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Temperature Effect on Retention and Separation of 
Poly(ethylene glycol)s in Reversed-Phase Liquid 
Chromatography 

Abstract 

The isocratic retention of poly(ethylene glycol)s (PEGs) is studied 
on an octadecyl (C 1 8 ) bonded-phase column at different 
temperatures. Linear relationships between the natural logarithm 
of the capacity factor (In k*) and the inverse of temperature (1/Γ) 
are found. Some thermodynamic parameters, such as the apparent 
change of enthalpy (AH°) and the apparent change of entropy 
(ΔS°), are obtained using van't Ηoff plots. Principal component 
factor analysis (PCFA) and target transformation factor analysis 
(TTFA) are used to analyze the retention data. The PEG molar mass 
is found to be a real factor in the solute space, and unknown molar 
mass can be calculated via the "free-floating" method. The 
information obtained from the thermodynamic study is discussed 
in developing strategies for separation of homopolymers and 
copolymers according to the end-group functionality. 

Introduction 

Since the early 1980s, there has been significant interest in 
using reversed-phase high-performance liquid chromatog­
raphy (HPLC) in the separation of synthetic polymers (1-21). 
A few successful separations of homopolymers and copolymers 
have been reported by gradient elution methods, although the 
retention mechanism has been a subject of much debate 
(4-11,13-15). One of the concerns in retention mechanism dis­
cussions is if isocratic elution can be observed. Fundamental 
retention parameters, such as the apparent equilibrium con­
stant (K), can only be obtained through isocratic retention 
measurement, and therefore, isocratic elution is central to the 
understanding of the fundamental retention mechanism com­
ponents such as the thermodynamics of polymer retention in 
reversed-phase HPLC. 

In many cases, for small molecules, retention process ther­
modynamics and the fundamental retention mechanism have 
been studied through temperature effects on retention (22-32). 
Usually, van't Hoff plots are used to obtain thermodynamic 

* Author to whom correspondence should be addressed. 

parameters such as the apparent change of standard enthalpy. 
In contrast, polymers, regarded as large homologous com­
pounds, have been separated by imposing a temperature gra­
dient on columns of inert packing materials such as glass 
beads (33,34). One classical example is the Baker-
Williams-type separation that was developed in the 1950s (33). 
The mechanism of Baker-Williams-type separations describes 
the dependence of polymer solubility on temperature. Al­
though successfully applied in many cases, this method has a 
limitation in that the difference in chemical nature for different 
polymers is neglected. 

The thermodynamics of polymer retention in reversed-phase 
HPLC can shed light on the retention mechanism. Further­
more, temperature could be a controllable factor in polymer 
separations. Resolution and efficiency of separation might be 
improved through effective thermal control without the need 
of a solvent gradient. Therefore, the study of the thermo­
dynamics of polymer retention becomes indispensable. 

Earlier investigations demonstrated the feasibility of ob­
taining isocratic retention data for polymers (14,35). In this 
study, isocratic retention data of polyethylene glycol)s (PEGs) 
and polyethylene oxide)s (PEOs) of seven different molar 
masses were obtained at different temperatures. Hereafter, 
both PEG and PEO will be referred to as PEG for the purpose 
of simplification. These data are used in making van't Hoff 
plots and obtaining thermodynamic parameters, in other 
words, changes in enthalpy ( H°) and entropy (ΔS°). 

Factor analysis is a useful technique to analyze multivariate 
data without the need of knowing the explicit form of the func­
tions or equations to describe the data, in other words, a soft 
model approach (36-38). It has been shown that a factor ana­
lytical model can be applied to precise retention prediction 
without knowing the form of any functions (38). In this study, 
factor analysis is used to correlate the retention data with the 
molecular properties of polymers, such as average molar mass, 
so that such properties can be obtained or predicted from re­
tention data. Because the natural logarithm of the capacity 
factor (In k') is directly related to the energies of the chro­
matographic process, the In k' data at different temperatures 
is factor analyzable. In this study, the retention data set (In k') 
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of seven different PEG samples (row designee) under different 
temperatures is used in principal component factor analysis 
(PCFA) and target transformation factor analysis (TTFA). The 
background to the use of factor analysis in chromatography has 
been described previously (37,38) and will not be reviewed in 
detail here. The information obtained in this thermodynamic 
study suggests new strategies for separation of homopolymers 
and copolymers according to the end-group functionality. 

ments was always within 2% error overall. The mobile phases 
ranged from 40% acetonitrile to 50% acetonitrile. The range of 
temperature in this study was from 20°C to 45°C. The com­
puter program used in matrix calculations of PCFA and TTFA 
was MATLAB (Mathworks Inc.). The correlation coefficients 
in linear regression were all above 0.995. 

Results and Discussion 

Experimental 

Instrumentation and procedures 
A Perkin-Elmer Series 4 liquid chromatograph and 420B 

autosampler (Perkin-Elmer; Norwalk, CT) were used. The de­
tector used was a Perkin-Elmer LC-85B detector with LC 
autocontrol operated at a wavelength of 195 nm with a 1.4-μL 
flow cell. The flow rate was 1 mL/min. A sample loop of 5 μL 
was used. Retention data were collected using a Nelson Ana­
lytical Chromatography package (Nelson Analytical; Cuper­
tino, CA). Samples were dissolved right before injection in the 
mobile phase. The concentrations of all samples were 2 mg/mL. 
Before each injection, the samples were shaken for 10-20 min. 
The temperature of the column was controlled by immersing 
the column in a circulating water bath with both heating and 
cooling units (Forma Scientific; Marietta, OH). The tempera­
ture was measured with a Hewlett-Packard digital ther­
mometer (Model 2042A) (Böblingen, Germany). The precision 
of temperature control was ±0.01°C. Alternatively, three alu­
minum blocks were fabricated in-house to hold the column at 
three locations: the column inlet, the middle of the column, 
and the column outlet. These aluminum blocks were individ­
ually heated or cooled with three separate temperature con­
trols. Thus, a thermal gradient could be generated along the 
column. 

Materials 
The Hypersil C 1 8 bonded-phase columns (Hewlett-Packard) 

that were used had dimensions of 200 χ 2-mm i.d. or 100 χ 
4.6-mm i.d., an average pore size of 120 A, and an average 
particle size of 5 μm. HPLC-grade acetonitrile (ACN) and water 
were used as received. The following PEG standards (in Dal-
tons) were purchased from Polysciences, Inc. (Warrington, 
PA): 400 (M w /M n = 1.10); 1500 (M w /M n = 1.10); 9000 (M w /M n = 
1.20); and 15,000 (M w/M n = 1.10). The following PEO standards 
(in Daltons) were purchased from Millipore (Amherst, MA): 
26,000 (M w /M n = 1.20); 46,000 (M w /M n = 1.10); 95,000 (M w/M n 

= 1.04); 170,000 (M w /M n = 1.04); 250,000 (M w /M n = 1.04); 
510,000 (M w /M n = 1.05); and 913,000 (M w /M n = 1.08). 

Retention data 
The capacity factor was calculated by the following equation: 

k'= (tR- t0)/t0 where tR is the retention time of the polymer 
peak maximum, and t0 is the void time. The void times of the 
PEG samples were measured with mobile phases of the highest 
volume fraction of acetonitrile at the lowest temperatures. 
The standard deviation of k' calculated from three measure-

In a chromatographic process, the quantitative contribu­
tions to retention from molecular interactions, such as London 
forces and hydrogen bonding, are still unknown after years of 
study. However, because the chromatographic process is an 
equilibrium distribution of molecules between a stationary 
phase and a mobile phase, the apparent changes of state func­
tions, such as standard enthalpy (AH°) and standard free en­
ergy ( G°), can be calculated from the equilibrium constants 
(K) via the following relationships (Equations 1,2, and 3): 

where Τ is the temperature (in Kelvin), k] is the capacity factor, 
R is the gas constant, and VS and VM are the volumes of sta­
tionary phase and mobile phase, respectively. 

A fundamental question that remains to be answered in 
chromatography is whether the phase ratio V S / V M is constant 
over a range of temperatures because it would be impossible to 
draw a plane to divide the volume of the stationary phase and 
the mobile phase. The volume of the mobile phase, which is the 
same as the void volume of the column for a specific solute, has 
been studied (39-44). However, it is assumed in this study 

Figure 1. Chromatograms of PEG 95 KD eluted using ACN-water (50:50) 
as the mobile phase at different temperatures: a, 40.98°C; b, 42.24°C; 
43.10°C The early eluting small peaks are system peaks and the peaks for 
the sample of lower molar mass. 
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that the phase ratio is constant within a temperature range of 
25°C. This situation results in a linear plot of In k' versus 1/T 
for a constant mobile phase, where 1000/7" is used for scaling 
purposes. This linear relationship has been widely observed in 
the study of small molecules (22-32). From the plot of In k' 
versus the slope is the measure of - H°/R, and the inter­
cept is S / R plus the term of-1n(Vs/VM). Because -1n(VS/VM) 
is assumed to be a constant, the intercept used is AS*/R here­
after. Because the phase ratio is usually between 0.3 and 0.9 
(45), S* is a good approximation of S°. 

Figure 1 shows sample chromatograms of PEG 95-KD at 
different temperatures. It was found that an increase in tem­
perature results in an increase in retention. Such a retention 
behavior correlates with the inverse solubility-temperature 
relationship of PEG molecules; in other words, the solubility of 
PEGs in aqueous solution decreases as temperature increases 

(46). In addition, the temperature coefficient of the unper­
turbed dimension of PEGs in athermal aqueous solvents was 
reported as d(In < r 2 >° ) /dT ~ 2.3 χ 10-4°C–1 (47). Therefore, 
an increase in temperature will result in an increase in the size 
of PEG molecules. The enlarged random coils of PEGs under 
higher temperature may experience stronger interactions with 
the stationary phase due to the increased surface area. 

Figures 2A-2E show the van't Hoff plots of In k' versus 
(1000/T) of PEG samples at five different mobile phase com­
positions. Over the temperature range in our experiments, the 
van't Hoff plot was linear for all of the PEG samples. The slope 
and intercept values were converted to H° and S* and are 
listed in Table I. As seen in Table I, H° and S* increase 
rapidly as the molar mass of PEG increases. Note that the sign 
of H° is positive, indicating the retention process for PEGs is 
endothermic. The values of AS* are also much larger than 

Figure 2. van't Hoff plot of different ratios of ACN-water: A, 40.0:60.0; B, 42.1:57.9; C, 44.2:55.8; D, 47.1:52.9; and E, 50.0:50.0. 
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those of small molecules, indicating that the retention of poly­
mers onto the stationary phase results in large changes in the 
conformations and configurations of polymers and surface 
structures of the bonded phase (45). Both H° and S* values 
in Table I reach apparent maxima at 42.1% ACN. The causes for 
such maximum values of H° and S* currently are under in­
vestigation. 

The plots of H° values of PEG samples versus their molar 
masses show linear relationships (Figure 3). Similarly, the 
linear relationships in plots of the AS* values versus PEG 
molar mass are observed (Figure 4). From Figures 3 and 4, 

where H°m and S ° m are the standard enthalpy change and 
standard entropy change, respectively, for a repeating unit, 
- C H 2 C H 2 O - . Constant H ° e n d and constant S ° e n d can be re­
garded as H0 and S 0 contributed by end groups. From Equa­
tions 4a and 4b, the total free energy of the retention process 
can be expressed by Equation 4c: 

Eq 4a 

Eq 4b 

Eq 4c 

where G°m and G ° e n d are the changes of the standard free 
energy for a repeating unit and end groups, respectively. Thus 
from Equation 4c, there is a linear relationship between G° 
and the molar mass, which correlates well with the conforma­
tional studies on polymers in the adsorbed state. The confor­
mation of a globular polymer at the adsorbed state is either a 
cylindrical disc (train type) or globular one (7,48). Each of the 
conformations has a contact area with the stationary phase pro­
portional to the molar mass of the polymer. Therefore, the ad­
sorption energy should be proportional to the molar mass. 

These linear relationships can be used as the calibration 
curve for the determination of PEG molar masses. The H° 
value for the sample of an unknown molar mass can be calcu­
lated from its retention time at two different temperatures 
(Equation 3). The molar mass of the unknown sample can be 

Table I. Δ Η ° and Δ5* Values for Five PEG Samples 

PFr. Volume percent acetonitrile 

(KD) 50 47.1 44.2 42.1 40 

H° (kj/mol K) 
9 109.5 137.2 148.1 147.5 148.2 

15 158.0 184.9 190.5 196.9 187.9 
26 238.1 279.9 272.4 306.5 270.5 
46 405.7 430.5 429.8 480.2 430.4 
95 763.3 794.9 820.8 851.4 802.9 

S* (J/mol K) 
9 338.0 431.8 976.9 482.2 492.6 

15 492.7 587.7 618.3 648.2 625.5 
26 771.9 917.4 91.0.1 1039.1 933.6 
46 1299.1 1404.5 1428.2 1619.3 1476.2 
95 2433.8 2583.2 2717.1 2859.6 2740.3 

found from an existing plot of H° versus molar mass con­
structed from standards. This strategy was tested with PEG 
standards. It was found that the calculated molar masses 
closely track the actual reported values. These results further 
support Martin's assumption (49) that the total free energy 
for transfer of a molecule from the stationary phase to the 
mobile phase, G°, can be fragmented according to the com­
pound structure. That is, G° is a sum of the free energies of 
"transferring" each fragment of the compound from the sta­
tionary phase to the mobile phase. 

Eq5 

where a, b, c, d,... are the coefficients and G ° A , G ° B , G ° C , 
G ° D v . . . are the free energies of the fragments. From Equa­
tions 2 and 5, In k' can be expressed as 

Eq 6 

where In ki' is the logarithm of the capacity factor for fragment 
i of the molecule. Therefore, for a polymer, Martin's assumption 
is expressed as 

Eq 7 

where In ki is the logarithm of the capacity factor for the re­
peating unit i of the polymer, f(n) is a function related to the 
number of repeating units (n), in other words, the molar mass 
of the polymer. 

The retention data set (In k') of seven different PEG samples 
(row designee) under different temperatures is used in PCFA. 
As indicated in Table II by the columns labeled Eigenvalues, 

Figure 3. Plots of ΔΗ 0 (kj/mol K) versus molar mass of PEGs (KD). The mo­
bile phase compositions (percentages of ACN) are 40,42.1,44.2,47.1, and 
50.0%. 
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Variance explained, and Probability test, there are two prin­
cipal factors. The data set is then reduced by using two factors. 
After the solute submatrix was regenerated, TTFA was per­
formed using the reported molar masses of the PEG standards 
as a test target vector for the row vector matrix because the 
molar mass is one of the primary molecular properties. There 
is a good correlation between the test vector (column 1, Table 
III) and the predicted vector (column 2, Table III), and the 
vector of molar mass was found to be the real vector. The 
molar mass of one PEG sample was deliberately left out as a 
"free-floating" point, and, as shown in Table III, the molar 
mass of this unknown can be predicted. Because the number 
of data points is small, target testing provides a good estima­
tion and a reasonable check of the PEG molar masses. 

The thermodynamic study of PEG retention can be applied 
to optimize the separation of polymers. Figure 5 shows the 
chromatogram of the separation of a mixture of seven PEG 
polymers using a solvent gradient. To improve the separation 
without a solvent gradient, two types of temperature gradients 
were employed: gradient Τ raises or lowers the temperature 
across the whole column linearly with respect to time and 
gradient L generates a thermal gradient along the column. To 
examine the effects from both temperature gradients, three 
PEG polymer mixtures of molar mass 26 KD, 46 KD, and 95 
KD were used. Figures 6A and 6B show the chromatograms of 
the mixture of three PEG samples. Both elution modes were 
isocratic, and one had gradient Τ and the other had gradient L. 
Under isothermal isocratic conditions, PEG samples were 
hardly separated, whereas imposing a thermal gradient Τ or L 
can facilitate separation. It should be noted that these results 
are preliminary. Studies on the precise control of the thermal 

gradients of both Τ and L to obtain high resolutions are in 
progress. 

The results from this study suggest that the temperature ef­
fect may be used to separate PEG polymers and other polymers 
that have similar temperature-retention relationships ac­
cording to the end-group functionality. It is assumed that there 
are two PEG polymers, A and B, A with an average degree of 
polymerization, m, and Β with an average degree of polymer­
ization, n. Then Equations 4a and 4b can be used for A and B: 

Table II. Principal Component Factor Analysis of 
Retention Data of Seven PEG Samples 

No. of Variance Probability 
Factors Eigenvalue explained test* 

1 1.89e+03 93.00 0.001 
2 1.42e+02 7.00 0.000 
3 7.60e-27 0.00 0.076 
4 1.66e-27 0.00 0.141 
5 3.69e-28 0.00 0.293 
6 1.30e-28 0.00 0.387 
7 2.75e-29 0.00 1.000 

* From reference 49. 

Table III. Target Transformation Factor Analysis of PEG 
Solute Retention Data Space With Molar Mass as Target 
Factors 

Test Predicted Free floating 
vector vector calculation 

1.5 3.47 
9 12.86 11.47 

15 18.06 16.08 
26 34.03 31.13 
46 51.46 45.76 
95 94.68 

170 166.17 
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Figure 4. Plots of S* (J/mol K) versus molar mass of PEGs (KD). The mo­
bile phase compositions (percentage of ACN) are: 40, 42.1, 44.2, 47.1, 
and 50.0%. 

Eq 8a 

Eq 8b 

Eq 8c 

Eq 8d 

where A H ° 0 and S°0 are the changes of standard enthalpy and 
entropy for the repeating unit of - C H 2 C H 2 O - . From the linear 
regression of AH and A S versus the molar mass (Figures 3 and 
4), H0 and S0 can be calculated. Therefore, 

Eq 9 
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1n(k'A/k'B) can become independent of degree of olymeriza­
tion. Such a temperature, which is H°0/ S o

0 , can be termed 
the enthalpy-entropy compensation temperature (EECT). At 
EECT, Equation 9 can be simplified as 

Eq 10 

In Equation 10, the selectivity factor is independent of the 
molar mass and depends only on the functionality of the end 
groups. The EECT was observed in this study. Almost all of the 
lines intersect on a same point in Figures 2A-2E. At this par­
ticular temperature, all PEG samples have the same retention 
regardless of their molar mass. Table IV shows the values of 
EECT obtained from the linear regression results of Figures 3 
and 4. These equations can also provide an explanation for the 
fact that there are two groups of lines in Figures 2A-2E. The 
top group are PEGs of higher molar mass from Millipore, and 
their exact name should be poly(ethylene oxide) because their 
terminal groups may be the same but not their hydroxyl 
groups. The bottom group are PEGs of lower molar mass from 
Polysciences, and they terminate in hydroxyl groups. One pos­
sible reason that might lead to such a difference in bottom and 
top groups of PEGs could be the dependence of PEG confor­
mation on molar mass. PEG in the solid crystalline state has a 
helical structure. After dissolution in aqueous solution, partial 
helical structure persists in the crystalline PEG. However, for 
high molar mass PEG (M n > 4,000 Daltons) in very dilute so­
lution, the structure can be treated as a typical random coil 
(50). Melander and co-workers (51) reported that for PEG 
oligomers and their derivatives there exist two conformations. 
For oligo-PEGs of low molar mass, the conformation is usually 
a zig-zag shape or a helical structure. As the number of degree 
of polymerization reaches 9, which corresponds to a molar 
mass of about 500 Daltons, the oligo-PEG has a meandering 

structure. They also observed a conformation change of oligo-
PEGs from zig-zag to meandering structure within the tem­
perature range of 20°C to 80°C. The equilibrium of such an iso-
merization process was used to explain the nonlinearity in 

Figure 6. Chromatograms of a mixture (peak 1) of PEG 26-KD (a), 46 KD 
(b), and 95 KD (c). In A, the mobile phase was ACN-water (42:58). The top 
temperature was 23°C, and the bottom was a thermal gradient at 
-0.05°C/min started from 28°C. In B, the top temperature was 0.7°C, and 
on the bottom, the temperature of the inlet was 40°C and that of the outlet 
was 23°C. The gradient was 0.7°C/cm along the 10-cm column. In C, three 
PEGs were separated using a cone-shaped aluminum heating unit with 
ACN-water (49.5:50.0), an inlet pressure of 40.5°C, and an outlet tem­
perature of 42.0°C. 
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Figure 5. Gradient elution of a mixture of seven PEG standards with 
ACN-water from 41:59 to 43:57 in 45 min. Peaks 1-7 are PEG (in KD): 26, 
46, 95,170, 250, 510, and 913, among which the sample sizes of 2 and 
4 were spiked. 

By selecting a temperature (T) so that 
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van't Hoff plots over the wide temperature range. In this study, 
the molar mass of PEGs are well above 1-KD and there is ex­
cellent linearity in the van't Hoff plots, so it can be concluded 
that the conformations of PEGs in this study are random coils 
or meandering structures. Therefore, the substantial differ­
ence in retention between PEGs of low and high masses near 
the EECT can be attributed to their end-group differences. 
The advantage of using the temperature effect in separation by 
end-group functionality is that one does not need to know the 
molar mass of the polymer sample or need to prefractionate a 
polymer. This study suggests that choosing a proper solvent as 
the mobile phase (mobile phases of different kind yield different 

H° and S° values (Table IV and reference 51) and suitable 
temperature at the EECT, PEG polymer mixtures can be sepa­
rated according to their terminal groups regardless of their 
molecular masses. Experiments are currently underway to ex­
amine this hypothesis. 

In contrast to this method, there are reports that attempted 
to use critical composition to separate polymers by the end 
groups (16). This technique is based on the fact that for poly­
mers of very high molar mass, the range of mobile phase com­
position to obtain isocratic retention is so narrow that poly­
mers behave the same except for those that differ in end 
groups. However, good separation was only achieved when the 
molar mass was below 2-KD (16). 

Conclusion 

Linear van't Hoff plots were observed in this study, and the 
apparent change of enthalpy and the apparent change of en­
tropy were obtained. It was found that both H° and AS* 
values of the PEG polymers were much larger than those of 
small molecules. Principal component factor analysis revealed 
that two factors can be used to span the retention data space. 
With the molar mass of PEG polymers as the test vector, TTFA 
confirmed that molar mass was the real vector in the solute 
space. The molar mass of unknown PEG samples can be ob­
tained either through the linear calibration plot of AH versus 
the molar mass or the free-floating method of factor analysis. 
The temperature effect on retention showed that the separation 
of PEG polymers can be realized by using thermal gradients, 
and PEG polymers can be separated according to the end 
groups. 
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