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ABSTRACT: We studied the influence of microstructure on the chromatographic
behavior of gradient copolymers with different gradient strengths and block copolymer
with completely segregated blocks by using gradient liquid adsorption chromatog-
raphy (gLAC) and liquid chromatography at critical conditions (LCCC) for one of
the copolymer constituents. The copolymers consist of repeating units of
poly(propylene oxide) and poly(propylene phthalate) and have comparable average
chemical composition and molar mass, and a narrow molar mass distribution to avoid
as much as possible the influence of these parameters on the elution behavior of the
copolymers. On both reversed stationary phases, the elution volume of gradient
copolymers increases with the increasing strength of the gradient. The results indicate
that for both modes of liquid interaction chromatography, it is important to consider
the effect of microstructure on the elution behavior of the gradient copolymers in
addition to the copolymer chemical composition and molar mass in the case of gLAC
and the length of the chromatographically visible copolymer constituent in the case of
LCCC.

■ INTRODUCTION

(Co)polymers can exhibit heterogeneity in several properties
simultaneously, for example, molar mass, chemical composition,
functionality, architecture, and microstructure.1,2 These proper-
ties and their distributions affect the physicochemical properties
of (co)polymers.1 Therefore, the accurate characterization of
these parameters is crucial to understanding the relationship
between the structure and properties of complex polymers.1,3

The above-mentioned properties and their distributions are
usually determined by various liquid separation techniques; that
is, molar mass distribution by size-exclusion chromatography
(SEC), chemical composition distribution by liquid adsorption
chromatography (LAC),4−10 while end-group functionality and
block length distributions in block copolymers are determined
by liquid chromatography under critical conditions
(LCCC).11−14 LAC and LCCC are also known to be useful
techniques for determining various types of microstructures,
such as tacticity in polymethacrylates,15−17 and various
arrangements of substituents at an olefinic double bond resulting
from different polymerization patterns of dienes.18−21 Molar
mass, chemical composition, and comonomer distributions can
also be characterized by temperature gradient interaction
chromatography.22−25 Because complex polymers exhibit
heterogeneity in multiple properties simultaneously, their
characterization by a one-dimensional (1D) liquid chromato-
graphic technique is insufficient and instead requires the
coupling of various 1D liquid chromatographic techniques

into a two-dimensional LC (2D-LC) system that allows the
simultaneous characterization of two heterogeneous (co)-
polymer properties.1

Depending on the distribution of two different comonomer
units along the copolymer chain, the main types of copolymers
are random, alternating, gradient, and block copolymers. Simple
gradient copolymers exhibit a gradual transition in composition
from predominantly A to predominantly B comonomer
repeating units along the copolymer chains.26,27 This transition
is defined by the strength of the gradient, which affects the
properties of gradient copolymers in the solution and in the solid
state. In gradient copolymers with a strong gradient, the
transition from A to B repeating units is rapid, and such gradient
copolymers exhibit properties similar to those of analogous
block copolymers. Gradient copolymers exhibit a broad glass
transition temperature due to the incomplete segregation of
microphases, which makes them excellent damping materi-
als.26−31 Amphiphilic gradient copolymers, similar to block
copolymers, exhibit the ability to self-assemble into supra-
molecular structures depending on the composition of the
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solvent,32−35 the pH of the environment,36−38 or the temper-
ature,39−44 which has been exploited in various biomedical
applications.26,28 Previous studies characterizing gradient
copolymers with different gradient profiles were limited to
determining the glass transition region by dynamic mechanical
analysis27 and differential scanning calorimetry (DSC),30 the
extent of aggregation by turbidimetric titrations,31 and the
degree of phase separation by theoretical studies45,46 and
dynamic light scattering.47,48 Recently, gradient copolymers
have gained attention as cost-effective alternatives to block
copolymers in areas such as thermoplastic elastomers,
compatibilizers for immiscible polymer blends, or as stabilizers
for emulsions and dispersions.26,28,29 At the same chemical
composition, a stronger gradient facilitates the phase separation
of gradient copolymers, as evident from the lower product of the
degree of polymerization of the polymer chain (N) and the
effective Flory−Huggins interaction parameter, χ, at the critical
transition point from order to disorder.49 The effect of the
gradient profile on self-assembly behavior and interfacial
properties has been studied theoretically50,51 and by examining
the midpoint and the width of the glass transition.52

The effect of the sequence distribution of comonomer units in
alternating, statistical, and block copolymers on elution behavior
in gradient LAC (gLAC) was considered in a theoretical study
by Brun.53 In the derived expressions, the effective interaction
energy of alternating, statistical, and block copolymers with a
chromatographic stationary phase depends on chemical
composition and microstructure, while the effect of molar
mass on elution behavior54 was neglected by assuming identical
molar masses for all types of copolymers.53 Considering the
equimolar chemical composition of the copolymers, the results
of the derived expressions showed that the effective interaction
energy increases in order alternating, statistical to the block
copolymer, so that the order of elution from the column should
be the same. The results of this study are consistent with the
results of Monte Carlo computer simulations for the partition
coefficient of statistical copolymers with different degrees of
blockiness.55 In addition, the results of computer simulations
using the Kremer−Grest bead−spring model show higher
dynamic modulus values as a function of distance from the
nanoparticle surface for the block copolymer than for the
alternating copolymer, indicating a higher interaction energy of
the block copolymer with the nanoparticle surface.56 The results
of the theoretical studies were consistent with the results of
experimental studies by Brun57 and Peltier,58 who studied the
elution behavior of random and block copolymers with
comparable chemical composition and molar mass, where the
late elution of the block copolymer compared to the random
copolymer was explained by the different microstructures. In
contrast, Augenstein and Müller59 attributed the late elution of
block copolymers compared to random copolymers to the
formation of supramolecular micelles. Separation by chemical
composition and microstructure in terms of ethylene or
propylene sequence lengths has also been successfully
performed for ethylene-co-propylene random copolymers
using high-temperature solvent gradient interaction chromatog-
raphy.60

In this work, we studied the copolymers consisting of A
(poly(propylene phthalate); P(POPA)) and B (poly(propylene
oxide); PPO) repeating units that are differently distributed
along the copolymer chains and thus have different micro-
structure; that is, block and three gradient copolymers with
different gradient profiles. The influence of microstructure on

the elution behavior of copolymers was investigated in different
modes of liquid interaction chromatography, that is, gLAC and
LCCC, where separation is controlled by enthalpic interactions.

■ EXPERIMENTAL SECTION
Solvents for LC measurements: chloroform (CHCl3, ≥99.8%),
acetonitrile (ACN, ≥99.9%), and tetrahydrofuran (THF)
(Riedel de Haen̈, Germany, ≥99.9%) were used as received.

1H NMR Spectroscopy. The 1H nuclear magnetic
resonance (NMR) spectra of the homo- and copolymers and
their fractions were recorded in CDCl3 using a 600 MHz Neo
Avance spectrometer (Bruker; USA). Tetramethylsilane
(Me4Si, δ = 0 ppm) was used as an internal chemical shift
standard.

SEC with a Multidetection System Consisting of
Ultraviolet, Multiangle Light Scattering, and Differential
Refractive Index Detectors (SEC/UV-MALS-RI). The molar
mass characteristics of the homo- and copolymers were
determined by SEC coupled with a multidetection system
consisting of an ultraviolet (UV) detector operating at a
wavelength of 283 nm (Agilent 1260 DAD VL, Agilent
Technologies, USA), a multiangle light scattering (MALS)
photometer with 18 angles (DAWN HELEOS-II, Wyatt
Technology Corporation, USA), and a refractive index (RI)
detector (Optilab T-rEX, Wyatt Technology Corporation,
USA). The SEC/UV-MALS-RI allows determination of the
molar masses of the copolymers and the molar masses of the
individual copolymer constituents and thus the copolymer
chemical composition (Supporting Information; Calculation
Procedure in SEC/UV-MALS-RI), if the copolymers have a
narrow distribution in chemical composition and the two
copolymer constituents give different ratios of UV to RI signals.
In our case, only the P(POPA) constituent was UV active at 283
nm, while the PPO is invisible at this wavelength. The input
parameters required for such a calculation are the specific RI
increments (dn/dc) and the extinction coefficients (ε) of the
two copolymer constituents, which were determined for the
corresponding homopolymers assuming 100% mass recovery of
the samples from the column (Table S1). Separations of the
(co)polymers were performed at room temperature in CHCl3
using an Agilent 1260 HPLC chromatograph (Agilent
Technologies, USA) and Mixed-D (7.5 × 300 mm, 5 μm) or
successively coupled Mixed-D and Mixed-E (7.5 × 300 mm, 3
μm) analytical columns with precolumns (both columns from
Agilent Laboratories, USA). The nominal flow rate of the eluent
was 1.0 and 0.7 mLmin−1, respectively. The copolymer fractions
were size separated on a Mixed-D analytical column with a
precolumn. Sample concentrations and injected masses of
samples on the column(s) were typically 1 mgmL−1 and 100 μg,
respectively. Astra 7.3.1 software (Wyatt Technology Corp.,
USA) was used for data acquisition and evaluation.

Liquid Adsorption Chromatography under Critical
Conditions (LCCC). A PLRP-S column with polystyrene-
divinylbenzene (PS-DVB) as the reversed stationary phase (4.6
mm × 150 mm, 100 Å, 5 μm; Agilent Technologies, USA) was
used for the isocratic LC experiments under critical conditions
for P(POPA). The critical conditions for the P(POPA)
homopolymers were at 25 °C at the mobile phase composition
of THF: ACN = 15.6:84.4 vol %. The samples were dissolved in
this critical composition mixture of ACN and THF and stirred
overnight. The injected masses of the P(POPA) homopolymers
and copolymers were 10 μg, while the injected mass of the PPO-
1 homopolymer was 20 μg. Two detectors connected in series
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were used for detection, namely a UV detector (VWD)
operating at 283 nm and an evaporative light scattering (ELS)
detector 1260 Infinity (both Agilent Technologies, USA).
LCCC Coupled with a Multidetection System (UV-

MALS-RI). Isocratic LCCC/UV-MALS-RI experiments under
critical conditions for the P(POPA) were performed under the
same conditions as LCCC, only the detection system was
different. It consisted of UV, MALS, and RI detectors connected
in series as in the SEC/UV-MALS-RI measurements. In LCCC/
UV-MALS, the dn/dc needed to calculate the molar mass of the
copolymers from the light scattering equation were calculated
from the known dn/dc of the homopolymers and the known
chemical composition of the copolymer fractions (determined
from their 1H NMR spectra), according to (dn/dc)copolymer =
(dn/dc)P(POPA)·wtP(POPA) + (dn/dc)PPO·wtPPO. The dn/dc values
of the P(POPA) and PPO were determined off-line by
measuring the RI of dialyzed homopolymer solutions of different
concentrations (between 0.5 and 2.5 mg/mL, Table S2). The
solutions of homopolymers were injected into the Optilab T-
rEX RI detector using a Razel syringe pump model R99-E at a
flow rate of 0.2 mL/min. The concentrations of the P(POPA)
homopolymers and copolymers were followed with the UV
detector at 283 nm and that of the PPO-1 homopolymer with
the RI detector. The corresponding ε values of the
homopolymers were determined assuming 100% mass recovery
from the column, while the values of the copolymers were
calculated from the ε values of the homopolymers and taking
into account the copolymer chemical composition analogous to
the dn/dc calculations. The injected masses of the P(POPA)
homopolymers were 25 μg and those of the copolymers and
PPO-1 were 100 μg. Astra 7.3.1 software (Wyatt Technology
Corp., USA) was used for data acquisition and evaluation.
Two-Dimensional Liquid Chromatography (LCCC ×

SEC 2D-LC).The column used in the first LCCCdimension was
PS-DVB (4.6 mm × 150 mm, 100 Å, 5 μm; Agilent
Technologies, USA). The composition of the mobile phase
(v/v %) in the first dimension was THF/ACN = 15.6:84.4 vol %
and the flow rate was set to 0.04 mL min−1. The experiments
were run at 25 °C (set by the thermostated oven), and the
injected masses of the copolymers in the first dimension were
typically 20 μg. In the second dimension, a SDV-linear M high-
speed SEC column with linear porosity (20 mm × 50 mm I.D.,
particle size 5 μm, Polymer Standards Service, PSS GmbH,
Germany) and THF as a mobile phase with a flow rate of 3 mL
min−1 were used. The high-speed SDV column has a broad pore
size distribution covering molar masses from 102 to 106 g mol−1.
The SEC column was calibrated with eight PS standards with
narrow molar mass distribution dissolved in THF at a
concentration of typically 0.5 mg mL−1 and injected directly
into the second dimension at a flow rate of 3.0 mL min−1.
Fractionation of the Copolymers by LCCC on the PS-

DVB Reverse Stationary Phase. The solutions of the
copolymers in a mixture of THF/ACN = 15.6:84.4 vol % with
a typical concentration of 1.5 mg mL−1 were separated using the
PS-DVB reverse stationary phase. The high-performance LC
fractionation system was equipped with a UV detector (VWD;
operating at 283 nm), an RI detector, and an on-line fraction
collector (all 1260 Agilent Technologies, USA). Experiments
were performed under the conditions as described in the LCCC
section. Solvents were removed from the collected fractions by
rotary evaporation and further dried in a vacuum oven at 50 °C.
Such isolated fractions were analyzed by 1H NMR and SEC/

UV-MALS-RI to determine their chemical composition and
molar mass characteristics.

Gradient Liquid Adsorption Chromatography. For the
gLAC experiments, a reversed-phase Zorbax Eclipse Plus C18
column (4.6 mm × 150 mm, 95 Å, 5 μm; Agilent Technologies,
USA) or the same PLRP-S column as used for LCCC was used.
Samples were dissolved in pure ACN and sample solutions were
stirred overnight. The solvent gradient ran from 0 to 65% THF
in ACN in 25min on the C18 column and from 0 to 35%THF in
ACN in 25 min on the PLRP-S column, and the column
temperature was kept at 25 °C in both cases, maintained using a
thermostated oven. The flow rate in the 1D gLAC was 1 mL
min−1, and the masses of the samples injected onto the column
ranged from 10 to 25 μg. The same detectors were used for the
detection of the eluting species as in the LCCC.

■ RESULTS AND DISCUSSION
The copolymers of PO and POPA repeating units were prepared
by simultaneous alternating one-pot ring-opening copolymer-
ization of PO and phthalic anhydride (formation of A repeating
units) and homopolymerization of PO (formation of B repeating
units). The two-component organocatalyst system used
provides good control over the molar mass characteristics and
unique control over the chemical composition and micro-
structure of the copolymers depending on the ratio of Lewis
basic and acidic catalytic components (Table S3, Figures S1−
S5).61−63

In 1H NMR spectra, PPO homopolymers show overlapping
proton signals of the CH2 and CH groups (b and a) in the range
of δ 3.25−3.75 ppm, while P(POPA) homopolymers show
proton signals of the CH2 and CH groups (c and d) adjacent to
the ester group in the ranges of δ 4.30−4.45 ppm and δ 5.35−
5.45 ppm, respectively (Figure 1). In addition, the P(POPA)
homopolymers show aromatic proton signals (i and j) between δ
7.5 and 7.7 ppm. The P(PO-co-POPA) copolymers show proton
signals of both P(POPA) and PPO segments, but in contrast to
the homopolymers, they show additional signals e, h and g, f,
which are due to the CH2 and CH groups of the ester-to-ether
and ether-to-ester PO linking units, respectively. The intensity
of these signals decreases from G1 to G3, which is consistent
with the increase in gradient strength and thus a different
microstructure that strongly influences the microphase separa-
tion and thermal behavior of the copolymers (Figure S6).
By comparing the integral ratio of the aromatic protons (i) of

POPA with the methylene and methyne protons (a, b, e, and f)
of the PO repeating units in the 1H NMR spectra, the average
chemical composition of the copolymers was determined
according to eq 1 (Table 1).

( )
n n

(i)

2
:

a b e f

3
:POPA PO

∫ ∫ + + +
=

(1)

The SEC/-UV-MALS-RI allows not only the determination
of the molar mass averages of the copolymers but also of their
individual constituents and thus of the chemical composi-
tion64,65 because only the POPA repeating units are UV active at
283 nm, whereas the PO repeating units are not visible at this
wavelength (Table 1, Figure S7). A prerequisite for such a
determination is a narrow chemical composition distribution of
copolymers because only then the apparent weight-average
molar masses (Mw,app) obtained by light scattering are in good
agreement with the correct values.66−69 Because Mw,app of the
copolymer heterogeneous in chain composition depends on the
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RI of the solvent used and this dependence is related to the
degree of heterogeneity,66,67 the molar mass averages were
measured in CHCl3 and THF. TheMw,app of the copolymers and
their constituents obtained in the two solvents agree well (Table
S4), indicating low heterogeneities in the composition of the
PPO-co-P(POPA), as expected for controlled ring-opening
polymerization. In addition, the copolymers exhibit a narrow
distribution in molar mass, which is reflected in their low
dispersity values (Table 1). The molar mass averages of the
copolymers and their PPO and P(POPA) constituents are
comparable between the samples, except for G1, which has
slightly lower molar mass averages for both constituents. The
chemical compositions of the copolymers determined by SEC/
UV-MALS-RI from the number-average molar masses of both
constituents are consistent with the chemical compositions of
the copolymers determined by 1H NMR (Table 1).

LCCCon the PS-DVBReverse Stationary Phase.Because
the P(POPA) constituent in G1 has a lower molar mass than in
the other copolymers, while the molar mass of the PPO
constituent is more comparable between the copolymers (Table
1), we first performed the separation of the copolymers at critical
conditions for P(POPA), where the entropic and enthalpic
contributions of the P(POPA) constituent compensate each
other,70 so that the separation is solely governed by the molar
mass of the PPO constituent and the microstructure of the
copolymers. The critical conditions at which the P(POPA)
homopolymers with different molar masses co-eluted on the PS-
DVB reverse stationary phase at a temperature of 25 °C were
determined to be at the THF/ACN mobile phase composition
of 15.6:84.4 vol % (Figure S8, Table S1). The PPO-1
homopolymer with a number-average molar mass of 17.3 kg
mol−1 eluted at the largest elution volume, while the PPO-2 with
a number-average molar mass of 33.5 kg mol−1 retained in the
column at the critical mobile phase composition, indicating a
pronounced influence of molar mass on the elution of the PPO
homopolymers.
In LCCC, all the copolymers elute from the PS-DVB column

before the PPO-1 homopolymer because the copolymers also
consist of the POPA repeat units, which reduces the probability
of interaction of the PPO copolymer segments with the
stationary phase. Because the PO sequences are distributed
differently along the copolymer chains, it is expected that the
probability of interaction of the PPO segments with the
stationary phase, and thus the elution volume of the copolymers,
depends not only on the molar mass of the PPO constituent but
also on the average PPO segment length, which is defined by the
microstructure. As expected, the elution of the gradient
copolymers from the PS-DVB column occurs in the order of
increasing gradient strength (Figure S8). The gradient
copolymer with the strongest gradient (G3) elutes slightly
after the block copolymer (B), although the intensity of the 1H

Figure 1. 1H NMR spectra of PPO and P(POPA) homopolymers,
PPO-co-P(POPA) copolymers with different gradient profiles. The
CDCl3 residual peak and water in chloroform are marked with * and +,
respectively.

Table 1. Molar Mass Characteristics of the Copolymers and Their Individual Constituents Determined by SEC/UV-MALS-RI
and Chemical Composition of the Copolymers (POPA: PO) Determined by SEC/UV-MALS-RI (SEC-3d) and 1H NMR

POPA/PO [mol %]

sample M̅w,PPO [kg/mol] M̅n,PPO [kg/mol] M̅w,P(POPA) [kg/mol] M̅n,P(POPA) [kg/mol] D̵a copolymer SEC-3d 1H NMR

G1 14.5 13.8 18.2 16.4 1.32 25.1:74.9 24.1:75.9
G2 17.8 17.0 25.2 24.6 1.13 28.9:71.1 26.4:73.6
G3 18.3 17.1 22.6 20.6 1.07 25.3:74.7 23.9 76.1
B 15.4 15.2 25.0 22.8 1.03 29.7:70.3 27.8:72.2

aD̵ = M̅w/M̅n as obtained by experimentally determined dn/dc of the copolymer.
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NMR signals of the linking units is slightly higher in the former
(Figure 1). This peculiar behavior is attributed to the somewhat
higher total molar mass of the PPO constituent in G3 compared
to B (17.1 vs 15.2 kg mol−1), which has a dominant effect on the
elution over the copolymer microstructure. The width of the
chromatographic peak is broadest for the PPO-1 homopolymer,
which interacts most strongly with the stationary phase and is
mainly associated with kinetically controlled diffusion pro-
cesses.71,72 The copolymers show narrower peaks than the PPO-
1 homopolymer. Their width decreases in the order G3 ∼ B,
followed by G1 and finally G2, which is not consistent with
decreasing gradient strength. Moreover, G1 and also G2 show
asymmetric peaks with shoulders on the left peak sides, while G3
and B show additional low-intensity peaks baseline separated
from the main copolymer peaks. Because the observed
peculiarities could be a consequence of the distribution in the
total molar mass of the PPO constituent and/or a distribution in
the segment length (defined by the microstructure) of the PPO
as a chromatographically visible copolymer constituent, the
copolymers were further analyzed by LCCC/UV-MALS-RI and
LCCC × SEC 2D-LC.
Because LCCC is an isocratic method, it was coupled with the

UV-MALS-RI detection system to determine molar mass as a
function of elution volume by using UV as the concentration
detector for the copolymers and the RI as the concentration
detector for the PPO-1 homopolymer (Figure 2). Unfortu-

nately, the molar masses of the individual constituents of the
copolymers could not be determined over the whole copolymer
peaks because the solvent peak partially overlapped with the
chromatographic peaks of the copolymers in the RI chromato-
grams. Nevertheless, for each copolymer, the curves represent-
ing the copolymer molar mass as a function of elution volume
determined by the UV-MALS-RI system, where dn/dc is
calculated at each elution slice, and the average dn/dc of the
copolymer agree well, which again confirms a narrow
distribution in the chemical composition of the PPO-co-
P(POPA) (Figure S8). The LCCC/UV-MALS experiments
show that the early eluting low-intensity peaks of G3 and B and

the shoulders on the left side of the chromatographic peaks of
G1 and G2 are due to the presence of a small amount of low
molar mass species in the copolymers, consisting of a lower total
molar mass of the chromatographically visible PPO constituent
compared to those in the main fractions of the copolymers. In
addition, LCCC/UV-MALS provided us with important
information that self-association of the copolymers, leading to
high molar mass aggregates, is not the reason for the late elution
of B and G3 compared to G1 and G2. This is evident from the
molar masses of the copolymers determined by LCCC/UV-
MALS-RI, which correlate well with those determined by SEC/
UV-MALS-RI (Figure 2, Table 1).
The presence of low molar mass species in the samples was

also confirmed by LCCC × SEC 2D-LC, where LCCC was
combined with SEC to form a 2D online chromatography
system to correlate the length of the PPO copolymer component
and themicrostructure of the species eluted from the first LCCC
dimension (y-axis) with the relative molar mass determined in
the second SEC dimension (x-axis). The contour plots of G1
and G2 show an asymmetric spot along both axes, while G3 and
B show two spots with different intensities (Figure 3). The
determination of the relative molar mass averages of each spot in
the 2D-LC contour plots, by calibrating the second SEC
dimension with PS standards, shows a lower molar mass of the
early eluting species marked with white circles in Figure 3 (in
LCCC observed as low-intensity peaks for B and G3 and as
asymmetric peaks for G1 and G2) compared to the later eluting
species (Table S5), which confirms the LCCC-MALS results.
The presence of low molar mass species is most likely due to

transesterification between the terminal hydroxyl groups and the
ester groups in the copolymer, leading to a broadening of the
molar mass distribution by the formation of lower molar mass
species. The highest content of low molar mass species in G1 is
due to the difficulty in removing the traces of catalyst residues
from the G1 viscous liquid sample and/or the fact that
transesterification is favored for the copolymer with weaker
gradient strength because the more widely distributed ester
groups are more accessible. The presence of low molar mass
species in the copolymers is also evident in the SEC/UV-MALS-
RI chromatograms (Figure S7) as a slight tailing of the peaks on
the low molar mass side, especially when SEC was run on two
columns connected in series with improved resolution (Figure
S9). Their content in the copolymers increases with decreasing
gradient strength, which is reflected in increasing dispersity
values of the copolymers in the same order (Table 1).
Because the copolymers contain small amounts of low molar

mass species, they were fractionated into four fractions
according to the scheme shown in Figure S10 to accurately
determine the chemical composition and molar mass of the two
copolymer constituents in each copolymer fraction of the LCCC
chromatographic peaks by 1H NMR and SEC/UV-MALS-RI,
respectively, to unambiguously evaluate the contributions of the
molar mass of the PPO constituent and the average PPO
segment length (microstructure) to the elution of the
copolymers. The average length of the PPO segments in the
copolymer fractions was determined from 1H NMR spectra of
copolymers by comparing the intensities of the signals of PPO
repeating units (denoted with a, b, e, and f) with the intensity of
the signal due to the PO linking units (g) according to eq 2
(Table 2).

Figure 2. LCCC/UV-MALS-RI chromatograms on the PS-DVB
reversed stationary phase for P(POPA)-1, P(POPA)-2, PPO-1
homopolymers, and their block and gradient copolymers with different
gradient strengths. The composition of the mobile phase was THF/
ACN = 15.6:84.4 vol % at 25 °C. The solid lines represent the RI
detector response for PPO-1 and the UV detector responses for the
other samples, the dashed lines represent the 90° light scattering (LS)
detector responses, and the dotted lines show the molar mass as a
function of elution volume.
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The average number of PPO segments (N̅PPO) in each fraction
of the gradient copolymers was determined according to eq 3 by
using the results of the number-average molar mass of the PPO

constituent in the fractions of the gradient copolymers (M̅n, PPO)
determined by SEC/UV-MALS-RI and the average length of the
PPO segments (M̅PPO, segment) determined by 1H NMR (Table
2).

N
M

MPPO
n,PPO

PPO,segment
̅ =

̅
̅ (3)

Figure 3. LCCC× SEC 2D-LC contour plots of the copolymers. First dimension (y-axis) LCCC: PS-DVB stationary phase; mobile phase: THF/ACN
= 15.6:84.4 vol %; flow rate: 0.04 mL min−1; T = 25 °C. Second dimension (x-axis) SEC: SDV-M high-speed column calibrated with PS standards;
mobile phase: THF; flow rate: 3 mL min−1; ELS detector. The color scale indicates the relative intensity of the ELS detector response.

Table 2. Chemical Composition (POPA:PO) of the Copolymer Fractions Determined by 1H NMR and Molar Mass
Characteristics of the Copolymer Fractions and Their P(POPA) and PPO Constituents Determined by SEC/UV-MALS-RIa

Copolymer P(POPA) PPO

Fraction number POPA/PO 1H NMR [mol %] M̅n M̅w [kg/mol] M̅n M̅w [kg/mol] M̅n M̅w [kg/mol] M̅PPO,segment [g/mol] N̅PPO

G1 1 24.5:75.5 12.6 18.1 6.3 10.1 6.2 8.0 353 17
2 25.9:74.1 33.9 34.7 18.1 18.4 15.7 16.3 369 43
3 26.0:74.0 35.4 35.6 18.9 19.1 16.4 16.5 367 45
4 25.1:74.9 34.8 35.2 18.4 18.6 16.3 16.7 384 42

G2 1 27.4:72.6 28.7 32.0 15.7 19.8 11.8 12.2 446 26
2 29.5:70.5 43.5 43.6 26.7 26.8 16.7 16.8 448 37
3 28.7:71.3 41.7 41.8 24.7 24.8 16.9 16.9 465 36
4 26.5:73.5 40.7 40.8 23.1 23.1 17.2 17.7 504 34

G3 1 23.9:76.1 33.9 34.1 21.8 22.0 12.0 12.1 1757 7
2 27.2:72.8 40.8 40.9 23.8 24.0 16.4 16.9 1632 10
3 27.1:72.9 41.4 41.4 24.7 24.7 16.7 16.7 1736 10
4 25.4:74.6 40.4 42.2 21.3 22.5 16.6 19.7 1888 9

B 1 25.0:75.0 32.5 32.9 21.0 21.3 11.4 11.6 5700b 2
2 29.2:70.8 39.5 39.9 22.0 24.4 15.2 15.5 7600b 2
3 29.7:70.3 42.5 42.8 26.1 26.3 15.7 16.5 7850b 2
4 28.7:71.3 41.7 42.3 25.3 25.7 15.4 16.6 7700b 2

aThe copolymer fractions were collected at the outlet of the PS-DVB column under critical conditions for P(POPA) according to the scheme
shown in Figure S10. bBecause of the low intensity of the 1H NMR signals of the ester-to-ether PO linking units, M̅PPO,segment was calculated from
the M̅n,PPO determined by SEC/UV-MALS-RI and taking into account that B is a triblock copolymer with two PPO blocks on each side of the
copolymer chain.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.2c00193
Anal. Chem. 2022, 94, 7844−7852

7849

https://pubs.acs.org/doi/10.1021/acs.analchem.2c00193?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00193?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00193?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00193?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c00193/suppl_file/ac2c00193_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c00193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The fractionation results confirmed our previous assumption
that the microstructure affects the separation of the gradient
copolymers, as the total molar mass of the PPO constituent in
the main fractions of the gradient copolymers is comparable, but
their elution volume is different, suggesting that the average
PPO segment length contributes significantly to the elution
behavior of the gradient copolymers. Interestingly, the G3 with
the strongest gradient elutes slightly after the block copolymer
from the PS-DVB column, although its average PPO segment
length is shorter than that of the block copolymer, suggesting
that in this case, the total average molar mass of the PPO
constituent in the copolymer dominates the elution behavior
over the microstructure.
In addition, the fractionation again confirmed that the early

eluting fractions of the copolymers are of lower molar masses
compared to the later eluting fractions, including the molar mass
of the PPO constituent (Table 2). The lower resolution between
the low and high molar mass species in G1 and G2 compared to
B and G3, where the low molar mass species are baseline
separated from the main chromatographic peaks, is also a
consequence of the different microstructure of these copoly-
mers. Namely, B and G3 show a more ordered sequence
distribution of comonomer units along the copolymer chains
thanG1 andG2. Further evidence that themicrostructure has an
important influence on the elution behavior of the copolymers is
the fact that the lowmolar mass fractions of B and G3 practically
co-eluted with the main high molar mass fraction of G2,
although themolar mass of the total PPO copolymer constituent
in G2 is higher by ∼5−6 kg mol−1.
gLAC on the PS-DVB and C18 Reverse Stationary

Phases. The elution behavior of PPO and P(POPA)
homopolymers, both with two different molar masses and
narrow molar mass distributions, and PPO-co-P(POPA)
copolymers, was also studied under gLAC conditions on the
PS-DVB and the C18 reverse stationary phase. On both
columns, the PPO homopolymers retain longer than the
P(POPA) homopolymers, which is attributed to the stronger
interaction of PPO with the stationary phases (Figure 4).
However, a much stronger effect of molar mass on the retention
time for a given homologous series was observed on the PS-DVB
than on the C18 reverse stationary phase, where it was almost
negligible. These results show that a critical molar mass, above
which it no longer has a significant effect on elution time, is
reached at lower molar masses on the C18 than on the PS-DVB
column, with which the homopolymers interact more weakly
and therefore require a weaker mobile phase (25 vs 53 vol %
THF in ACN) to desorb them from the column.
PPO-co-P(POPA) copolymers elute from both columns

between the two types of homopolymers in the same order as
observed in LCCC, only the resolution between G1 and G2 and
especially between G3 and B is inferior. Moreover, low molar
mass species co-eluted with high molar mass species, so that no
additional peaks are observed for G3 and B, while the peak of G2
is more symmetrical. These results are explained by the fact that
the molar mass of the more strongly interacting PPO copolymer
constituent in gLAC has a smaller effect on copolymer elution
than in LCCC and that the chemical composition of the low
molar mass species in G3 and B is in favor of the PPO units
(Table 2). The only exception is G1 analyzed on the PS-DVB
column, which shows a pronounced peak tailing on the left peak
side and which contains a fraction with the lowest molar mass in
the largest amount among all copolymers. The width of the
copolymer peaks in the gLAC chromatograms does not match

that observed in LCCC. In fact, the peak width in gLAC
increases with decreasing gradient strength and thus correlates
with dispersity in molar mass (Figure 4 and Table 1). However,
the influence of dispersity in chemical composition and
microstructure cannot be neglected, as shown below.
The G1 and G2 copolymers were fractionated on a C18

column according to the scheme shown in Figure S11, and the
collected fractions were analyzed by SEC/UV-MALS-RI and 1H
NMR (Table S6). The fractionation results of G1 and G2 show
that the chemical composition changes a bit with increasing
elution volume in favor of the PO sequences, indicating slight
chemical heterogeneity of G1 and G2 copolymers. The chemical
composition of the third and fourth fractions of G1 is in favor of
the more interacting PPO segments compared to the
corresponding fractions in G2. Moreover, the molar mass of
these fractions is higher in G2 than in G1, but mainly at the
expense of the P(POPA) constituent, which interacts to a lesser
degree with the stationary phase, while the molar mass of the
more strongly interacting PPO constituent is more comparable.
From these results, we conclude that the microstructure has a
decisive influence on the earlier elution of G1 compared to G2.
On the other hand, the later elution of G3 compared to B is
much less noticeable in gLAC than in LCCC and is attributed to
the chemical composition favoring the PPO constituent and the
higher molar mass of the more strongly interacting PPO
constituent in G3 than in B (Table 1). All these parameters
dominate the elution over the microstructure in these two
copolymers.

Figure 4. gLAC chromatograms of P(POPA) and PPO homopolymers,
block copolymer, and gradient copolymers with different gradient
strengths obtained on (a) PS-DVB column (solvent gradient: 0−35%
THF in ACN in 25 min) and (b) C18 column (solvent gradient: 0−
65% THF in ACN in 25 min).
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■ CONCLUSIONS
The focus of our work was to investigate the influence of
microstructure on the chromatographic behavior of copolymers.
To this end, we studied PPO and P(POPA) homopolymers with
different molar masses and narrow molar mass distribution, and
their block and gradient copolymers with different gradient
strengths but comparable molar masses and chemical
compositions using C18 and PS-DVB reversed stationary
phases. On both stationary phases, the gradient copolymers
eluted from the column according to the gradient strength,
demonstrating the crucial role of microstructure in their elution
behavior. However, the contributions of molar mass and
especially chemical composition in gLAC and total molar
mass of the chromatographically visible copolymer constituent
in LCCC should not be overlooked, as shown in our case by the
elution behavior of the block copolymer and the gradient
copolymer with the strongest gradient. Because the micro-
structure, among other parameters, affects the net chain
interactivity of the gradient copolymers, the results obtained
with interactive liquid chromatographic techniques for the
copolymers should be interpreted carefully.
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