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Abstract: Micro-Thermal Field-Flow Fractionation (Micro-TFFF) was used to
study the effect of concentration of the polymer solutions injected into the separa-
tion channel. The range of the investigated concentrations was very large, becom-
ing higher then the critical values at which the entanglement of the polymer coils
leads to the formation of the macromolecular aggregates. The samples of different
molar masses were used and the experiments were carried out at different
temperature drops across the channel and at different temperatures of the cold
wall. The multiple peaks (or oscillations) that appeared on the fractograms at a
given concentration of the injected sample solution and at a given temperature
drop, disappeared at lower concentration and emerged again at the same lower
concentration, but at a higher temperature drop. Although the observed broad-
ening of the fractograms can be partially caused by the formation of the macro-
molecular aggregates, their presence cannot explain the secondary peaks or
oscillations appearing on the fractograms at the retentions corresponding to
extremely high molar masses. The hydrodynamic and/or gravitational instabil-
ities, which are caused by the formed viscosity and density gradients inside the
separation channel are the most probable explanation of the origin of the men-
tioned secondary peaks and/or oscillations emerging at high concentrations
and/or high temperature drops.
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INTRODUCTION

The effect of the injected amount of polymer solution and of its concen-
tration on the retention, zone width, and on the whole elution profile
reflected in the shape of the fractogram in Thermal Field-Flow Fractio-
nation (TFFF) was already investigated. The most complete study of this
problem was published by Caldwell et al.l'! We have studied the effect of
concentration in Micro-TFFF with the use of ultra-high molar mass
(UHMM) polymers.*! Although the experimental results found by dif-
ferent authors agree quite well, there are some differences concerning the
interpretation of the experimental observations. From the analytical
viewpoint, it is sufficient to optimize the experimental conditions in order
to suppress the effect of the concentration, or to minimize it, so that the
molar mass distribution of the investigated polymer sample is determined
correctly. On the other hand, the full understanding of the origin of con-
centration effects is important whenever any auxiliary phenomena are
studied, such as solution behavior of the UHMM polymers, the possible
chain degradation, the emergence of the hydrodynamic instabilities under
the conditions of Micro-TFFF, etc.

Our previous experience with the effect of concentration, published
in several papers concerned the separations of the polymers by Size-
Exclusion Chromatography (SEC)™*® and it was reproduced later by
some authors in the studies of the separations in liquid chromatography.
This experience inspired the idea that the dominant contribution to the
shift of the retention volume and perturbation of the elution profile is
due to viscosity gradients and consequent hydrodynamic effects like
Rayleigh-Taylor gravitational instability or Saffman-Taylor instability
(viscous fingering effect). Later on, Ligrani et al.l'” and Gupta et al.'!]
studied the numerical modeling and experimental flow instabilities
from unstable stratification of density in the channel shear layers at
low Reynolds numbers; they found that the above mentioned instabil-
ities actually exist under the investigated experimental conditions. Our
explanation™ of the peculiar shape of the elution profiles at high concen-
trations was, thus, supported. Contado et al.'? studied, experimentally,
the effect of concentration of polystyrene in decaline on the Soret
coefficient S7= D7/D, where Dr is the coefficient of thermal diffusion
and D is the diffusion coefficient. They have found that the retention
time, the value of Sz, the width, and distortion of the peaks increase
with increasing sample concentration, the more so as the cold wall
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temperature is lower and molar mass of the polymer higher. Martin and
Feuillebois!'¥ studied, theoretically, the effect of the concentration on the
retention in FFF, compared their results with the published experimental
data, and concluded that the observed increase in average retention of
the species behaving as random coils is caused by the viscosity effects.
The above mentioned findings agree with our original idea! that viscos-
ity gradients formed inside the channel and the consequent hydro-
dynamic instabilities represent the most important contribution to the
concentration effect.

EXPERIMENTAL

The apparatus for Micro-TFFF used in this work consisted of a
syringe pump model IPC 2050 (Linet Compact, Czech Republic),
equipped with a 20mL precision stainless steel syringe (Institute of
Scientific Instruments, Academy of Sciences, Czech Republic), an injec-
tion valve model 7410 (Rheodyne, USA) with a 1puL loop, a UV-VIS
variable wavelength detector model UV-975 (Jasco, Japan) equipped
with the 1pL cell, and an integrator Model HP 3395 (Hewlett-Packard,
USA).

The versatile Micro-TFFF channel model MicroFrac Compact was
developed in our laboratory and is commercially available. The dimen-
sions of the micro-channel used in this work were 0.1 x 3.2 x 72 mm.
The cold wall temperature was controlled and kept constant by using
a compact, low temperature thermostat model RML 6 B (Lauda,
Germany). The electric power for the heating cartridge was regulated
by an electronic device constructed in our laboratory and is also commer-
cially available. The temperatures of the cold and hot walls were mea-
sured by digital thermometer (Hanna Instruments, Portugal) equipped
with two thermocouples.

The apparatus for SEC consisted of a reciprocal pump model L6000
(Merck, Germany), an injection valve model 7125 (Rheodyne, USA) with
a 20 uL loop, a separation column TSK Gel 7.8 I.D. x 30cm, a UV-VIS
variable wavelength detector model L4000 (Merck, Germany) equipped
with the 10 pL cell, and an integrator model HP 3395 (Hewlett-Packard,
USA).

A standard Ubbelohde capillary viscometer with model AVS 410
(Schott, Germany) automatic viscometer was used to determine the var-
iation of the intrinsic viscosity of one polystyrene (PS) standard with the
temperature.

The tetrahydrofuran (THF) for HPLC (Carlo Erba, Italy) was used
as a carrier liquid in Micro-TFFF, SEC, and for viscometry measure-
ments. The PS standards of different molar masses (various suppliers)
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Table 1. Molar masses of polystyrene standards

My, (g/mol) M, (g/mol) M,,/M,

My, (g/mol)
Polystyrene Standard Supplier’s data SEC Corrected
PS 115 115 000 Not given <1.04 120 000
PS 630 630 000 Not given <1.11 550 000
PS 675 675 000 Not given <1.10 679 000
PS 1030 1 030 000 Not given <1.06 990 000

were used in this study. Their molar masses provided by the suppliers are
given in Table 1.

RESULTS AND DISCUSSION
Molar Masses of the Studied Polymers

A detailed analysis of the origin of concentration effects necessitates the
determination of the accurate average molar masses of the investigated
polymer samples. The accuracy of such data is limited by the precision
of the light scattering and osmometry methods used frequently for the
determination of average molar masses. Although SEC is only a separa-
tion method, it provides more repeatable, reproducible, and thus precise
results in comparison with the mentioned methods of average molar mass
determination. Consequently, the SEC can conveniently be used as an
independent method to check the accuracy and consistency of the average
molar masses of the studied PS standards. However, the calibration curve
has to be determined by using several standards in order to correct the
average molar masses of the samples whose points do not lie on the cali-
bration curve within the range of SEC experimental errors. The results
are in Figure 1, which shows the calibration curve of the SEC column
constructed by using 22 PS standards of different molar masses. Most
of the experimental points in Figure 1 fit well with the presumed linear
central part of the calibration plot. However, some of them lie repeatedly
above or below the calibration straight line and these deviations are out
of the limits of experimental errors of the SEC. The repeatability of the
retention times determined by several injections of some of the PS
samples used for the construction of the calibration plot was better than
0.02min within the whole range of the molar masses. As a result, the
molar masses of these systematically deviating PS standards were
corrected according to the SEC results by using the calibration plot in
Figure 1 and the corresponding retentions. The corrected, as well as,
original average molar masses are given in Table 1. The PS standards
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Figure 1. Calibration curve of the SEC column. The arrows indicate the PS stan-
dard chosen for further study.

chosen for further investigation and covering an extended molar mass
range from 115,000 to 1,030, 000 g/mol are indicated by the arrows in
Figure 1.

Viscosities of the Studied Polymer Solutions
Our previous studies™® indicated that the viscosity gradient formed
within the zone of the retained macromolecules can be one of the impor-
tant factors leading to the perturbation of the shape of the fractograms,
which appears whenever relatively concentrated polymer solutions are
injected. Moreover, it has been shown that an increase of the retention
amplifies the concentration effect.”! Consequently, the specific viscosity
nsp of a polymer solution at a given concentration and temperature must
be known. It can be calculated from Huggins equation:

nsp/c = ['/’] + kH ['/’]ZC (1)

where c¢ is the concentration and kg is empirical Huggins constant valid
for a given polymer solvent system. The intrinsic viscosity [n] can be mea-
sured according to the definition of this parameter:

] = lim(/) @)
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by extrapolating the concentration dependence #,/c versus ¢ to zero con-
centration. The specific viscosity 7y, can be calculated from the relative
VISCOSItY #pel:

Hsp = Nrel — 1 (3)

which is defined as the ratio of the viscosity of a polymer solution to the
viscosity of the pure solvent at the same temperature. The intrinsic visc-
osity [#] is related to the molar mass M of a polymer dissolved in a solvent
at a given temperature by Mark-Houwink equation:

] = KM* 4)

where K and a are the constant and exponent determined experimentally
by correlating [#] and M values for several samples of different molar
masses.

Since the variation of the retention and shape of the factogram
in Micro-TFFF is supposed to be a consequence of the formation of visc-
osity and density gradients at different temperatures inside the channel, it
is evident that the solution viscosity behavior of the studied PS standards
must be known within the relevant temperature range. The complication
is that most of the published datal'* concerning the above mentioned
Huggins and Mark-Houwink equations were obtained at one tempera-
ture only (usually 25°C) or, in the best cases, within a relatively restricted
temperature range. As a result, in order to interpret accurately the experi-
mental data from Micro-TFFF, it was necessary to determine the
required parameters of the Huggins and Mark-Houwink equations
experimentally within an extended range of temperature.

However, not only the temperature dependence of the viscosity of the
studied PS standard solutions must be determined but also the temperature
dependence of the viscosity of the THF used as solvent and carrier liquid.
Some data concerning this dependence were found in the literature,['>~'%
but we have performed the viscometry measurements of the temperature
dependence of the THF in order to check the accuracy and consistency
of the published data as well as that of our viscometry determination of
the parameters of the Huggins and Mark-Houwink equations.

The dependence of the density p of THF on the temperature, neces-
sary for the calculation of the viscosity u from the experimental kinematic
viscosities v defined according to:!"!

p=pxv (5)

was not found in the literature. Our experimental data obtained by
weighing a known volume of THF taken at the given temperature are
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Figure 2. Dependence of the density (g/mL) of tetrahydrofurane on the
temperature.

shown in Figure 2. The dependence of the density of THF on the tem-
perature (in °C) calculated from our experimental data is approximated
by the relationship:

p = 0.8997 — 0.0007558 x T — 4.091 + 1076 x T2 (6)

obtained by the linear regression of the experimental data. The regression
coefficient R =0.9985 indicates very good precision of the density
measurements.

The accuracy of the viscometry measurements was verified also by
the comparison of our experimentally determined temperature depen-
dence of the viscosity of pure water with that found in the literature.!'>'¢
The dependence of the density of water on the temperature was taken
from the references.">!® The results of the viscometry measurements
of the pure THF and water are in Figure 3, which demonstrates that
our experimental points concerning the viscosity of water fit perfectly
with the literature data,l'>'® and the agreement of our experimental
and published viscosities!'” of THF is also very good. Unfortunately,
some other proposed relationships!! '8 do not fit at all with our experi-
mental or literature data represented in Figure 3.

Some plots 7,/c versus ¢ allowing the determination of the intrinsic
viscosity of the PS 630 (corrected molar mass 595 000 g/mol) in THF at
various temperatures are shown in Figure 4. Fair linearity of these plots
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Figure 3. Comparison of the dependences of the viscosity of tetrahydrofurane
and water measured experimentally in this work and found in the literature.

indicates that the range of the concentrations lies well in the dilute solu-
tion regime. All viscometry data were used to determine the dependence
of the intrinsic viscosity on the temperature within the temperature range
from —10°C to 50°C and Huggins constants at the appropriate tempera-
tures. As a matter of fact, this temperature range is more extended in
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Figure 4. Plots of #4,/c as a function of the concentration of PS 630 measured
in tetrahydrofurane at different temperatures. The intrinsic viscosities were
calculated from these plots as indicated in the text.
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Figure 5. Dependence of the intrinsic viscosity [1] of PS 630 in tetrahydrofurane
on the temperature.

comparison with that applied in the present Micro-TFFF experiments,
but the data will be used in our future studies and might be also of gen-
eral interest. The dependence of [y] versus 7 is demonstrated in Figure 5
and the corresponding Huggins constant are given in Table 2.

The variation of the intrinsic viscosity with the temperature in
Figure 5 reflects the variation of the effective hydrodynamic volume of
the polymer chains in solution. Since this variation is not monotonous
but exhibits a maximum around the temperature 20°C (or perhaps two
local maxima at 10°C and 20°C, see the dashed curve in Figure 5), at least
two molecular mechanisms can be considered. A change of the solvata-
tion of the polymer chains by the solvent molecules and a change of
intra-molecular mobility of the polymer chains both vary with the tem-
perature. The intra-molecular mobility increases, in general, with increas-
ing temperature and the polymer coils in solution are more expanded. On
the other hand, the interactions of the solvent molecules with the polymer
chains and, thus, the solvatation and swelling of the coils can exhibit
more complex behavior with varying temperature. As a result, the
observed dependence of the intrinsic viscosity of the studied PS sample
on the temperature with a notable maximum can be explained by a

Table 2. Huggins constants calculated from the viscometry data

T (°C) 5 10 15 20 25 30 35 40 45 50

ky 034 033 036 031 031 035 038 040 042 044
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coupled and complex action of each of the mentioned molecular mechan-
isms. The viscometry study was carried out by using only one PS 630
standard. The reason was that the consumption of the expensive sample
is high for such an extensive investigation. However, solution behavior of
linear PS standards in THF at one temperature (25°C) was studied pre-
viously.””! The Mark-Houwink equation, valid for linear PS in THF at
25°C, was determined on the basis of the experimental data and of the
data found in the literature. The resulting Mark-Houwink equation is:*"’

[n] = 1.17 x 1072 M7 (7)

for the intrinsic viscosity [y] expressed in mL/g and concentrations c¢ in
g/mL. The Huggins constant was found!"* as only slightly varying from
0.364 to 0.367 within the relevant molar mass range. These data and the
dependence of the intrinsic viscosity and of the Huggins constant on the
temperature determined for reference PS 630 standard were, thus, used to
calculate the specific viscosities at different temperatures of other samples
by supposing that it is reasonable to expect that the solution behavior of
linear PS standards is independent of the molar mass within the investi-
gated molar mass range.

The consitency of our SEC and viscometry data was confirmed by
calculating the intrinsic viscosity of the PS 630 standard with the use of
its corrected molar mass M = 550,000 g/mol and of the Mark-Houwink
Equation (7). The calculated value [1 Jeaie =155 mL/g is in good agree-
ment with the experimental value [#]exp =161 mL/g obtained by the
viscometry at 25°C.

Critical Concentration of the Studied Polymer Solutions

The secondary peaks occurring at higher concentrations of the injected
polymer solutions were attributed previously!!! to relatively stable
aggregates or microgels, formed already in stock polymer solution whose
concentration was above the critical one. Under such conditions, the
macromolecular chains become entangled. Nevertheless, our recent
study® indicated that a secondary peak, absent at lower retention of
the studied polymer sample, reappears if the same sample injected at
the same concentration is retained more due to a higher temperature
drop. This finding makes improbable the explanation of the secondary
peak by a presence of stable aggregates in the stock solution. Although
a temporary entanglement of the chains inside the channel cannot be
excluded, it is not understandable why such structures should not disag-
gregate when they leave the eluting zone (due to their higher retention in
comparison with the individual chains) and, thus, become more diluted
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by dispersive processes. Moreover, it is difficult to associate the oscilla-
tory shape of the fractograms with the presumed monotonous molar
mass distribution (MMD) of the retained macromolecules containing
some portion of the entangled chains. Even if the aggregates are com-
posed by the longest polymer chains, the formation of stable aggregates
of very high apparent molar masses corresponding to at least five to ten
single chains™ is not very probable under the conditions of Micro-TFFF
experiments. Consequently, a deeper investigation of the impact of the
concentration (above the critical one) on the shape of the fractogram
makes up part of this study.

The critical concentration ¢* (in g/g of the solution) can be calculated
from:

¢ = M/(Nap(r)?) (8)

where N, is Avogadro number, p is the density of the solvent in g/mL,
and <r> is the radius of gyration. A combination of the Equation (8) with
an empirical relationship relating <r> with the M:

(r) = 1.45 x 1072 Mm% (9)

found in the literature?!

solvent, results in:

and valid for PS in thermodynamically good

&= 545p71M704785 (10)

We suppose that viscosity gradients formed in the eluting zone repre-
sent the major factor generating the oscillations on the elution profiles at
high concentrations. The specific viscosity 75, of the solution at the criti-
cal concentration ¢* can thus be calculated by combining Equations (1)
and (10).

Effect of Concentration on Micro-TFFF Fractograms

The experimental conditions of Micro-TFFF were chosen to allow the
identification of different contributions to the concentration effect. The
flow rate was low and identical in all experiments (10 pL/min). The initial
concentrations of all polymer solutions, independently of the molar mass
of the concerned PS standard, were all approximately 2.5 times higher
than the critical concentration ¢* and adjusted so as the specific viscos-
ities of all solutions were equal. The diluted solutions were prepared from
the initial ones by consecutive dilutions by a factor 2. The results of the
experiments are shown in Figures 6 to 9.
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Figure 6. Effect of concentration of PS 630 on the shape of the fractograms at
different temperature drops and different temperatures of the cold wall.

Figure 6 demonstrates how the temperature of the cold wall T.
and temperature drop AT influence the shape of the fractograms at different
concentrations. An increase of AT from 10°C to 40°C at the same 7,=5°C
causes a dramatic change of the fractogram shape and the appearance of the
secondary peaks. Although at low AT and, thus, at low retention, the sec-
ondary peaks do not appear even at the highest initial concentration c,
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Figure 7. Effect of concentration on the shape of the fractograms of PS
1,030,000 and PS 115 at the same temperature of the cold wall 7,.=10°C and
different temperature drops. AT chosen so that the retentions of both samples
are approximately the same.

which is largely above ¢* from the very beginning; the secondary peak dis-
appears only at the lowest concentrations independently of 7. This result
indicates that the most important contribution to the effect of concentration
is due to the formation of strong viscosity and density gradients and the
resulting occurrence of the mentioned hydrodynamic instabilities. However,
the formation of the macromolecular aggregates due to the entanglement of
the chains at high concentrations cannot be excluded.

PS 1030000 AT=40°C

logM

Figure 8. Effect of concentration and higher temperature drops AT on the shape
of the fractograms of PS 1,030,000 at the same temperature of the cold wall
T.=10°C.
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Figure 9. Effect of concentration of PS 675 on the shape of the fractograms at
different temperature drops and identical temperatures of the cold wall 7,.=11°C.

Figure 7 demonstrates that the solutions of two polymers of very
different molar masses injected into the channel at different concentra-
tions, but adjusted so that the initial specific viscosities are the same,
and exposed to different AT, but chosen so the retentions of both sam-
ples are practically identical, exhibit very small differences in the shapes
of the resulting fractograms. Slightly broader fractograms of the high
molar mass sample are probably due to higher polydispersity, but it
may result also from a lower diffusion coefficient. In Figure 8, can be
seen what happens when the retention of the high molar mass sample
increases due to an increase in A7. This behavior, together with the
observation that the position of the secondary peak or tailing on the
fractograms of the low molar mass sample does not correspond to an
important increase of the molar mass (see the scale of molar masses),
indicates that the contribution of the viscosity gradient and of the
resulting hydrodynamic instabilities is more important than the aggre-
gation by the entanglement of the macromolecular chains in solution
at high concentration. Even if the entanglement of the chains exits near
the accumulation wall, it should be reversible due to the thermal motion
of the polymer chain segments and should disappear during the elution
by progressive dilution of the sample. It is also obvious that the dilution
of the zone during the elution causes the decrease of the concentration
below the critical value ¢* much sooner, in comparison with the
disappearance of the important concentration gradients leading to
hydrodynamic instabilities. This fact also supports the hypothesis of
dominant viscosity gradient phenomena.
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Figure 9 represents the evolution of the shape of the fractograms of
the sample of polystyrene of medium molar mass as a function of the con-
centration and retention. It has to be stressed, that the concentrations of
the injected polymer solutions are below the critical values ¢* only start-
ing with ¢o/4 and lower. On the low retention extreme, at lowest AT, the
position of the peak maxima progressively shifts to lower retention times
with the decreasing concentration and the secondary peak is distinguish-
able only at the highest concentration. On the high retention extreme, at
highest AT, the peaks are much larger, and they exhibit the oscillations
(secondary peaks); this behavior totally disappears only at the lowest
concentration of the injected solution. This observation represents an
additional proof of the dominancy of the hydrodynamic instabilities in
overall concentration effects.

One of the conclusions of our previous study,”! dealing with the investi-
gation of the stability of UHMM polymers with respect to a possible shear
degradation under the conditions of Micro-TFFF, was that the oscillating
shape of the fractogram is well repeatable under the identical experimental
conditions. This former conclusion™ was confirmed by the present more
detailed investigation. The reproducibility of the concentration effects is evi-
denced by the fact that different authors cited in this paper have observed the
same behavior. The only difference in comparison with the present results
is that the oscillation or “infrastructure” of the fractograms obtained in
this and previous studies’ is much finer, which is due to relatively slow
linear velocities of the carrier liquid. Consequently, the “fingerprint” of the
hydrodynamic instabilities is exhibited with an increased ‘‘resolution”.

CONCLUSION

Our experimental study contributed to the understanding of the origin of
concentration effects. It has definitely been confirmed that the most
important factor, which produces the shift of the retention and the occur-
rence of the oscillations on the elution profiles at high concentrations of
the injected polymers samples is the formation of the hydrodynamic
instabilities due to the formed viscosity and density gradients. However,
from the practical point of view, it is preferable to perform the Micro-
TFFF experiments at as low as possible concentrations, which facilitate
the quantitative interpretation of the fractograms and data treatment.
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