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Received 16 February 2005; accepted 21 August 2005
DOI 10.1002/app.23011
Published online 10 January 2006 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: The intermolecular hydrogen bonding inter-
actions between poly(3-hydroxybutyrate) and poly(styrene-co-
vinyl phenol) copolymers with mutual solvent epichlorohy-
drin were thoroughly investigated by steady-state fluorescence
and viscosity techniques. Fluorescence spectroscopy along
with viscosity technique was used to asses the intermolecular
hydrogen bonding between poly-(3-hydroxybutyrate) and its
blends with five copolymer samples of styrene–vinyl phe-
nol, containing different proportions of vinyl phenol but
similar average molecular weight and polydispersity index.
In the case of very low OH contents (2–4 mol %), as ex-
pected, both components of poly(3-hydroxybutyrate) and
poly(styrene-co-4-vinylphenol) chains are well separated
and remain so independently of the mixed polymer ratio

and overall polymer concentration as well. Conversely,
when the OH content reaches 5.8 mol % or more, a signifi-
cant decrease of the intrinsic fluorescence intensity emitted
by the copolymer is detected upon addition of aliquots of
poly(3-hydroxybutyrate). In these cases, an average value
for the interassociation equilibrium constant, KA � 8.7, was
obtained using a binding model formalism. A good agree-
ment of these results with those obtained from complemen-
tary viscosity measurements, through the interaction param-
eter, �b, was found. © 2006 Wiley Periodicals, Inc. J Appl Polym
Sci 100: 900–910, 2006

Key words: poly(3-hydroxybutyrate); poly(styrene-co-vinyl-
phenol); association constant

INTRODUCTION

It has been our interest to study ternary polymer
solutions (TPS) dealing with a polymer in mixed sol-
vents as well as two polymers in a common solvent.
Recently, we are concerned on TPS with specific inter-
actions taking place by hydrogen bonding, as an ex-
tension the of preceding thermodynamic studies on
binary and ternary interactions.1–3 It is well known
that H-bonding plays a crucial role in determining the
physical and thermodynamic properties of polar flu-
ids.4,5 For example, in the domain of polymer blends,
an immiscible polymer pair can be transformed into a
miscible one by enhancement of the thermodynamic
compatibility, which can be realized as the intermac-
romolecular H-bonding complexation is intensified.6,7

A powerful tool to detect specific interactions in poly-
mer blends is Fourier transform infrared (FTIR) spec-
troscopy. Observed changes in hydroxyl, carbonyl,
and ether vibrations provide direct evidence of H-
bonding specific interactions between blend compo-
nents.7,8 The magnitude of the shift in wave number,

arising due to blend formation, yields a measure of the
average strength of the intermacromolecular interac-
tions. In addition, other techniques such as nonradia-
tive energy-transfer (NRET) fluorospectroscopy, laser
light scattering (LLS), thermal analysis (DSC), NMR-
NOE, electronic microscopy, inverse gas chromatog-
raphy, and viscometry have been used to study poly-
mer–polymer miscibility or compatibility both in solid
state and in solution.9–15

In this context, we have chosen as model com-
pounds a set of five in-house-made poly(styrene vinyl
phenol) copolymers, a commercial sample of poly(3-
hydroxybutyrate) (PHB), and a common solvent such
as epichlorohydrin. The PHB used here is an isotactic
naturally occurring thermoplastic polyester belonging
to the family of biodegradable poly(hydroxyalkano-
ate)s.16 Binary blends of PHB with other synthetic
polymers has attracted much interest as one approach
to improve the inherent brittleness as well as to reduce
high production cost of these polyesters. In this way,
much work on blending it with other nonbiodegrad-
able polymers such as poly(vinyl acetate),17 poly-
(methyl methacrylate),18 poly(epichlorohydrin)19,20 as
well as biodegradable polymers such as poly(ethylene
oxide),21 poly(vinyl alcohol),22 poly(�-caprolactone),23

and polysaccharides24 has been reported. In addition,
mixtures with synthetic (amorphous) PHB as well as
bacterial (tactic) PHB were also considered. An excel-
lent review on the miscibility, properties, and biode-
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gradability of microbial polyester containing blends,
including PHB polymers and copolymers, has been
recently reported.25

On the other hand, polystyrene (PS) is an important
commodity polymer, which has been thoroughly
studied in the literature in contrast with the poly(vinyl
phenol) (PVPh), for which commercial uses are lim-
ited to the field of photoresistance.26 Obviously, it is
well known that PS is incompatible with the PHB,
whereas the PVPh is compatible and miscible both in
solid state and in solution, in a whole composition
range.27 This miscibility has been attributed to specific
hydrogen-bonding interactions between the carbonyl
groups of the PHB and the hydroxyl groups of the
PVPh.28,29 PS has almost the same chemical structure
as PVPh but lacks the H-bond forming OH group in
the para position of the aromatic cycle that gives PVPh
its hydrogen-bonding ability. To mitigate PS–PHB in-
compatibility, we have slightly modified the PS
chains, by insertion of small amounts of vinyl phenol
groups in the PS backbone, via radical copolymeriza-
tion. Therefore, copolymers of styrene and vinyl phe-
nol (in small amounts) are expected to display physi-
cochemical, rheological, and mechanical properties
close to those of PS homopolymer.

The aim of this work is to study the composition
effect of statistical styrene vinyl phenol copolymers
(PSVPh) on the compatibility of PHB/PSVPh blends
in dilute ECH solutions. Thus, the analysis of the effect
of hydrogen bonding on the compatibility will be
investigated using fluorescence intensity and viscosity
measurements of these polymer mixtures in epichlo-
rohydrin as common solvent. The changes in fluores-
cence intensity were used to obtain association iso-
therms as a function of polymer mixture composition
as well as mol % groups of vinyl phenol in the PSVPh
copolymer. To quantitatively interpret the association
isotherms, a binding model30–33 has been used, allow-
ing us to obtain an intermolecular association constant
representative of the extent H-bonding attractive in-
teractions between both polymer samples. Dilute so-
lution viscosity measurement of mixed polymer solu-
tions has proved to be a useful technique to investi-
gate polymer–polymer interactions,14,15,34–38 so that
solution viscometry has also been used to elucidate
interpolymer complexation in solution.39 Here, we
have used the so-called polymer-solvent method34,37,40

to evaluate PHB–PSVPh interactions in ECH as sol-
vent, by means of the �b parameter introduced by
Krigbaum and Wall for polymer–polymer–solvent ter-
nary systems (TPS).41

EXPERIMENTAL

Materials

Epichlorohydrin (1-chloro-2,3-epoxypropane) was ob-
tained from Panreac Quimica S.A.(Barcelona, Spain);

styrene, 4-acetoxystyrene, hydrazine hydrate, and iso-
tatic poly(3-hydroxybutyrate) were purchased from
Aldrich Chemical; methanol was purchased from
Baker BV (Deventer, Holland); ���-azobis(isobuty-
ronitrile) (AIBN) was purchased from Fluka Chemie
AG (CH) and tetrahydrofuran (THF) from Scharlau
Chemie S.A. (Barcelona, Spain). Monomers were pu-
rified by vacuum distillation before use. All other
chemicals were used as-received.

Synthesis of poly(styrene-co-4-vinylphenol)
copolymers

Poly(styrene-co-4-vinyl phenol) (PS-co-VPh) random
copolymers with different mole % VPh were prepared
by the free-radical polymerization of styrene and
4-acetoxystyrene using AIBN as the initiator, followed
by the hydrolysis of the acetoxy groups, using hydr-
azine hydrate, according to the procedure of Khatri et
al.42 Hereinafter, PSVPh(n) denote a PS-co-VPh ran-
dom copolymer with n mol % VPh. An example for
the synthesis of PSVPh(7) copolymer is shown below.
First, styrene (40 g), 4-acetoxystyrene, and AIBN (0.3
g) were transferred into a three-neck round-bottom
flask filled with toluene (50%, w), under a mild flow of
nitrogen. The flask equipped with a water-jacketed
condenser was heated at 60°C for 12 h. The solution
was then poured into a methanol–tetrahydrofuran
mixture to precipitate the poly(styrene-co-acetoxysty-
rene) as the product. The polymer was dried in a
vacuum oven for 1 day. Next, the hydrolysis of ace-
toxy groups to hydroxyl groups was carried out by
dissolving 2.5 g of poly (styrene-co-acetoxystyrene) in
dioxane (50 mL) in a round-bottom flask. Hydrazine
hydrate (8 mL) was then added to this solution and
stirred for 40 h at room temperature. The polymer was
precipitated into methanol and dried in a vacuum
oven for 24 h. Resulting conversions were about 10%.

Polymer characterization

Molecular weight and polydispersity index of the
polymers were determined by size exclusion chroma-
tography (SEC), using a Waters gel permeation chro-
matograph equipped with a refractive index detector.
A solution of PHB in ECH was injected throughout a
set of three TSK super AW columns (Toso Co.; Tokyo,
Japan) and the five PSVPh copolymer samples were
diluted in THF and eluted throughout a set of three
TSK gel HXL columns (Toso). The eluents were al-
ways filtered and degassed through regenerate cellu-
lose filters of 0.45-�m pore diameter (Micro Filtration
System; Dublin, CA, USA). The mobile phase flow rate
was adjusted to 0.5 mL/min and sample injection
volume was 100 �L in all cases. PS with a narrow
molecular weight distribution was used as calibration
standard for all polymers. Data collection and han-
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dling were carried out using Millenium GPC Software
from Waters (Milford, MA, USA).

The vinyl phenol content for each PSVPh sample
was analyzed by 1H NMR spectroscopy. 1H NMR
spectra were recorded at room temperature on a Var-
ian Unity 300 spectrometer (300 MHz), using CDCl3 as
solvent and tetramethylsilane as an internal chemical
shift reference. Table I lists the molecular weight char-
acteristics for the homopolymer PHB and for five PS-
VPh copolymers, as well as the content (mol %) in
vinyl phenol for each copolymer sample.

Fluorescence measurements

Fluorescence emission spectra of PSVPh polymer so-
lutions were recorded at room temperature (�25°C),
on a Aminco-Bowman Luminiscence Spectrometer,
using a 1-cm quartz cell. The excitation wavelength
was set at 260 nm, and the fluorescence emission
spectra were monitored from 280 to 380 nm. The com-
ponent polymer solutions were prepared with oxy-
gen-free solvent. Titrations were performed by addi-
tion of small aliquots of the PHB solution to the PSVPh
at a desired concentration in organic solvent, and the
data shown are representative of several independent
experiments. The concentration of PSVPh in the blend
solution was kept at 5.0 � 10�4 g/mL and varying the
PHB concentration, covering from 0 to 3.5 the molar
ratio Ri (� [PHB]T/[PSVPh]T). Polymer solutions were
placed in the quartz cell, stirred for 10 min, and
purged with nitrogen for at least 1 min prior to each
recording.

Viscosity measurements

An AVS 440 Ubbelohde-type viscometer from Schott
Geräte (Hofheim, Germany) was used to determine
the relative viscosities of the individual polymers and
blends in epichlorohydrin as common solvent. In all
experiments, a 15 mL sample at 1.0% (w/v) concen-
tration was loaded into the viscometer, which was
then placed into a thermostated bath at 25 � 0.02°C.
Measurements were initiated after approximately
5–10 min equilibrium time and were continued until
several elution time readings agreed to within 0.5%.
Viscosity of ternary polymer systems was carried out

using the polymer solvent method. A controlled
weight of PHB was dissolved in a dilute solution of
PSVPh–ECH at two constant concentrations of PSVPh,
namely 1 � 10�3 and 0.5 � 10�3 g/mL, respectively.
Flow times of each ternary system were determined
by the serial dilution technique. Five dilutions were
made for each polymer mixture composition and an
extrapolation procedure was used to evaluate the cor-
responding intrinsic viscosity and the Huggins con-
stant. Kinetic energy corrections were applied.

RESULTS AND DISCUSSION

We are interested in quantitatively estimating the ex-
tent of intermolecular hydrogen bonding between
PHB and PSVPh(n) chains with the goal of finding a
miscible blend by optimizing this parameter. Altering
the composition of an amorphous copolymer, such as
the PSVPh(n), systematically varies the extent of inter-
molecular hydrogen-bonding between the two com-
ponents. The PHB has its carbonyl group interaction
site localized in each monomer unit, while PSVPh(n)
copolymer can change its hydroxyl interaction site
content. This enables us to explore the functional
group content dependence on complexation process.

Figure 1 shows the SEC elution profiles for PS-
VPh(4), PSVPh(6), and PSVPh(7) copolymers in TSK
gel HXL columns. PSVPh(2) and PSVPh(3) samples
are not shown here for simplicity, since their profiles
are practically superposed to those depicted here.
From the elution profiles the values of Mw and Mn as
well as the polydispersity index were evaluated. These
values are summarized in Table I for each polymer
sample. The number following PSVPh represents the
approximate integer value of the molar content of
4-vinylphenol in the copolymer. In the second column
the copolymer composition in mol % of vinyl phenol,
determined by 1H NMR as detailed in the Experimen-
tal section, are compiled. Notice that to blend PHB
with a commodity like polystyrene copolymer, a nar-
row range of VPh content in the PSVPh, namely from
2 to 7.2 mol %, was assayed. However, in some re-
ports, involving hydrogen-bonding compatibilization
of PSVPh-based blends, the copolymer composition
exceeds hardly the above range. Obviously, the phys-
ical properties of these samples, at least for high vinyl

TABLE I
List of Polymers Used and Sample Characteristics

Sample
OH content

(mol %)
Mn

(103 g/mol) Mw/Mn [�] (mL/g) KH

PHB — 245 1.51 212.8 1.23 � 10�2

STVPh2 2.0 33.7 1.78 31.5 �24.2 � 10�2

STVPh3 3.2 34.3 1.78 — —
STVPh4 4.0 35.0 1.77 33.2 �23.4 10�2

STVPh6 5.8 36.7 1.77 34.4 �6.92 10�2

STVPh7 7.2 36.7 1.77 35.5 �6.06 10�2
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phenol content, cannot be considered as those com-
mercial polystyrene, which are widely recognized as a
commodity polymer. Lastly, columns three and four
refer to the molecular weight and uniformity features.
As can be seen, almost PSVPh have similar Mn, close
to 35 kg/mol, and a high degree of uniformity, U
� (Mw/Mn) � 1, close to 0.775 in all cases.

Fluorescence monitoring of polymer–polymer
interaction

Figure 2 shows the fluorescence emission spectra of
the different PSVPh copolymers upon addition of PHB
in ECH as solvent. In general, the fluorescence spectra
of the copolymers show a broad emission band in the
region of 290–370 nm. High peak evolution for the
fluorescent polymer, PSVPh, upon addition of aliquots
of a nonfluorescent polymer as PHB, are clearly sig-
nificant for both PSVPh(6) and PSVPh(7), whereas a
weak interpolymer interaction is experimentally ob-
served for the remaining PSVPh-PHB blends. The
emission maximum for pure PSVPh(7) solution in
ECH, denoted by Ri � 0 is centered at 302 nm wave-
length. In addition, a bathochromic red-shifted effect
appears as the Ri values increase, the maximum peak
emission for PSVPh(7)–PHB blend being detected
close to 313 nm for Ri � 3.17. A similar behavior, but
less pronounced, can be assigned to PSVPh(6)–PHB
solutions. The red-shift, which is indicative of fluoro-
phore sequestration in a more polar environment, can
be related to a stabilization of the excited state by
polymer–polymer interaction via H-bonding.

Altering the composition of an amorphous copoly-
mer, such as PSVPh(n), systematically varies the ex-
tent of intermolecular H-bonding between the two
components. In our case n varies from 2.0 to 7.2 mol %.
If the hydroxyl groups containing PSVPh are too di-
lute, insufficient interacting moieties exist, being the
intermolecular bonds very limited, as can be seen at
the bottom of Figure 2, where the fluorescence signal
for PSVPh(2) is practically independent of the Ri val-
ues. Conversely, when the OH content increases, the
H-bond specific interactions become evident and the
fluorescence intensity of PSVPh decrease as PHB con-
centration increase, raising the top value for n � 7.
This behavior may be understood in terms of two
competitive effects as follows.43,44 On the one hand,
increasing the spacing of the phenol groups along the
copolymer chain, i.e. decreasing the n value, we pro-
vide the necessary rotational freedom to allow the
hydroxyl groups of PSVPh to find and properly ori-
entated relative to the carboxyl group of the PHB
sample. On the other hand, increasing the n values
until n � 7 as it has been done here or, for instance,
until n � 50 as it has been recently reported for the
same polymer pair in solid state,50 the rotational free-
dom can be seriously restricted. Thus, it seems to be
plausible to accept that optimum number of H-bonds
occurs when both rotational freedom and the PSVPh
copolymer composition, n, are balanced.

From these spectra, the observed intensity value, I,
can be assigned to the emission of both free [PSVPh]F
and bound [PSVPh]B copolymers, that are present in
solution at a total concentration: [PSVPh]T � [PSVPh]F
� [PSVPh]B. It can be easily deduced that46

I �
[PSVPh]B

[PSVPh]T
IB �

[PSVPh]F

[PSVPh]T
I0 (1)

IB being the fluorescence intensity for PSVPh totally
bound to PHB sample (not directly obtained from the
spectrum) and I0 the fluorescence intensity of PSVPh–
ECH solutions in the absence of PHB. The I0 values are
compiled in Table II, which has been deduced from
the fluorescence spectrum depicted in Figure 2 at 302
nm for Ri � 0. To follow the spectral changes quanti-
tatively, the variation of the fluorescence intensity of
PSVPh as a function of the ratio Ri is plotted in Figure
3, for the different polymer mixtures. As expected, the
fluorescence intensity decay was observed for all the
PSVPh samples. The extent of intensity decrease is, of
course, a function of both Ri and n, which is closely
related with the amount of –OH. . . OAC	 local spe-
cific interactions. Notice that PHB polymer is only
active as sample acceptor, altering the fluorescence
quantum yield of the PSVPh itself when the linkage
via H-bonding between the PHB and PSVPh take
place. Additional fluorescence experiments (not
shown), with the same PSVPh–ECH solutions in the

Figure 1 SEC traces of PS-co-VPh in THF at room temper-
ature.
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presence of fully inert (macro) molecule, e.g., n-hex-
ane, confirm what has been stated earlier, where any
PSVPh sample depict the same fluorescence quantum
yield independent of the Ri values. At very low OH
content, the fluorescence intensity decay varies poorly
with Ri for PSVPh(2) sample, which can be attributed
to the scarce linkages between both polymers. In con-
trast, at high OH content, this variation is very pro-
nounced (see PSVPh(7) sample) even at Ri values
lower than 1. This behavior shows that the H-bonding
links between the complementary functional groups
of both polymer samples become highly favorable.

Equation (1) can be rewritten as follows:

I � �IB � 
1 � ��I0 (2)

where � is the fraction of PSVPh bound to PHB and
where (I��) is the fraction of PSVPh free in solution.
From eq. (2), � can be evaluated from the experimental
data:

� �
I � I0

IB�I0
(3)

As explained above, I and I0 are directly obtained from
the fluorescence spectra (see Table II), while IB has to
be deduced from the so-called double reciprocal
plot,33

� I � I0

I0
��1

�
I0

IB � I0
�

I0N

IB�I0�K*Ar[PSVPh]T

Ri
�1 (4)

K*A represents an apparent association constant be-
tween both polymers and r the polymerization degree
of PHB. Because the treatment remains identical to
those earlier given,30–32,45 we will not reproduce in
this contribution a deduction in depth of this equation.
Figure 4 shows the plot of I0/(I�I0) versus I/Ri for the
PHB–PSVPh mixtures in ECH, where a good correla-
tion is found in all cases allowing us to obtain a linear
correlation fit. Because I0 is known, from the intercept
of this plot one can obtain the IB values for each PSVPh
copolymer. Now, it is a relatively straightforward task
to calculate the � values from eq. (3) for each PHB–
PSVPh–ECH system. In Table II these � values are
compiled for different polymer concentration ratio, Ri,
for each PSVPh copolymer. Inspection of these results
reveals that at a fixed Ri polymer ratio, the � values
monotonically increase as the OH groups in the PS-

Figure 2 Typical fluorescence spectra of PS-co-VPh sam-
ples in epichlorohydrin as a function of polymer/polymer
molar ratio, Ri � [PHB]/[PSVPh] at 25°C. The excitation
wavelength was set at 260 nm. The range of Ri values
covered in all experiments are depicted at the top of this
plot.
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VPh increase, denoting that the fraction of PHB bound
through H-bonding to the PSVPh also increases. Nei-
ther of the systems assayed here reaches saturation,
which enables to assume that the higher OH content in
the PSVPh copolymer the higher the association is,
scaling � to 0.63.

The binding model

Because interpolymer complexation between comple-
mentary groups placed on two unlike polymer chains
can often be considered as typical equilibrium in so-
lution, we have used an earlier developed binding
model.45 Therefore, we will consider a solvent in the
presence of two interacting polymers. In this frame-
work, the following equilibrium can be assumed:

P � SN^ PSN (5)

Being P the proton donor or PSVPh chainlike un-
bounded, SN the proton acceptor, corresponding to a

PHB site and PSN standing for the PSVPh–PHB com-
plex. Here, a site is constituted by N polymer seg-
ments or carbonyl groups that take part in the coop-
eratively rearranging volume around a PHB coil and
able to interact with a proton donor molecule. There-
fore, given the specific nature of the complexation and
the large size of the PHB chain relative to the PSVPh
copolymer, it seem to be realistic to take into account
the possibility of overlapping binding sites. Because
we have assumed in the equilibrium given by eq. (5)
that a PSVPh molecule interact with a PHB site, one
molecule of PHB will interact with (r/N) PSVPh mol-
ecules. In other words, (r/N) represent the number of
sites on the nanoscale level by macromolecule of PHB.

This approach has of course severe restrictions. First,
this model does not account for self-associating species.
Therefore, the self-association of hydrogen-bonded hy-
droxyl–hydroxyl such as dimers, trimers, and multim-
ers, only dominant at higher vinyl phenol content and
included in other association models,7,8 are not contem-

TABLE II
Experimental Values of the Peak Emission Intensity, I, in arbitrary units, and Molar Fraction of PSVPh (n) Bound to

PHB, �, from Fluorescence Measurements at Different Polymer Molar Ratio, Ri

[PHB]
(103 g/mL)

Ri
(mol/mol)

PSVPh(7) PSVPh(6) PSVPh(4) PSVPh(3) PSVPh(2)

I � I � I � I � I �

0.0 0.00 107.61 — 82.94 — 78.65 — 59.43 — 63.96 —
1.9 0.67 73.54 0.25 71.21 0.15 70.02 0.09 56.25 0.06 57.03 0.05
2.3 0.81 67.81 0.29 68.34 0.18 70.03 0.09 55.99 0.07 54.21 0.07
2.8 0.99 62.02 0.34 66.98 0.20 68.77 0.11 54.71 0.09 54.14 0.07
3.4 1.20 57.01 0.37 63.67 0.24 64.05 0.16 53.77 0.11 55.02 0.06
4.1 1.46 50.63 0.42 60.97 0.27 60.68 0.20 52.33 0.14 53.34 0.08
5.0 1.77 44.08 0.47 58.47 0.30 57.21 0.23 52.72 0.13 50.02 0.10
6.1 2.15 36.33 0.53 54.40 0.35 56.53 0.24 49.68 0.20 49.12 0.11
7.4 2.61 32.08 0.56 50.12 0.41 50.27 0.31 49.65 0.20 46.27 0.13
9.0 3.17 23.06 0.63 45.49 0.46 48.22 0.33 48.61 0.22 42.26 0.16

Figure 3 Fluorescence emission intensity as a function of
polymer molar ratio, Ri, for different PSVPh samples. Figure 4 Plot of eq. (4), for different PSVPh samples.
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plated in our scheme. The aforementioned assumption
has been experimentally validated in mixtures of low
molecular weight analogues, where at low alcohol con-
centrations (mol fraction, xalcohol 	 0.0005), alcohol is
unable to self-associate.46 Taking into account the effect
of copolymer composition, the interassociation hy-
droxyl–carbonyl becomes dominant at lower vinyl phe-
nol content in PSVPh because the small numbers of the
hydroxyl groups in the copolymer tend to interact com-
pletely with carbonyl groups. Second, the acceptance of
the Equation (5) also assumes that the association be-
tween unlike polymers is independent of the chain
length, which is not strictly true for phenols and alco-
hols, where there are cooperative effects. Since these
effects are expected to be highly nonuniversal, it is not
easily quantified through standard theoretical ap-
proaches.47–49 Therefore, the simplified binding model
used here, does not capture the intramolecular screening
effect, so that inclusion of the cooperativity in our for-
malism is beyond our scope.

We can now turn our attention upon eq. (5), where
a characteristic association constant, KA, of the above
equilibrium can be expressed as

KA �
aPSN

aP � aSN

�
[PSVPh]B

[PSVPh]F � [SN] (6)

aPSN, aP, and aSN are the corresponding activities. For
simplicity and taking into account that the real poly-
mer solutions used here fall always into the dilute
polymer solutions regime (c 	 [�]�1), we have ap-
proached the activities to molar concentrations. [SN]
denotes the concentration of unoccupied sites at equi-
librium, each one constituted by N carbonyl groups. In
addition, [SN] � [ST] � [PSN] where [ST] refers to the
total concentration of binding sites and [PSN] is the
concentration of interpolymer complexes, which can
be expressed as [PSVPh]B � �[PSVPh]T. The [ST] can
also be expressed as the ratio between the total num-
ber of carbonyl groups by volume, r[PHB]T, and the
number of carbonyl groups by site, N, being r the PHB
polymerization degree. Taking into account the above
relationships, the equilibrium constant, KA, can be
rewritten, as a function of experimental data obtained
from spectroscopic fluorescence measurements, as fol-
lows30,45:

KA�
�[PSVPh]T

[PSVPh]]F�r[PHB]T

N � �[PSVPh]T� (7)

Recalling that (�/Ri) � �[PSVPh]T/[PHB]T, eq. (7) can
be easily transformed into:

KA �
�/Ri

[PSVPh]F� r
N �

�

Ri
� (8)

By rearranging, under the Langmuir isotherm mode,
the following is obtained:

�

Ri
�

r
N KA[PSVPh]F

1 � KA[PSVPh]F
(9)

This equation can easily be linearized by inversion of
both sides,

Ri

�
�

N
r �

N
rKA

[PSVPh]F
�1 (10)

Moreover, to estimate a dimensionless equilibrium
constant, KA, as it is specified by other models,7,8 we
have written the PSVPh composition as weight frac-
tion, wPSVPh in place of molar concentration

Ri

�
�

N
r �

N
rKA


wPSVPh)F
�1 (11)

The plot of the Ri/� versus [wPSVPh]F
�1, according to

eq. (11), shown in Figure 5 provides information on
the effect of copolymer composition on the extent of
intermolecular hydrogen-bonding, for five PSVPh
samples blended with PHB in ECH as mutual solvent.
In this figure, the data are well regressed linearly in
the whole composition range for the ternary systems
containing PSVPh(6) and PSVPh,(7) supporting the
validity of eq (5). However, a gross scatter of points

Figure 5 Plot of the eq. (11). Linear fit data are labeled on
the corresponding system.
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without correlation is found for the remaining TPS,
confirming in these cases the weakness of hydrogen
bonding interactions or the absence of interpolymer
linkages. Values of the intercept (N/r) and slope (N/
rKA), according to eq. (11), were calculated for TPS
with linear correlation, being the values of the dimen-
sionless equilibrium association constant, KA � 9.7 for
PSVPh(6) and KA � 7.7 for PSVPh(7), at 25°C, respec-
tively. In addition, the ratio (N/r) can also be esti-
mated from the intercept, being 3.9 and 2.1 for the
ternary systems containing the above PSVPh samples,
respectively. At light of these (N/r) values, it can be
stated that a single PSVPh(6) macromolecule could be
interact simultaneously with four PHB coils and a
PSVPh(7) macromolecule with two PHB coils.

The comparison of the KA values obtained reveals
that the higher the vinyl phenol content in the PSVPh
copolymer, the lower is the association constant. This
trend has also been detected in other PSVPh contain-
ing blends in solid state, but at percentage of OOH
groups in the copolymer close to 20%. Although the
decrease of hydrogen-bond fraction with increasing
temperature is a well-established concept,7 high OH
content in PSVPh copolymer blends also leads to
weaken in hydrogen bonding due to the reduction of
segmental mobilities, which requires not only a suit-
able distance between complementary functional
groups but also specific relative orientations. Never-
theless, in these last two systems, there have been
significant interpenetration between unlike polymers,
where the space effect described above is predominant
over the OH group concentration, as can be concluded
from the KA values calculated for each copolymer
sample. Recently, it has been reported that an average
value for the dimensionless interassociation equilib-
rium constant was KA � 41 at 25°C, obtained from
extrapolation of FTIR row data employing the associ-
ation model of Painter and Coleman7 for a similar
PHB–PSVPh polymer blend in solid state.50 Moreover,
it has also been reported by the same research group,
using the above procedure,29 that the values of the
equilibrium constant for atactic and for tactic PHB
with PVPh homopolymer blends were KA � 62.1 and
38.4, respectively. This disagreement between the KA

values obtained here in solution and those previously
reported in solid state for the same polymer blend
seems to be a general trend consisting on the KA

values in solution are in most cases greater than those
corresponding in solid state. However, despite the
differences between the experimental techniques to
obtain row data as well as the association models used
in both cases, the KA values estimated here are close to
those reported for other polymer blends involving
–OH. . . OAC	 specific interactions, such as PVPh/
poly(vinyl acetate) and PVPh/poly(�-caprolactone)
systems.7 These results confirm that fluorescence spec-
troscopy is a powerful tool for accurately measuring

association constants for polymer mixtures in dilute
solution with hydrogen-bonding-specific interactions.

Evidence of complexation from viscometry

Dilute solution viscosity has been considered as one
effective technique to investigate polymer–polymer
interactions and numerous expressions have been put
forward for the prediction of interaction between both
polymers. In the present work, we have attempted to
apply the method of polymer solvent for the study of
compatibility of PHB/PSVPh blend systems.14,34,37

According to this method, the intrinsic viscosity of a
probe polymer, the PHB in our case, in a solution
containing a constant concentration of another matrix
polymer, such as ECH–PSVPh mixture, can be deter-
mined conveniently. Figure 6 shows the plots of re-
duced viscosity (�sp/c) versus concentration (c) for
PHB in pure solvent of ECH and in polymer solvent of
[ECH � PSVPh(6)] at 25°C. All the plots are linear in
the whole range of concentration used. Moreover, a
crossover concentration at c3 � 0.10 g/mL is found.
Taking as reference the reduced viscosity values of
PHB/ECH binary system, a slight coil shrinkage at
[PHB] concentrations lower than c3 and a coil expan-
sion at concentrations greater than c3 values can be
observed, denoting incompatibility and compatibility,
respectively. Extrapolating to zero concentration, the
intrinsic viscosity of PHB, [�]3,c2, can be obtained,
being of 212.8 mL/g in pure ECH (c2 � 0), 206.6 mL/g
at c2 � 0.5 � 10�3 g/mL, and 204.4 mL/g at c2 � 1.0
� 10�3 g/mL, respectively. In light of these results,
the intrinsic viscosity of PHB in ECH � PSVPh(6) is
less than in pure ECH because a repulsive interaction
exist between PHB and PSVPh(6) coils in the polymer
solvent. This repulsive interaction increased the inter-
molecular excluded volume effect, yielding the PHB

Figure 6 Plots of the reduced viscosity (�sp/c) versus con-
centration (c) for PHB: (F), pure ECH; (E), ECH � PSVPh(6)
at 0.5 � 10�3 g/mL; (■), ECH � PSVPh(6) at 1.0 � 10�3

g/mL (at 25°C).
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coil shrinkage in solution and thus the decrease of the
intrinsic viscosity of PHB in polymer solvent. Figure 7
shows the plots of reduced viscosity (�sp/c) versus
concentration (c) for PHB in pure solvent of ECH and
in polymer solvent of [ECH � PSVPh(7)] at 25°C. In
this plot, the value of the crossover concentration is
similar to that detected in the previous figure; how-
ever, for the polymer solvent composition, c2 � 1.0
� 10�3 g/mL, the reduced viscosity values in the
whole PHB concentration range are higher than those
of the reference system, meaning coil interpenetration
or compatibility. It can also be noticed that the intrin-
sic viscosity of PHB in [ECH � PSVPh(7)] at c2 � 0.5
� 10�3 g/mL is 199.4 mL/g, lower than in ECH, as in
the preceding TPS. However, the intrinsic viscosity of
PHB in [ECH � PSVPh(7)] at c2 � 1.0 � 10�3 g/mL is
223.7 mL/g, greater than in pure ECH. The more
plausible meaning of this behavior is that the attrac-
tive hydrogen-bonding-specific interactions between
PHB and PSVPh(7) exists in polymer solvent systems
at this concentration. These attractive interactions de-
creased the intermolecular excluded volume effect
and consequently the PHB coils can overlap.

The influence of the solvent upon the polymer–
polymer interactions also comes from the interaction
parameter term �b, developed from modified Krig-
baum and Wall theory.41 In the framework of this
theory, the following equation for mixed polymer so-
lutions is obtained:

�sp,m � ��
2c2 � ��
3c3 � b22c22
2 � 2b23c2c3 � b33c33

2 (12)

b23 represents the mutual intermolecular interactions
between the component 2, the PSVPh copolymer, and
the component 3, the PHB. According to the nomen-
clature used throughout the paper, the subindex 1 is
assigned to ECH, considered as common solvent. The
b22 and b33 parameters can be obtained from the binary

polymer–solvent subsystems. It is well known that
quantitative evaluation of polymer–polymer compat-
ibility from viscosity measurements of TPS has been
done from different parameters, such as intrinsic vis-
cosity, Huggins constant, critical concentration, self-
association constant, and viscosity slope coefficient or
interaction coefficient b. In this study, we consider the
b23 as a complex interaction parameter in which hy-
drodynamic, thermodynamic and H-bond associa-
tions are included. We try here to explore the PSVPh–
PHB compatibility by means of the polymer solvent
method, as has been shown in Figures 6 and 7. If
specific intermolecular interactions between polymer
2 and 3 take place, a parameter �b23 can be defined as
the deviation between both experimental b23 and the
same parameter theoretically obtained as a combina-
tion of the polymer–solvent, b22 and b33, viscometric
interaction parameters. For the convenience of com-
putation, the specific interaction coefficient for mixed
polymer solutions is defined as

b23 � 
b22 � b33�
1/2 (13)

However, in some cases the value of either b22 or b33
can be negative and then the value of b23 according to
eq. (13) is imaginary. Thus, the Krigbaum and Wall
definition of b23 becomes unrealistic.41 For the present
context, we have used, instead of eq. (13), a modified
form introduced by Castift et al.51

b*23 � 
b22 � b23�/2 (14)

The compatibility of polymer mixture is predicted by
a parameter

�b23 � b23 � b*23 � b23 �
b22 � b33

2 (15)

Notice that b23 can experimentally be determined by
using eq. (12). Recalling that �b23 was suggested as a
criterion to predict polymer–polymer compatibility,
�b � 0 signifies compatibility, whereas �b 	 0 indi-
cates incompatibility.37,52 The numerical �b23 values
are compiled in Tables III and IV, for TPS containing
PSVPh(7) and PSVPh(6), as a function of both polymer
solvent composition, c2, and Ri, respectively. In both
systems positive �b23 values in all the composition
range are obtained, showing that the OH content in
PSVPh and the consequent hydrogen-bonding density
are dominant factors governing the complexation be-
tween PHB and PSVPh. In the range of polymer con-
centrations assayed (10�3 –10�4 g/mL), ECH exhibit
good solvating power for the complex aggregates,
forming an stable dispersion. In general, this behavior
is in good agreement with those obtained from fluo-
rospectroscopy, although at light of this experimental
technique the OH content rather than the space effect

Figure 7 Plots of the reduced viscosity (�sp/c) versus con-
centration (c) for PHB: (F), pure ECH; (E), ECH � PSVPh(7)
at 0.5 � 10�3 g/mL; (■), ECH � PSVPh(7) at 1.0 � 10�3

g/mL (at 25°C).
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seems to be the prevalent factor. Figure 8 (upper part)
illustrates the earlier stated, on the contrary, incom-
patibility between unlike polymers is detected for TPS
containing PSVPh (4) copolymer (lower part), where
negative values of �b23 were found. Not feasible vis-
cosity data have been obtained for the remaining TPS
containing PSVPh (3) or PSVPh (2) copolymer, respec-
tively.

CONCLUSIONS

The five copolymer samples of PSVPh used are com-
pletely miscibles with PHB over the composition
range reported in epichlorohydrin. It has been proved
that, when in a multicomponent polymer system at
least one macromolecular component, as the case of
PSVPh copolymer, exhibit intrinsic fluorescence, it is
not necessary to dope the system with selected probes.
Therefore, in this particular case, using a currently
available technique such as fluorescence, it is possible
to obtain relevant information on the H-bond-specific
interactions for PSVPh–PHB–ECH ternary polymer
system. Moreover, a simple equilibrium binding
model enables us to evaluate an intermolecular equi-
librium constant, KA, coming from steady-state fluo-
rescence data, even though the level of theory utilized
in this study is modest compared with available meth-
odology. However, the correlations found demon-
strate that even approximate calculations provide af-

fordable and reliable characterizations of interpoly-
mer H-bonding interactions in solution.

At light of the fluorescence results in combination
with the association model (see eq. (11)), the following
can be concluded: Below 6% vinyl phenol content in
the PSVPh copolymer, there is very little amount of
inter-(macro) molecular H-bonding, suggesting that
the OH groups are unable to find suitable oriented or
positioned �CAO groups with which to form an in-
termolecular H-bond. In this case, the absence of spe-
cific interactions is confirmed by fluorescence and vis-
cosity measurements. With the first technique, no cor-
relation is found at light of the binding model, and
with the second one negative �b values, as can be seen
in Figure 8, confirm the polymer–polymer incompati-
bility. Above 6% vinyl phenol in the copolymers, both
fluorescence and viscometry results show good agree-
ment, revealing that H-bonding-specific interactions
take place, enhancing miscibility and compatibility
between the PHB and PSVPh copolymer in ECH as
common solvent at room temperature. An average
interassociation equilibrium constant of KA � 8.7 was
found with the binding model described here. This
value agrees well with other ones reported for similar
polymer pairs compatibilized through hydroxyl–car-
bonyl hydrogen bonding interactions. The polymer
solvent viscometry method has also been used here to
obtain complementary evidence of polymer–polymer
interactions by means of the �b23 parameter. The vis-

TABLE III
Concentration Dependence of the Mutual Intermolecular Interaction Parameters for ECH/PSVPh(7)/PHB Ternary

Polymer System

c3
(102 g/mL)

c2 � 1 � 10�3 (g/mL) c2 � 0.5 � 10�3 (g/mL)

Ri
(mol/mol)

b23
(10�2 mL/g)2

�b23
(mL/g)2

Ri
(mol/mol)

b23
(10�2 mL/g)2 �b23 (mL/g)2

0.0 0.00 85.8 96.0 0.00 80.1 90.3
5.0 0.08 82.3 92.6 — — —
6.3 0.11 80.1 90.3 0.22 75.7 85.9
7.7 0.14 77.2 87.4 0.27 79.9 90.1

10 0.18 70.3 80.6 0.35 106.1 116.3
20 0.35 65.3 75.5 0.70 220.0 230.2

TABLE IV
Concentration Dependence of the Mutual Intermolecular Interaction Parameters for ECH/PSVPh(6)/PHB Ternary

Polymer System

c3
(102 g/mL)

c2 � 1 � 10�3 (g/mL) c2 � 0.5�10�3 (g/mL)

Ri
(mol/mol)

b23
(10�2 mL/g)2

�b23
(mL/g)2

Ri
(mol/mol)

b23
(10�2 mL/g)2

�b23
(mL/g)2

0.0 0.00 �5.6 7.4 0.00 �29.1 90.3
5.0 — — — — — —
6.3 — — — 0.22 10.1 23.3
7.7 0.14 �12.4 0.6 0.27 22.0 35.0

10 0.18 15.1 28.1 0.35 14.0 27.1
20 0.35 17.1 30.2 0.70 87.6 100.6
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cosity results for these systems, Figure 8 (upper part)
where �b23�0, reveal polymer–polymer attractive in-
teractions, confirming that the OH content in PSVPh
and the consequent hydrogen bonding density are
dominant factors governing the complexation be-
tween PSVPh and PHB. This conclusion is in good
agreement with that obtained from fluorescence mea-
surements.

We are grateful to Prof. J.J. Iruin for stimulating discussion
and advices.
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