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Abstract

Temperature gradient interaction chromatography (TGIC) has been established as a high-resolution technique for the characterization of
synthetic polymers. So far, most of the TGIC investigations focused on the high-resolution analysis and little effort has been made on the
reduction of the analysis time. In this study, we examined the effect of the column heating rate, the eluent flow rate, and the column length
on the TGIC analysis time. We found that the heating rate is the most important experimental parameter to control the TGIC retention time.
With a C18 silica column (50 mm 4.6 mm 1.D.), a set of PS standards of wide molecular weight range (5-648 kg/mol) could be separated
within 4 min at a heating rate of"®€/min.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction standard Gibbs free energy chang&3®) associated with the
transfer of solute molecules from the mobile to the stationary
Temperature programming has seen increasing use rephase.
cently as an experimental parameter in liquid chromatogra- The above formulae indicate that the solute retention is
phy (LC) [1,2]. The temperature effect on liquid chromato- affected by temperature if the solute transfer involves an en-
graphic retention is evident from the following formula of the  thalpy change (Eq2)). In the size exclusion chromatogra-

retention factork phy (SEC), the most widely employed method in the polymer
o characterization, the distribution of polymer solutes between
k= —— =K— =exp| — — 1) the pore and the interstitial space is mainly governed by the
Vin Vim RT ] Vm conformational entropy change of polymer chains and the re-
or tention is usually insensitive to the column temperaf8r4].
AH® AS° Vs On the other hand, in the interaction chromatography (IC),
Ink = — RT + R +1Ing, ¢ = V_m @ the enthalpic interaction between the solutes and the station-

) ary phase plays a major role for the solute distribution and
whereVg, Vim, andVs stand for the retention volume, the  {he solute retention changes with temperatie

mobile phase volume, _and the stqtionary phase volume i For some years, we have employed column temperature
the LC column, respectively. The distribution constahts programming to control the retention of polymer solutes. The
defined as the ratio of the solute concentrations d'S"'bUtedtemperature gradientinteraction chromatography (TGIC) has
in stationary phase to the mobile phase and is related to thepeen successful in many applications such as high-resolution
analysis of the molecular weight distributi¢®-10], func-

* Corresponding author. Tel.: +82 54 279 2109; fax: +82 54 279 3399,  tionality [9,11], polymer mixtureg3,9], branched polymers
E-mail addresstc@postech.edu (T. Chang). [12-18] block copolymer§l5,16,19-21]etc. Inthese TGIC
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separation studies, we did not monitor the temperature insideTable 1 o
the column but the bath temperature of the fluid circulating Molecular characteristics of the polystyrenes

through the column jacket since it is not trivial to monitor PS samples My (Mw/My)?

the temperature inside the column during the experiment ands. 1k 5050 (105)
the precise monitoring of the column temperature was not 15.3k 15300 (103)
necessary in practice as far as the chromatographic reten30-9% 30900 (D3)
tion is reproducible with a given temperature program of the gg:gt gg 588 Egg
circulating fluid. Also we have not made a serious effort to ,q5 205000 (D3)
shorten the separation time since our primary interest hass32k 631600 (D4)
been in the high-precision analysis. While it is obvious that 1800k 1800000 (11)

a rapid change of the column temperature can reduce the 2 Determined by SEC according to the calibration with polystyrene stan-

separation time, there were concerns on the adverse effectgdards.

due to the possible temperature lag between the circulating

fluid and inside the column in addition to the limitation in the concentration of injection samples was 0.3 mg/mL and the in-

heating rate of a bath/circulator. Therefore, the TGIC analy- jection volume was fL. The chromatograms were recorded

sis time has remained comparable to that of conventional sizeby an UV—-vis detector (Spectra series UV100) operated at

exclusion chromatography. 260 nm. Eight polystyrene (PS) standards of wide molecu-
A few years ago, Bruheim et al. reported on the rapid lar weight range (5.1-1800 kg/mol) were used in this study.

separation (11 min) of polystyrene standards (2—-400 kg/mol) Their molecular characteristics are listedlable 1

by using a packed capillary column (0.32mm 1.D.) to re-

duce the heat capacity of the colufi@2]. For the separation,

they raised the column oven temperature up to°I5With 3. Results and discussion

the temperature gradient as steep as@@nin. Despite the

successful reduction in the analysis time, the quality of the  Fig. 1 displays the temperature of the eluent before and

chromatogram was not as good as the ones obtained withafter the column. A thin thermocouple was inserted through

a slow temperature change. Furthermore, it seems unnecesa short 0.03in. bore tube (thicker than the 0.007 in. bore LC

sary to raise the temperature to such an extreme level sincaubing) attached to the respective temperature monitoring po-

most of the TGIC analyses have been performed in a mod-sition of the eluent flow. We monitored the eluent temperature

erate temperature range. Therefore, there might have been at two different heating rates, 2 and®/min. Before this

large deviation between the oven temperature and the eluenstudy, the typical heating rate in TGIC measurements was

temperature in the column. In this study, we carried out a 2°C/min or lower mainly due to the limitation in the heat-

more systematic study to reduce the TGIC separation time.ing capacity of the bath/circulator. The heating rate was in-

We monitored the eluent temperature directly in off-line and creased by aid of external heating from an immersion heater.

increased the heating rate up t8@&min while maintaining As shown in the figure, the temperature of the eluent after

the thermal equilibrium between the circulating fluid and the passing through the preheating tube follows the temperature

eluent.

48

g O sc/min A
2. Experimental ol 8°C/min i 2 C/m;g'ﬁ
il e
The temperature gradient interaction chromatography 3t ; ﬁ,g"ﬁ
(TGIC) apparatus is a typical isocratic reversed-phase HPLC e o X
system equipped with a C18 bonded silica column (Nucleosil F ool '& 5,5"
C18, 1004 pore, 3um particle size, 50 mmx 4.6 mm 1.D.). ;‘e K«‘ﬁ'
Along piece of large bore tube (440 cm long, 0.03in. 1.D.) is 16 & =5
installed between the pump (TSP, Spectra series P100) and gﬁ ’_5'4’5
the injector (Rheodyne 7125) to pre-equilibrate the temper- 8f gﬁ-ﬁ
ature of the eluent before it reaches the column. The pre- 5 5 TR =
heating tubing was wound to a 1 in. diameter coil to fitinto a iR

column jacket. Temperature of the column and the preheating

tube was controlled by circulating fluid from a bath/circulator Fig. 1. The eluent temperature monitored before and after the separation col-
(THERMO Haake, PII C25P) through the jackets, which en- umn(Nucleosil C18, 108 pore, 3um particle, 50 mmx 4.6 mm|.D.). Solid
case the column and the coiled preheating tube. To increasdines are bath temperatures programmed at heating rates of 2°@ohB.

; ; ; Different symbols represent the measured temperatuxgsifter passing
the heating rate, an external immersion heater (1kW) was putthrough the preheating tubind after the column with preheating andX

into the bath. Eluent was a mixture Of @@l2 and CHCN after the column without preheating. Eluent: 8H,/CH3CN =57/43 (v/v);
(HPLC grade, Duksan) at a composition of 57/43 (v/v). The fiow rate: 1 mL/min.
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of the circulating bath near perfectly. It ensures that the eluent
temperature is equilibrated with the bath temperature by the
time it reaches the injector, which is connected to the column
inlet. The coiled preheating tubing has an internal volume
close to 2 mL. Therefore the residence time of the eluent in
the tube is 2 min at a flow rate of 1 mL/min, which is evidently
long enough for the eluent to follow the temperature ramp as
fast as 8C/min. We might be able to reduce the volume of
the preheating tubing further, but it was not pursued due to
the lack of significant merit.
The eluent temperature at the column outlet was also mon-
itored with and without the preheating tubing. As shown 0 1 2 3 4 5
in Fig. 1, the eluent temperatures at the two configurations tp(min)
are hardly distinguishable over the temperature range of
5-45°C. The residence time of the eluent in the column Fig. 3. Preheating effect on TGIC chromatogram at a heating rate of
(50 mmx 4.6 mm1.D.) is 0.65 min at a flow rate of 1 mL/min. 8°C/min. Sol.id Iipe i§ the chromatpgram ob_tained with preheating and
During this priod the temperature was raised more fgh 5 {11641 e & "iut preeo ATbien, erperaure wace7
ata heating rate of 8/min. In the absence of the preheating  cp,c1,/cH,cN = 57/43 (viv); flow rate: 1 mL/min.
tube, the eluent entering the column is at the ambient temper-
ature (~27°C). Therefore, in this case, the eluenttemperature ranging from 5.1 to 632 kg/mol. They are obtained by use
had to change as much as“@2while it passes through the of two different linear temperature ramps a@min (bot-
column. The results displayed Fig. 1 clearly demonstrate  tom) and 8C/min (top) with preheating. The fast heating
that the heat transfer across the column wall and the packingrate reduces the separation time of the PS standards greatly
materials is fast enough to allow reasonable thermal equilib- and all the PS standards elute within 4 min. Therefore it con-
rium by the time when the eluent exits from the column even firms to us that the reduction of TGIC analysis time can be
without preheating the eluent. achieved without relying on extreme temperature gradient if
Fig. 2 shows the TGIC chromatograms of seven a good temperature equilibration can be achieved. However,
polystyrene (PS) standards of different molecular weights the resolution at a heating rate of@/min is inferior to that of
2°C/min, in particular for the high molecular weight species.
The effect of eluent preheating on the TGIC separation is
. displayed inFig. 3, in which two TGIC chromatograms ob-
dT/dt = 8°C/min ] tained with and without preheating are compared. Despite the
130 exit temperature appears to follow the bath temperature well
with or without preheating as shown ig. 1, the retention
120 time of the PS standards is shortened without preheating and
the effect is more conspicuous for high molecular weight
polymers. The reduction in the retention time without pre-
heating must be the result of the different (ambient) tempera-
ture of the eluent entering the column, which is much higher
than the column temperature at the initial stage of the sepa-
40 ration. The effect is larger for the high molecular weight PS,
dT/dt = 2°C/min ] whose retention is more sensitively affected by temperature
130 sinceAH® in Eq.(2) is proportional to the degree of polymer-
ization according to the Martin’s ru[@3]. It is interesting to
note that the resolution with and without preheating appears
not much different. However, we employed the preheating
tube for all the experiments since it ensures the temperature
10 equilibrium between of the stationary and the mobile phase
: . ) ] from the column inlet.
0 5 10 15 Fig. 4 shows a TGIC chromatogram employing a non-
tm (min) linear temperature program in an attempt to improve the reso-
lution. We can see that the resolution in high molecular weight
Fig. 2. TGIQ chromatograms_of seven PS standards attwq different heating region is substantially improved and even 1800 kg/mol PSis
rates, 8 C/min (top) and 2C/min (bottom).‘The mqlecularwelghtsofthe PS .fuIIy resolved in 6 min. This resolution improvement costs
standards are labeled for the corresponding elution peak. Column: Nucleosil . . )
C18, 3um, 100A, 50 mmx 4.6 mm 1.D.; eluent: ChCl,/CHsCN =57/43 the separation time to some extent. It takes about 5min to
(vIv); flow rate: 1 mL/min. separate the PS standards up to 632 kg/mol while it takes
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Table 2
TGIC retention time (min) of PS standards at different column Iehgth
MW (kg/mol) Column length (mm)
= - 30 50 100 250
=] O
< 5% Solvent ¢o) 0.40 0.65 1.19 3.08
8 = 5.1 0.58 0.93 1.66 3.77
< 15.3 0.75 1.21 2.03 4.21
: 30.9 1.21 1.73 2.62 4.84
552 1.77 2.26 3.17 5.35
98.9 2.44 2.94 3.76 5.86
i i i J i ] 205 3.31 3.72 4.42 6.39
0 1 2 3 4 5 6 T 632 4.27 4.68 5.18 6.93
tg (min) 1800 5.17 5.59 5.93 7.53

@ TGIC separation condition is the same as showfiin 5.
Fig. 4. TGIC chromatogram of 8 PS standards with a non-linear temperature

program. Temperature program is shown in the plot. Column: Nucleosil C18,

3pm, 1004, 50mm>x 4.6 mm 1.D.; eluent: CHCl/CH3CN =57/43 (v/v); retention time range of 3.76 min (7.53 min for 1800 kg/mol
flow rate: 1 mL/min.

and 3.77 min for 5.1 kg/mol sample) since most of the solute
migration along the column takes place at high temperature
GYver a small temperature range. At low temperature, the high
molecular weight PS strongly interacts with the stationary
phase and moves very slowly. For example, it would take
5.17 min for the highest molecular weight PS (1800 kg/mol)
to travel 30 mm distancdg in the 30 mm long column) in

' the 250 mm long column. At that time, the temperature of the
column already reaches higher than the critical temperature
at this separation condition (30°@). The separation mecha-
nism switched to mainly the size exclusion mechanism above
the critical temperature and the 1800k PS quickly migrates
the remaining distance of 220 mm in 250 mm long column in
2.36 min (r,250 mm— tr,30 mm), Which is faster than the speed

4 min to separate the same set of seven PS standards und
the linear heating ramp at&/min as shown ifrigs. 2 and 3

We have also examined the column length dependence
of the polymer solute retention as shownHig. 5. All the
columns employed have 4.6 mm internal diameter and are
packed with an identical packing materials (Nucleosil C18
100A pore, 3um particle size). The retention time of the
PS increases with the column length in general, but the most
conspicuous change with the column length arises from the
void volume difference among the different length columns.
All the PS samples elute in the IC separation mode after
the injection solvent peak. The lowest molecular weight PS
eluting near the injection solvent peak reflects the elution ;
delay%ue to the co{umn void volumr;. The retention times of °' ¢ &Nt 2s0mm = to,30 mm=2.68 min).

: . It should be also pointed out that the resolution of the
the PS standards at different column length are summarlzed.l.GIC separation depends on the temperature program and
in Table 2

the resolutions observed for the columns of different length
in Fig. 5 certainly do not represent the optimized situation
for each column. The longer the column is, the better resolu-
tion should be expected if an optimized temperature program
were applied. However, the long column costs a penalty of
the larger void volume. Under the given temperature pro-
gram, the 50 mm length column appears to allow the best
separation of the PS standards in both resolution and analysis
speed among the four different length column. The resolu-
tion of low molecular weight PS is poorer in the 30 mm long
column than the 50 mm long column without gaining much
in the analysis speed. If we adjust the temperature program
for the 30 mm long column, we may be able to improve the
resolution at the low molecular weight samples. But it re-
quires additional separation time and we have not pursued it
further.
Another separation parameter we have examined is the
flow rate as shown iifrig. 6. As easily expected, the reten-
tr(min) tion time of the PS standards decreases as the flow rate in-
) ) o creases. However, the extent of the retention time decrement
Fig. 5. TGIC chromatograms 9bta|ned with different length _cqumns ata g not proportional to the flow rate under a given temperature
temperature program shown in the plot. Column: Nucleosil C18m3 . .
100A, 4.6mm 1.D.; eluent: CHCl/CHsCN=57/43 (v/v); flow rate: pmgram' We pIOtte_d t_he retention time of _eaCh peak rela-
1 mL/min. tive to the flow rate irig. 7 for easy comparison. The flow

Itis notable that the retention time range from the lowest to
highest molecular weight PS elution is not in the order of the
column length. The 250 mm long column exhibits the shortest

Angola.u.)
T (°C)
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35 rate was able to reduce the TGIC separation time of poly-
mer samples greatly without much deterioration of the reso-
lution. Employment of a shorter column and increasing the
flow rate also help reduce the analysis time further, but the
effect is not as large as the heating rate change. The ma-
jor effect of shortening the column length comes from the
reduction of the column void volume and the column tem-
perature mainly controls the solute retention in the column.
The column length affects the resolution, but the effect is
significant only for low MW polymers. The high MW poly-
mers having a strong interaction with the stationary phase
move very slowly in the column at low temperature and start
to move fast along the column after the column temperature
reaches a certain level, at which the retention mechanism is
switched to the SEC mechanism. The flow rate effect is least
significant among the experimental parameters we have ex-
amined. However, the three experimental conditions should
be considered together to optimize the TGCI separation
) 7 condition.
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