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Abstract: The separation of polyethylene glycols (PEGs) into single homologs by reversed-phase
chromatography is investigated experimentally and theoretically. The used core–shell column is
shown to achieve the baseline separation of PEG homologs up to molar weights of at least 5000 g/mol.
A detailed study is performed elucidating the role of the operating conditions, including the tem-
perature, eluent composition, and degree of polymerization of the polymer. Applying Martin’s rule
yields a simple model for retention times that holds for a wide range of conditions. In combination
with relations for column efficiency, the role of the operating conditions is discussed, and separations
are predicted for analytical-scale chromatography. Finally, the approach is included in an efficient
process model based on discrete convolution, which is demonstrated to predict with high accuracy
also advanced operating modes with arbitrary injection profiles.

Keywords: polyethylene glycol; monodisperse PEG; reversed-phase chromatography; thermodynamic
analysis; modeling

1. Introduction

Syntheses of polymers and nanoparticles as well as the degradation of large (natural)
polymers typically deliver products with a distribution of molar weight or particle size,
respectively. This crucially affects product quality—the narrower its size distribution, the
more valuable the product. Due to its separation power, flexibility, and scalability [1],
chromatography is a promising option to narrow down the size distribution of polydis-
perse products. However, the small property differences within a distribution make this
a challenging task, and systematic development work is required to establish efficient
preparative chromatographic processes. Here, we perform corresponding investigations
by analytical-scale chromatography using polyethylene glycols (PEGs) as a model system.
The work should also help paving the route toward the chromatographic classification of
nanoparticles [2].

The size-selective separation of PEGs is a relevant example problem. Control of the
molar weight (MW) allows a precise adjustment of the PEG’s specific properties. Smaller
PEGs up to about PEG 800 (the number represents the weight-average MW) are interme-
diates for surfactants, fabric softeners and optical brighteners. Intermediate MWs such
as PEG 1000 or 2000 are relevant in cosmetics [3]. These and larger MWs are particularly
important in pharmaceutical applications [4], where drug molecules are PEGylated to
increase their residence time in the body, facilitating more controlled and lower dosage.
Here, the use of monodisperse PEGs (i.e., pure single homologs) instead of polydisperse
PEGs is rapidly gaining importance, since it improves bio-activity and safety, allowing
optimal and reproducible therapeutic results [5,6]. Monodisperse PEGs are also valuable
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standards for many analytical methods, including size exclusion chromatography and
various spectroscopic methods.

Monodisperse PEGs are very expensive and seem commercially available only up to
MWs of about 1000 g/mol. This corresponds to a degree of polymerization (i.e., number
of repetitive building blocks) of n = 22 (the molar weight of a PEG homolog is calculated
as (44.04 · n + 18.02) g/mol). Some manufacturers offer larger MWs on request. However,
chemical syntheses of single PEG homologs are tedious, multi-step procedures with limited
yield [7]. Moreover, they deliver as side products homologs of undesired size, necessitat-
ing (chromatographic) purification. The attainable molar weight is limited. The largest
homologs synthesized so far seem to be the monomethoxy-PEGs with n = 64 (approx.
2800 g/mol) [8].

Chromatographic separation of molar weight-distributed PEGs may be a flexible and
interesting alternative, since it could provide monodisperse PEGs with intermediate MWs.
For example, a simple scale-up of the methods described in this work yielded a pure single
homolog of PEG 1000, which was then used for determining diffusion coefficients by hetero-
dyne dynamic light scattering [9]. Another feature of chromatography is that it can deliver
simultaneously a large number of individual homologs within a homologous series, thus
including the homologs and their “direct neighbors” within a molar weight distribution
(MWD). As concerns analytical chromatography, also, the accurate determination of the
MWD of PEGs is of interest, in particular for medium and large MWs. Analysis of PEGs
by high-performance liquid chromatography (HPLC) has been studied using reversed-
phase (RP-HPLC) and normal phase (NP-HPLC) [3,10–20]. Alternatively, supercritical fluid
chromatography (SFC) can be applied [21,22]. The latter was also used for a small-scale
isolation of a single homolog with n = 23 [23]. Regarding achivable peak resolution, for
example, Meyer et al. [10] achieved almost baseline resolution for PEG 2000 by RP-HPLC
with a C18 column and methanol/water as eluent, and Rissler [12] demonstrated satisfac-
tory resolution of PEG 3000 (C18 column, acetonitrile/water). NP-HPLC and RP-HPLC
allow for similar performance, as shown by Sun et al. [24] for PEG 2000 (amino column,
ternary solvent vs. C18 column, methanol/water). The introduction of superficially porous
stationary phases allowed a further advance due to the higher number of theoretical stages
of such so-called core–shell columns. For example, Xu et al. [20] demonstrated the baseline
resolution of PEG 3000 using a core–shell C18 column and acetonitrile/water. A core–shell
column is also studied in this work.

The separability of PEGs by RP-HPLC is dominated by three major aspects: namely,
the degree of polymerization, the temperature, and the eluent composition. As regards the
first, the retention of species in a homologous series can be analyzed thermodynamically
using Martin’s rule [25], which states that the natural logarithm of the retention factor k′

depends linearly on the degree of polymerization, n. Martin’s rule was shown to apply for
many polymeric systems, including n-alkanes, n-methylesters, and n-alkylbenzenes [26],
alkyl alcohols [27], polystyrenes [14,28], as well as PEGs and PEG derivatives [3,13,15–19].
The role of temperature and eluent composition in PEG separation was analyzed mainly
on C18 columns in several thermodynamic studies [3,13,15], in part also for larger PEGs
that could not be separated into individual homologs [13,15]. A study of column efficiency
as a function of the mentioned aspects seems not yet available.

Here, we extend the existing works with the aim of establishing efficient modeling
approaches for the design of analytical as well as preparative chromatographic processes.
The model should be valid for the separation of PEGs in a broad range of conditions. For
this purpose, we investigate the separability of PEGs of different molar weights into single
homologs (up to PEG 6500) on an analytical C18 core–shell column using acetonitrile/water
as eluent. A detailed study is performed for small and intermediate-sized PEGs (up to
PEG 1400), in which the temperature and eluent composition are varied in rather wide
ranges. From the results, an accurate retention model is derived based on Martin’s rule.
Moreover, also, column efficiency is described as a function of conditions. The obtained
relations are then used to evaluate the separation and to predict suitable conditions for
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analytical-scale separations. Finally, an efficient model is proposed that allows the sim-
ulation of complete chromatograms also for operating concepts typical in preparative
chromatography.

2. Theoretical Background
2.1. Thermodynamic Retention Model

The chromatographic separation of species is a result of the differences in their distri-
bution equilibria between a mobile and a stationary phase, respectively. The distribution
equilibrium of a component between two phases holds the fundamental relation

∆G◦ = ∆H◦ − T∆S◦ = −RT ln K . (1)

In Equation (1), ∆G◦, ∆H◦, and ∆S◦ are the standard free energy, standard enthalpy,
and standard entropy, respectively, while T is temperature. The distribution coefficient, K,
can be related to the chromatographic retention factor under linear conditions, k′, by

k′ =
tR − t0

t0
= FK , (2)

with tR as the retention time of the component, and t0 as the residence time in the column’s
void volumes. F is the phase ratio, i.e., the volumetric ratio of stationary and mobile phase.
From Equations (1) and (2) follows

ln k′ = −∆H◦

RT
+

∆S◦

R
+ ln F . (3)

If the phase ratio F is independent of temperature and solvent composition, its contri-
bution can be included into an apparent entropy change, ∆S∗. Equation (3) then reads

ln k′ = −∆H◦

RT
+

∆S∗

R
. (4)

Since F is typically below unity, ∆S∗ is a reasonable approximation for ∆S◦ [13]
(potential deviations from this are discussed in [29]). Based on measuring the retention
times of a component at different temperatures, tR(T), Equation (4) allows determining
∆H and ∆S∗ from a van’t Hoff plot, i.e., as the slope and ordinate intercept of ln k′ plotted
against 1/T.

As concerns molar weight-distributed polymers, the retention of molecules in a ho-
mologous series is often described well by Martin’s rule [25]. The latter states that the free
energy of a molecule corresponds to the sum of the contributions of its molecular building
units. Thus, for a macromolecule, ∆G◦ is a linear function of its degree of polymerization n.
Consequently, Equation (4) can be written for each species of a homologous series as

ln k′n = −∆H◦n
RT

+
∆S∗n

R
, (5)

where the enthalpic and entropic contributions are linear functions of n,

∆H◦n = n ∆H◦r + ∆H◦e , (6a)

∆S∗n = n ∆S∗r + ∆S∗e . (6b)

The subscripts r and e in Equations (6) denote the repeat units and the end groups of
the polymer, respectively. Thus, if determined values of ∆H◦n and ∆S∗n are found to depend
linearly on n, one can determine the individual contributions ∆H◦r , ∆H◦e , ∆S∗r , and ∆S∗e by
linear regression. More details on Martin’s rule can be found in the literature. A discussion
in the classical context of partition chromatography (Martin’s original scope) is given
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in [30], while its fundamentals and thermodynamic interpretation in interaction-based
chromatography are addressed in, for example [31,32].

Separability can be assessed by a separation factor α between two consecutive ho-
mologs of size n and (n + 1) defined as the ratio of their retention factors, i.e., α = k′n+1/k′n.
In conjunction with Equations (5) and (6), one obtains

ln α = ln

(
k′n+1

k′n

)
= −∆H◦r

RT
+

∆S∗r
R

. (7)

Equation (7) shows that if Martin’s rule applies, for a given set of conditions (e.g.,
constant temperature and eluent composition in an isocratic chromatographic experiment),
the separation factor between any pair of neighbors in a homologous series depends only
on the contribution of a single repetitive unit, ∆H◦r and ∆S∗r , while it is independent of the
size of the molecules (degree of polymerization, n) and of their end groups, respectively.

Values for k′ allow describing only the distance between peaks, but not the extent of
their separation, since the latter depends also on band broadening. The actual separation
can be quantified by the peak resolution, R,

R = 2
tR,n+1 − tR,n

wn+1 + wn
≈ 1.18

tR,n+1 − tR,n

w1/2,n+1 + w1/2,n
, (8)

where w and w1/2 denote the width and width at half-height, respectively, of the corre-
sponding peak. So-called baseline separation is achieved for about R > 1.5.

In Section 4.2, the above relations are applied to evaluate an extensive experimental
study of RP-HPLC of PEGs, and to determine parameters for a thermodynamic model
describing the separation in a broad range of molar weight, temperature, and mobile phase
composition.

2.2. Column Model Based on Discrete Convolution

A number of powerful models exists that are capable of predicting complete chro-
matograms [33]. However, for the problem at hand—a large number of mixture components
and very high stage numbers—their accurate numerical solution becomes very slow.

Discrete convolution is a simple and efficient approach for predicting the output of
linear, time-invariant systems. It requires only the applied input signal and the system’s im-
pulse response. Chromatography behaves as a linear transfer system provided the involved
distribution equilibria are linear and no nonlinear mass transfer effects occur. This usually
holds for size exclusion chromatography (SEC) as well as for analytical chromatography,
where concentrations are low. Convolution models were used, for example, for designing
the SEC-based purification of human influenza virus [34] and integrated processes that
combine SEC and reactive hydrolysis to produce oligo- from polysaccharides [35].

Below, we summarize the approach for modeling linear chromatography. The con-
centration of a component i at the column outlet, cout,i(t), is obtained by convolution of
its injection time profile, cinj,i(t), with the residence time distribution (RTD) of the compo-
nent, Ei(t),

cout,i(t) = cinj,i(t) ∗ Ei(t) , i = (1, N). (9)

The asterisk (∗) in Equation (9) denotes the convolution operation, which is defined as

cout,i(t) =
∫ t

0
cinj,i

(
t− t′

)
Ei
(
t′
)
dt′ . (10)

Equation (10) can be solved in the Laplace domain, where convolution corresponds
simply to multiplying the Laplace transforms of the input profile and the residence time
distribution, i.e.,

cout,i(t) = L−1{L
[
cinj,i(t)

]
L[Ei(t)]} . (11)
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In some cases (e.g., Dirac pulse injections and suitable RTDs, see also below), Equation (11)
can be solved analytically. This allowed establishing many fundamental relations in the
frame of plate theory of chromatography, in particular for the analysis of mass transfer and
dispersion; see e.g., [1]. More details on using Laplace transformation for modeling linear
chromatographic processes are given in [36,37].

In many cases, however, the analytical back-transformation in Equation (11) is not
possible, e.g., if arbitrary injection profiles cinj(t) must be considered, or if the RTD function
Ei(t) accounts for complex mass transfer effects. In such cases, discrete convolution can
be performed numerically after the time-discretization of Equation (10). A well-known
illustrative example is given in Levenspiel’s textbook [38]. It is even easier to apply fast
Fourier transform, as already suggested by Villermaux [36,39]. Solving Equation (11) then
simply corresponds to

cout,i(t) = IFFT {FFT
[
cinj,i(t)

]
· FFT[Ei(t)]} , (12)

where FFT and IFFT denote here corresponding commands for fast Fourier transform
and its inverse, respectively, as available in standard calculus software. This approach
is computationally very fast, which makes it particularly suitable for multi-component
systems as considered here.

For simulating chromatograms for the PEG system studied, we apply the well-known
RTD function,

Ei(t) =
1

σi
√

2π
exp

[
−1

2

(
t− µi

σi

)2
]

. (13)

Equation (13) is the solution of the classical tanks-in-series model by Martin and
Synge [40] for a Dirac-pulse injection onto an efficient column (i.e., stage number larger
than about 100), see e.g., [1,41]. It is a normal distribution with µi as the first absolute
moment of the pulse response for component i. For symmetrical peaks, this equals the
retention time, µi = tR,i. The values for µi will be obtained here from the retention model
described in Section 2.1. The second parameter in Equation (13) is the standard deviation
of the peak, σi, which is related to the number of theoretical stages, NTPi, by [1]

NTPi =
µ2

i
σ2

i
. (14)

The values of both, µi and σi, are obtained easily from chromatograms for small
injections as performed in this study.

3. Experimental
3.1. Materials

Commercial PEG standards with narrow MWDs served as chromatographic sam-
ples. Specifically, we used PEG 200 (average molar weight specified by manufacturer:
222 g/mol), 400 (434 g/mol), 600 (626 g/mol), 1400 (1400 g/mol), 3000 (n/a), 4200 (4240 g/mol),
and 6500 (6550 g/mol), respectively. Except for PEG 3000 (Sigma-Aldrich, Taufkirchen,
Germany), all standards were purchased from Phenomenex (Aschaffenburg, Germany).

Chromatographic eluents were prepared using HPLC gradient grade acetonitrile
(VWR, Darmstadt, Germany) and ultrapure water from a purification unit (Aquinity2,
membraPure, Hennigsdorf, Germany).

3.2. Chromatographic Separation

The chromatographic experiments were performed using a liquid chromatography/mass
spectrometry (LC/MS) setup. The used Ultimate 3000 LC unit (Dionex, Sunnyvale/CA,
USA) consisted of a gradient pump LPG-3400A with degasser, a column thermostat TCC-
3000, and an autosampler WPS-3000SL. Detection was performed by a charged aerosol
detector (CAD; Corona Ultra RS, Thermo Fisher Scientific, Dreieich, Germany). The eluting
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PEG homologs were identified based on their molar weights using the MS (ABI SciexQTrap,
Sciex, Darmstadt, Germany), which analyzed a small side stream delivered by a splitter. De-
tails on the MS analysis are given in the Supplement (ibid., Section S1). For data acquisition,
the software Chromeleon 6.80 (Dionex) and Analyst (Sciex) were used.

All chromatograms were obtained in isocratic mode using a Kinetex C18 core–shell
column (100 × 4.6 mm, particle diameter 2.6µm, pore size 100 Å; Phenomenex) connected
to a precolumn with the same packing (2 × 4.6 mm). Acetonitrile/water mixtures served
as eluent at a flow rate of 1 mL/min. Injected samples were 10µL of 1 g/L total PEG in
ultrapure water.

The experiments were performed at five different temperatures (15, 20, 30, 40, and
50 ◦C) and at nine different mobile phase compositions (15, 17, 19, 21, 22, 23, 24, 25, and
27.5 vol% acetonitrile in water). The binary eluents were premixed to the desired ratios
based on gravimetric measurements. The column was equilibrated before injection for
20 min if the eluent composition was altered and for 40 min if the temperature was changed.
After each experiment, the complete elution of all remaining components was ensured in a
5 min blank run with a forced elution step (acetonitrile concentration increased to 50 vol%
for 1 min).

4. Results and Discussion
4.1. Separation Problem and Role of Operating Conditions

Figure 1 shows example chromatograms that illustrate the separation problem and the
interplay between the molar weight of the homologs and the chromatographic operating
conditions in terms of temperature and eluent composition.
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Figure 1. Example chromatograms demonstrating the roles of temperature and mobile phase com-
position for the separation of PEG 1400. For better orientation, peaks are marked for the homologs
with n = 20, 30, and 40, respectively. Left—five different temperatures (15, 20, 30, 40, 50 ◦C), using
25 vol % acetonitrile (ACN) in water as eluent. Right—five different eluent compositions (21, 22, 23,
24, and 25 vol % ACN in water) at 30 ◦C. Remark: The chromatogram in the left (middle) is the same
as the one in the right (bottom).

First, one observes that the used PEG standards contain—despite their narrow MWDs—
a significant number of homologs. In the case of PEG 1400 shown in Figure 1, 32 ho-
mologs were quantified within the detection limits with degrees of polymerization ranging
from n = 15 to 46. The determined MWD, which can be described by a Gaussian normal
distribution, is shown in Figure 2. The polydispersity of this sample was calculated as
Mw/Mn = 1.02, which is within the manufacturer’s specification of Mw/Mn ≤ 1.05.
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Figure 2. Molar weight distribution of PEG 1400 determined chromatographically (symbols) and
interpolation by Gaussian normal distribution (line; mean value 32.754, standard deviation 4.676).
Measured at 44 ◦C and 25 vol % ACN in water.

The inspection of Figure 1 reveals that retention increases strongly with the increasing
degree of polymerization, n. This is expected from the exponential nature of Martin’s rule
(see Section 2.1) and will be studied in detail in Section 4.2.

The role of temperature, T, is demonstrated by the chromatograms in Figure 1 (left)
obtained at five different temperatures between 15 and 50 ◦C for a constant eluent composi-
tion (25 vol % acetonitrile, ACN, in water). Obviously, retention of the homologs increases
with T. While at 15 ◦C (Figure 1, top left), all homologs elute between 2 and 12 min; at
50 ◦C (bottom left), the retention times of the largest homologs are beyond 40 min. This
dependency on T is unusual. In most cases, adsorption on surfaces is exothermic, i.e.,
∆H◦i < 0 in Equation (4), in which case k′i decreases with T. The opposite behavior seen
here is known for PEGs for some reversed-phase systems, e.g., [13,15,18]. The sign of ∆H◦i
depends on the nature of the eluent. ∆H◦i > 0 was found for PEGs on C18 columns when
using ACN/water [13,15,18] or acetone/water [18] as eluent, while ∆H◦i < 0 was observed
for methanol/water [18] as well as in normal-phase chromatography [15]. Cho et al. [15]
attributed the peculiar retention of PEGs on C18 for ACN/water eluents to hydrophobic
interactions. Interaction of the amphiphilic PEGs with the stationary phase causes a release
of water molecules and, thus, a net entropy increase larger than the enthalpic contribu-
tion. With increasing T, the latter decreases relative to the entropy effect, which causes
increasing retention. This interpretation is also supported by partitioning experiments
by Spitzer et al. [42] and could explain why the solubility of PEGs in water decreases
with temperature.

In addition, the chromatograms indicate that not only retention but also peak resolu-
tion increases with T. At 15 ◦C (Figure 1, top left), the peaks are separated only partially.
At 30 ◦C (middle left), peaks of homologs with ni ≥ 30 are baseline separated, and at
50 ◦C (bottom left), all significant peaks are separated completely. This can be explained
by the temperature dependencies of both thermodynamic parameters and mass transfer
resistances, as discussed in Sections 4.3 and 4.4.

Figure 1 (right) demonstrates the influence of mobile phase composition. PEG reten-
tion decreases markedly with increasing ACN level. For example, when increasing ACN
from 21 to 25 vol %, the retention time of the homolog n = 30 decreases from 22 min to only
5 min; that for n = 40 decreases even from about 2 h (beyond axis limit) to less than 15 min,
respectively. The role of ACN as a desorption-promoting agent [15] was observed in various
studies (e.g., [13,15,18]). It results from the dependencies of the entropic and enthalpic
interactions on the ACN level, as discussed in Section 4.2. Finally, it is emphasized that
experimentally, the pronounced sensitivity of retention toward the ACN level has to be
carefully accounted for.

To demonstrate the separation power of RP-HPLC in connection with using core–shell
columns, Figure 3 shows example chromatograms for larger PEGs. Conditions were chosen
such to obtain a baseline resolution (R ≥1.5). For PEG 3000 (Figure 3, top), a relatively
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constant resolution of R ≈ 2.2 is achieved for all homologs n = 53 (retention time 6 min)
through n = 90 (110 min). In case of PEG 4200 (Figure 3, middle), R drops slightly from 2.0
for n = 70 (45 min) to 1.5 for n = 96 (380 min). PEG 6500 (Figure 3, bottom) contains many
homologs with n < 80 that elute at low retention times (see inset of Figure 3, bottom). For
n ≈ 80 (22 min) up to about n = 113 (160 min), the baseline is straight, and R is between 1.5
and 1.6. Beyond 160 min, the valley-to-valley integration of peaks still gives R ≈ 1.5, but the
rising ‘baseline’ indicates probably increasing overlaps of neighboring peaks. Note that the
MW of the last homolog shown, n = 129 (410 min), is with 5700 g/mol still below the mean
MW of PEG 6500. It should be mentioned that samples with larger MW required larger
injection amounts to obtain clear signals (see labels in Figure 3). This is due to the higher
temperatures used (alternatively, the ACN level might be lowered) for their separation.
This leads to (impractically) long run times and, thus, strong dilution. Furthermore, the
higher a sample’s mean MW, the more homologs are present in its MWD in correspondingly
lower amounts.
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Figure 3. Selected examples for the separation of larger PEGs. Conditions (see labels) were adjusted
to achieve about baseline resolution. Top—PEG 3000 (average degree of polymerization n̄ = 68). Mid-
dle—PEG 4200 (n̄ = 95; the actual average MW was estimated as 3900 g/mol). Bottom—PEG 6500
(n̄ = 136). The inset shows the separation of the many small homologs with low retention times.

Overall, the achievable separation is remarkable when considering that for the shown
examples, the difference in molar weight between two neighboring homologs is about
1 % and less. Baseline resolution was achieved for PEG homologs up to at least n = 113,
corresponding to an MW of about 5000 g/mol. To our knowledge, such resolution by
RP-HPLC has not yet been demonstrated.

4.2. Thermodynamic Parameters

In the following, we determine the parameters for the thermodynamic retention
model in Equations (5) and (6) as well as for the process model, as shown in Equations (12)
and (13), respectively. For this, chromatograms were measured in the temperature range
between 15 and 50 ◦C, and acetonitrile (ACN) contents were measured between 15 and
27.5 vol%. Depending on the separability at the given conditions, PEG standards of different
molar weight (PEG 200, 400, 600, and 1400) were used. Due to the excessively long run
times required for sufficient resolution, larger PEGs as in Figure 3 were not analyzed.
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Measurements were performed in triplicate, and only peaks with a minimum resolution of
R ≥ 1.4 were evaluated.

For the evaluation, k′i values for each homolog need to be calculated from the measured
peak retention times. The latter are corrected by the residence time in the column’s external
system volume, tsys. Thus, Equation (2) is rewritten as

k′n =
tR,n − tsys − t0

t0
, (15)

where tR,n is the measured retention time of the corresponding homolog. Note that when
using Equations (5) and (6) for parameter determination, the correction by tsys influences
the value of ∆S∗e only. ∆H◦r , ∆H◦e , and ∆S∗r are not affected, and they could be determined
using Equation (2) without knowledge of tsys. We determined tsys = 0.247 min from a small
injection of uracil bypassing the column with a zero-volume connector. Furthermore, a
value for t0 is required, which should correspond to the residence time of solutes in the
column’s accessible volume. Wang et al. [19] as well as Trathnigg [17,18] underlined
that erroneous results may be obtained when determining t0 by pycnometry or from the
retention times of tracer peaks. According to their works, the appropriate way to determine
t0 is to evaluate the retention time differences between neighbors in a homologous series.
From Equations (7) and (15) follows for two neighboring homologs n and n + 1

tR,n =
tR,n+1 − tR,n

α− 1
+ t0 + tsys. (16)

As pointed out in Section 2.1, the separation factor α = k′n+1/k′n in Equation (16) is
independent of n if Martin’s rule applies. In this case, a plot of tR,n vs. (tR,n+1 − tR,n) will
yield a straight line with the sum

(
t0 + tsys

)
as ordinate intercept.

Figure 4 (left) exemplifies this for the five chromatograms in Figure 1 (left). All data
follow straight lines with almost identical ordinate intercepts. The same holds true for
the other conditions examined, confirming the applicability of Trathnigg’s [16–18] ap-
proach. Averaged over all evaluated chromatograms,

(
t0 + tsys

)
= 0.988± 0.05 min was

determined. With the above value of tsys, we obtain t0 = 0.741 min, which corresponds to
a phase ratio of F = 1.24. In the studied parameter range, t0 was found to be practically
independent of temperature and mobile phase composition. However, Wang et al. [19]
showed that the accessible volume is constant only up to about 30 vol % ACN, and it
increases beyond this value. We could confirm this in initial tests for larger PEGs that
require high levels of ACN for separation (data not included here). Models for larger PEGs
and high ACN concentrations will have to consider this.

Next, the retention factors k′ are determined from Equation (15) for all measured
chromatograms. As an example, Figure 4 (right) shows the results for the chromatograms
in Figure 1 (left). The ln k′ values for all series follow straight lines, confirming the validity
of Martin’s rule. Linear plots were also obtained for all other conditions. It is worth
mentioning that when t0 values calculated from pycnometry or tracer peaks were used, the
obtained Martin’s plots were not linear.
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Figure 4. Evaluation of chromatograms exemplified for the temperature series for PEG 1400 in
Figure 1 (left) at 25 vol % ACN. Left—Determination of t0 along Trathnigg’s method from the axis
intercept in Equation (16). Right—Martin’s plot for the same data, underlining the linear dependency
of ln k′ on n.

With the applicability of Martin’s rule confirmed, the thermodynamic parameters of
the retention model can be determined. As shown in Figure 5 (left), a van’t Hoff plot (ln k′

vs. 1/T) of the data from Figure 1 (left) yields almost perfectly straight lines. According to
Equation (5), the linear regression for each homolog n delivers ∆H◦n and ∆S∗n as the slopes
and intercepts, respectively. In Figure 5, these values are plotted against n, which gives,
again, linear trends. The slopes and intercepts of these lines are the enthalpic and entropic
contributions in Equation (6) for the repetitive units (∆H◦r , ∆S∗r ), and the end groups (∆H◦e ,
∆S∗e ), respectively. This procedure was performed for all mobile phase compositions, and
in all cases, linear van’t Hoff plots and linear dependencies on n were obtained. The
corresponding diagrams are given in the supplement (ibid., Figures S3–S6).
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Figure 5. Determination of thermodynamic parameters for PEG 1400 at the same conditions as in
Figure 1 (left) (25 vol % acetonitrile). Left—van’t Hoff plot of data (symbols, triplicate measurements)
and linear regression against Equation (5) (lines) for the different homologs. Right—enthalpic and
entropic contributions as a function of n corresponding to the slopes (∆H0

n) and intercepts (∆S∗n) of
the lines in the left (symbols). Linear regression against Equation (6) (lines) delivers ∆H0

r , ∆H0
e and

∆S∗r , ∆S∗e as slopes and intercepts, respectively.

Table 1 lists the determined parameters as a function of the ACN content. Most
relevant are the enthalpic and entropic contributions of the repetitive units, ∆H◦r and ∆S∗r ,
since they are dominating for the molar weights studied here. Both values are larger than
zero, and their average values of about 1 kJ/mol and 5 J/mol/K, respectively, compare
quite well to literature data (see the last three lines in Table 1). ∆H◦r and ∆S∗r increase with
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increasing ACN, which both contribute to decreasing retention. Overall, when evaluating
the terms −∆H◦n/RT and ∆S∗n/R for different conditions, one finds that the entropy term
affects retention slightly stronger than the enthalpic term. The impact of the latter increases
with ACN, decreasing T, and decreasing n. For the smallest homologs, the enthalpic
contribution can become slightly dominating (e.g., for n = 15 at 15 ◦C and 27.5 vol % ACN).

Table 1. Determined thermodynamic parameters as function of the acetonitrile content (ACN) of the
mobile phase and comparison to literature data.

Sample ACN ∆H◦
r ∆H◦

e ∆S∗
r ∆S∗

e
vol% kJ/mol kJ/mol J/(mol K) J/(mol K)

PEG 1400 15.0 0.715 −2.465 4.861 −24.285
(this work) 17.0 0.929 −3.241 5.171 −26.520

19.0 0.994 −3.076 5.027 −25.629
21.0 1.083 −3.509 5.006 −26.432
22.0 1.090 −3.245 4.893 −25.299
23.0 1.077 −2.992 4.742 −24.434
24.0 1.094 −3.320 4.684 −24.950
25.0 1.114 −3.410 4.639 −25.263
27.5 1.132 −4.771 4.481 −29.251

PEG 600 [18] 11.1 1.1 a −2.8 a 5.9 a −13.0 a

PEG 2300 [15] 35.0 1.23 14.0 b 4.39 30.0 b

45.0 0.52 - 1.68 -
a Estimated from Figure 9 (∆H◦) and Figure 10 (∆S∗) in [18]. b Estimated from Figure 3 in [15].

While we observe a slight increase of ∆H◦r with the increasing ACN level, it remains
open if this trend will continue for larger ACN concentrations. For a somewhat larger PEG
and higher ACN levels (35 and 45 vol %), Cho et al. [15] observed a decrease of ∆H◦r (last
two lines in Table 1).

Finally, a fully explicit retention model for calculating k′ as function of n, T, and ACN
level from Equations (5) and (6) is obtained by interpolating ∆H◦r , ∆H◦e , ∆S∗r , and ∆S∗e
in Table 1 as a function of ACN. Figure 6 shows that a good fit is obtained when using
third-order polynomials (for parameters, see Table 2).
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Figure 6. Thermodynamic parameters as function of the mobile phase composition. Symbols—parameters
determined from measured retention times (see text). Lines—Interpolation by third-order polynomials.
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It is worth mentioning that retention factors and thermodynamic parameters as de-
termined above are helpful for developing a better understanding of RP-HPLC of macro-
molecules. They can serve, for example, as reference values for corresponding Monte Carlo
simulations [43,44].

Table 2. Polynomial coefficients for interpolation of the thermodynamic parameters in Table 1 as func-
tion of the acetonitrile content. Calculation in the form y = ∑i pi · xi with y = (∆H◦r , ∆H◦e , ∆S∗r , ∆S∗e )
and x as ACN content in vol%. Enthalpies in kJ/mol and entropies in J/(mol K).

p3 p2 p1 p0

∆H◦r 0.000472 −0.033848 0.814105 −5.467108
∆H◦e −0.006433 0.399831 −8.210674 52.4509195
∆S∗r 0.001490 −0.101743 2.216156 −10.494034
∆S∗e −0.021576 1.342734 −27.387407 157.230293

4.3. Column Efficiency

From the measured chromatograms, also column efficiency in terms of NTP can be
assessed. The corresponding values were determined automatically for all individual
homologs in all chromatograms by the data acquisition software, using the well-known
approximation of Equation (14),

NTPi = 5.54
t2
R,i

w2
1/2,i

, (17)

where tR,i and w1/2,i are the retention time and the width at half height of the peak of
homolog i, respectively.

In contrast to the evaluation of retention times, which yielded ‘clean’ linear trends
in the frame of the theory, the NTP values deliver a more complex picture. Figure 7
exemplifies this for the chromatograms obtained using PEG 1400. Again, only peaks with a
resolution of R ≥ 1.4 were considered. First, one recognizes that the rather short core–shell
column is remarkably efficient, showing NTP values up to about 15,000. Second, one
observes that NTP generally increases with the degree of polymerization, n. The reason for
this is the strongly increasing sorption with n, which reduces the dispersion due to mass
transfer resistances. This effect is stronger than the increasing dispersion due to slower free
bulk diffusion for larger n. Third, NTP decreases with increasing ACN level (see Figure 7,
left), while it increases with T (Figure 7, right). Obviously, also here, the strongly increasing
sorption is responsible for the effects of both T and ACN on NTP.
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Figure 7. Dependence of NTP on polymerization degree, temperature, and acetonitrile content
for PEG 1400. Left—NTP values of the individual homologs at 20 ◦C for different ACN levels.
Right—NTP values at 21 vol % ACN for different temperatures. Evaluated were all chromatograms
for PEG 1400; mutiple values for the homologs due to repetitive measurements.
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Apart from these general trends, one notices fluctuations of the determined NTP
values for the same homologs. We attribute this to the fact that the determination of the
half-height widths in Equation (17) becomes very sensitive in particular for small homologs,
whose peaks are very narrow.

Another observation is that the course of NTP over n is somewhat uneven and
may even have local minima. This indicates that the determined values are biased. A
close inspection of Figure 1 reveals that peaks for lower n are slightly asymmetric, which
indicates nonlinear sorption. Consequently, it is likely that displacement effects occur
between the homologs due to competitive sorption. This sharpens peaks and thereby
increases the determined NTP, in particluar for the smaller n that elute earlier and closer
together. At the same time, for homologs in the middle of an MWD, the determined NTP
may be too low, since their concentration is much higher than that of smaller or larger ones.
Thus, the uneven course of NTP and the apparent minima can be explained by the interplay
of the decreasing mass transfer effects with increasing n, increased peak sharpening for
small homologs, and the different concentrations of the homologs within the MWD. This
hypothesis is strengthened when analyzing chromatograms of PEGs with different average
MWs, where the same homologs elute as early or late ones and at different concentrations.
Obtaining a clear picture on the ‘true’ NTP values will require injecting different pure
homologs at identical concentration. These are not available commercially. Producing them
by preparative chromatography is under investigation but beyond the scope of this work.

Despite the above, it is emphasized that the thermodynamic model from Section 4.2
predicts retention times accurately. Moreover, combing this with a model for the (biased)
NTP data will allow for a precise prediction also of resolution in the investigated range of
conditions—at least for samples with a similar MWD as those used for the parameterization
of NTP. Here, we apply a simple interpolation function that includes the dependencies of
NTP on n, T, and ACN,

NTP(n, T, ACN) = q1 + q2 T + q3 ACN + q4 exp (q5 n) . (18)

Fitting Equation (18) to the data from all PEG 1400 injections (not only those shown
in Figure 7) delivers a reasonable approximation of NTP (solid lines in the same figure).
Obtained parameter values (qi) are given in Table 3. Note that the interpolation is empirical
and must be used with care. The parameters given lead to negative NTP values for high
ACN levels, low temperatures, and low n.

Table 3. Parameters of Equation (18) for the interpolation of NTP values.

q1/- q2/K−1 q3/vol%−1 q4/- q5/-

−19,664.2 159.82 −1059.81 436.453 0.07349

4.4. Evaluation and Prediction of Separation under Analytical Conditions

The models for retention and column efficiency established in the previous sections
are applied here for evaluating the impact of the operating conditions on the separation.

Equation (7) shows that the separation factor between neighboring homologs, α(n+1)/n,
depends on the enthalpic and entropic contributions of only the repetitive groups, ∆H◦r
and ∆S∗r —but not on the degree of polymerization, n. The latter is confirmed in all
our chromatograms, where we find a constant selectivity α(n+1)/n between neighboring
homologs. However, it should be mentioned that some studies for smaller PEGs reported
an increase of selectivity with increasing n in the low MW range [31].

The role of temperature can be assessed from the derivative of Equation (7) with
respect to T,

d ln α(n+1)/n

d T
=

∆H◦r
RT2 . (19)
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Since for our data, ∆H◦r is always positive (see Table 1), it follows from Equation (19)
that also d ln α(n+1)/n/d T is always positive. Accordingly, for the studied PEG system,
not only retention but also the separation factor increases with T, which confirms the
observations from the chromatograms in Figure 1.

The role of acetonitrile can be evaluated similarly. For this, the polynomials for ∆H◦r ,
∆H◦e , ∆S∗r , and ∆S∗e given in Table 2 are substituted into Equation (7). Since the derivative
of Equation (7), d ln α(n+1)/n/dACN, is found negative for the determined parameters, the
separation factor increases here with decreasing acetonitrile level at least in the consid-
ered range of conditions. This is also confirmed when inspecting the chromatograms in
Figure 1 (right).

The thermodynamic model allows accurate prediction of retention times (examples
will be given in Section 4.5). In analytical chromatography, the resolution R (defined in
Equation (8)) between peaks is of particular interest. R can be expressed for two neigh-
boring ‘Gaussian’ peaks as a function of k′, α, and NTP by the following expression (for
alternative formulae, see [45]),

R =
√

NTPn+1 NTPn
α(n+1)/n − 1
α(n+1)/n + 1

k̄′

(1 + k′n)
√

NTPn+1 +
(
1 + k′n+1

)√
NTPn

, (20)

where k̄′ is the averaged value between both homologs.
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Figure 8. Prediction of peak resolution R. Left—Resolution R versus degree of polymerization n for
different conditions: (a) role of mobile phase composition for constant T, (b) role of T at constant
mobile phase composition. Solid lines—R calculated using average stage number of NTP = 9700,
dashed—R calculated using NTP interpolation, dotted—extrapolation for small homologs not cov-
ered by the model parametrization. Right—Contour maps of resolution achievable between the
homologs n = 32 and n = 33: (c) Calculated using average NTP = 9700, (d) using NTP interpolation.
The red lines mark conditions where baseline resolution (R=1.5) is achieved.

Figure 8 shows the results of evaluating Equation (20) for different scenarios. As
can be seen in Figure 8a,b, resolution increases with the increasing size of the homologs.
Furthermore, for systems with constant NTP (solid lines), R reaches a plateau for larger
n. If thermodynamics of retention (k′ and α) are fixed due to the chemical nature of the
involved phases, further improvement of R can be achieved only by increasing NTP.
This underlines the usefulness of high-efficiency columns to resolve larger homologs. In
comparison, using the interpolated NTP (dashed lines), which should give a higher degree



Processes 2022, 10, 2160 15 of 19

of accuracy, significant deviations can be observed. Specifically, R increases further also
for larger n, which is due to NTP increasing with n (see Section 4.3). Detailed models will
have to account for this.

Finally, it is also possible to use Equation (20) for predicting suitable operating con-
ditions for homologs of given size. This is demonstrated by the contour maps in Figure 8
(right) for the example of homologs n = 32 and n = 33. The maps allow selecting the
temperature and acetonitrile content that are required to achieve a certain desired value
of resolution. Again, differences arise when assuming constant NTP, Figure 8c, or inter-
polated NTP values, as shown in Figure 8d. However, conditions required for baseline
separation (R = 1.5, red lines) are similar. It is worth noting that such contour maps may
give helpful indications also for designing gradients of solvent strength or temperature.

4.5. Prediction of Chromatograms Based on Convolution Model

The approach in the previous section is particularly suited for analytical chromatog-
raphy, for example, to predict suitable temperatures and ACN levels to achieve sufficient
resolution of PEGs of a given molar weight.

In contrast, for the design of preparative chromatography, the simulation of complete
chromatograms is of interest. For very small (Dirac) injections, this is possible explicitly
by solving Equation (13) for each single homolog. However, the typically larger injec-
tions in preparative chromatography have more or less ‘distorted’ rectangular profiles.
Moreover, in operating policies such as closed-loop recycling (CLR) [46,47] or steady-state
recycling (SSR) [48–50], the profiles of repetitive injections represent partially resolved
chromatograms. In addition, pre-column injection mixers as used sometimes in polymer
chromatography [51] will affect the injection profiles. The discrete convolution approach in
Section 2.2 allows considering such arbitrary injection profiles.

First, we validate the model against an independent experiment measured at condi-
tions not considered in the determination of the thermodynamic parameters. For this, the
small injection (10µL) is described as a rectangular pulse of corresponding length, with the
injected concentrations of the homologs taken from the normal distribution of the MWD
in Figure 2. The first moments, µi, in the RTD, Equation (13), are calculated from the k′i
values predicted by the thermodynamic model in Section 4.2. The standard deviations,
σi, follow either from averaged NTP values or from the interpolation by Equation (18).
The experimental detector signal is converted to concentration by a calibration constant
calculated from the injected and the total area of the chromatogram.

As shown in Figure 9 (top), the model achieves a very good prediction of the experi-
ment. The slight deviations for smaller homologs (see insets) are due to the nonlinear effects
discussed earlier. When using the more detailed interpolation for NTP (Equation (18);
dashed line) instead of an averaged value of NTP = 9700 for all homologs (solid line), the
agreement improves further.

Since the injection in the previous example is close to a Dirac pulse, we include also a
more complex case where two columns (I and I I) of the same type are connected in series,
and a larger injection (100µL) is performed. For modeling, the convolution is performed
consecutively for both columns. For column I, again, a rectangular injection and the same
RTD as above is used (only t0 needed to be re-determined, since a different pre-column
was required). The input for column I I is then the calculated output of column I. Since
the RTD of column I I differs slightly, it was determined from a small injection at the same
conditions, and retention was described in the form of Martin’s rule as ln k′i = An + B, with
A and B as fitted parameters. Due to the high pressure drop, the experiment was conducted
at a lower flow rate of 0.7 mL/min, for which the NTP model above does not hold. For the
sake of simplicity, we used for both columns an average value of NTP = 10, 000 for each
homolog, which corresponds to the average in the measured chromatogram.
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Figure 9. Validation of the modeling approach by discrete convolution. Symbols—experimental data,
lines—simulated total outlet concentration, Σi cout,i(t), acc. to Equation (12). Top—Independent
experiment not used for parameter determination (25 vol % ACN, 43.8 ◦C, 1 mL/min, 10µL of
PEG 1400, 1 g/L). Simulations with averaged (NTP = 9700) and interpolated values for NTP, respec-
tively. Bottom—Experiment with two coupled columns of the same size, simulated with averaged
NTP = 10,000 for each column (25 vol % ACN, 40 ◦C, 0.7 mL/min, 100µL of PEG 1400, 0.1 g/L).

The simulation and experiment for the coupled column scenario are compared in
Figure 9 (bottom). As expected, the combined columns achieve a much higher resolution
of the homologs. More importantly, the agreement between the model and experiment is
very good also in this more complex situation.

The results above underline that the proposed modeling approach—the use of a sound
thermodynamic retention model in conjunction with discrete convolution—provides an
efficient tool for accurate predictions of conventional and advanced chromatographic processes.

5. Summary

A systematic study has been performed for the separation of PEGs into single ho-
mologs by reversed-phase HPLC using a core–shell column. The baseline resolution of
PEGs with a polymerization degree of at least 113 (5000 g/mol) was demonstrated.

Using molar weight-distributed standards of smaller and medium-sized PEGs up
1400 g/mol, a detailed analysis of retention as a function of temperature, mobile phase
composition, and molar weight was carried out. The applicability of Martin’s rule was
confirmed. The latter was then used to establish an accurate thermodynamic model for the
retention as a function of the mentioned conditions. The determined data may be valuable
also for theoretical studies of chromatographic retention.

Column efficiencies obtained from the same experiments were remarkably high. The
number of theoretical stages, NTP, was found to increase with the size of the homologs,
increasing temperature, and decreasing acetonitrile levels. A closer analysis revealed that
in particular, incompletely resolved chromatograms deliver biased NTP values, which is
most probably due to competitive sorption.
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Combining the retention model with an interpolation of NTP values facilitated the
prediction of temperatures and mobile phase compositions required to achieve a desired
resolution of homologs of given size. It was demonstrated that resolution is indeed affected
by the mentioned biased efficiency data, but that reasonable predictions are possible also
when using averaged NTP values.

Finally, the retention model was included into an approach for simulating chro-
matograms based on discrete convolution. High accuracy was achieved when predicting
chromatograms obtained from single columns as well as when emulating preparative
recycling processes by connecting two columns in series.

The approach presented in this work is considered useful not only for analytical
chromatography but also for the conceptual design of preparative processes that aim at
producing narrow or monodisperse fractions from polydisperse polymers or nanoparticles.
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//www.mdpi.com/article/10.3390/pr10112160/s1, S1. Detection and identification of the PEG
homologs; Table S1: Parameter settings for the mass spectrometer and the charged aerosol detector;
Figure S1: CAD chromatogram and the corresponding total ion count over time for PEG1400 at
23 vol % ACN and 30 ◦C. The injection volume was 10µL, injected concentration 1 g/L, and flow
rate 1 mL/min, respectively; S2. Thermodynamic parameters; Figure S2: Three mass spectrograms
for three selected peaks at 10, 19 and 34 min derived from the chromatogram of the total ion count
(Figure S1). Possible load carriers as well as double (2+) and triple (3+) charged ion sources are
marked. The corresponding peaks of the three homologs (n = 30, 35 and 39) are marked in the CAD
and MS chromatograms of Figure S1; Figure S3: Determination of thermodynamic parameters at
15 vol % (top) and 17 vol % (bottom) ACN; Figure S4: Determination of thermodynamic parameters at
19 vol % (top) and 21 vol % (bottom) ACN; Figure S5: Determination of thermodynamic parameters at
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