
A comparative study on the elution behavior in size-exclusion
chromatography (SEC) of three polymeric TSK gel packings, named
H, HHR, and HXL types, is performed. The deviations of the universal
calibration (u.c.) curves of seven solvent–polymer systems show
evidence that the existence of secondary effects accompanying the
main SEC mechanism. These secondary mechanisms are a
consequence of the binary enthalpic interactions between the
different components of the chromatographic system, such as
polymer–solvent, polymer–gel and solvent–gel. However, in the
present case, the observed deviations from a unique u.c. curve can
mainly be attributed to adsorption of polymeric solutes (analytes)
onto the residual moieties of the gel surfaces, (i.e., to polymer–gel
interactions). These enthalpic interactions can be quantitated by
the values of the distribution coefficient, Kp, which follows the
order: Kp (gel HXL) > Kp (gel HHR) > Kp (gel H). Moreover, the
specific resolution of the three types of packings is also estimated,
and its comparison yields that Rsp (gel HHR) > Rsp (gel HXL) > Rsp
(gel H), in good agreement with their increasing particle size and
decreasing crosslinking degrees. Finally, the errors and inaccuracies
committed on the estimation of the sample average molar masses
from their respective calibration curves serves the assessment that
the packing with lesser secondary mechanisms is the H-type. 

Introduction

Size-exclusion liquid chromatography (SEC) is a powerful and
widely used analytical technique for polymer characterization in
o rganic or aqueous eluents (1–14). The main separation mecha-
nism in SEC is driven by size; that is, by entropic effects. In the
l i t e r a t u re, recent studies on separation models (15) and on
adsorption effects (16) can be found but systematic analysis on
the response of SEC columns are scarce (17). In this sense, pre-
vious and recent re s e a rch by our group (18–25) has analyzed the

swelling and crosslinking degrees of gels based on cro s s l i n k e d
p o l y s t y rene (PS)–divynilbenzene (DVB) copolymer, such as 
µ-styragel, TSK gel HH R, and TSK gel HX L. More o v e r, the part i-
tion coefficient (Kp), fractal dimension, concentration eff e c t s ,
and pre f e rential solvation parameter were also determined for
many solvent–polymer systems by means of the SEC technique.
The analysis of the values of these variables has served the dis-
cussion and explanation of the secondary effects that accompany
the main size-exclusion separation process. Chro m a t o g r a p h i c a l l y
speaking, the secondary mechanisms have been shown thro u g h
the shifts from a single universal calibration (u.c.) curve, as pro-
posed by Benoit et al. (26,27). 

The main purpouse of the present study is to perf o rm a com-
parative and exhaustive analysis of the SEC elution behavior of
d i ff e rent types of PS–DVB packings. In this re g a rd, at pre s e n t ,
Tosohaas, one of the first manufacturer of SEC columns, can
p rovide three complete sets of TSK-type supports named TSK gel
H (the older developed packing) and the current and more
sophisticated TSK gels HH R and HX L. Our previous knowledge of
some pro p e rties in the elution behavior of two of them (20–25)
has prompted us to extend the study to the H-type columns on
one hand, and to include new solvent–polymer systems on the
o t h e r. More o v e r, another goal of the present work is to relate the
c ross-linking degree (ν), distribution coefficient (Kp), and spe-
cific resolution (Rs p), with the secondary effects observed in the
u.c. curves, which are mainly caused by solute-reversible adsorp-
tion onto the residual moieties on the gel surf a c e .

Experimental 

Chemicals
N a rrow standard polymer samples of polybutadiene (PBD)

(Polymer Source Inc., Dorval, Canada), polydimethylsiloxane
(PDMS) (Polymer Laboratories, Shro p s h i re, U.K., and Polymer
S o u rce Inc., Dorval, Canada), polystyrene (PS) and polymethyl-
m e t h a c rylate (PMMA) (Pre s s u re Chemical, Pittsburgh, PA) have
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been used in the present work. The weight average molar masses
( Mw) and polydispersity index of the samples used with the dif-
f e rent packings are compiled in Table I.

C h romatographic-grade solvents, namely, tetrahydro f u r a n
(THF), 1–4 dioxane (DIOX), benzene (BZ), toluene (TOL), and
cyclohexane (CHX) from Scharlau (Barcelona, Spain) were used
as eluents. 

Chromatography
The Waters liquid chromatography equipment with a re f r a c-

tive index detector (Waters, Milford, MA) used for SEC experi-
ments has been previously described (28). The coupled column
sets used were two sets of three TSK gel HH R and TSK gel HX L
columns in series (each one of 7.8- × 300-mm i.d.) and one set of
t h ree TSK gel H columns (each one of 7.5- × 300-mm i.d.) fro m
Tosohaas, Tosoh Corp. (Tokyo, Japan). Some of their packing
p ro p e rties such as particle size; nominal pore size; pore, total-
exclusion, and total-permeation volumes (Vp, V0, and VT, re s p e c-
tively); and molar mass separation range are listed in Table II.

All the solvents used as eluents were previously degassed and
f i l t e red by passing them under vacuum through 0.45-µm re g e n-
erated cellulose filters from Micro Filtration Systems (Dublin,
CA). All chromatographic experiments were perf o rmed at 25.0°C
in a thermostated heater, and the columns were equilibrated
o v e rnight prior to starting any experiment. Chromatograms were
obtained at a flow rate of 1.0 mL/min by injecting 100 µL of
sample solutions. To avoid concentration effects (29), all solute
samples were injected at four concentrations, and elution vol-
umes were determined by extrapolating to zero concentration.
The elution behavior was expre s s e d as universal calibration plots,
which were linear in the molar range studied here (r ≥ 0 . 9 9 8 ) .

Viscometric measurements
The intrinsic viscosity [η] is related to the polymer molar mass

(M) through the Mark-Howink-Sakurada (MHS) equation: [η] =
k Mα. The exponent α f rom this equation re p resents the therm o-
dynamic quality of the solvent by the polymer. The intrinsic vis-
cosities of the samples were determined from specific viscosities
m e a s u rements at 25.0°C, as previously described (20). The
obtained MHS parameters k and α a re listed in Table III.

Results and Discussion

In “ideal” SEC, the separation of macromolecules is accom-
plished by size, and the concept of universal calibration pro p o s e d
by Benoit et al. (26,27) is fulfilled. In this context, the sample 

Table I. Weight Average Molar Masses of the Narrow
Standard Polymers Used for SEC Measurements in 
TSK Gel Packings

Mw ( g / m o l )
P S P B D P D M S P M M A

4 0 0 0 *, † , ‡ 9 2 0† 11 4 0† , ‡ 5 7 8 0 *, †

6 8 7 0 *, † , ‡ 5 9 5 0 * 8 1 0 0 *, † , ‡ 9 2 0 0‡

1 7 , 2 0 0 *, † , ‡ 6 2 5 0† , ‡ 3 3 , 5 0 0† , ‡ 2 6 , 9 0 0 *, † , ‡

3 0 , 0 0 0 *, † , ‡ 1 2 , 6 0 0† , ‡ 4 1 , 5 0 * 7 0 , 5 0 0 *, † , ‡

4 2 , 3 0 0 *, † , ‡ 1 3 , 4 0 0 * 7 6 , 0 3 0 * 1 6 0 , 5 0 0 *, † , ‡

9 0 , 0 0 0 *, † , ‡ 3 4 , 0 0 0† 1 2 3 , 0 0 0† , ‡ 2 5 4 , 0 0 0 *, †

11 4 , 0 0 0 *, † , ‡ 4 2 , 3 0 0‡ 1 8 8 , 0 0 0† , ‡ 2 5 7 , 2 0 0‡

2 0 0 , 0 0 0 *, † , ‡ 47,000* 1 8 8 , 4 0 0 * 5 5 0 , 0 0 0 *, † , ‡

3 5 5 , 0 0 0 *, † , ‡ 6 0 , 7 0 0† , ‡ 6 8 1 , 6 0 0 *
4 0 0 , 0 0 0 *, † , ‡ 67,300* 
6 5 0 , 0 0 0 *, † 8 6 , 5 0 0 *
7 0 6 , 0 0 0‡ 94,250* 

1 , 4 3 2 , 0 0 0 *, † , ‡ 1 0 5 , 7 0 0† , ‡

2 , 7 0 0 , 0 0 0 *, † , ‡ 2 6 8 , 0 0 0 *
3 , 8 0 0 , 0 0 0 *, † , ‡ 3 2 3 , 0 0 0† , ‡

6 , 5 9 0 , 0 0 0 *, † , ‡ 3 6 0 , 0 0 0† , ‡

1 , 1 2 0 , 0 0 0 *

* Used in TSK gel HHR.
† Used in TSK gel HXL.
‡ Used in TSK gel H.
§ Polidispersity index: PS (1.05–1.10), PBD (1.03–1.15), PDMS (1.03–1.23), 

and PMMA (1.03–1.15).

Table II. Column Packing Characteristics

Pore size Particle E ffective Mw
Commercial Gel packing n a m e size (µm) r a n g e * V0 ( m L )† VT ( m L )‡ Vp ( m L )

C r o s s l i n k e d G 2 5 0 0 2 0 0 – 4 0 , 0 0 0
TSK gel HHR P S – D V B G 4 0 0 0 5 1 0 0 0 – 6 0 , 0 0 0 0 1 6 . 4 0 3 3 . 2 1 6 . 8

c o p o l y m e r G 6 0 0 0 1 0 , 0 0 0 – 4 , 0 0 0 , 0 0 0

C r o s s l i n k e d G 2 5 0 0 5 2 0 0 – 4 0 , 0 0 0
TSK gel HXL P S – D V B G 4 0 0 0 6 1 0 0 0 – 5 0 0 , 0 0 0 1 7 . 0 7 3 3 . 7 1 6 . 7

c o p o l y m e r G 6 0 0 0 9 1 0 , 0 0 0 – 2 , 0 0 0 , 0 0 0

C r o s s l i n k e d G 2 5 0 0 1 3 < 20,000 
TSK gel H P S – D V B G 4 0 0 0 1 3 < 400,000 1 5 . 4 6 3 0 . 3 5 1 4 . 9

c o p o l y m e r G 6 0 0 0 1 3 < 40,000,000 

* Approximate ranges and exclusion limits given by the manufacturer.
† As determined with a PS standard of high molar mass (Mw = 6,590,000 Da).
‡ Determined with small solutes, TOL, or BZ, in THF as the eluent.



elution volume is related to their hydrodynamic volume by the
well-known equation:

Eq. 1

in which the product M[η] re p resents the hydrodynamic volume
( Vh) of the solute and a and b a re the corresponding linear fitting
c o e fficients. However, in “real” conditions, interactions between
the components of the chromatographic system take place, and
the u.c. method expressed by equation 1 no longer holds. As a
consequence of secondary elution mechanisms, deviations fro m
a single curve account for the solvent–polymer systems being
eluted (30–37). In general, the shifts of the calibration curv e s
f rom a re f e rence depend on the type and strength of the interac-
tions between solvent, solute, and gel (19–21). For these cases of
nonideal SEC, the elution volumes are given by:

Eq. 2

w h e re V0 is the interstitial or void volume of the column, Vp i s
the pore volume, and KD is a global distribution coefficient equal
to the ratio of solute concentration in the stationary phase and in
the mobile phase. There f o re, KD accounts both for size-exclusion
and for secondary effects and may be written as (38):

Eq. 3

w h e re Kp and KS E C a re the partition and the distribution coeff i-
cient by size, re s p e c t i v e l y. Because KS E C is only based on
e n t ropic interactions, it can be thermodynamically expressed 
by (38):

Eq. 4

This coefficient reflects the change in conformational entro p y
when the macromolecular solute is transferred from the mobile
phase to inside the pores. Because the conformational fre e d o m
d e g rees are more restricted inside the pores, the conform a t i o n a l
e n t ropy decreases, ΔS < 0 and KS E C < 1. 

On the other hand, the interactions of polymeric solute with
the pore walls result in a change in enthalpy and, accord i n g l y,
the distribution coefficient accounting for solute–gel interac-
tions or secondary effects may be written as (38):

Eq. 5

T h e re f o re, if solute–gel interactions are repulsive, ΔH > 0 and
Kp < 1, whereas if interactions are of attractive nature (as
reversible adsorption of polymer onto the gel surface), ΔH < 0
and Kp > 1.

F i g u res 1–3 show the calibration plots, as log M[η] versus Ve o f
seven solvent–polymer systems eluted in TSK gel H, gel HH R, and
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Table III. Mark-Howink-Sakurada Coefficients for Diverse
Solvent–Polymer Systems at 25.0°C

S y s t e m k (mL/g) µ

T H F – P B D 0 . 0 1 0 9 0 . 7 6 0
B Z – P B D 0 . 11 2 0 0 . 6 0 4
D I O X – P B D 0 . 1 5 5 0 0 . 5 4 1
B Z – P D M S 0 . 0 5 7 9 0 . 5 7 2
TO L – P D M S 0 . 0 4 4 7 0 . 6 0 1
C H X – P D M S 0 . 1 5 9 0 0 . 5 3 4
T H F – P S 0 . 0 11 0 0 . 7 2 5
T H F – P M M A 0 . 0 0 7 5 0 . 7 2 0
D I O X – P M M A 0 . 0 11 4 0.714  

Figure 1. Universal calibration plots for different solvent–polymer systems
eluted at 25°C in three TSK gel H columns.

T H F – P S
T H F – P B D
B Z – P B D
D I O X – P B D
B Z – P D M S
T O L – P D M S
C H X – P D M S

Figure 3. Universal calibration plots for different solvent–polymer systems
eluted at 25°C in three TSK gel HXL columns.

T H F – P S
T H F – P B D
B Z – P B D
D I O X – P B D
B Z – P D M S
T O L – P D M S
C H X – P D M S

Figure 2. Universal calibration plots for different solvent–polymer systems
eluted at 25°C in three TSK gel HHR columns.

T H F – P S
T H F – P B D
B Z – P B D
D I O X – P B D
B Z – P D M S
T O L – P D M S
C H X – P D M S

log  M [η] = a + b Ve

Ve = VO + KDVp

KD = KS ECKp

KS E C = exp(ΔS/ R)

Kp = exp(–ΔH / RT)
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gel HX L, re s p e c t i v e l y. As can be seen, two main features deserv e
to be mentioned and commented on. In the first place, deviations
f rom the re f e rence THF–PS curve are observed in general, 
especially for the HH R and HX L gels, and follow the order: gel H 
< gel HH R < gel HX L. Generally it is assumed that secondary eff e c t s
a re absent in the THF–PS system. Henceforth, it may be taken 
as a re f e rence system for which the universal calibration holds.
Second, it is remarkable that the CHX–PDMS system displays 
d i ff e rent relative positions with respect to the re f e rence in the
diverse gels. Both points can be related to the interactions
between the solutes and moieties on the gel surfaces caused 
by the gel synthesis pro c e d u re. The synthesis of the cro s s l i n k e d
PS–DVB copolymer constituent of the packings is usually carr i e d
out through suspension polymerization processes. The dro p -
let stabilizers (surfactants) used in these processes greatly 
v a ry: from poly(vinylalcohol), poly(vinylpyrrolidone), methyl cel-
lulose, gelatin, and gums up to inorganic salts such as calcium
sulphate, calcium phosphate, and benzonite. Porogens are also
used to control the pore size, being that they are frequently used
saturated aliphatic carboxylic acids of variable chain length. It
should be noted that most of what was mentioned also applies if
the packings are made by emulsion polymerization, which rare l y
occurs in commercial practice. There f o re, a great variety of dif-
f e rent moieties can remain on the packing pore surf a c e .
M o re o v e r, it is likely that diff e rent surface groups will vary fro m
one manufacturer to another and even from one to another
packing type of the same manufacture r. The diff e rences on 
elution behavior for a given solvent–polymer system among 
the diverse PS–DVB columns may be not solely (or mainly)
attributable to diff e rences in the crosslinking degree but also 
to the enthalpic interactions between remnant surface gro u p s
and polymeric solute. Accord i n g l y, diff e rent Kp values should 
be obtained for the same solvent–polymer systems eluted in 
d i ff e rent gels. 

The classical re s e a rch of Benoit et al. on universal calibration
demonstrated that a large variety of polymers (linear and star-
and comb-shaped), as well as copolymers, follow a single calibra-
tion curve (26,27). In this pioneering work it is clear that in the
PS–DVB gels used, the particle size was higher and the
c rosslinking degree smaller than in current ones, so no
solute–gel interactions were accounted. However, in modern
gels, as Figures 1–3 show, a unique curve is not obtained because
sometimes the curves of the diverse systems are far apart fro m
the re f e rence. The origin of the diff e rences between Benoit and
our results, as pointed out before, is probably attributable to the
p reparation methods of modern gels. These methods allow for
reduced particle size and, consequently, achievement of a tighter
packing with a reduction of the dead volume (~ 10%), as the
comparison between current (20–22,24,25) and appro x i m a t e l y
25-year old (39,40) columns shows. More o v e r, the pore volume
of actual columns is approximately twice that of the old ones,
yielding a better separation of polymeric solutes. In fact, the
newer columns display a light increase on the specific re s o l u t i o n
but, unfort u n a t e l y, much larger Kp v a l u e s .

The separation efficiency of a column is usually given by its
resolution (RS), which expresses the column capacity to separate
the polymeric solutes 1 and 2 with respective molar masses M1
and M2, and is defined as:

Eq. 6

w h e re V1 and V2 a re the retention volumes of solutes 1 and 2, and
w1 and w2 a re the widths of the chromatographic peaks of species
1 and 2 at the baseline. The defined resolution depends on the
polydispersities of the two samples. This drawback can be over-
come by defining a new parameter, the specific resolution Rs p a s
( 4 1 ) :

Eq. 7

w h e re Ii is the polydispersity index                    of samples

i (i = 1,2) with weight average molar mass (Mw, i) and number
average molar mass (Mn , i). There f o re, Rs p m e a s u res the separa-
tion efficiency of the column and is directly related to the theo-
retical plates number (N). Consequently, the higher the Rs p
value, the higher the N value and the better the column packing
resolution. The values of the magnitudes needed to evaluate Rs p
of the three column sets assayed are listed in Table IV and the
c o rresponding Rs p data in Table V. An inspection of these data
reveals that the efficiency order is Rs p (TSK gel HH R) > Rs p ( T S K
gel HX L) > Rs p (TSK gel H), in agreement with their Vp v a l u e s .
Then, the maximum efficiency (or better perf o rmance) is
obtained for the gel with lower particle size and higher
c rosslinking degree, the TSK gel HH R.

On the other hand, the quantitative determination of Kp h a s
been conducted for three hydrodynamic volume values, namely
Vh = M[η] = 106, 107, and 108 mL/mol. Previously to Kp c a l c u l a-
tions, it was necessary to evaluate the KS E C c o e fficients for the
column sets at each Vh. In the present work, the TOL–PDMS
system has been chosen as the re f e rence because it is generally
the system with lowest retention volumes. For this reason, Kp =
1, and the application of equations 2 and 3 to the re f e re n c e
system yields:

Eq. 8

f rom which KS E C can be estimated at the hydrodynamic volumes
selected by taking V0 and Vp data from Table II and Ve f rom 
the fitting of the TOL–PDMS calibration curve according to
equation 1. Afterw a rd, the Kp values can be obtained from equa-
tions 2 and 3 for each solvent–polymer system assayed in the
t h ree sets of TSK columns. These values are also listed in Table V
and follow, in general, the trend: Kp (gel HX L) > Kp (gel HH R) > Kp
(gel H), in good accordance with the experimental elution
behavior shown in Figures 1–3. The higher Kp values for the
m o d e rn TSK HXL gel denotes that, in this packing, stro n g e r
solute–gel interactions occur. However, a contradiction arises 
in respect to the old TSK gel H set because, on one hand, their
Rs p values are the smallest, as expected from their largest part i c l e
size, but on the other, the Kp values are also the smallest. 
This fact indicates that the old H-type gel displays lesser 
s e c o n d a ry effects than the modern ones; that is, a greater 
universality for separation purposes in spite of its lower specific

Ve = V0 + KS ECVp

RS =
2 (V2 – V1)
w1 + w2

Rs p =
2 (V2 – V1)

[w1I1 + w2I2] l o g
Mw,2

Mw,1

( Ii = )
Mw, i

Mn , i
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resolution. Let us now approach this matter from a diff e re n t
viewpoint, such as is the determination of sample average molar
masses from the SEC calibration curv e s .

U s u a l l y, the calibration of a column set is made by eluting PS
s t a n d a rds in THF according to equation 1, in which the
intrinsic viscosities [η] are quantitated through the MHS equa-
tion [η] = kMα. By substituting the MHS equation in equation
1, and after some re a rrangements a particular calibration for
PS in THF is obtained:

Eq. 9

w h e re a, b, A, and B are the fitting coefficients of the calibration
c u rves. Assuming that the u.c. is fulfilled, the previous expre s-
sion can be generalized to any solvent–polymer system with
their own MHS coefficients k' and α' (42):

Eq. 10

Equation 10 allows for the evaluation of the
average molar mass of any polymer sample fro m
its chromatogram in the corresponding eluent.
H o w e v e r, if the calibration curve log Mw[η] versus
Ve for a polymer in a given solvent differs from the
re f e rence u.c. (THF–PS)—that is, obeys the equa-
tion log M[η] = a'+b'Ve—the particular calibra-
tion for that system will be given by:

Eq. 11

with a', b', A" and B" being the corresponding fit-
ting parameters. There f o re, it is evident that the
l a rger the deviation between the Mw value evalu-
ated from equation 11 and the nominal value
given by the supplier, the larger the shift between
the particular calibration and the u.c.; or in other
w o rds, the larger the Kp values with respect to the
re f e rence system. In this sense, Table VI shows
the nominal and calculated Mw data together with
the mathematical deviations between both sets of
values for diverse solvent–polymer systems
eluted in the three column sets. Deviation (DEV)
is defined as the relative diff e rence between nom-
inal and calculated Mw values and is expressed as
a percent by:

Eq. 12

As a general rule, quantitative deviation follows
the order TSK gel H < TSK gel HHR < TSK gel
HX L, with mean deviations of 21%, 49%, and
121%, re s p e c t i v e l y. More o v e r, uncertainties of
a p p roximately the same order are also found
when comparing the molar masses of a solute in
a particular solvent in the diverse column sets. As
expected, the order in Mw deviation was similar to
the one followed by the Kp values given in Table V
because smaller Kp values indicate closer Mw
values to those deduced from u.c., and they also
a g ree with the experimental evidence given in
F i g u res 1–3. However, it could be argued that
DEV values listed in Table VI have been obtained
with the classical THF–PS re f e rence system,
w h e reas the Kp values were deduced in respect to
the TOL–PDMS. For this reason, calculations on

Table V. Specific Resolutions and Distribution Coefficients at Three
Hydrodynamic Volumes (in mL/mol), for the TSK Column Sets in Diverse
Solvent–Polymer Systems

S o l v e n t – p o l y m e r Kp

Column set s y s t e m Rs p Vh = 106 Vh = 107 Vh = 108

T H F – P B D 0 . 9 6 0 . 9 4 0 . 8 9
B Z – P B D 1 . 6 9 1 . 0 8 1 . 0 6 1 . 0 0

TSK gel H D I O X – P B D 1 . 11 1 . 1 2 1 . 1 4
B Z – P D M S 1 . 5 6 0 . 9 8 0 . 9 6 0 . 9 0
TO L – P D M S 1 . 2 8 1 . 0 0 1 . 0 0 1 . 0 0

T H F – P B D 0 . 9 8 0 . 9 7 0 . 9 4
B Z – P B D 2 . 1 0 1 . 2 1 1 . 1 6 1 . 0 4

TSK gel HHR D I O X – P B D 1 . 2 7 1 . 3 6 1 . 6 6
B Z – P D M S 1 . 8 0 1 . 2 5 1 . 2 4 1 . 2 5
TO L – P D M S 1 . 9 4 1 . 1 0 1 . 1 0 1 . 11

T H F – P B D 1 . 3 1 1 . 5 2 3 . 0 1
B Z – P B D 1 . 7 8 1 . 8 8 2 . 4 7 6 . 7 2

TSK gel HXL D I O X – P B D 1 . 0 6 1 . 0 0 0 . 6 3
B Z – P D M S 1 . 5 1 1 . 5 6 1 . 8 9 4 . 2 6
TO L – P D M S 1 . 7 4 1 . 0 0 1 . 0 1 1 . 0 0

Table IV. Data for the Specific Resolution Calculations of the Column Sets
through Equation 7

Solvent–polymer system*

Column Set Rsp variables BZ–PBD 6000 BZ–PDMS 8000 TOL–PDMS 8000

Ve, 1 ( m L ) 2 2 . 6 2 2 . 4 2 2 . 4

TSK gel H w1 ( m L ) 1 . 2 2 . 0 1 . 8
Ve, 2 ( m L ) 2 0 . 7 2 0 . 9 2 1 . 0

w2 ( m L ) 1 . 4 1 . 7 1 . 5

Ve, 1 ( m L ) 2 2 . 8 2 2 . 6 2 2 . 7 5

TSK gel HHR w1 ( m L ) 1 . 3 1 . 8 1 . 9
Ve, 2 ( m L ) 2 0 . 4 5 2 0 . 7 5 2 0 . 7
w2 ( m L ) 1 . 3 1 . 3 1 . 3

Ve, 1 ( m L ) 2 3 . 1 2 3 . 0 2 3 . 0

TSK gel HHR w1 ( m L ) 1 . 7 2 . 6 2 . 2
Ve, 2 ( m L ) 2 0 . 8 2 1 . 0 2 1 . 1
w2 ( m L ) 1 . 3 1 . 4 1 . 1

* BZ–PBD 6000: Mw, 1 = 6250 Da; Mn , 1 = 6000 Da; Mw, 2 = 42300 Da, and Mn , 2 = 41,000 Da. 
BZ–PDMS 8000: Mw, 1 = 8100 Da; Mn , 1 = 7500 Da; Mw, 2 = 33,500 Da; and Mn , 2 = 316,000 Da. 
TOL–PDMS 8000: Mw, 1 = 8100 Da; Mn , 1 = 7500 Da; Mw, 2 = 33,500 Da; and Mn , 2 = 316,000 Da.

l o g Mw= = A+ BVeVe+a – log k
1 + α

b
1 + α

l o g Mw= = A '+ B'VeVe+a – log k '
1 + α'

b
1 + α'

l o g Mw= = A "+ B"VeVe+a' – log k '
1 + α'

b '
1 + α

D EV = × 1 0 0| Mw(n o m) – Mw(c a l) |
Mw(n o m)
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molar masses and deviation have been repeated by taking the
TOL–PDMS system as a re f e rence u.c. The corresponding values
a re also compiled in Table VI in parenthesis. On one hand, they
c o n f i rm the general trend observed for the diverse types of
columns, and on the other, the proper choice of the altern a t i v e
TOL–PDMS as re f e rence system (at least in the packings studied
h e re) because the deviations are even lower than those obtained
with the classical THF–PS system.

Conclusion

The present work analyzes the elution behavior of three types
of SEC packings commercialized by Tosohaas. All of them are
separate solutes in the same range of sizes, but they have dif-
f e rent particle sizes and crosslinking degre e s .

The separation strength has been compared through the
values of their specific resolution (Rs p). As expected, the TSK gel

HH R columns display the largest Rs p values because they possess
the higher crosslinking degree and pore volume.

In contrast, the smaller shifts between the calibration curv e s
in respect to the re f e rence have been observed in the columns
with the largest particle sizes (H-type), denoting lower
solute–gel interactions, which is more adequate for sample char-
acterization purposes. This experimental evidence has been cor-
roborated by the values of Kp, which is the coefficient that
quantitatively accounts for secondary mechanisms and follows
the order: Kp (gel HX L) > Kp (gel HH R) > Kp (gel H).

F i n a l l y, the excellence of the packings for sample characteriza-
tion has been judged through the estimation of the errors or
u n c e rtainties commited when determining the average molar
masses through the corresponding calibration curves. Again, the
gel with lowest deviation has turned out to be the H-type.
T h e re f o re it is necessary to achieve a compromise between
d e c reasing particle size, increasing crosslinking degree, and
i m p roving the separation efficiency in the synthesis of modern
gels. This matter is rather complicated because the current gel

synthesis pro c e d u res increase the number of moi-
eties on the gel surface, which can interact with
polymeric solutes and decrease other import a n t
p ro p e rties of SEC gels (such as their effective re s o-
lution) to the detriment of a proper evaluation of
molar masses and molar-mass-distribution func-
tions of unknown samples.
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