue to the non-interacting nature of the column packing material
sed in size-exclusion chromatography, SEC proved to be a conve-
ient technique through which to isolate the effects of the various
arameters and properties studied on �p.

Far from being a constant, our experiments show that intraparti-
le obstructivity depends on a number of factors. The intraparticle
bstruction factor was seen to be both molar mass and analyte
ependent, with �p exhibiting a maximum with M that depends,
ualitatively, on the balance between KSEC and Dm.

We also investigated the effect of both solvent and temperature
n �p. Smaller �p were observed in chloroform, where PS has a
ower diffusion coefficient, than in THF at the same temperature.
owever, over the temperature range accessible to our equipment,
e were not able to measure a statistically significant change in
p with temperature. Because temperature can affect both solvent
iscosity and polymer size in solution, we encourage continued
nvestigation into the effects of this parameter on �p.

Analyte repeat unit chemistry and molar mass are properties of
he analyte, while solvent and temperature are parameters that are
nder the control of the user. We also examined the influence of
olumn properties on �p. To this effect, we observed more intra-
article obstruction in columns packed with smaller particles and

ess intraparticle obstruction in columns packed with larger pore
ize packings, all other factors being equal. Our results, seemingly
ounterintuitive in the case of particle size, agree with a previ-
usly postulated ink bottle structure of pores in the column packing
aterial.
While obtained via SEC, the results presented should be appli-

able to other forms of chromatography as well and should provide
or a deeper understanding of the processes responsible for band
roadening in column chromatography. Apposite to SEC, our results
hould aid in reducing the error associated with the various molar
ass averages and distribution of polymers, as a result of the
pplication of peak-position calibration curves to band broadened
hromatographic peaks. The results and conclusions should also
nd value with those working in fields where an understanding
f flow through porous media is important. Examples of the latter
re the oil industry, where it is important to understand the dif-

[
[
[
[
[
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fusion of large molar mass crude oil products through porous rock
formations [38], or the biochemical field, where an interest exists
in understanding how large molar mass proteins diffuse through
living cells [39].

Current experiments in our laboratory are focusing on deter-
mining the interparticle obstruction factor �e and the relationship
between �e, �p, and the total obstruction factor � t. We expect to
report on these soon.
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