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ABSTRACT: Temperature gradient interaction chromatography for the characterization of molec-

ular weight distribution of macromolecules 1s re
phase HPLC, but the column temperature is varie

ported. The technique is a conventional reversed
d during the elution. A very fine and reproducible

control of interaction between polymer chains and the stationary phase can be achieved by changing
the columm temperature, Under a suitable temperature programming, this method has been proven
to provide a far better resalution to conventional size exclusion chromatography.

Introduction

In modern chemistry, high performance liquid
chromatography(HPLC) is one of the most widely
used techniques for the analysis of a variety of
chemicals.! Underlying principle of HPLC is the
partition of a solute between stationary and mobile
phase in the separation column. The partition coef-
ficient in the chromatographic separaton process
can be expressed as follows.

K= z—m = exp(-AG" /RT) (1
where ¢. and ¢. are the concentration of a solute in
stationary and mobile phase. respectively. AG, is
the standard Gibbs free energy difference of a
solute molecule in mobile and stationary phase.
AG, can be further divided into the enthalpic and
entropic contribution, i.e., AG=AH-TAS’

K = exp{AS° /R —H"/RT) (2}

In this regard, a variety of HPLC technigues used
in polymer characterization can be divided into
two groups. namely size exclusion chromatography
(SEC) and interaction chromatography(IC).*

SEC is the most widely used method for the
molecular characterization of macro-
molecules.” The technigue separates solutes based
on the partition equilibrium of solute molecules

between the common solvent located in the mobile
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phase and in the pores of the packing material, the
stationary phase. Therefore it utilizes mainly the
entropy change associated with the partition e-
quilibrium to separate the macromolecules  in
terms of their molecular size, i.e., AS" > AF/T. In
other words, the enthalpic interaction between
solute molecules and the packing materials itself
has to be minimized in order to separate the solute
molecules mainly by the conformational entropy
change due to the confinement of polymer chains
in the pores, ie., the size exclusion mechanism.
Thus a good solvent for the macromolecular solute
is usually chosen as the mobile phase to minimize
the enthalpic interaction. Due to the separation
mechanism of SEC, the elution of the polymer
molecules excluded from the pores precedes the
sample solvent peak. It is also necessary to employ
a series of columns with various pore size(or mix-
ed bed column) to warrant an efficient separation
of the solutes in terms of their hydrodynamic
volume in the eluent.

On the other hand, the separation in IC relies on
the enthalpic interaction between solute molecuies
and the stationary phase.! Thus the technique has
been widely used to separate small solute molec-
ules in terms of their chemical nature. It has been
aiso proven to be a powerful teol to separate co-
polymers in terms of their chemical composition.*
But IC can be used to determine the molecular
weight distribution of homopolymers since the en-
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thalpic interaction depends on the molecular
weight of the solute molecules as well. The mag-
ntude of the interaction is a very strong function
of the molecular weight and polymers are often
completely stuck to the stationary phase and not
eluted out, even if the interaction between the
monomeric segment and the stationary phase is
not strong.”” So, an isocratic IC analysis of poly-
mer chains has long been known to be impractical
and the solvent gradient elution technique has
been adopted to optimize the chromatographic
separation.”™ Although the solvent gradient HPLC
appeared to provide a better resolution than SEC,
the technique has not gained wide popularity for
the molecular weight characterization of polymers.
One of the reason for this is that the retention of a
high molecular weight polymer depends very much
on the solvent composition. That is why a small
fluctuation of the solvent composition results in a
large change in retention volume. Also the use of
solvent gradient restricts the use of refractive in-
dex detector or light scattering detector, which are
commonly used in the chromatographic analysis
of polymers.

According to Eq. 2, however, the enthalpic in-
teraction can also be controlled hy varying tem-
perature. Although temperature is one of the most
important parameters in gas chromatography(GC),
it is almost entirely neglected in practical LC ap-
plications except for some fundamental studies on
the separation mechnism.”"* One of the major rea-
sons for this is the limited range of temperature
variation. The temperature range is practically lim-
ited by the solvent boiling by the upper end and ex-
cessive viscosity at the low temperature. In ad-
dition, the solute retention can be effectively con-
trotled by altering the composition of mobile phase,
and in that respect the eluent in LC has a role com-
parable to temperature in GC, However, we re-
cently found that temperature is a very effective
parameter which controls the retention of poly-
mers in terms of their molecular weights in the
reversed phase HPLC." The technique, named as
the temperature gradient interaction chromato-
graphy{TGIC), provides a fine control and an ex-
cellent reproducibility of the chromatographic re-
tention could be easily achieved by varying the
temperature. In this paper, we report about the
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technique in more detail.
Experimental

The identical HPLC apparatus was used for hoth
SEC and TGIC except the columns. It consisted of
a gradient pump (Polymer Lahoratories, LC1150),
a 6 port injector {Rheodyne 7125), a variable
wavelength UV/Visible absorption(UV/Vis)
detector(LDC, Spectromonitor 3200), and a re-
fractive index(RI) detector(Waters, Differential
Refractometer R401). Elution solvents were de-
gassed by a membrane degasser{LLDC) and filtered
by an m-line filter(Alltech) before it reached the
columns, The SEC system included 4 divinyl-
benzene gel columns, 10°A, 10°A, 10°A and mixed
bed column(Alltech, Jordi DVB, 250X 10 mm, 5 um
particle size) while singte C18 bonded silica column
{Alltech, Nucleosil, 100 A pore, 250x4.5 mm, 5 um
particle size) was used for TGIC system, unless
mentioned separately, In TGIC experiments, the
column was put in a jacket connected with a bath/
circulator(NESLARB, RTE-111)} so that the column
temperature could be controlled in a pre-pro-
grammed manner. The schematics of the TGIC ap-
paratus is shown in Figure 1. In SEC meas-
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Figure 1. Schematic diagram of TGIC apparatus.
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Table 1. Standard Polystyrenes Used

M, MJ/M, manufacturer
2000° 1.06" Daelim Industrial Co.
11600% 1.03* Polymer Lab.
30700 1.04" Daelim Industrial Co.
53500" 1.037 Daelim Industrial Co.
1140007 1.05" Daelim Industrial Co.
2080007 1.05* Pressure Chemical
502000* 1.04* Polymer Lab.
1050000* 1.08* Tosoh Co.
2800000™ 1.09% Tosoh Co.

*Provided by manufacturer, "Measured by SEC.

urements, the column temperature was kept at 40
*C and the mobile phase was tetrahydrofuran(THF).
The flow rate for both chromatography experi-
ments was 0.5 mL/min.

Nine polystyrene(PS) standards of different
molecular weights employed in this study are list-
ed in Table 1. HPLC grade solvents, CH.Cl,, CH.CN
and THF are acquired from Aldrich and used
without further purification.

Results and Discussion

A mixture of 9 PS standards samples was made
at the concentration of 0.5 mg/mL for each poly-
mer by dissolving in the elution solvent and 50 uL
of the sample solution was injected for the chro-
matographic analysis. Figure 2 shows the isoth-
ermal 1C chromatograms(at 25°C) of the PS mix-
tures at 5 different compositions of CH.Cl/CH.CN
mixtures. The mobile phase was pre-mixed with
the composition{v/v} as shown in the plot. The
wavelength of the UV/Vis detector was set at 260
nm for the detection of PS. Solvent peak appeared
near 3 mL of the retention volume(Vy) and the low
molecular weight polymers are eluted first con-
trary to the SEC separation. It is clear that the re-
tention of polymer molecules strongly depends on
the composition of the eluent. As the content of
the good solvent(CH.Cl:) increases, retention
volume decreases. This is how the solvent gradient
HPLC works for the molecular weight analysis of
polymers. However, we were not able to get a good
reproducibility when we used a gradient pump to
mix the eluent. It seemed to be due to the limited
reproducibility in the accuracy of the mixture com-
position and the solvent dependence of the Vi was
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Figure 2. Isothermal isocratic JC chromatograms of the 9
PS mixtures at 5 different compositions of CHClL/CHLN
mixtures at 25°C. The mobile phase compesitions(v/v) are
shown in the plot.

too strong to allow it. With the pre-mixed solvents
we found a good reproducibility in Ve

A similar behaviour can be found by changing
the temperature as shown in Figure 3. In this set
of chromatograms, a mixture of CH.CL/CH:CN at
the composition of 57/43(v/v} is used. At 15°C
only 3 low molecular weight polymers are eluted
in the Vi range shown. Since the retention volume
increases rapidly with the molecular weight, high
molecular weight PS's are not eluted out in a rea-
sonable time frame.*™ As the temperature is raised,
exactly the same trend is found as we saw with
the solvent composition change in Figure 2. The
irend indicates that AH® in Eq. 2 is negative. Ac-
cording 1o Eq. 2, as the temperature is raised, the
partition coefficient becomes smaller and the more
solute molecules are distributed in the mobile
phase which results in smaller retention volume.
Around at 36 °C all the PS elution peaks merged
into a single peak near the solvent peak position,
This is the point at which the entropic(size ex-
clusion) and enthalpic(interaction) contribution for
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Figure 3. Isothermal isocratic IC chromatograms of the 9 PS
mixtures at 4 different temperatures. The mobile phase is a
mixture of CH,CL,/CH,CN at the composition of 57/43(v/v).
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the separation mechanism are cancelled out.”™" A-
bove this temperature, the size exclusion effect
starts to dominate so that polymers are eluted ear-
lier than the solvent at 45°C and the elution se-
quence in molecular weight is reversed.

In comparison with the solvent composition ef-
fect shown in Figure 2, one can easily notice that
temperature can be controlled more precisely than
the solvent composition. In this system ca. 1%
change of the solvent composition is nearly e-
quivalent to the temperature change of 3°C. Tem-
perature control of the column within 0.1 °C is not
a difficult task while the composition control of
the similar precision is practically impossible with
a currently available gradient pump system.

Taking advantage of this temperature effect in
IC, TGIC analysis of the set of 9 PS standards was
carried out and the chromatogram is shown in Fig-
ure 4(A). Temperature was varied by 9 segments
of linear ramp as shown in the figure. The tem-
perature shown in the figure is that of circulating
fluid in the column jacket, not the real column tem-
perature. The exact column temperature is dif-
ficult to measure and should be somewhat lower
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Figure 4. Comparison of TGIC(A) and SEC(B) chromato-
grams of the 9 PS standards. The temperature variation
of the TGIC elution is also shown in the plot(A).

than the temperature of the circulating fluid con-
sidering the heat conduction across the cross-sec-
tion of the column. In any event the resolution of
the TGIC was so remarkable that a near complete
separation of 9 PS standards down to the baseline
was achieved. For a clear demonstration of the re-
markable resolution of TGIC, an SEC chro-
matogram of the same 9 PS standard set is shown
in Figure 4(B). It is clear that TGIC provides a far
superior resolution to SEC. Another important fea-
ture to note is that the repeated measurements
showed a good reproducibility of the chro-
matogram as will be further elaborated later.
Therefore, the technique can be used for the
molecular weight characterization with excellent
precision.

For the molecular weight analysis of TGIC, one
can use the standard calibration method like in
SEC analysis. Figure 5 shows such a calibration
curve (top) and the chromatogram of a com-
mercial PS (Miwon Yuhwa, GP125) at the bottom.
The large peak appeared at the sample solvent
peak position for the commercial PS is thought to
be due to the residual monomers. Using the cali-

163



T. Chang et al.

Aogg (A1)

1 'l 1
Q 10 20 30

Vg (mL}

Figure 5. Calibration curve made from the retention
volume of 9 PS standards(top) and the chromatogram of a
commercial PS resin with a broad molecular weight
distribution(bottom). The characterization results of two poly-
mers, the commercial PS and a PS standard with a narrow
molecular weight distribution (marked with * in the top
plot), are summarized in Table II.

bration curve, M, and M. are calculated for two
polymers; the commercial PS with a broad molec-
ular weight distribution(bottom plot of Figure 5)
and a PS with a narrow distribution (3, : 502000,
marked with * in the top plot of Figure 5). The
result are summarized in Table II. TGIC results are
in good agreement with the SEC result. For the poly-
mer with a narrow distribution, however, we note
that the TGIC analysis yields a much smaller M./
M. value than SEC as expected from the com-
parison of the chromatograms of TGIC and SEC in
Figure 4.

According to the original treatment of Flory, M./
M, of “ideal’ anionically polymerized polymer ap-
proaches 1+1/x for high molecular weight poly-
mers where x is the degree of polymerization.” It
means that the anionically polymerized polymer
with M. of 500000 would show an ideal M./M. of
1.0002. To our knowledge this low M./M, value
has never been noticed so far. It is believed in part-
ly due to the nonideal condition of the anionic poly-
merization and the limited resolution of the
analysis technique, in most cases, SEC. As can be
seen in Table 1L, typical M,/M, value of amwonically
polymerized PS are reported as ca. 1.05. With
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Table 1. Comparison of SEC and TGIC
Characterization Results

broad distribution narrow distribution

SEC TGIC SEC* TGIC
M, 279000 298000 502 478
MM, 291 3.04 1.04 1.004

*Provided by meanufacturer.

TGIC result we may be able to claim that the main
reason is the limitation of the analysis technique
since the M./M, value from TGIC is much smaller
than that of SEC. Tt still remains to he answered
whether the MJ/M, value found in TGIC analysis is
the limitation of the TGIC technique itself or due
to the nonideal anionic polymerization condition.
We are now trying to fractionate the PS standard
further by TGIC separation to confirm whether
the MJ/M, of 1.004 is the resolution limit of TGIC
technique.

We close our report by pointing out the merits
and shortcomings of the new method. In com-
parison with SEC, IC provides a far hetter reso-
lation. In this study, 4.5 mm ID column was used
and there should have been a temperature gradient
alotig the radial direction of a column, which must
have aggravated the resolution, It means that an
even better resolution can be expected with a
smaller diameter column. Currently we are work-
ing with smaller diameter columns to investigate
whether we can further improve the resolution. In
addition, the sample capacity of IC appears much
higher than SEC considering the size of the
columns used in this study. Therefore, it seems
quite promising for a preparative purpose.

On the other hand, IC is not as universal as SEC
in a sense that an optimized condition has to be
found for each polvmer to be characterized. It in-
cludes the choice of stationary phase, mobile phase,
temperature gradient and so on. If one needs a crit-
ical evaluation of the molecular weight distribution
or repeatedly deals with one kind of polymer,
however, this new method provides a strong edge
over the conventional SEC. In addition, the iso-
cratic elution in temperature gradient method al-
lows us high versatilities in choosing detectors
such as refractive index detector or light scat-
tering detector which are not so useful in the sol-
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vent gradient HPLC method.
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