
E
n
o

E
G
D

a

A
R
R
A
A

K
A
N
P
P
P
T

1

(
i
t
b
s
g
u
e
f
u
t
c
c
a
c
p

0
d

Journal of Chromatography A, 1218 (2011) 2334–2341

Contents lists available at ScienceDirect

Journal of Chromatography A

journa l homepage: www.e lsev ier .com/ locate /chroma

valuation of molecular mass and tacticity of polyvinyl alcohol by
on-equilibrium capillary electrophoresis of equilibrium mixtures
f a polymer and a dye

nrique Javier Carrasco-Correa, Miriam Beneito-Cambra, José Manuel Herrero-Martínez,
uillermo Ramis-Ramos ∗

epartament de Química Analítica, Universitat de València, Dr. Moliner 50, 46100 Burjassot, Valencia, Spain

r t i c l e i n f o

rticle history:
eceived 10 December 2010
eceived in revised form 14 February 2011
ccepted 15 February 2011
vailable online 22 February 2011

eywords:
zo-dyes

a b s t r a c t

Non-equilibrium capillary electrophoresis of equilibrium mixtures (NECEEM) has been used to charac-
terize polyvinyl alcohol (PVA). Commercial PVA samples with different molecular masses, from Mw = 15
up to 205 kDa, were used. According to the 13C NMR spectra, the samples also differed in tacticity (stere-
oregularity). Mixtures of PVA and the anionic azo-dye Congo Red (CR) were injected in the presence of a
borate buffer. The electropherograms gave a band and a peak due to the residual PVA–CR complex and
the excess dye, respectively, plus a superimposed exponential decay due to the partial dissociation of the
complex during migration. The stoichiometry of the PVA–CR complex, q = [monomer]/[dye], reached a
on-equilibrium capillary electrophoresis
olyvinylalcohol characterization
olymer–dye complexes
olymer molecular mass evaluation
acticity evaluation

maximum, qsat, which depended on both Mw and tacticity of PVA. Thus, qsat decreased from a molar ratio
of ca. 4.9 to 3.6 at increasing Mw values, this variation also being largely dependent on tacticity. A similar
dependence of the electrophoretic mobility of the complex on both Mw and tacticity was also observed.
A possible explanation, based on the formation of a stack of CR ions inside the PVA–CR complex, was
proposed and discussed. Finally, at increasing Mw values, the stability constant of the complex increased
slightly, and the pseudo-first order dissociation rate of the complex decreased, this later parameter also

both
showing a dependence on

. Introduction

A variety of nonaqueous and aqueous capillary electrophoresis
CE) methods for the characterization of synthetic polyelectrolytes,
ncluding capillary zone electrophoresis (CZE), capillary gel elec-
rophoresis (CGE) and capillary isoelectric focusing (CIEF), have
een described [1–5]. Using CE, information about size, shape,
urface charge and formation of intramolecular associates can be
ained [4]. Further, polyelectrolytes have been separated by CGE
sing solutions of nonionic polymers as sieving media [3–8]. Mod-
ls describing the electrophoretic mobility of polyampholytes in
ree solution CZE have been developed [9], and CZE has been also
sed to study both the polymerization degree and the sulfona-
ion rate of polyestyrenesulfonates [10]. Micellar electrokinetic
hromatography (MECK) has been used to characterize highly

harged polysaccharides (heparins) [11], and polyacrylic acids [12],
s well as to study the synthesis progress and composition of ionic
opolymers [13]. However, the characterization of non-charged
olymers using CE has been scarcely investigated. In this connec-
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tion, polyethylene glycols have been analyzed by CZE previous
derivatization with an anhydride, which provides chromophore
groups and electrical charges at both polymer ends [14,15]. In a
previous work [16], we described a CZE method to characterize and
evaluate poly(vinylpyrrolidone) (PVP); for this purpose, we used
the azo-dye Congo Red (CR) which forms a charged and colored
PVP–CR complex. The electropherograms of PVP–CR mixtures were
interpreted at the light of the theory of non-equilibrium CE of equi-
librium mixtures (NECEEM), which was developed by Krylov et al.
[17–22] to obtain information about proteins and DNA fragments
using fluorescent markers.

Polyvinyl alcohol (PVA) is a synthetic polymer which is widely
used for a variety of purposes within the fields of cosmetic, pharma-
ceutical and food technologies. Depending on the route of synthesis,
PVA with a different tacticity is obtained. Tacticity or stereoreg-
ularity is a characteristic feature of those polymers which have
repeating adjacent chiral centers along the main chain. Tacticity
depends on the class percentages of pairs of adjacent monomers

or diads. The two possible classes of diads are: m or meso (with
the same orientation) and r or racemic (with opposite orientation).
Accordingly, three classes of units constituted by three adjacent
monomers or triads can exist: mm, mr and rr. The relative per-
centages of mm, mr and rr triads, established by 1H NMR, or

dx.doi.org/10.1016/j.chroma.2011.02.040
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:ramis@uv.es
dx.doi.org/10.1016/j.chroma.2011.02.040


romatogr. A 1218 (2011) 2334–2341 2335

p
[

n
o
I
o
T
k
b
(
m
P
t
p
m
fi
p
t

2

2

(
g
1
(
S
s
a
d
o
(
u

2

G
f
(
N
a
w
f
i
H
w
a
m
p
t
h
t
i
t
t
b
a

(
p
U

A
HO HO HOH H H

A

n

B
HO H HH OH OH

n

C
HO H HOH OH H

n

E.J. Carrasco-Correa et al. / J. Ch

referably by 13C NMR, are normally used to evaluate PVA tacticity
23–27].

As far as we know, CE methods for PVA characterization have
ot been reported, and the possibility of evaluating the tacticity
f polymers using CE methods has not been investigated either.
n this work, we have applied the NECEEM principles to the study
f the electropherograms obtained by injecting PVA–CR mixtures.
he formation of complexes between PVA and azo-dyes has been
nown for decades [28–32]. When excess borate was added to
oth the injected PVA–CR mixtures and the background electrolyte
BGE), the expected NECEEM pattern for a mixture of a non-charged

acromolecule and a charged marker was obtained. Commercial
VA samples with different molecular masses, also differing in tac-
icity, were studied. The electropherograms of PVA–CR mixtures
rovided information about the electrophoretic mobility, maxi-
al stoichiometry, thermodynamic stability constant and pseudo

rst-order dissociation rate constant of the PVA–CR complex. These
arameters were observed to depend on both molecular mass and
acticity of PVA.

. Experimental

.1. Reagents

PVA samples having the following average molecular masses
Mw) and percentages of residual acetylated monomers (nac × 100%,
iven between parenthesis) were used: 15 (0.0%), 49 (0.1%) and
00 (12.5%) kDa (Fluka, Buchs, Switzerland), and 31 (10.8%), 61
1.5%), 130 (10.8%), 145 (0.6%) and 205 (10.8%) kDa (Sigma–Aldrich,
teinheim, Germany). Congo Red (CR) (Panreac, Barcelona, Spain),
odium tetraborate decahydrate (borax, Sigma–Aldrich), acetone
s electro-osmotic flow (EOF) marker (Scharlau, Barcelona, Spain),
euterated dimethyl sulfoxide (DMSO-d6, Sigma–Aldrich), and
ther analytical grade reagents, as well as deionized water
Barnstead deionizer, Sybron, Boston, MA, USA), were also
sed.

.2. Instrumentation and procedures

An HP3D CE system (Agilent Technologies, Waldbronn,
ermany) provided with a diode-array detector, and uncoated

used-silica capillaries (Polymicro, Phoenix, AZ, USA) of 33.5 cm
25 cm effective length) × 50 �m I.D. (375 �m O.D.), were used.
ew capillaries were successively flushed with 1 and 0.1 M NaOH
nd water at 60 ◦C for 10 min each. Daily before use, the capillary
as successively rinsed with 0.1 M NaOH and water for 5 min each,

ollowed by the running BGE for 10 more minutes. After each work-
ng day, the capillary was successively flushed with water, 0.1 M
Cl (10 min each), water (5 min) and NaOH 1 M, followed by more
ater (20 min each). Between runs, it was flushed with 0.1 M NaOH

nd water for 2 and 3 min, respectively, followed by the BGE for 5
ore minutes. The BGE, containing 25 mM borax, was adjusted to

H 9.0 with 0.1 M HCl. Before injection, all solutions were passed
hrough 0.45 �m pore-size nylon filters (Albet, Barcelona, Spain);
owever, solutions containing PVA were injected without filtering
o avoid retention of the polymer by the filter material. Triplicate
njections at 50 mbar × 3 s were always performed throughout all
his work. Separations were conducted at 25 ◦C using 15 kV. Detec-
ion was set at 500 nm, close to the maximum of the absorption
and of the dye in the absence of PVA; however, full spectra were

lso stored.

Stock solutions of the azo-dye (5 mM) and the PVA samples
10 mg mL−1, 227 mM in monomers), and their mixtures, were pre-
ared and diluted with the appropriate buffer solutions. To record
V–vis absorption spectra with the CE instrument, the capillary
Fig. 1. The three possible classes of triads in a PVA chain: (A) mm, (B) rm and (C) rr.

was filled up with 20 mM borax solutions also containing 4 mM
CR and increasing PVA concentrations (49 kDa sample). The spec-
tra were compared with those obtained with a model 8453 UV–vis
spectrophotometer (Agilent Technologies) provided with a 1 mm
quartz cell (Hellma, Müllheim, Germany). For this purpose, the
solutions were diluted to 1:40 (0.1 mM CR). The pre-equilibration
time of the PVA–CR complexes was also studied by both spec-
trophotometrically and CZE.

2.3. NMR evaluation of the tacticity of the PVA samples

The tacticity (stereoregularity) of the PVA samples was estab-
lished by recording the 13C NMR spectra with an Ultrashield
DRX 400 NMR spectrometer (Bruker, Silberstreifen, Germany). For
this purpose, the PVA samples were dehydrated in a centrifu-
gal vacuum evaporator for 8 h at 60 ◦C (MiVac, Genevac, Ipswich,
UK); then, DMSO-d6 to prepare 1% PVA solutions was added and
sonication was applied; in all cases, 2 × 104 spectra were accu-
mulated. The structures of the three possible mm, mr + rm and
rr triad classes in a PVA chain are depicted in Fig. 1. The per-
centages of triad classes were estimated from the relative areas
of the three multiplets found within the ca. 64–69 ppm range
[24–27]. In Fig. 2, the rr triad percentages found in the samples
are plotted against the mm triad percentages. In the same fig-
ure, several literature data are also given [24–27]. As observed
in this figure, the PVA samples showed different tacticities, with
rr/mm ratios ranging from 1.72 to 1.39 for a group of three sam-
ples, from 1.09 to 1.04 for another group of three samples, and
finally, the two samples with the largest molecular masses showed

the lowest rr/mm ratios, namely, 0.85 and 0.71. To facilitate the
discussion that follows, these groups were qualitatively named
according to the rr/mm ratio as H (high), M (medium) and L
(low).
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Fig. 2. Percentages of rr and mm triads found in the PVA samples used in this work
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Fig. 4. From A to D: electropherograms of mixtures of CR (4 mM) and PVA (15 kDa,
ig. 3. UV–vis absorption spectra obtained by filling the capillary with solutions
ontaining 20 mM borax, 4 mM CR and the following PVA concentrations (49 kDa):
, 12, 24, 36 and 48 mM (the resulting q values are indicated on the traces).

. Results and discussion

.1. Effect of PVA on the UV–vis absorption spectrum of CR

The formation of PVA–CR complexes has been described
28–32]. As indicated in Section 2.2, the formation of the com-
lexes was first studied by filling the capillary with PVA–CR
ixtures containing 20 mM borax. As illustrated in Fig. 3 for the

9 kDa PVA sample, the UV–vis spectrum of a 4 mM CR solution
as largely modified when the mixture also contained increasing

VA concentrations. Thus, from q = [monomer]/[dye] = 0 to 6, the
olar absorptivity at the maximum of the main absorption band

ncreased in a ca. 30%, and a large bathochromic shift of about 40 nm
as also observed (from 479 to 519 nm). Similarly, an intensity

ncrease of ca. 55% and a bathochromic shift of ca. 50 nm (from 489
o 539 nm) were observed with a conventional spectrophotome-
er when 0.4 mM PVA was added to a 0.1 mM CR solution (spectra
ot shown). This implies a major change in the physico-chemical
nvironment of CR [33]. The large modification of the CR spectrum

ould be partially due to replacing of water molecules attached
o the polar locations of CR by the polar groups of the polymer;
owever, as discussed below in Section 3.4, another possible rea-
on is the stacking of dye ions in proximity to each other within
he structure of the PVA–CR complex. An absorptivity decrease at
increasing concentrations). The q values are monomer/dye molar ratios. The pro-
cedure used to calculate APVA-D (used to construct Fig. 5) is indicated on the traces.
Traces E and F are electropherograms of 2.5 and 4 mM CR, respectively. The BGE
contained 25 mM borax (pH 9), and all the injected solutions contained 20 mM borax.

all wavelengths was also observed when q > 6. This could be due
to an increase of the refraction index of the solution or to the
optical screening of the dye in the presence of a large polymer
excess.

3.2. Selection of working conditions

In Fig. 4, traces A–D, electropherograms of mixtures of CR
(4 mM) and PVA (15 kDa, increasing concentrations) obtained in a
BGE containing 25 mM borax are given. The injected mixtures were
also equilibrated with borax; however, 20 mM borax was used to
preserve sample stacking. Pre-equilibration with borax improved
peak repeatability. In Fig. 4, traces E and F, electropherograms
obtained by injecting 2.5 and 4 mM CR solutions, respectively, in
the absence of PVA, are also shown. Truncation of the peak for the
4 mM CR solution was attributed to the local concentration increase
produced by stacking, followed by precipitation of the dye. Trun-
cation of this peak was not observed when PVA was present in
the injected solution with q ≥ 1. According to the NECEEM theory,
when a solution containing an uncolored macromolecule and a col-
ored charged marker is injected into the capillary, two peaks with
a superimposed exponential decay region in the middle should be
observed [17–22]. Thus, in Fig. 4, traces A–D, the first band was
attributed to the PVA–CR complex, and the peak that followed was
assumed to be contributed by both the initial CR excess in free form
and the dye released by the complex during migration (contribut-
ing mainly to the left half of the peak). As q increased (from traces
A to D), the area of the band due to the PVA–CR complex increased,
and the area of the peak due to the free dye decreased. Above
q ≈ 4 the electropherograms showed the single band of the com-
plex, which progressively widened when q further increased (trace

D). In addition, a BGE containing 20 mM Na2HPO4 (pH 10) instead
of borax was tried. Mixtures containing 4 mM CR and 16 mM PVA
(q = 4) were injected; however, a low intensity wide band due to the
PVA–CR complex, and a large peak and exponential decay due to
the free dye, were observed (electropherograms not shown). Thus,
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wing to the better shape and higher intensity of the complex band,
he BGE containing a borax excess was preferred.

The time required to equilibrate the mixtures before injection
as studied. For this purpose, aliquots of a solution containing

0 mM borax, 4 mM CR and 16 mM PVA monomers (49 kDa, q = 4)
ere injected at regular time intervals after mixing the reagents.

he area due to the remaining complex, APVA-D, was estimated
s indicated in Fig. 4, traces A–D, by doubling the area of the
eft half of the complex band. The rest of the area, due to both
he initial free dye and the dye released by the complex dur-
ng migration, was measured as ATotal − APVA-D. A slow increase of
PVA-D (ca. 8%), a decrease of the rest of the area (ca. 20%), and a
mall increase of the electrophoretic mobility of the complex (ca.
%), were observed during the first 2 h after mixing the reagents
sequence of electropherograms with time, not shown). This sug-
ested a slow reorganization of the complex involving an increase
f complex stability and compactness, or a decrease in its dissocia-
ion rate, or both processes at a time. Thus, to obtain reproducible
lectropherograms in the experiments that followed, sample injec-
ion was performed with a delay of ca. 2–3 h after mixing the
eagents.

.3. Maximal stoichiometry of the PVA–CR complex and its
elationship with log Mw and tacticity

Series of electropherograms also obtained with 4 mM CR and
ncreasing PVA concentrations (increasing q values) were used to
stimate the saturation point or maximal stoichiometry of the
VA–CR complexes, qsat, for all the PVA samples. As shown in Fig. 5
or the 15 kDa PVA sample, when q was increased the area of the
VA–CR complex, APVA-D, increased linearly up to q ≈ 4, and the
est of the total area decreased proportionally. When q ≥ 5, that
s, above the saturation point, the peak due to the excess dye was
ot observed any longer, and APVA-D decreased steadily. This agreed
ith the decrease in the absorptivity of the complex which was

bserved by recording spectra at large q values (Fig. 3). The other
VA samples behaved similarly, although with differences in the
ocation of the saturation point indicating the maximal stoichiome-
ry of the complex. In order to establish the saturation point of PVA

omplexes, qsat, as accurately as possible, mixtures with q values
lose to the expected qsat values were injected; however, repeata-
ility of the electropherograms was poor when q ≈ qsat. Therefore,
he qsat values used in the discussion that follows were established
or the different PVA samples as the point where the linear extrap-
Fig. 6. Plots of the maximal stoichiometry of the complex against log Mw with-
out (qsat , full symbols) and with correction for the acetyl percentage (qsat,c , empty
symbols). Symbols indicating tacticity groups: H (diamonds), M (circles) and L (tri-
angles).

olation of the decrease of ATotal − APVA-D crossed zero (Fig. 5, dashed
line).

In Fig. 6 (full symbols), the qsat values obtained in this way for the
PVA samples were plotted against log Mw. As observed, H samples
formed a clearly resolved group with respect to the M + L samples.
Also, within each tacticity group, qsat decreased as log Mw increased.
Further, the upper and lower limits of the qsat range were similar for
the H and M + L sample groups, starting at qsat ≈ 4.9 at a low molec-
ular mass, and decreasing down to qsat ≈ 3.5 at a large molecular
mass. The two L samples, which had very large molecular masses,
gave both qsat values close to 3.5. Thus, qsat decreased from ca. 4.9
to ca. 3.5 at increasing molecular masses, but this variation took
place at different log Mw values depending on tacticity.

Next, a correction of the qsat values, thus to take into account
the different proportions of residual acetyl groups in the PVA sam-
ples was tried. The molar proportions of residual acetyl groups per
mol of monomers, nac, for the PVA samples used in this work, were
given in Section 2.1. In a PVA molecule, acetyl groups could reduce
the number of OH groups which are actually available to link the
dye ions. Thus, in nac × 100% acetylated PVA, only (1 − nac) × 100%
of the monomers would be available for bonding; however, this
should not reduce the complexing capacity of PVA in an equiv-
alent (1 − nac) × 100% factor, since acetylated monomers can also
perform as nonbonding bridges between bonded monomers. Nev-
ertheless, we studied next the effect which would have on qsat the
extreme situation in which the complexing capacity of PVA would
be reduced in a full (1 − nac) × 100% factor. Thus, the correction
applied was: qsat,c = qsat/(1 − nac). As shown in Fig. 6 (empty sym-
bols), full correction for the acetyl percentage essentially confirmed
the conclusions obtained above using uncorrected qsat values con-
cerning both the decrease of qsat at increasing molecular masses and
the noticeable difference between the H and M + L tacticity groups.

3.4. Structure of the complex

When qsat ≈ 4.9, each dye ion could be bonded by a maximum
of four and probably a minimum of two monomers (since CR is a
symmetrical structure), leaving an average of 0.9–2.9 non-bonded
monomers per dye ion, respectively. Similarly, when qsat ≈ 3.5, each
dye ion could be bonded by a maximum of three and a mini-
mum of two monomers, leaving an average of 0.5–1.5 non-bonded
monomers per dye ion, respectively. In both cases, a small num-

ber of non-bonded monomers are available to perform as bridges
between adjacent dye ions. Thus, in all the possible scenarios, the
number of non-bonded monomers per dye ion is very low, which
suggests a proximity between the dye ions. As depicted in the
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Fig. 7. Temptative structure for two adjacent

emptative structure of Fig. 7, stacks of dye ions by pairs, or by
roups constituted by a higher number of dye ions, could be formed.
s proposed in this figure, it seems reasonably to stack the dye

ons by alternating the sulfonate and amino groups, rather than
utting together all the sulfonate groups at one side and all the
mino groups at the other side of the stack. Also, from a geomet-
ical point of view, it seems reasonably to link the PVA monomers
ith the alternated sulfonate and amino groups though hydrogen

onds. As indicated in the literature, the azo groups are also possible
ites for hydrogen bonding [30,33]; however, below the saturation
oint, and owing to the low stoichiometry, the number of available
onomers per dye ion is rather short. Then, hydrogen bonding of

he PVA monomers with both amino and azo groups, which are
ocated in outer and inner sites of the dye ion, respectively, seems
o be less likely than the structure proposed in Fig. 7. However,
he probability of bonding the OH groups with azo groups should
ncrease after the saturation point, when an excess of monomers
re available.

Dye stacking, resulting in a large absorptivity increase and blue
hifting of the absorption maximum, has been described in solu-
ions of plant pigments when certain ligands and Mg2+ are present
34]. Thus, dye stacking could explain both the low qsat values of
ig. 6 and the very large modification of the absorption spectrum
hen PVA is added to CR solutions (Fig. 3). Further, the distance

etween donor–acceptor atoms in adjacent stacked dye ions should
e constricted by the distances between pairs of adjacent OH groups
long the PVA chain, and these later are longer for r than for m diads.
hus, in PVA samples having a larger proportion of r diads, adja-
ent dye ions could be stacked at longer distances from each other
han in samples with larger proportions of m diads. As discussed
elow, this could also explain the correlations found between other

lectrophoretic parameters and PVA tacticity as established by 13C
MR.

The complex is probably compelled to adopt a given struc-
ure when an excess of either dye ions or unbound monomers
s present. This could explain the excellent reproducibility of the
R complex units (with two stacked dye ions).

electropherograms when q < qsat or q > qsat, respectively. Therefore,
poor reproducibility of the electropherograms when q ≈ qsat could
be due to the different ways the dye ions could be arranged within
the complex when the available monomers are either in a small
defect or a small excess with respect to qsat.

3.5. Influence of molecular mass and tacticity on the
electrophoretic mobility of the complex

Electropherograms obtained with PVA samples of increasing
molecular mass, also corresponding to different tacticities, are
shown in Fig. 8. These electropherograms were obtained with a
small CR excess with respect to the saturation point. Thus, traces
A and C, which correspond to complexes with qsat = 4.51 were
obtained at q = 4, and the other traces, which correspond to com-
plexes with qsat = 3.51 were obtained at q = 3. As further commented
in Section 3.6, this was important to distinguish the AD area from
that of the exponential decay contribution, Ae. As observed in Fig. 8,
the electropherograms of M + L samples (traces C–E) showed a
sharper complex band than that of the H samples (traces A and
B). In addition, within each tacticity group, the electrophoretic
mobility of the complex was reduced at increasing molecular
mass (A–B and C–D pairs). The relationships among electrophoretic
mobility of the complex formed in the presence of an excess dye,
molecular mass and tacticity are better recognized in Fig. 9 (full
symbols). Within each tacticity group, the absolute electrophoretic
mobility decreased slightly at increasing log Mw values. There-
fore, electrophoretic mobilities indicated that charge density of
the complexes decreased at increasing molecular masses. In addi-
tion, absolute mobility increased when the rr/mm ratio decreased

between the H and M sample groups. Therefore, absolute mobil-
ity increased when the average distances between the OH groups
of adjacent monomers decreased as a result of the reduction of the
proportion of r diads, probably giving rise to an increase of complex
compactness.
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In free solution, the electrophoretic mobility of polyelectrolytes
ith the same linear structure but with different molecular masses

s very similar [2,9,10]. This is due to the almost identical charge-
o-volume ratio which is achieved when units with a given
harge-to-volume ratio are increasingly added to the polyelec-
rolyte. This electrophoretic behavior of polyelectrolytes has been
alled the free draining regime [10]. As occurs with polyelec-
rolytes, the mobility of the PVA–CR complexes could also reach a

onstant value at increasing molecular masses, not further depen-
ent on the molecular mass of PVA. However, in the case of the
VA–CR complexes formed in the presence of an excess CR, to
ncrease the molecular mass of the polymer is not the only factor
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as performed with both VD/Vm = 15 and 10. Symbols indicating tacticity groups: H

diamonds), M (circles) and L (triangles). Other conditions as in Fig. 8.
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to be taken into account for a free draining regime to be reached.
At increasing molecular masses, both the stoichiometry and the
apparent charge density of the saturated complex, qsat, should be
also maintained constant. As discussed above in Section 3.3, stoi-
chiometry of the complex formed in an excess dye varied with both
molecular mass and tacticity; however, to show if a free draining
regime is approached at high molecular masses, a model taking
into account the stoichiometry variations can be constructed. For
this purpose, the concept of average electrophoretic mobility per
complex unit, �unit, can be used. This parameter was defined as
the mobility due to a unit constituted by a single dye ion and the
average number of monomers directly attached to that ion, plus
the average share of monomers which are necessary to link the
complexed dye ion to the neighboring complex units. The mobil-
ity per complex unit, �unit, should be directly proportional to the
charge of a dye ion, 2, and inversely proportional to the volume of
the complex unit:

�unit = 2f

VD + qsatVm
(1)

where f is a coefficient of proportionality, VD is the volume of a dye
ion bound to the polymer chain, and Vm is the average volume of a
monomer in the complex. If both sides of Eq. (1) are multiplied by
the electrophoretic mobility of the complex, �, and the equation is
reorganized, we have:

2f�

Vm�unit
= �[qsat + (VD/Vm)] (2)

Therefore, if a free draining regime would be reached at large
molecular masses, the product � [qsat + (VD/Vm)] would also reach
a constant value. Since the VD/Vm ratio was unknown, two approx-
imations were used: first, VD/Vm was taken as the ratio of the
molecular masses of the dye ion and the monomers, 651/44 ≈ 15,
and second, VD/Vm was taken as the ratio of the total number of C, H,
O and N atoms involved, 68/7 ≈ 10. These two values of VD/Vm are
rough approximations; however, as shown below, the use of any
of them led to essentially the same conclusions. In Fig. 9 (empty
symbols), product � [qsat + (VD/Vm)] was plotted against log Mw.
As observed in this figure, the differences among tacticity groups
were enhanced upon correction of the electrophoretic mobility of
the complex by the effects of complex stoichiometry. This correc-
tion confirmed the independent reduction of the absolute mobility
at increasing log Mw values for the H and M + L tacticity groups.
Therefore, both a higher molecular mass and a higher rr/mm ratio
implied a larger volume of the monomer–dye complex units, that
is, a smaller packing density of the complex. This agreed with the
longer distances between the OH groups in r diads compared to
m diads. On the other hand, the corrected mobilities of Fig. 9 also
indicated that the complex did not reach a free draining regime at
increasing molecular masses. This meant that coefficient f in Eq. (2)
was not constant within any molecular mass range, that is, packing
density of the complex decreased at increasing molecular masses
for all the PVA samples used in this work.

3.6. Stability and dissociation rate constants of the complex

In Fig. 8, it can be also observed that the area of the peak due
the free dye was larger for the H (A and B traces) than for the M + L
(C–E traces) tacticity groups. This indicated either a higher com-
plex stability or a slower dissociation rate, or both features at a
time, for the H group in comparison to the M + L groups. Thus, next

the stability and dissociation rate constants of PVA–CR complexes
were estimated. For this purpose, three areas are needed: (i) APVA-D,
due to the PVA–CR complex; (ii) AD, due to the free dye present
in the initial equilibrium conditions; and (iii) Ae, generated by the
dye released by the complex during migration. In the electrophero-
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rams of Fig. 4, AD could not be distinguished from Ae. This was
ttributed to the use of q values far from the maximal stoichiome-
ry of the complexes, qsat. Thus, the free dye concentration should
e very low at large values of q, and conversely, at low q values, the

arge initial concentration of the free dye made also difficult to dis-
inguish its contribution from that due to the dye released during
omplex migration. However, as shown in the expanded regions
f the electropherograms of Fig. 8, at q values slightly lower than
sat, it was possible to distinguish between these two contributions.
herefore, the maximum of the PVA–CR complex peak was located,
nd as indicated in the same figure (trace A), the area of the left half
f the band was taken as APVA-D/2. In this band half, the contribution
o the area due to the dye released during migration was assumed
o be negligible (since the free dye migrates towards increasing

igration times). Then, the area at the right of the first depression
f the free dye peak (see the expanded parts in Fig. 8) was assigned
o AD, and Ae was calculated as the total area minus the contribu-
ions of the complex and initially free dye: Ae = ATotal − (APVA-D + AD).
hese assignments probably implied a systematic error in the esti-
ation of AD, and therefore also in the calculation of the stability

onstants; however, this made possible to compare the constants
btained with the different PVA samples. To estimate stability con-
tants, the equilibrium molar concentration of free dye, [D]eq, was
btained as:

D]eq = AD

bεD
(3)

here bεD is the optical path multiplied by the molar absorptivity
f the dye. The equilibrium molar concentration of the complex is
iven by:

PVA-D]eq = APVA−D

bεPVA−D
+ Ae

bεD
(4)

here εPVA-D is the molar absorptivity of the complex. Instead of
easoning about complex formation in terms of qsat monomers per
ye ion, calculations are much simpler if the formation of a 1:1 com-
lex is assumed, being the “ligand” the complexing units formed by
roups of qsat monomers. The stability constant, Ks, is then given by:

s = 1 + R

[C]0(1 + (1/R)) − [D]0
(5)

here [C]0 and [D]0 are the total analytical molar concentrations of
he complexing polymer units and the dye, respectively, and where
is given by:

= [PVA-D]eq

[D]eq
= APVA-D(εD/εPVA-D) + Ae

AD
(6)

he value of [C]0 can be calculated as:

C]0 = n

qsat
[PVA]0 (7)

here n is the average number of monomers along the polymer
hains, and where [PVA]0 is the total analytical molar concen-
ration of the polymer in mol L−1. The molar absorptivity ratio
D/εPVA-D = 0.77 was obtained with a spectrophotometer at 500 nm
y measuring several PVA–CR mixtures with q values sligthly lower
han the respective qsat values; in these conditions, the formation of
predominant complex with a 1:1 stoichiometry, in which the “lig-
nd” was constituted by qsat monomers, was assumed. In Fig. 10A,
he resulting values of log Ks for q = 2 and 3 (full and empty sym-
ols, respectively) were plotted against log Mw. Contrary to that
bserved for other CZE parameters, log Ks values did not show any

ignificant trend concerning to either molecular mass or tacticity.

The electropherograms with q = 2 used to obtain log Ks were fur-
her processed to estimate pseudo-first-order rate constants for the
issociation of the PVA–CR complexes. For this purpose, half-life
easurements were made, and rate constants were estimated as
s w

pherograms obtained with (A) q = 3 and 2 (full and empty symbols, respectively)
and (B) q = 2. Symbols indicating tacticity groups: H (diamonds), M (circles) and L
(triangles). Other conditions as in Fig. 8.

k = ln 2/t1/2, where t1/2 is the half-life. The exponential decay curve
within the region close to the peak of the excess dye, where the con-
tribution of the remaining PVA–CR complex was small, was used.
Five measurements of the half-life were made by selecting 5 dif-
ferent starting points on the decay curve of each electropherogram
of series of triplicated injections. The starting points were evenly
spaced from each other in about 5 s. Estimations of k were obtained
with low uncertainties (ca. 4.3%). In Fig. 10B, the average values of
k were plotted against log Mw. Within each tacticity group, the dis-
sociation rate constant of the complex was reduced at increasing
molecular masses; in addition, H samples showed differences with
respect to the M + L samples.

4. Conclusions

A PVA–CR complex is immediately formed when a PVA solution
containing borate and a CR solution are mixed. Complex forma-
tion produced a large increase of the molar absorptivity and a
remarkable bathochromic shift of the main band of the UV–vis
absorption spectrum of CR. Using positive polarity, electrophero-
grams of PVA–CR mixtures containing a CR excess showed the
pattern predicted by the NECEEM theory for a complex formed
by an uncharged macromolecule and an anionic marker. The area
of the complex band increased linearly, and the areas due to
the excess dye and to the dye released by the complex during
migration decreased, when the PVA concentration increased up
to the saturation point. The variation of the areas at increasing
monomer/dye molar ratios (q values) was used to estimate the
maximal stoichiometry of the complex. This ranged from qsat ∼ 4.9
to 3.5 for low and high molecular mass PVA, respectively, this
variation being produced at different log Mw values depending
on PVA tacticity. At the sight of the values of qsat, the possible
structure of the PVA–CR complex was discussed. The correlations

found along this work among several electrophoretic parameters
obtained in NECEEM conditions with respect to both molecular
mass and tacticity of PVA can be explained by assuming that the
dye ions are stacked in a proximity to each other within the struc-
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ure of the PVA–CR complex. Correction of the stoichiometry taking
nto account the percentage of unbonding acetylated monomers
qsat,c) confirmed the differences between tacticity groups. The
hape of the PVA–CR complex band, the relative areas of the com-
lex band and free dye peak, and the electrophoretic mobility
nd dissociation pseudo-first-order rate constant of the complex,
ere also related to both molecular mass and tacticity of PVA.

hus, the H samples gave complexes with lower absolute mobil-
ties than the M + L samples. In comparison to M + L samples, these
ifferences could be due to the larger distances between adja-
ent OH groups in H samples, which have a higher rr/mm ratio
han the M + L samples. Product �·[qsat + (VD/Vm)] decreased at
ll molecular masses, thus indicating that a free draining regime
as not reached. The variation of this product also confirmed

he dependence of the mobility per complexed dye ion on tac-
icity. Therefore, useful information about both molecular mass
nd tacticity of PVA can be gained by CZE of PVA–CR mixtures.
owever, multivariate calibration, including the orthogonal vari-
tion of the molecular mass and rr/mm ratio values along the
et of standards, would be necessary to construct multivariate
odels capable of making predictions of these two responses
ith reasonable precision. The set of commercial PVA samples
e collected and used in this work was adequate to demon-

trate the dependence of CZE parameters obtained in NECEEM
onditions on molecular mass and tacticity, but it was defi-
ient to support multivariate calibration. Finally, although this
hould be also investigated, NECEEM could be useful to evaluate
olecular mass and tacticity of other soluble non-charged poly-
ers.
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