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Sample Mass Effects onThermal
Field-Flow Fractionation Retention
and Universal Calibration®

WEN-JIE CAO, MARCUS N. MYERS!, P STEPHEN WILLIAMS
and J. CALVIN GIDDINGS *

Department of Chemistry, University of Utah, Saft Lake City, UT 84112, USA
(Received 8 October 1997; In final form 3 April 1998)

The effect of sample mass on retention in thermal field-flow fractionation (FFF) can be
large, becoming more important as the molecular weight increases. Greater retention
with increased sample mass is observed beginning at the detection limit of 0.1 pg of
polystyrene in tetrahydrofuran (THF) with higher molecular weight material. Empirical
equations have been developed to correct for changes in calibration parameters for the
thermal FFF universal calibration curves due to the sample mass effect on polymer
retention for polystyrene, polymethylmethacrylate, and polyisoprene in THF.

Keywords: Thermal FFF; Sample mass; Retention; Universal calibration

INTRODUCTION

Thermal field-flow fractionation (ThFFF) is a proven technique for
polymer separation and characterization.'! The poor understanding
of thermal diffusion in ThFFF requires using polymer standards for
obtaining a calibration curve to establish the relationship between

* Presented at the 10th International Symposium on Polymer Analysis and Char-
acterization (ISPAC-10), Toronto, Canada, August 11-13, 1997,

t Corresponding author.
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polymer retention and molecular weight. Giddings'? proposed that the
calibration for ThFFF is universal enabling the transfer of calibration
parameters obtained on one ThFFF instrument to other units for a
given polymer—solvent pair because the calibration parameters are
determined by the physicochemical constants D and D, the common
diffusion and the thermal diffusion coefficients, respectively. This is in
contrast to the universal calibration used in SEC which requires the
calibration of each individual column, but, in theory, applies to all
polymers which behave similarly to the polymer used for calibration.

Varying sample mass is thought to give rise to some of the observed
variation in the calibration curves found in our laboratory and in those
of other investigators.® > Variation of sample retention with sample
mass has been called overloading, usually accompanied by skew,
increased width, or other peak shape changes, or even multiple peak
formation. Caldwell er al'® examined this overloading effect in an
effort to determine upper limits to sample concentration below which
retention time would be independent of sample concentration. Recent
work using more sensitive detectors has indicated the sample mass
effects of band broadening, skewed peaks and longer retention con-
tinue to much smaller sample masses and modify the calibration
curves, The amount of sample injected can affect the retention time
primarily by influencing the viscosity of the solute—solvent mixture in
the sample zone. The increased viscosity decreases the zone velocity,
resulting in longer retention. In ThFFF, the concentration across the
channel thickness varies due to the migration of the molecules under
the influence of the temperature gradient. The concentration distribu-
tion is approximately exponential as given by

¢(x) = coexp(—x/Aw), (1)

where c(x) is the concentration at distance x across the channel thick-
ness measured from the so-called accumulation wall, ¢g is the concen-
tration at the accumulation wall, w is the channel thickness, and X the
retention parameter or reduced mean thickness of the sample zone.
Shortly after injection, the sample zone is assumed to broaden into
a Gaussian distribution along the z-axis corresponding to the direc-
tion of flow down the channel. The two dimensional concentration
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becomes!”)

~(z-2)

¢(x,2) = coo exp [——207—«} exp [}3], (2)

where Z is the distance traveled by the center of the zone down the
channel. The concentration at the accumulation wall at the center of
the zone, cqo, is found from!®

VinjCinj L

—_— 3
(27a2) /2 V0 ) ®)

Coo =

where Viy; is the volume of sample injected, 170 is the void volume, Cinj
is the concentration of the injected sample, L is the length of the
channel, and o2 is the sum of the variances contributing to the zone
breadth, given by

02 = Ui%nj + ar%eq + Ugoly’ (4)
where
1 [Vinil)?
2 _ inj
Oinj = IV [ 10 ] (3)
and
Z
Tneg = XOW () 5 (6)

in which (v) is the mean carrier velocity of the carrier. The nonequi-
librium coefficient x(A) is given at high retention by

x(\) = 24)°. (7)

The variance due to the polydispersity of the polymer is described by

2
dln ¥V,
2 — 72 r
Jpoly_Z [dlnM] (H*1)> (8)
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where p is the ratio of the weight to number average molecular weights
and (dInV,/dIn M) is the selectivity corresponding to the relative
change in elution volume V, divided by the relative change in molec-
ular weight M.

Data for the effect of concentration on the viscosity are rarely
reported since most workers are interested in the intrinsic viscosity [7)
which can be related to the molecular weight by the Mark—Houwink
relationship

[n] = KM", (9)

where K and a are determined from the extrapolation of viscosity—
concentration measurements to zero concentration. For low con-
centrations, the viscosity can be estimated using the Huggins
relationship'®!

mT—"o

(=) = + kbl (10)
¢

with 7o being the viscosity of the pure solvent and ky, the Huggins

coefficient. The effect of temperature on the viscosity of the carrier can

be expressed as

1
5:a0+a1T+a2T2+a3T3, (11)

where aq, a,, a;, and a; are empirically obtained coefficients.

The velocity of the flow stream across the channel can be described
by 1)

d Xy (fow(x/n(x))dx] X
0=E | o (Jo (/o) ax) )|

(12)

where v(x) is the laminar flow velocity at position x, x is the coordinate
across the channel thickness w, dp/dz is the pressure gradient along the
channel length L, and n(x) is the local fluid viscosity.

In the region of the zone, n varies with x because of the gradient
in both temperature and concentration. The effects act together to
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increase the viscosity towards the cold wall. Only the temperature
gradient influences viscosity and the velocity profile in front of and
behind the zone. Within the zone the velocity profile is more distorted
than in the rest of the channel. This is illustrated in Figure 1(a) and (b)
where flow velocity profiles at the center of the zone are compared
with the isothermal and the temperature corrected pure solvent veloc-
ity profiles. The curves are calculated for a 20 pg sample of polystyrene
(PS) in toluene. The viscosity data for 250 kg/mol were obtained from
Streeter and Boyer,!'” and the 1000 kg/mol viscosity estimated using
Equation (10). The effect of molecular weight is readily apparent, with
much lower velocities close to the cold wall for the higher molecular
weight material.

The mean flow velocity must remain constant along the channel
length (due to comservation of mass). To bring about the change in
velocity profile there must be an x-component to the flow as the con-
centration profile changes along the length of the zone. There is a

Solvent,
(a) Isothermal
. Solvent
z
8 2?0 kg/mol
E 1000 kg/mol
< g
2
L L T 1
g 4.025 .05 0.075 0.1 0.125

FIGURE I(z)
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i
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x/w

FIGURE 1(b)

FIGURE 1 Relative velocity profile in a ThFFF channel illustrating the effect of the
presence of polymer on the velocity profile. Calculations are for a 20 ug sample of PS
in toluene following migration of 2cm from injection with A7=150°C and T.=25°C,
(a) details of profiles close to the cold wall, (b) the profiles across the entire channel.

tendency for the carrier fluid to flow over the top of the zone, with
increased velocity in the region above the body of the zone. This is
only a partial diversion of flow, as the zone keeps moving at a slower
velocity than if there were no additional distortion of velocity profile,
as shown in Figure 1(b).

The viscosity corrections used here are simplified to illustrate the
effects of concentration of the polymer on the flow profile. The actual
viscosity—concentration dependence may be considerably more com-
plicated. Some authors have divided the concentration effect on vis-
cosity into three regions,'!! the dilute region ¢ <¢* (where ¢* is the
concentration where polymer coils overlap), the transition region
¢ <c< e (where ¢** is the concentration above which pseudo-gel
behavior is observed), and the semidilute region ¢ > ¢**. Callaghan
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and Pinder!'? show that the gel behavior is only observed when
¢/c* > 5 for 110kg/mol PS in CCl, at 25°C. For PS in THF at 25°C,
Yu e al" obtained the following equations for ¢* and ¢**:

logc* = 2.436 — 0.725log M, (13)

logc™ = 3.416 — 0.8log M, (14)

where concentration has units of g/mL.

Increased concentration, particularly due to the enhanced concen-
tration near the cumulative wall induced by the thermal field, may
allow the polymer coils to entangle to the extent that a gel or pseudo-
gel may be formed. For large polymers like 1000kg/mol PS, the
concentration enhancement could be many times the original injected
concentration. Gelation of PS in a large number of solvents was
attempted by Tan ez al!"* Only 14 liquids, most of them relatively
poor solvents, were found capable of gel formation. In THF, PS gel
formed at temperatures from —100°C to —70°C and at concentrations
from 150 to 300 mg/mL, respectively. The gelation temperature range
was much lower than the cold wall temperature 7, (25°C) and the
concentration was much higher than ¢qg in our experiments. It appears
that permanent gel formation would not occur in the present study.

The behavior of a pseudo-gel solution is quite different from the
polymer solution from which it is formed. The diffusion coefficient of
a pseudo-gel is much smaller than that of the original polymer, while
the viscosity of the pseudo-gel solution will be much larger than the
original polymer solution. The pseudo-gel, in theory, will be com-
pressed closer to the cold wall and elute out of the channel later than
the parent molecule. However, as the size of the pseudo-gel cluster
increases, hydrodynamic effects will result in an earlier emergence
from the channel. If either of these scenarios occur in the ThFFF
channel, double peaks might be observed with a given molecular
weight sample.

An additional complication occurs as the concentration decreases in
the zone as it moves down the channel. The quantitative description of
the viscosity effect in the region of the zone is very complicated and
beyond the scope of this paper. However, the qualitative effects on the
velocity profile as illustrated explain the change in retention observed
even at small concentrations.
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Since, from theory,“]

D
AT = — 15
o (15)
any effect of concentration on diffusion becomes important. Below ¢*,
the diffusion coefficient can be described by the expression'®

D = Dy(1 + kpe), (16)

where Dy is the diffusion coefficient at zero concentration. For poly-
styrene in THF, kp is positive and the diffusion rate increases with
increased concentration. From Equation (15), such an increase in D
would lead to less retention or a larger AAT with a corresponding
change in the calibration curve as shown by Figure 2 which considers

1.20

0.951
g 0.70-
2
- S5ug

0.454

Tug
0.201
0
2 15 -1 -0.5 0 0.5

LOG(My,/105)

FIGURE 2 Effect of concentration on the calibration curve of PS in THF if only
diffusion is affected.
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only the concentration effect on D, assuming Dy remains constant
with concentration.

Concentration effects on Dt are not clearly understood, since con-
flicting results are reported in the few existing studies. For PS,
Hoffman and Zimm'¥ and Whitmore!"* found no dependence in a
poor solvent, while using a good solvent resulted in a small change
with concentration.

If the carrier viscosity, the thermal conductivity, and the thermal
diffusion ratio are considered constant in the temperature gradient,
the retention volume can be translated into the dimensionless retention
parameter A by the general equation!!! for FFF,

0
R::%%::6A[mnhgx—2k], (17)
where V9 is the void (channel) volume, and V; is the sample retention
volume. The use of a thermal field requires adjustment for the effect of
temperature on viscosity n and the change in thermal conductivity
across the channel, resulting in a more complex equation for defining
) from retention data, utilizing Equation (12).

The common diffusion coefficient can be related to polymer molec-

ular weight by the well-known equation,

D= A(My)", (18)

where M., is the polymer molecular weight, 4 and b are constants
reflecting the polymer chain stiffness in a solvent and the interaction
strength between the polymer chains and the solvent, etc.

Dividing Equation (18) by Dr, and substituting into Equation (15),
we obtain

D 4 _b
)\AT—B;—HT-(MW) . (19)
Schimpf and Giddings!"®!”) showed that Dy is independent of
polymer molecular weight although Myerhoff and Rauch,"® Hoffman
and Zimm,"¥ and Whitemore!'” showed that Dr is slightly depen-
dent on molecular weight for some polymer—solvent combinations.
Assuming that the following relationship between Dt and molecular
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weight exists,
Dy = B(M,,)", (20)

where B and (3 are two constants, we may substitute Equation (20) into
Equation (19) to obtain

AT = ¢(M,, )", (21)
where
¢ = A/B, (22)
and
n=5h-+p. {(23)

In order to avoid extrapolating to unit polymer molecular weight to
obtain the value of ¢, Giddings'” recommended a similar equation,

MAT = ¢ [11\/1_02]—"’ (24)
where
b6 = $(10)*". (25)

Here, ¢ and n are the ThFFF universal calibration parameters which
can be obtained from the intercept and the slope of the plot of
log(AAT) versus log(M,,/10°). Since there are no ThFFF system
parameters such as channel thickness, length, and breadth in Equa-
tion (24), and no packing material inside the channels, the ThFFF
calibration parameters n and ¢g are expected to be system (channel)
transferable. Once ¢ and n are measured for a polymer—solvent pair,
they may be used with any ThFFF channel.

In previous papers,'™?? the effect of cold wall temperature
on polymer ThFFF retention and universal calibration has been
addressed extensively. Those results showed that although polymer
ThFFF retention could be manipulated by changing the cold wall
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temperature, the value of n remains constant for a given polymer—
solvent pair. Only ¢¢ was shown to be dependent on the cold wall
temperature.

EXPERIMENTAL

Two newer ThFFF channels,”” which have a uniform temperature
profile along the channel length, were used in this experiment. Both
AT and T, could be controlled to within +1°C. Dimensions of the two
spacers used are listed in Table 1. The data for PS were collected on
channel 20. The data for polymethylmethacrylate (PMMA) and poly-
isoprene (PIP) were collected on channel 21.

SSI II (FFFractionation, L.L.C., Salt Lake City, UT) pumps were
used to deliver carrier (THF). A Varex (model ELSD I1A) evaporative
light-scattering detector (Varex Corporation, Burtonsville, MD) was
used to detect polymer peaks of PMMA and PIP. A Spectroflow 757
(Applied Biosystems, Ramsey, NJ) UV HPLC detector was used for
PS detection at a wavelength of 254 nm.

The dead volume of the ThFFF system was subtracted from reten-
tion volumes for accurate calculation.

The detector signal was recorded by an Omniscribe® Recorder chart
recorder (Houston Instrument, Austin, TX) for the original fracto-
gram and by an IBM compatible PC (AT 286) for data collection.
In-house software was used for all data collection and processing.

Polymer standards were obtained from Polymer Standards Service
(Polymer Standards Service-USA, Silver Spring, MD). Their param-
eters are listed in Table II.

Fisher Chemical HPLC grade THF (Fisher Scientific, Fair Lawn,
NJ) was used as carrier and solvent for the polymer standards.

TABLE I The dimensions of the spacers used in the ThFFF channels

Channels Materials Ly ip (cm)*  Breadth (cm) Thickness (cm) V0 (ecm®)f

20 Polyimide ! 27.5 2 0.0127 0.622
21 Polyimide 33.2 1.6 0.0127 0.620

* Tapered at both ends.
 Geometric volume.
! Teflon coated.
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TABLE II Molecular weights and polydispersities of polymer standards

Polymers M, (kg/mol) M., (kg/mol) M, (kg/mol) MM,
PS 34.3 335 326 1.03
99.4 96 92.4 1.03
273 257 245 1.05
556 546 536 1.02
1000 944 880 1.07
PMMA 37 37 35 1.04
100 97 91 1.04
280 270 255 1.05
570 570 550 1.03
PIP 140 108 104 1.04
293 293 287 1.02
1050 963 860 1.12

The stock sample solution was made at least 24 h before the experi-
ments to ensure solvation. In these experiments, a very small amount
(~0.0001 mg/mL) of the antioxidant Irganox® 1010, (Ciba-Geigy
Corporation, Hawthorne, NY) was added to the stock solution to
prevent THF peroxide formation and polymer degradation, and also
to supply a signal for void peak detection.

A Rheodyne (Cotati, CA) model 7125 syringe loading sample injec-
tor was used for sample injection. The volume of the sample loop
was 20 pL.

The cold wall temperature was controlled to 25+ 1°C and the
carrier flow rate was 0.1 mL/min for all experiments. The AT was
controlled to 50 £ 1°C for PS and PMMA, and 70 £ 1°C for PIP if
not otherwise indicated in the text.

RESULTS AND DISCUSSION

The results of Caldwell et al.® show that FEF overloading varied for a
given sample mass (m = Viy; * cinj) When larger sample volumes were
used. However, the sample volumes were often quite large compared
with the channel void volume (up to 13% of ¥°) which would result in
a broad sample zone with a loss in resolution. Such broad zones com-
plicate the determination of the concentration in the zone. Injection
concentrations ranged from 1 to 25 mg/mL and sample masses varied
from 10 to 4000ug. Both volumes and concentrations were much
higher than those used in this research, where injection concentrations
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were from 0.0049 to 1 mg/mL and sample masses were from 0.1 to
20 ug (only a few were 50 and 100 pg to show the extremes). Significant
injection volume effects on polymer retention and the ThFFF univer-
sal calibration parameters at such low injection concentrations and
sample masses were not expected. However the use of the same
sample volume should give sample zones with the same starting width
and the mass effect can be better seen, especially if aggregates form
under the operating conditions. A sample volume of 20 uL was used
for all samples.

The detector limits for this study were 0.09 pg of sample mass for
1000 kg/mol PS using a UV detector, and 1 ug for 570 kg/mol PMMA
and 2.5pug for 1050kg/mol PIP with the ELSD. The retention was
measured for sample masses ranging from these limits to more than
20 pg and was consistently found to increase with increases in sample
mass. The ThFFF fractograms of Figures 3-5 illustrate both the

to
M, = 34.3 kg/mol
=
7]
Zz |
(=}
B
0
2
o 273 kg/mol
]
=
Q
E 1000 kg/mol
=
a
m=20ug
10ug
Spg
T T T L L T lI ug
0 10 20 30 40 50 60 70
TIME (min)

FIGURE 3 Fractograms of PS in THF showing the effect of sample mass on reten-
tion. Double-topped peak of the 1000kg/mol PS was observed as sample mass was
increased to 20pg. AT =50°C. T,=25°C and the carrier flow rate=0.1mL/min for
all experiments.
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Mp = 37 kg/mol
|

100 kg/mol

=

7))
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a 0pug
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- 2ue
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TIME (min)

FIGURE 4 Fractograms of PMMA in THF showing the effect of sample mass on
retention. Double-topped peak of the 570kg/mol PMMA was observed as sample
mass increased to 20 ug. AT =50°C.

increased retention and the change in peak shape as the sample mass is
increased, with the greatest effects occurring for the higher polymer
molecular weights. In the low sample mass range (< 10 pg), the peak
shape is close to Gaussian. When the sample mass is increased to
about 20 ug, second peaks appeared following the 1000kg/mol PS
and the 570kg/mol PMMA peaks resulting in doublets as shown in
Figures 3 and 4. The PS fractograms in Figure 3 were obtained at
AT=50°C, while those in Figure 6 were collected at AT=25°C
showing a reduction in the effect with decrease of field strength (AT).
This is because the concentration of polymer in the zone does not
reach such high levels with the reduced AT.

Much of the work done in the past has been with sample amounts
above 10 ug due to the relatively poor sensitivity of the detectors avail-
able at that time.’->?!! Larger sample masses tended to be used for
higher molecular weight polymers to offset the dilution of the peaks
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to  Mp =140 kg/mol
‘ \ M,, = 1050 kg/mol
=
|72]
g
77
= 40 ug
-4
=] /
Qo
=
Q
=
= 10pg
a / 2.5ug
0 20 40 60
TIME (min)

FIGURE 5 Fractograms of PIP in THF showing the effect of sample mass on
retention. A7=70°C.

during their longer retention which results in broader and less easily
detected peaks.”? The sample concentration range used by Caldwell
et al ! ranged from 1 to 25 mg/mL and the sample mass ranged from
10 to 4000 pg. They observed behavior similar to that shown in Fig-
ure 3 for sample masses above 10 pg, and suggested that this nonideal
behavior might be attributable to the fact that zone concentra-
tion reaches the levels greater than ¢* close to the cold wall.

As indicated above, the doublet peaks may be the result of pseudo-
gel formed in the region of enhanced concentration near the cold wall.
Equation (3) can be used to calculate the highest concentration in the
zone, coo, Of the “relaxed” sample zone at the cumulative wall.l The
calculated cqo for different ¢;,; and sample mass are listed in Table III
for 1000 kg/mol PS and 37 kg/mol PMMA at AT =50°C after migrat-
ing 2cm down the channel from injection. Table III shows that the
injection concentration could be enhanced as much as 45 times for
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tO

DETECTOR RESPONSE

T T T

0 10 20 30 40
TIME (min)

FIGURE 6 Sample mass effect for 1000 kg/mol PS at AT=25°C.

TABLE 1II Sample masses (m) injected into the channel, concentration of sample
solution, calculated maximum concentration in the zone of 2cm from injection, and
the ratio of ceg/cinj for the 1000 kg/mol PS and the 37kg/mol PMMA at AT=50°C

m (ug) Cinj 00 €00/ Cinj coo/c*
(mg/mL) (mg/mL)
PS PMMA PS PMMA PS PMMA
(1000kg/ (37kg/ (1000kg/ (37kg/ (1000kg/ (37kg/
mol) mol) mol) mol) mol) mol)
50 2.5 114.7 45.9 20.3
20 1 41.4 5.8 41 .4 5.8 7.3 0.09
10 0.5 19.4 2.9 38.7 5.7 34 0.04
6.2 0.31 11.6 373 2.0
5 0.25 9.2 14 369 5.7 1.6 0.02
3.1 0.16 5.6 36.2 0.99
2 0.1 3.6 0.57 35.6 5.7 0.63 0.009
1 0.05 1.7 0.28 349 5.6 0.31 0.004
0.56 0.028 0.97 344 0.17
0.3 0.015 0.50 33.7 0.088

0.1 0.0049  0.16 33.5 0.029
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large polymers like 1000 kg/mol PS and 5.8 times for small polymers
like 37kg/mol PMMA. Literature values of ¢* for PS+ THF vary,
thus, Equation (13) was chosen to calculate the values of ¢* in
Table 1V. Equation (14) was used to calculate ¢** values for PS in
THF which are also listed in Table 1V. When the assumed sample
amounts injected reach 20pug for 1000kg/mol PS, cgof/c* >5 and
coo > ¢**, and conditions are such that pseudo-gel might be expected to
form. Doublet peaks for 1000k PS were observed in our experiments
at 20 pg (Figure 3). As reported by Caldwell et al.,'! doublet peaks (or
second peaks) were observed for 860 kg/mol PS for sample masses
larger than about 20 pg. Pseudo-gels would be expected to form in
many of their experiments if the results of Callaghan and Pinder!'? are
correct.

As stated above, retention was still found to be dependent on the
sample mass at the detection limit of the detector as shown in Figure 7
for 1000 kg/mol PS and 1050 kg/mol PIP in THF. Overloading could
not be eliminated, but was reduced by lowering the field strength (AT)
from 50°C to 25°C as shown in Figure 8. Peak distortion was still
apparent at larger sample masses for the 1000 kg/mol polymer at the
lower AT as shown in Figure 6.

It appears the sample mass effect exists for all the polymers,
although to a lesser extent for smaller polymers. In order to show the
sample mass effect for all the polymers of a polymer family in one plot,
we first obtained the values of R, the retention ratio for infinitely
dilute concentration, by extrapolating the R versus sample mass m
plot to zero sample mass, using a second-degree polynomial fit. The
values of R® given in Table V are not exact because of the difficulty of
extrapolation using this type of fitting equation, however the trend

TABLE 1V Some important constants and parameters for PS in THF used in this
study

M, (kg/mot) 343 99.4 257 556 1006
Dy x 1077 (cm?/s)* 9.66 5.33 3.06 2.00 1.47
kp (mL/g)* 0.011 0.026 0.058 0.105 0.162
¢* (mg/mL)! 140 65 31 19 12
¢** (mg/mL)* 613 262 117 66 41

* Calcnlated from the data in Ref. [23).
t Calculated from Equation (13).
*Calculated from Equation (14).
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0.16 PIP, M,, = 1050 kg/mol

0.154

R 0.144

0.131 pg, M,, = 1000 kg/mol

0.124
0.11
0.1 : —
1 10 100
m (1g)

FIGURE 7 The sample mass effects on the retention ratio of 1000kg/mol PS and
1050kg/mol PIP in THF. Error bars correspond to one standard deviation.
AT=50°C.

is shown. The values of R%/R versus m are plotted in Figure 9(a)—(c)
for PS, PMMA, and PIP in THF, respectively.

Figure 10 shows AAT is dependent on both AT and sample mass in
the sample mass range 2—20 pg. The AAT curves for the three AT of
25°C, 35°C, and 50°C appear to converge to a value of about 1.5
for the 1000kg/mol PS as sample mass approaches zero. This AT
dependence of AAT caused by sample mass variation may explain why
different laboratories obtained different AAT values for a given
polymer under similar experimental conditions. Table VI lists some
previously published AAT values with T, of ~25°C. The calibration
parameters for the ThFFF calibration with PS in THF are also listed.
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FIGURE 8 The sample mass effects on the retention ratio of 1000kg/mol PS at
AT=50°C and 25°C.

TABLE V Values of R, A, and D/Dy at infinitely dilute concentration at T, = 25°C

M, (kg/mol) AT (°C) R X0 XNAT = D°D} (°C)
PS
34.3 50 0.710 0.209 105
99.4 50 0.480 0.110 5.52
273 50 0.288 0.0628 3.14
556 50 0.200 0.0414 2.07
1000 50 0.147 0.0297 1.49
1000 35 0.214 0.0426 1.49
1000 25 0.298 0.0596 1.49
PMMA 50
37 0.646 0.177 8.87
100 0.422 0.0965 4.83
280 0.236 0.0497 2.48
570 0.160 0.0327 1.63
PIP 70
140 0.490 0.122 8.51
293 0.346 0.0792 5.54

1050 0.165 0.0354 2.48
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FIGURE 9 The influence of sample mass on R%R; (a) PS in THF at AT=50°C,
(b) PMMA in THF at AT=30°C, (c) PIP in THF at AT=70°C,

0.2
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FIGURE 10 The MAT of different AT (25°C, 35°C, and 50°C) versus sample mass
for 1000 kg/mol PS in THF.
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TABLE VI Values of AAT, n and ¢¢ of PS in THF from different laboratories

MW (kg/mol) T.(K) AT(K) m (ug) AAT(K) n Pe
M 298 40 1-6 0.592 1.51
23 14.1

35 11.0

41.5 9.15

90 6.27

207.7 3.82

400 2.59

575 2.09

900 1.60

MwB 296 40 15--30 0.622 1.05
47.5 7.24

110 412

233 2.32

470 2.04

1200 0.80

3000 30 0.57

Mwh

35-900 295 40 N/A 0.774 1.22
35 19.1

110 5.64

200 4.18

470 1.98

670 1.74

900 1.48

* Sample mass is not available.

Other literature values are available, but for these the sample masses
are not given.’!

When the calibration curves from different sample masses are
plotted on one figure (Figure !1(a—c) for PS, PMMA, and PIP,
respectively), they clearly show that the slope 7 increases and the inter-
cept ¢ decreases with increased sample mass.

This sample mass effect on n and ¢¢ may explain the variation of the
published values. Table VI shows that # and ¢ values (0.592 and 1.51)
for PS—THF pair in Ref. [4] with 1-6 ug sample mass agree with those
for the 1-2 pug sample mass obtained in the present study (see Figures
12 and 13). In Ref. [5], the sample mass was larger (15-30 pg), their »
value for PS—THF pair is larger (0.622) which agrees with the n value
of the 15 pug sample mass in this study (see Figure 12).

The empirical equations obtained to relate n and ¢¢ to sample mass
are listed below for the three polymer—solvent pairs at 7. =25°C.
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FIGURE 11 The ThFFF calibration curves for different samples masses; (a) PS, (b)
PMMA, (c) PIP.
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FIGURE 12 The effect of sample mass on the calibration parameter n.
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FIGURE 13 The effect of sample mass on the calibration parameter ¢s.

1.0
m (ug)

10.0

PS-THF, AT=50°C, for m=0.1-20 ug:

n=—12x10"*m? +4.95 x 10> m + 0.584,
b6 =79 x10*m? —2.76 x 107 2m + 1.47.

PMMA-THF, AT =50°C, m=1-20 ug:

n=—-40x107m?+3.13 x 1073*m 4 0.621,
b6 = 1.3 x 107m? — 1.15 x 10 2m + 1.15.

PIP-THF, AT=70°C, m=2.5-20 pg:

n=—18x10"*m? +8.60 x 10>m + 0.614,

2.6

24

23

22

20

1.9

1.7

1.6

de =53 x 107*m? —3.44 x 107 2m 4+ 2.57.
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Application of these equations to sample amounts greater than
20 pg may result in error because of the fitting methods used. Among
the three polymer-THF combinations tested, the above equations
show that the ThFFF universal calibration parameters of the
PMMA-THF combination are the least sensitive to sample mass
changes while the highest selectivity (highest n value) is obtained. We
indicated earlier!'® 2% that the PMMA-THF combination is also the
least sensitive to the cold wall temperature changes.

CONCLUSIONS

The change in R caused by a variation in sample mass from 1 to 20 ug
can be as low as 3% for the smallest polymer (37 kg/mol PMMA) and
as high as 35% for large polymers (1000 kg/mol PS).

The empirical equations relating #» and ¢4 to m which were obtained
in this study provide the ThFFF calibration curves needed to accu-
rately determine polymer molecular weights using any ThFFF channel
using the same T, and AT at sample amounts from 0-20 pg. As indi-
cated above, corrections for changes in T, can be made empirically.[*”

The influence of the polymer on fluid viscosity within the sample
zone appears to be the dominant factor affecting retention. This is
because retention is seen to increase with increase of sample mass. We
would expect retention to decrease with increase of sample mass if
increased diffusion were the dominant factor. Finally, the present
study suggests that it is very doubtful that there is some threshold
sample mass below which retention is independent of sample mass.
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