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a b s t r a c t

Although size exclusion chromatography (SEC) has been used successfully to determine the molecular
weight distribution (MWD) of statistical poly[(N-vinyl pyrrolidone)-co-(vinyl acetate)]s [PVPVAs], SEC
cannot separate the copolymers according to their chemical composition. In this article, the separa-
tion of commercial PVPVAs with varying chemical compositions is reported, by aqueous reversed-phase
gradient liquid chromatography (RPLC) using polystyrene-divinylbenzene-based wide pore columns.
eywords:
eversed-phase liquid chromatography
-vinylpyrrolidone-vinylacetate
opolymers
radient elution

RPLC–SEC cross-fractionation indicates the presence of molar mass dependant effects during RPLC sep-
aration due to broad MWD for the copolymer studied; therefore the width of the RPLC peak could not
be associated entirely with chemical composition distribution of the copolymer. Coupling of RPLC with
online FTIR spectroscopy reveals the increase of VA content with increasing THF gradient, an indication of
interaction mechanism between VA repeating units and the stationary phase for water soluble PVPVAs.
Separation of water insoluble PVPVAs and PVAs by the RPLC are possibly based on both interaction and

n me
precipitation/redissolutio

. Introduction

Copolymers of N-vinyl pyrrolidone-vinyl acetate or PVPVAs are
ommercially important products. Depending on their chemical
omposition and molecular weight (MW), these products can find
ide applications in various fields such as cosmetic and pharma-

eutical industries [1,2]. Size exclusion chromatography has been
sed successfully to characterize the molecular weight distribution
f these products, but revealed no information on their chemical
omposition [3].

Chemical composition characterization of synthetic polymers
y column HPLC was first reported in 1979 by Teramachi et al.
or p(S-co-MA) [4]. Since then, a great variety of polymers, includ-
ng polymer blends, statistical copolymers, and graft copolymers,
ave been characterized by HPLC techniques [5–16]. HPLC meth-
ds could provide not only average chemical composition like other
onventional methods (e.g. NMR, FTIR, UV–vis, Titration, etc) do,
ut also chemical composition distribution (CCD), which is directly
elated to manufacturing process and product performance. To the

est of our knowledge, separation of PVPVAs by eluent gradient
eversed-phase HPLC has never been reported.

In the present work, separation of commercial PVPs, PVPVAs,
nd PVAs is studied by using aqueous gradient reversed-phase
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HPLC with wide pore polystyrene supports. The usefulness of the
HPLC method is exemplified in quantifying (<1 wt%) homo-polymer
contamination such as PVP in the PVPVAs.

2. Experimental part

2.1. Materials

Samples of commercial PVPVA copolymers were obtained from
International Specialty Products (Wayne, NJ), and their molecular
weight by SEC method [3] and composition data are summarized
in Table 1. Fig. 1 also illustrates an overlay of SEC traces for PVP-
VAs and PVP homopolymers. The PVP K-30, K-60, and K-90 PVP
homopolymers were provided by International Specialty Products
(Wayne, NJ). The PVA homopolymers were obtained from Acros
Organics (Fair Lawn, NJ) and Polysciences Inc (Warrington, MA).
Molecular weights of PVP by SEC method [3] and PVA by providers
are listed in Table 2. All HPLC solvents were used as received from
Thermo-Fisher Scientific (Waltham, MA).

2.2. Measurements
HPLC separations were performed on Waters Alliance 2695
Module with a column heater at 35 ◦C. Photodiode array detector
PDA 996 (Waters) and Waters 2424 evaporative light-scattering
detector (ELSD) were coupled sequentially to the HPLC instrument.
The ELSD nebulizer was heated at 75% power level, with drift tube at

dx.doi.org/10.1016/j.chroma.2010.11.017
http://www.sciencedirect.com/science/journal/00219673
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Table 1
Weight-average molecular weight, polydispersity (PD), and chemical composition of commercial VP–VAc copolymers.

PVP/VA Lot # % Solid (in ethanol) Composition (VP/VA, w/w) Mw (relative to PEO) PD

E-335 05700182778 48.9 30/70 23,800 3.9
E-535 05700183001 48.6 50/50 36,200 4.3
E-635 05700193585 48.9 60/40 45,100 4.9
E-735 05800204923 51.4 7

SEC Conditions: 1.0 mg/ml, 50 �l injection, Shodex OHPak SB806MHQ (4.6 × 250 mm, 10
detector (see Ref. [3] for other details).
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Fig. 1. Overlaid SEC chromatograms for PVP K30 (. . .), E-335 (– – –), E-535 (–··),
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repeating units of the polymer and PS stationary phase (V0 = 0.8 min
for the 50 × 4.6 mm column used). The retention increases to
3.2 min for 30 wt% VA (E-735), and to 3.8 min for 50 wt% VA (E-535).
The increase of VA content in the copolymers increases interac-
-635 (–), E-735 (–·–). SEC Conditions: Shodex OHPak SB806MHQ (8.0 × 300 mm,
3 �m), H2O/MeOH 50/50 with 0.1 M LiNO3, 0.5 ml/min, run time 30 min, 1.0 mg/ml,
0 �l injection, RI detector (see Ref. [3] for more details).

5 ◦C, and nitrogen pressure at 50 psi. Data acquisition and process
ere performed with Empower software. The HPLC column used
as polystyrene-divinylbenzene-based PLRP-S columns (Polymer

aboratories, now a part of Agilent Technologies). Linear mobile
hase gradient (5–75% THF in water over 5 min, 75% THF isocratic
or 3 min, for a 50 × 4.6 mm column) with a flow rate of 1.0 ml/min
as used for all gradient separations. The HPLC samples were pre-
ared as 0.1 ∼ 0.2 wt% solution in HPLC grade water, except THF
or PVA and 20 wt% THF aqueous solution for E-335. Full sample
ecovery was confirmed by absence of any ELSD peak from a blank
njection of pure THF after each sample injection. HPLC with online
TIR detector was performed on a DiscovIR-LC system by Spectra
nalysis Inc (Marlborough, MA). The nebulizer of DiscovIR was set
t 15–18 W with carrier gas at 400 cc, disk speed at 3 mm/min, disk
emperature at −5 ◦C, pressure chamber/cyclone at 3.2/160 torr,
ondenser (single) temperature at 0 ◦C, and cyclone temperature

◦
t 170 C. The VA mol% of the samples was based on peak heights at
740 cm−1 (for VA) and 1680 cm−1 (for VP), as well the VP/VA molar
R absorptivity ratio (1.22) determined from PVPVA standards with
nown compositions.

able 2
eight-average molecular weight and polydispersity (PD) of PVP and PVAc.

Sample Provider Lot # Mw (relative
to PEO)

PD

PVP K30 ISP #05900219368 24,930 2.7
PVP K60 #03700177552 127,710 4.6
PVP K90 #03700186201 703,770 5.1

PVAc1 Acros Organics #A0251821 170,000a N.A.
PVAc2 Polysciences #519165 90,000a N.A.

a Relative to PS standards.
0/30 39,800 4.1

�m, 5 �m), 0.5 ml/min, run time 30 min, H2O/MeOH 50/50 with 0.1 M LiNO3, RI

3. Results and discussion

PVPVA copolymers are amphiphilic due to hydrophilic VP
repeating units and hydrophobic VA repeating units. The copoly-
mers are water soluble except very hydrophobic copolymers with
high VA content (e.g. E-335 with 70 wt% VA). These properties
make PVPVAs excellent candidates for traditional aqueous gra-
dient RPLC which utilizes mainly enthalpic interactions between
small molecular solutes and stationary phases. Initial RPLC trials
with C8/C18-based wide-pore silica columns were unsuccessful,
possibly due to H-bond interactions between VP units in the copoly-
mers and residual silanol groups in the stationary phase. Therefore
we switched to silanol-free polystyrene (PS) based RPLC columns.
Wide pore (1000 Å or 4000 Å) packing was chosen to minimize
the SEC effects and maximize the contact between the VP–VA
copolymers (hydrodynamic radius ∼10 nm) and packing surface.
A water/THF gradient was used, since water is a weak RPLC sol-
vent, while THF is a strong and displacing RPLC solvent, in addition
to its good solubility for PVPs, VP–VA copolymers, and PVAs.

Fig. 2 presents an overlay of RPLC traces for PVP K30, E-
735, E-635, E-535, E-335, and PVA homopolymers, using a
polystyrene-based RPLC column (PLRP-S from Polymer Labs) and
H2O/THF gradient. Unlike their SEC traces with no separation
(Fig. 1), the current RPLC method demonstrates separation between
homopolymers and copolymers with varying chemical composi-
tions (Fig. 2). PVP homopolymer without any VA content elutes
at 2.2 min, indicating that there are weak interactions between VP
765432

Minutes

Fig. 2. Normalized overlaid RPLC chromatograms of PVP K30 (. . .), E-335 (– – –),
E-535 (–··), E-635 (–), E-735 (–·–) and PVA (—, short dash). Column: PLRP-S;
1000 Å; 5 �m; 50 × 4.6 mm. Eluent: THF/H2O, 1.0 mg/ml (sample concentration),
20 �l (injection volume), 1.0 ml/min, THF/H2O gradient from 5/95 to 75/25 linearly
in 5 min followed by 75/25 isocratic for 3 min.
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Fig. 4. RPLC Fractions collected for E-635 copolymers. Colors for fractions: black for
7.96 min, red for 8.65 min, green for 9.31 min, blue for 9.98, cyan for 10.63 min,
magenta for 11.30 min, yellow for 11.97 min, dark yellow for 12.52 min, violet

˚

istic of VP–VA copolymers (e.g. both 1740 cm−1 and 1680 cm−1).
Fig. 8 illustrates an increase of VA content with the increase of
retention during RPLC, indicating increasing interactions between
hydrophobic VA units and PS stationary phase with increasing time,
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ig. 3. Normalized overlaid RPLC traces of PVP K15 (–), K30 (– – –), PVP K60 (. . .),
VP K90 (–·–), conditions as in Fig. 2.

ions between hydrophobic VA units and PS stationary phase, and
n-turn increases the RPLC retention. Therefore, for water soluble
VPVA copolymers, separation based on chemical compositions of
he copolymers is achieved by utilizing mainly the strong interac-
ions between hydrophobic VA units and hydrophobic PS stationary
hases. For water insoluble copolymers like E-335 copolymers and
VAs, the separation is most likely due to a combination of enthalpic
nteractions and precipitation/redissolution controlled by solubil-
ty limit [17].

It is also observed in Fig. 2 that each later eluting chromato-
raphic peak of the copolymer is broader than the one eluting
arlier. This should not be interpreted as increasing CCD with
ncreasing elution time, since the peak width could be affected
y many factors besides CCD, such as MW/MWD, band broad-
ning, polymer solubility, etc. For example, MW and MWD have
een found to affect peak width of even PVP homopolymers, as

n Fig. 3. Although the peak elution times of K15/K30/K60/K90 are
ery close (2.18–2.25 min), their width/distribution profiles are dif-
erent (Fig. 3). Significant fronting at earlier elution time for low

W PVP (e.g. K15) and considerable tailing at later elution time for
igh MW PVP (e.g. K90) are observed. In this case, the peak width
aries due to the differences in MW/MWD of various homo-PVP
rades. Besides, as in RPLC of small molecules, basic peak disper-
ion processes (e.g. Eddy diffusion and mobile phase mass transfer)
re present in RPLC of polymers, and will contribute to band broad-
ning, and as a result, peak width will increase with retention time
18,19]. Interplay between band broadening, interactions, and MW
ffects during RPLC of PVPVAs needs to be studied further.

To further investigate the MW dependent separation during
PLC of PVPVA copolymers, RPLC–SEC cross-fractionation was per-

ormed. Fractions were collected during RPLC of E-635 (Fig. 4) and
ere then injected into SEC using ELS detector (Fig. 5). MW was not

alculated relative to PEO because unlike an RI detector an ELSD is
ot a linear detector. Based on retention times at peak maxima,
arly RPLC fractions always contain mostly low MW copolymers
hich would be subject to Martin rules under isocratic conditions

20,21]. The MW of the RPLC fraction increases with elution time
ntil ∼11.6 min, after which the MW of RPLC fractions plateaus with
lution time. MW independent separation of PVPVA copolymers on
ide-pore packing happens for significantly large macromolecules,
n line with theories of gradient separation at critical point of
bsorption [11,22].

The effect of column pore size on retention was also investigated
s in Fig. 6. RPLC Peak of the E-635 sample on 300 Å column elutes
for 13.2 min, and black dots for E-635. RPLC conditions: PLRP-S 30 �m 4000 A,
250 × 4.6 mm, 1.0 ml/min, 5–75%/15 min THF in water followed by 3 min 75%THF
isocratic, 11.8 mg/ml (sample concentration), 100 �l (injection volume), fractions
collection interval 20 s.

0.4 min later than on the 4000 Å, possibly due to higher surface area
of the 300 Å packing. The overall peak widths for all three columns
are similar, indicating similar mass transfer for these large pore
packing materials.

To further confirm the presence of chemical separation of the
PVPVAs according to the VA content, an online FTIR detector was
coupled to the RPLC to characterize chemical compositions of indi-
vidual peak fractions. Fig. 7 shows the FTIR spectra for the peak
fractions eluted at 2.2 min for PVP K30, 3.2 min for E-735, 4.6 min
for E-335, and 6.8 min for PVA, respectively. The FTIR spectra at
2.2 min and 6.8 min are typical of PVP (e.g. 1680 cm−1 for carbonyl
group in PVP) and PVA homo-polymers (e.g. 1740 cm−1 for carbonyl
groups in PVA), while FTIR spectra at 3.2 and 4.6 min are character-
Minutes

Fig. 5. SEC chromatographs of RPLC fractions (as is) in Fig. 4. Color code same as
Fig. 4. SEC conditions: H2O/MeOH 50/50 with 0.5% TFA, 0.5 ml/min, Shodex OHPak
SB806 MHQ, injection volume 100 �l.
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Fig. 6. Overlaid RPLC chromatographs of E-635 using columns with different pore
sizes. 300 Å (. . .), 1000 Å (–·–), and 4000 Å (–). Conditions: 10 �m; 150 × 4.6 mm.
Eluent: THF/H2O, 1.0 mg/ml (sample concentration), 40 �l (injection volume),
1.0 ml/min, THF/H2O gradient from 5/95 to 75/25 linearly in 15 min followed by
75/25 isocratic for 5 min.
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Fig. 8. VA mol% vs. elution time for E-335, E-535, and E-735, RPLC conditions the
same as in Fig. 2.
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Fig. 7. FTIR spectrum for elutions at 2.2 min for PVP K30, 3.2 min for E-735, 4.6 min for E-535, and 6.8 min for PVA, RPLC conditions the same as in Fig. 2.
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Fig. 9. RPLC traces of E-635 and E-635 spiked with 1% homo-PVPs, RPLC conditions
the same as in Fig. 2.

0.200.160.120.080.040.00

0

1x10
5

2x10
5

3x10
5

4x10
5

 Raw Data

 Quadratic Fit (R2=0.99997)

A
re

a

F
a

t
m
f
o
r
[
m
w
p

[
[
[

[
[

[
[
[
[

[

[

mg/ml

ig. 10. ELSD calibration by PVP K30 standards in water, RPLC conditions the same
s in Fig. 2.

herefore confirms the presence of chemical separation. Further-
ore, observation of different VA content at the same elution time

or different samples reflects the differences in MW distribution
r even blockiness for these samples. This observation was also

eported previously in HPLC of ethylene-vinyl acetate copolymers
23]. Therefore, for CCD evaluation, a calibration curve by copoly-

er standards with known chemical compositions in this study
ould not be as practical as in GPEC, which based primarily on
recipitation/redissolution mechanism [12,24,25].

[

[
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An immediate application of current method is to quantify
minor (∼1.0%) homo-PVP contamination in PVPVAs. Such a task
has been thought impossible traditionally by conventional tech-
niques such as SEC, NMR, FTIR, etc. Fig. 9 illustrates HPLC traces for
the E-635 sample spiked with 1.0 wt% PVP homopolymer. After cal-
ibration the ELS detector by external PVP K30 standards (Fig. 10),
the PVP K30 level in the E-635 sample is calculated at 0.97 wt%.

4. Conclusion

The separation of commercial PVPVAs with varying chemical
compositions is reported, by reversed-phase gradient liquid chro-
matography (RPLC) using polystyrene-divinylbezene-based wide
pore columns and water/THF gradient. The RPLC peak width could
not be associated entirely with CCD of the copolymer, due to MW
dependent interactions. The HPLC method demonstrates efficacy
in separating minor PVP contaminants (< 1% wt %) from PVPVA
copolymers.
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