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ORIGINAL CONTRIBUTION

Cloud points and phase separation
of aqueous poly(N-vinylacetamide)
solutions in the presence of salts

Abstract Aqueous poly(N-vinylace-
tamide) (PNVA) solution was found
to exhibit the cloud point in the
presence of salt. This cloud point was
shown to correspond to a liquid—
liquid phase separation, as confirmed
when the PNVA-salt solutions were
maintained at a temperature above
the cloud point. The upper layer had
a higher polymer concentration and
a lower salt concentration than those
in the lower layer. Thus interaction
between PNVA and salts are repul-
sive. The lower critical solution
temperatures were estimated to be
18 4+ 1°C for 1.25 molal (NH4)2SO4
and 25 + 1 °Cfor 0.76 molal Na>SQaq.
Divalent anions such as SOi ™, SO3 ",
HPO: ™ and CO3™ were effective in
causing turbidity when examined at

25 °C. Dependence of the effect on the
cationic species was similar to but
significantly different from that for
acetyltetraglycine ethylester. The
cloud points of PNVA decreased
linearly with the increase of the
polymer concentration at a fixed salt
concentration or with the increase of
the salt concentration at a fixed
polymer concentration. A parameter
analogous to the salting-out constant
was empirically derived from the
dependencies of the cloud points on
the concentrations of polymer and
salt.

Key words Poly(N-vinylacetamide) —
cloud point — phase separation —
salting out — LCST(lower critical
solution temperature)

Introduction

Although many biopolymers including proteins, nucleic
acids and polysaccharides are polyelectrolyte, short-range
interactions other than the long-range electrostatic inter-
action are important to understand the function and
stability of the structure of these biopolymers. Thermo-
dynamic study on solutions of nonionic water-soluble
polymers is hoped to contribute to our understanding on
various interactions in aqueous polymer solutions.

Phase behavior of polyethylene glycol in water has
been known to complex [1-3]. Several models have been
proposed for describing the phenomena on the basis of

either water structure [4, 5], hydrogen bond [6], or con-
formational effects [7]. On addition of salts, cloud points
were observed on polyvinylpyrrolidone [8], poly(vinyl
alcohol-acetate) [9, 10], dextran [11], polymers of N-
alkylacrylamides [12] and of N-alkoxylacrylamide [13],
and nonionic surfactants [14-167. Phase separation of the
solutions containing two polymer components has re-
ceived much attention in relation to the separation of
biomaterial [11, 17-197]. Solution properties of nonionic
polymers in aqueous media have been studied [20, 21].
Salt effects on the aqueous solution of nonionic solutes
have been discussed on the basis of the Hofmeister series
or lyotropic series [22,23]. The studies included non-
polar molecules [24-26], amides and peptides [27-30].
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Interaction of nonionic polymer with salts were examined
also by chromatography [31]. The effects involve, how-
ever, 1) internal pressure change on the addition of salt,
2) the medium effect due to the perturbation of the hydro-
gen-bonded water structure or the effective removal of
water molecules by hydration of ions and 3) the specific
binding effect of salt to the solute.

Poly(N-vinylacetamide) (PNVA) [32-34], an impor-
tant precursor to poly(vinylamine) [35], is one of the
simplest water-soluble polymer and stable at neutral pH.
The polymer is of interest for understanding the interac-
tion of nonionic polymer with water due to an acetamide
group in the side chain. The amide group is possibly both
a donor and an acceptor for the hydrogen bond with water
molecules, and the methyl group is involved in the hydro-
phobic interaction in aqueous media. The results will be
compared with those of the salt effects on simple amides or
peptides.

Experimental

Poly(N-vinylacetamide) was prepared by free radical poly-
merization of N-vinylacetamide which was obtained by
the pyrolysis of N-(x-methoxyethyl) acetamide [32].
Sample C1 was a high molecular weight fraction obtained
from sample C. Fractionation of sample C was carried out
as follows. Acetone (total 62 ml) was successively added to
S5wt% PNVA (100 ml) solution and the mixture was kept
for 2 h at 25°C. A liquid-liquid phase separation occurred
and the two phases were separated with a separatory
funnel. Acetone in the supernatant was removed under
reduced pressure, and the remaining aqueous solution was
lyophilized. The precipitates were collected and washed
with acetone and dialyzed against distilied water followed
by freeze-drying. Number-average molecular weights (Mn)
of the two fractions, designated PNVA-C1 and C2, were
(3.2 + 0.05) x 10° and (1.3 + 0.05) x 10°, respectively. Un-
fractionated samples B and C had Mn = (1.4 4 0.05) x 10°
and (1.3 + 0.05) x 10°, respectively. Two samples Lot No
B and C1 were used in the present study.

Inorganic salts were of reagent grade and used without
further purification. Water used throughout the experi-
ments was distilled twice over permanganate in a glass
still. The polymer concentration was expressed either in ¢,
(gl1) for the osmotic pressure measurements, or w,
(Wt%), or m,, (monomolal: residue mole/kgH,0). Salt con-
centrations were expressed in molality m, (mole/kgH,O).

The cloud point of PNVA solution was spectro-
photometrically determined at 500 nm using a Hitachi 101
spectrophotometer (Tokyo, Japan) with a temperature
control cell housing. The temperature of sample was
monitored with a thermoelectric thermometer. A Hitachi

056-3001 recorder was used to record simultaneously the
absorbance and temperature. The rate of heating was
about 0.7 °C/min.

The PNVA solutions containing salt were sealed in
glass tubes (10 cm x 7 mm 1D) and were allowed to reach
equilibrum for at least 96 h at the temperatures higher
than the cloud point. After the separation of upper and
lower layers, the concentrations of the polymer and the
salt were determined using HPLC. The HPLC system
consisted of a Tosoh CCPM pump (Tokyo, Japan),
a Rheodyne 7125 injector with a 100 ul sample loop, the
tandem columns of 30.0 cm x 7.5 mm ID Tosoh TSK gel
G4000PW and GS5000PW protected by a TSK guard
column, and a Tosoh RI-8012 detector. The analytical and
guard columns were maintained at 35°C. The 0.01 M
sodium phosphate buffer (pH 7.0) was used as a mobile
phase at the flow rate of 1.0 ml/min.

Results
Effect of salts on the cloud points of PNVA

The polymer solutions became turbid on heating when an
inorganic salt was added. One example is shown in Fig. 1
for a solution of 1 wt% polymer in the presence of Na,SO,
at a heating rate of about 0.7°Cmin~". In Fig. 1 the
maximum ordinate values for different m, are normalized
to unity. At high polymer concentrations, the absorbance
changed quite sharply and the cloud points cloud be
determined umambiguously. The cloud points at low poly-
mer concentrations were determined as a temperature
corresponding to the begining of absorbance rise. The
cloud point decreases sharply with the salt concentration
m. In the example shown in Fig. 1, the cloud point T, was
85°C at 0.71 molal of Na,SO, while it was 34°C at
0.82 molal. Cloud points of sample C1 at different salt
concentrations m, are shown as functions of the polymer
concentration m, for four kinds of salt [Na,SO,,
{(NH,),SOy, Li,SO, and CsClI] in Figs. 2-5. As shown in
these figures the cloud points decrease linearly with m,.
Similar results were obtained on another sample (Sample
B) in the case of (NH,),SO, (not shown). The linear
relation is simply written as Eq. (1).

T, =T — Am, (1

The slope A depended on m, as shown in Fig. 6(A). The
intercept 7 F was extremely sensitive to a change in m; as
shown in Fig. 6(B). In the case of Na,SO,, values of the
slope 4 (10 K monomolal ~') were 37.4, 42.4 63.9, 57.3,
88.9 and 76.8 for m, of 0.71, 0.74, 0.76, 0.78, 0.80 and
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Fig. 1 Determination of the cloud points of PNVA solution at
varying concentrations of Na,SO,. The 1% PNVA solution was
heated at a heat rate of 0.7 °C/min. Sample C1
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Fig. 2 Effect of Na,SO, concentration (m) on the cloud point
of PNVA. m, (molal); 0.71 (o), 0.74 (e); 0.76 (2); 0.78 (a); 0.80 (0);
0.82 (w)

0.06 0.08

0.82 molal, respectively. The following approximate rela-
tion was found experimentally for the slope A.

log A =Km,+ B, )

where B = 04, common to the four salts examined. In
Fig. 6(A), the data are plotted according to Eq. (2). Differ-
ent concentration scales for C,Cl and other salts should be
noted. In this way the effects of a given kind of salts can be

Fig. 3 Effect of (NH,),SO, concentration (m) on the cloud point of
PNVA. m, (molal); 1.09 (0); 1.20 (e); 1.25 (2); 1.29 (a)
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Fig. 4 Effect of Li,SO, concentration (m,) on the cloud point of
PNVA. m, (molal);, 1.45 (0); 1.56 (e); 1.67 (»); 1.78 (a)

represented with its characteristic constant K,. Values of
K, (molal ™) were in the following order:

Na,S50,4(3.0) > (NH4),S0,(1.8) > Li,SO04(1.0)
> C,CI(0.17) (Series 1)

Equation 1 gives the relation of the solubility at a temper-
ature T as follows:

S=(T&—T)A. 3)
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Fig.5 Effect of CsCl concentration (m,) on the cloud point of PNVA. (A) m s /molal
m, (molal); 5.76 (0); 6.08 (e); 6.24 (»); 6.41 (a)
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Combination of Egs. (2) and (3) yields
log$S = [log(T& — T) — B] — Kymy 80
= constant — Kgm, . 4)
. . .. O 60
If the constant term of Eq. (4) coincides with the solubility -
in water, Eq. (4) would be the Setschenow equation. For E
polymeric solutes, the Setschenow equation rarely holds. = 40
We take the parameter K, to represent the salting-out
power of a given salt. The constant term in Eq. (4) showed
a weak m, dependence which can be described with log ms. 20
We have examined the effectiveness of various salts to
induce the turbidity at 25°C, other than the four salts 0
examined above, instead of determining the cloud point by 0 1 ) 3
heating the solutions. m /molal
(B) s

The results will be summarized as follows. For the
effectiveness of anions,

SO27,HPO27,S03™ > CO3~ (Series 2: sodium salts).

The result is in line with the Hofmeister series but for the
lower members in the series starting from F~, no phase
separation occurred in the concentration ranges up to
their solubility limits. The salts of divalent anions were
more effective for producing the phase separation of

PNVA than the chlorides. For Na,SO,;, Na,HPO,,

Na,CO;, MgSO, and ZnSO,, the turbidites of 2 wt%
polymer solutions at 25 °C were observed at the salt con-
centrations higher than 0.8, 0.8, 0.9, 1.2 and 1.4 molal,
respectively. For the effectiveness of cations,

Cst>Fe*t>Ca?">Rb™> K", Nat,Li",BaZ*

(Series 3: chlorides)

Fig. 6(A) Plots of log A of Eq. (1) as a function of salt concentration,
my, for four salts. Na,SO, (o); NH,),SO, (»); Li,SO, (o), CsCl ().
The abscissa scale for CsCl is given on the upper side (B) Plots of
intercept of Eq. (1), T¥, as a function of salt concentration, m,, for
four salts. Na,SO, (0); (NH,),SO, (»); Li,SO, (0); CsCl (e). The
abscissa scale for CsCl is given on the upper side

Nat> Mg?*>NHJ > Li"~ Zn?* (Series 4: sulfates).

For the lower members in the lyotropic series starting
from K™, no phase separation occurred until the solubility
limit was reached. Only FeCl; was effective for the turbid-
ity of PNVA among the chlorides of transition metal ions
examined in the present study, MgCl,, SrCl,, BaCl,,
MnCl,, CoCl,, NiCl,, CuCl, and AICl; were not effective
at 25 °C to induce the turbidity of the solution of 2 wt% up
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to the solubility limit of each salt. Similar results were
obtained for NaCl, KCl, NaF and NalO;. Also ineffective
were NaBr, NaNO; and NaClO; up to 5 molal and for
LiCl and ZnCl, up to 10 molal. Tetramethylammonium
chioride induced the phase separation of PNVA, but its
higher homologs, tetraethyl- and tetrabutylammonium
chlorides were not effective.

Phase equilibria

As described above, the solutions became turbid when
they were heated in the presence of a salt. The turbid
portion migrated upward and the turbid top phase de-
veloped. However, the turbid part gradually turned to be
transparent and liquid-liquid phase separation was at-
tained when kept at a constant temperature for 4 days.
From the observation, the top phase was judged to be
polymer-rich. This apparently unusual result was reason-
ably understood 1n terms of uneven salt distributions
shown below.

We have determined the concentrations of the polymer
and the salt of the two separated solutions by means of
HPLC. Separation of peaks PNVA and Na,SO, on
HPI.C was complete in all the cases examined. The reten-
tion times of PNVA (C1 fraction) and Na,SO, were about
13 and 23 min, respectively. Calibration curves for PNVA
and Na,SO, were made on the basis of the absolute
amount (mole) of PNVA or Na,SO, in a constant volume
of solutions (25 ul). The linear relationship between the
peak area and the amount of PNVA was achieved within
the concentration ranges of less than 5wt%, and the line-
arity of peak area versus Na,SO, amount was confirmed
up to 2 x 107 % mole. The separated phases were diluted, if
necessary, so that the polymer and Na,SO, concentra-
tions were determined from the linear relation between
peak area and their respective amounts.

In Fig. 7, the “phase diagram” at 0.76 molal Na,SOy is
shown together with the cloud points data. The cloud
point line s not consistent with the low polymer concen-
tration side of the coexistence curve. The latter is very close
to the cloud point line obtained at 0.82 molal. This incon-
sistent result is caused not by the polydispersity of the
sample but by the uneven distribution of the salt between
the two phases. Data for the phase separation of PNVA in
0.76 molal Na,SO, are summarized in Table 1. The 5wt%
PNVA solutions were maintained at 30°, 35°, 40° or 45°C
in the presence of 0.76 molal initial concentration of
Na,S0, for 96 h. The upper phase contained higher con-
centrations of PNVA than those in the lower phase.

As shown in Table 1, the sait Na,SO, was significantly
concentrated in the lower phase. This is the reason why the
polymer-rich phase was lighter than the other. The salt

80

70

°C

60

50

40

30

Temperature /

20

10

PNVA /wt%

Fig. 7 Phase diagram for PNVA at 0.76 molal Na,SO,. Polymer
concentrations of the two solutions in equilibrium are given by filled
circles. Cloud point curves at 0.82 molal (») and 0.76 molal (o) are
also shown

Table 1 Phase separation of PNVA in the presence of 0.76 molal

Na,S0,
Temperature PNVA/M Na,SO,/M
rc
Upper Lower Upper Lower
phase phase phase phase
30 0.61 0.074 0.56 0.86
35 0.90 0.071 0.58 0.90
40 1.02 0.044 0.54 0.90
45 1.15 0.036 0.56 0.87

concentration of the lower phase is in the range of
0.86—0.90 molal, while that of the upper layer is about
0.56 molal.

Hence, it 1s not allowed to regard the salt solution as
a pseudo “solvent”. We should treat the phase separation
of three component systems and the phase diagram should
be expressed in a three-dimensional way. As shown in
Table 1, the salt concentrations of both upper and lower
solutions scarcely depend on the temperature and remain
constant. On the other hand, the polymer concentration of
the concentrated phase (the upper solution) increased with
the temperature while that of the lower solution decreased
corresponding to the binodal curve characteristic to
LCST type. The lower critical solution temperature was
25+ 1°Cin Fig. 7.

In Fig. 8 the obtained “phase diagram” is shown for the
case of (NH,),SO, at two salt concentrations. The lower
cirtical solution temperature T7 and the critical polymer
concentration mj were determined to be 18 + 1°C and
4.5 £ 0.5wt% at 1.25 molal (NH,),SO,. At 1.29 molal
(NH,),SOQ,, LCST was expected to be around 1°C.
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Fig. 8 Phase diagram for PNVA at 1.25 (o) or 1.29 (e) molal
(NH4),S0,4

Discussion

There are two possible ways of interpreting the phase
separation or LCST found in the present study: the high-
temperature side of the hourglass type as found for poly-
ethylene glycol (PEG) in polar organic solvents or the
low-temperature side of the closed loop type as found for
PEG in water. If we expect the hydrogen bond between
water and amide to play a central role, the latter picture
will be more likely. The same mechanism proposed for
PEG [6] can be applied to the present polymer. At low
temperature, the hydrogen bond ethalpy contribution is
significant and value of the effective y parameter is nega-
tive and miscible. On raising temperature, the hydrogen
bond becomes weak. As a result of the decrease of the
attractive interaction with solvent a phase separation oc-
curs (LCST). On further raising temperature, usual mixing
entropy becomes dominant and the mixture is expected to
become again miscible (UCST). This picture is in line with
Hirshfelder-Stevenson—Eyring (HSE) mechanism [36].

Tt is to be noted however, that no LCST was observed
in the absence of a salt. We expect that the LCST in water
will be higher than 100°C. The enhancement of the phase
separation in the presence of several kinds of salt is known
to be the salting-out effect, mainly exerted by divalent
anions. The following three mechanisms are considered:
a) the effect of salt on methyl groups or on aliphatic group
of the polymer skeleton, b) the effect of the salt on amide,
and ¢) the effect on the hydrogen bonding ability of water.
An extensive study [27] on the effects of salts on the
solubility of acetyltetraglycine ethyl ester (ATGEE) con-
cluded that the effect (c) was insignificant.

Effects of various salts on the cloud points of poly
(vinyl alcohol-acetate) copolymer were extensively studied
[10]. The anions played an essential role and the results
were in line with the Hofmeister series. It was thus sugges-
ted that the salts affected acetyl groups rather than hy-
droxyl groups of the copolymer. The effectiveness to
induce the phase separation of aqueous polyethylenge
glycol solutions was in the order MgSO, > (NH4)SO, =
K,HPOZ ™ [11]. Polyvinylpyrrolidone (PVP) was precipi-
tated by the addition of (NH,),SO, [8]. Uneven salt
distribution was observed also on the phase separation of
dextran solutions [11].

In the present study, the effect of anion species was not
extensively examined, but the result is essentially in line
with the Hofmeister series [22].

In the following we will discuss the effect of cations. As
to cations, contrary to anions, the lyotropic series giving
a similar characteristic rank ordering of cations for differ-
ent kinds of measurements has not been established: alter-
ations in the rank ordering are found for different
measurements. The following orders for cations are pro-
posed from the flocculation of inorganic colloid particles
[23] (series 5) or from the precipitation of proteins [22]
(series 6).

Cs*>Rb">NH; >K">Na*>Li" (Series 5)

NH; >K*>Na"> Li* > Mg®* > Ca?" > guanidinium
(Series 6)

In the case of sulfates, we have Na® > NH; > Li"
(series 1 or 4), which is inconsistent with the above series
5 and 6 and also with that found for acetyltetraglycine
ethyl ester (ATGEE) [27]: Li* > Na® > NHj. It is to be
noted that this order is just the reverse of series 6 for
proteins, although it is consistent with the order for the
salting-out of euglobulin [27].

In the case of chlorides, the result for the present
polymer,

Cs* > Fe®t > Ca?t >Rb" >K*, Na*, Li", Ba?*
(Series 3)

is consistent with the cationic lyotropic series (series 5) but
differs from series 6 and also from those for benzene [24]:
Ba?* >Na® > K* >Rb" > NH; > Cs™ (series 7) and
for nonpolar group of several amides [30]: Ca?* > Na™,
K™ > Li* > Cs™ (series 8). Series 3 is consistent with the

result for ATGEE [27]:
Cs* >Nat, K" >NH} > Li" > Ba%", (Series9)

which indicates that the salt effect on amide group is
dominant compared with that on nonpolar groups in the
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case of the present polymer. However, both series 3 and
9 are inconsistent with the result for amide group [297:
Li">K", Cs* >Na' > Ca?".

The present polymer has more similarity to oligopept-
ides than to globular proteins with respect to the interac-
tion with salts.

The effect of salt on amides is superposition of the
internal pressure effect determined mainly by the volume
of amides and the direct interaction between them. The
difference between series 3 or 9 and series 7 or § will be

attributed to the direct interaction. Binding tendency of
cations to acrylamide gel column is given as follows [31]:

Ba2®, Ca?* > Mg?*»Cs" >Rb" >Nat >K* > Li".

The salting-out effect of a cation due to the incompressible
volume of amides is cancelled, to some extent, by the
salting-in effect on amide group if it binds the cation.
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