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Liquid phase separation using aqueous biphasic systems (ABS) is widely used in industrial
processes for the extraction, separation and purification of macromolecules. Using water
as the single solvent, a wide variety of solutes have been used to induce phase separation
including polymers, ionic liquids or salts. For each system, polymer—polymer, polymer—
ionic liquid, polymer—salt or salt—salt, different driving forces were proposed to induce
phase separation. Specifically, for polymer—salt systems, a difference in solvation
structure between the polymer-rich and the salt-rich was proposed, while other reports
suggested that a large change in enthalpy and entropy accompanied the phase
separation. Here, we reinvestigated the PEG/K,HPO,4/H,O systems using a combination
of liquid-phase nuclear magnetic resonance (NMR) and high-resolution Raman
spectroscopies, coupled with injection microcalorimetry. Both NMR and Raman reveal
a decreased water concentration in the PEG-rich phase, with nonetheless no significant
differences observed for both 'H chemical shift or OH stretching vibrations. Hence,
both PEG- and salt-rich phases exhibit similar water solvation properties, which is thus
not the driving force for phase separation. Furthermore, NMR reveals that PEG interacts
with salt ions in the PEG-rich solution, inducing a downfield shift with increasing salt
concentration. Injection microcalorimetry measurements were carried out to investigate
any effect due to enthalpy change during mixing. Nevertheless, these measurements
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indicate very small enthalpy changes when mixing PEG- and salt-rich solutions in
comparison with that previously recorded for salt—salt systems or associated with
mixing of two solvents. Hence, our study discards any large change of enthalpy as the
origin for phase separation of PEG/K,HPO,4 systems, in addition to large difference in
solvation properties.

Introduction

Liquid-liquid phase separation lies at the heart of chemical phenomena in bio-
logical systems such as the separation of macromolecules inside cells as well as
industrial processes including separations and purifications. Currently, organic-
aqueous systems are responsible for the majority of liquid-liquid phase separa-
tions, and are thus well studied and understood.® More recently, aqueous—
aqueous systems have gained attention due to their desirable properties and
prospective applications. Aqueous-aqueous systems, known as aqueous biphasic
systems (ABSs) or aqueous two-phase systems (ATPS), in which two solutes cause
an aqueous solution to separate into two phases, provide several advantages over
the traditional organic-aqueous systems. ABSs provide a gentler environment for
biomaterial separations, are cleaner for the environment due to the absence of
organic solvent, and are readily accessible due to their reduced costs.>®

ABSs were first discovered in 1896 by Beijerinck by the formation of two phases
when two polymers (gelatin and a polysaccharide, either agar or soluble starch)
were mixed in water.® Many polymers are able to induce the formation of ABSs,
including non-ionic polymers such as polyethylene glycol (PEG), dextran (DEX),
polypropylene glycol (PPG), polyvinylpyrrolidone (PVP), as well as ionic polymers
including polyacrylic acid (PPA) and polyacrylamide (PAM)." Polymer-polymer
aqueous solutions remain the most common and well-studied type of ABS but
other solutes can also induce phase separation in aqueous solution. First report of
polymer-salt ABS was made by Albertsson in 1956 using phosphate buffers and
PEG," before being extended to a variety of salts and polymers.* Like for poly-
mer-polymer ABS, it was been found that longer PEG chains facilitate phase
separation for polymer-salt systems.'>'* Furthermore, for PEG-based systems,
comparing results obtained for different sodium salts showed that anions with
a “salting-in” ability, such as chloride (Cl") and nitrate (NOs ), have a lower
tendency to form ABSs while anions with a “salting-out” ability, such as carbonate
(CO3*7), have a higher tendency to form ABSs.’>** Based on these results, salting-
in/salting-out ability of anions as expressed by the Hofmeister (or lyotropic) series
was concluded to explain polymer-salt ABS formation. This series follows, at least
partially, the same trend as the Gibbs free energy of hydration of the different salt
ions.” Common understanding is that the interactions of water with salt ions or
with the polymers, which are known to form various polymeric water structures,
must play a role in driving the phase separation, with phase separation occurring
for ions that do not interact with the polymer but instead takes water from the
polymer.*%**

More recently, ionic liquid-salt and salt-salt ABSs were reported,” with
systems such as LiCl/LiTFSI/H,O pioneered by our group.'*® With increasing
richness in ABS chemistries arises the question regarding the driving force
behind phase separation for ABS. Studying salt-salt ABSs sharing common
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cations (Li"), we have recently highlighted the differences existing between these
different ABS families. Indeed, we demonstrated that size and shape asymmetry is
necessary to induce phase separation, bearing in mind that the immiscibility is
triggered at high salt concentration in which packing constrains arise.”” We then
demonstrated using high resolution Raman imaging a continuum of solvation
structure existing across the liquid/liquid interface formed in the LiCl/LiTFSI/H,O
system, with the LiTFSI rich phase exhibiting weaker hydrogen bonding network
resembling that of a so-called water-in-salt system, while the LiCl phase shows
a strong hydrogen bonding network."®

Previous studies indicate debate and uncertainty in what causes phase sepa-
ration in ABS systems.' It has been suggested that phase separation in polymer-
based ABSs results from differences in the structure of water. Thus, a difference
in solvation structure in either phase results in the partitioning behavior.”
Additionally, the salting-out effect and differences in hydrophilicity of the
solutes were proposed as driving force for phase separation in both polymer-
polymer and polymer-salt ABS.?>** Aside from solvation properties, it has also
been suggested that large changes in enthalpy and entropy accompanies phase
separation.*

In light of past reports, we reinvestigated polymer-salt ABS systems using the
methodology previously developed for salt-salt ABSs to decipher the role of
solvation properties and entropy gain following separation as potential driving
forces for phase separation, focusing our efforts on the PEG/K,HPO, system. We
employ a variety of techniques including liquid nuclear magnetic resonance
(NMR) spectroscopy and high-resolution Raman spectroscopy to study the
solvation properties of both liquid phases as well as injection microcalorimetry to
investigate changes in enthalpy of mixing as a function of ABS composition.

Materials and methods
Materials

Potassium phosphate dibasic (K,HPO, anhydrous, Sigma-Aldrich, 99%), poly-
ethylene glycol 4000 (PEG 4000, Thermo Scientific), and polyethylene glycol 20
000 (PEG 20 000, Sigma-Aldrich) were weighed and MilliQ water was added to
reach the desired molalities.

Phase diagram construction

Phase diagrams were measured using the cloud point titration method previously
described.*** Briefly, starting from a known mass of a concentrated solution of
one component, an aqueous solution of the second component is weighed while
being added dropwise and vortexed until the solution becomes cloudy. Then,
water is weighed while being added dropwise and vortexed until the solution
becomes clear again. These steps are repeated for each point of the diagram.

NMR spectroscopy

NMR spectra were obtained using a Bruker AVANCE NEO 500 MHz spectrometer
equipped with an X nuclei optimized 5 mm double resonance BBO H&F CyroP-
robe Prodigy. "H and *'P spectra are obtained using 8 and 32 scans, respectively.
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Raman spectroscopy

Bulk Raman spectroscopy spectra were acquired using a Horiba Micro XploRA
Raman spectrometer fitted with a 100x lens. A 638 nm laser and a 1800 g mm ™"
grating were used. Spectra are acquired using a 10 seconds acquisition time.

Raman imaging

Raman imaging of the samples was performed using an in-house prototype
instrument at Durham Magneto Optics Ltd, UK, with a 532 nm excitation and
imaging with a 1.4-NA oil-immersion objective. The spectral resolution of the
system is 16 cm™'. The maximum pump power before the objective was ~10 mW,
a power level that ensured no degradation of samples. All images presented were
taken with integration times per pixel in the 0.001-0.05 s settings range. Back-
ground subtraction of Raman spectra was performed using a custom polynomial
smoothing method.

Titration microcalorimetry

The calorimetric measurements were completed isothermally using a power
compensation microcalorimeter (Thermal Hazard Technology, pRC). Each
injection was performed using an automated syringe pump tower attachment.
Samples were stirred to allow for uniform mixing. The partial enthalpy of mixing
was found by integrating the resulting power spike upon injection of one phase
into the second phase.

Results & discussion

Prior to characterizing the polymer-salt system, we first study the phase diagrams
of two PEG/K,HPO, systems at room temperature using the point cloud titration
technique, and varying the length of PEG (Fig. 1) (note that the melting points of
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Fig. 1 Phase diagram of the PEG 4000/K,HPO, (purple circles) and PEG 20 000/K,HPO,
(blue diamonds) systems at room temperature, constructed using the cloud point titration
method and plotted as function of (a) molalities and (b) mass percentages. The regions
under the curve (purple) are monophasic and the regions above the curve (pink) are
biphasic.
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PEG 4000 and PEG 20 000 are low, between 53-58 °C). Doing so, biphasic (pink) or
monophasic (purple) regions are observed, with differences existing as function
of PEG chain length. Indeed, increasing the PEG chain length from 4000 to 20 000
results in a shift of the binodal curve separating the miscible from the immiscible
regions to lower concentrations. This is in agreement with the general rule that
longer polymer chains phase separate at lower weight percentages.’> One can
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Fig. 2 Normalized proton (a and c) and phosphorus (b and d) liquid-state NMR spec-
troscopy on bulk top (red) and bottom (blue) phases of PEG/K,HPO,4 systems with varying
salt concentration. In proton spectra, the peak at =4.7 ppm is characteristic of H,O while
the peak at =3.6 ppm is characteristic of PEG. The only peak in the phosphorus spectra
arises from the K;HPOy4. (e) Photos of the biphasic systems using PEG 20 000 at different
concentrations of K;HPO4 ((a) 1.0 m, (b) 1.5 m, (c) 2.0 m, (d) 2.5 m and (e) 3.0 m) showing
the variation of the volumes of the top and bottom phases as function of salt concen-
tration. Black arrows indicate the interface between the two phases.
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understand this trend by observing that PEG 20 000 is less soluble than PEG 4000
or that PEG 20000 is more hydrophobic than PEG 4000, as suggested
elsewhere.”>*

To investigate the effect of salt concentration, solutions were prepared in the
biphasic region with constant PEG concentrations and increasing salt concen-
trations. Measurements were carried out on the two immiscible liquids following
separation after equilibration. Liquid-state NMR spectroscopy was used to probe
differences in solvation structure and ion interactions. Proton (*H) and phos-
phorus (*'P) NMR spectra were collected for the top and bottom phases of ABS
solutions containing a constant concentration of 0.1 m PEG 4000 or 0.02 m PEG
20 000, with K,HPO, concentrations ranging from 1.0 m to 3.0 m (Fig. 2).

Both the PEG 4000 and the PEG 20 000 systems exhibit similar trends. In the
"H-NMR spectra, a shift of the water peak (=4.7 ppm) to lower values (upfield) is
observed, indicating higher shielding of water protons. In the top phase, this is
likely caused by an apparent increase in PEG concentration as the PEG-rich top
phase decreases in volume as the salt concentration is increased (Fig. 2e). In the
bottom phase, the upfield shift is attributed to the increased salt concentration.
The shift is not as significant since the salt-rich bottom phase increases in volume
with increasing salt concentrations, and thus the bottom phase only moderately
increases in salt concentration. Perhaps unintuitively, the "H-NMR peak corre-
sponding to PEG (=3.55 ppm) shifts downfield with increased salt concentra-
tions. While indeed the top phase experiences an increase in apparent PEG
concentration due to decreasing volume, an increase in PEG concentration alone
does not cause any shift in the PEG peak (Fig. 3). The observed shift indicates an
interaction between the PEG and salt ions, as discussed in previous reports.'®**
Hence, salt ions are interacting with PEG chains in the PEG-rich top phase. *'P-
NMR spectra show a downfield shift in the top (red) phase, with minimal shift
in the bottom phase (blue). The downfield shift observed in the top phase is due
to a decreased phosphate concentration. This agrees with previous reports for
other ABSs that higher concentrations induce better separations and less transfer
across the interface. The bottom phase shows only a small upfield shift due to the
limited increase in phosphate concentration, a result of the bottom phase volume
increasing with increased salt concentrations.

While NMR spectroscopy provides insight into concentration of dissolved
species in each phase and their interactions, vibrational spectroscopy such as
Raman allows for probing of the water structure and answer if, as previously
proposed, phase separation for polymer-salt ABS is driven by a difference in
solvation structure. Fig. 4 shows the Raman spectra of the top and bottom phases,

PEG 4000 PEG 20000
4 6 §H (epm) 3. 4 6 514 (ppm) 3.6

Fig. 3 Proton NMR spectra of solutions (containing no salt) with increasing (a) PEG 4000
and (b) PEG 20 000 concentrations.

186 | Faraday Discuss., 2024, 253, 181-192 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fd00058g

Open Access Article. Published on 04 1403. Downloaded on 28/12/1404 04:51:12 ..

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Faraday Discussions
a b
__1o00 A 0.1m PEG 4000 - 1.0m K;HPO, | _ 4490 0.02m PEG 20000 - 3.0m K,HPO,
3 3
& 800 4 8
= > 3000 4 Top (x2)
= =
2 600 - 2
[T [
£ £ 2000 4
£ 200 c
1] ]
5 200 5 1000 4
Bottom ottom
0 v . x 0 x r v
2800 3100 3400 3700 2800 3100 3400 3700
Raman Shift (cm) Raman Shift (cm™)

Fig.4 Raman spectroscopy spectra of bulk PEG-rich top (red) and salt-rich bottom (blue)
phase of the (a) 0.1 m PEG 4000/1.0 m K,HPO,4 ABS and the (b) 0.02 m PEG 20 000/3.0 m
K,HPO, ABS. The peak at 2900 cm™? arises from PEG, and the broad peak at 3400 cm™!
arises from OH stretching.

overlaid, for selected PEG/K,HPO, ABS solutions. The bulk Raman spectra show
very little difference between the water structure for both solutions, made
apparent by the similar OH stretching water signatures in the top and bottom
phases for each solution. The two main components of the signal are observed
below 3500 cm ™", which corresponds to strong hydrogen bonding network. One
can note the absence of signal at wavenumbers above 3500 cm™ ", often ascribed
to weak hydrogen bonding in the presence of a large concentration of salt. Hence,
we reveal that the water solvation structure for the polymer- and salt-rich phases
in PEG/K,HPO, ABS solution is similar and corresponds to that of a diluted
solution. This is in stark contrast with salt-salt ABSs such as LiCl/LiTFSI, for
which the LiTFSI- and LiCl-rich phases show very different solvation structures,
with the former showing a solvation structure alike that of a water-in-salt
concentrated electrolyte and the latter showing the solvation structure of
a more diluted solution.*® Thus, differences in the solvation structure of water are
not responsible for phase separation of the PEG/K,HPO, ABS.

To confirm that solvation structure is not a major driving force for phase
separation, high resolution Raman imaging is used to characterize the solution
immediately around the interface. Fig. 5 shows false-color images of the inte-
grated intensity of the PEG peaks at around 2900 cm ™" for PEG-K,HPO, systems
of various compositions. Moving from the PEG poor bottom phase (blue) to the
PEG rich top phase (red), a change in intensity of the vibration at =2920 cm™"
associated with PEG is observed from the PEG-rich (red) to the PEG-poor (blue)
phase, indicating, to no surprise, a change in PEG concentration. Furthermore,
vibrations associated with OH stretching in the 3200-3700 cm ™' wavenumber
range also show a change in intensity, albeit less pronounced than for PEG
vibrations. This gradual change indicates that the concentration of water in the
PEG-rich phase is poorer than in the salt-rich one. Nevertheless, minimal shift is
observed, indicating no significant modification of the H-bonding network. This
observation holds for all tested ABSs, which includes a range of PEG length and
salt concentration, confirming that little to no difference in solvation structure
exists between the two phases even on a microscopic level by the interface

(Fig. S17).
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Fig.5 Raman imaging across the interface of the 0.1 m PEG 4000/1 m K,HPO,4 and 0.02
m PEG 20 000/3 m K;HPO, systems. Raman imaging of the (a) 0.1 m PEG 4000/1 m
K,HPO,4 and (c) 0.02 m PEG 20 000/3 m K,HPO,4 system generated by integration of PEG
vibrations at 2900 cm™. Raman spectra collected across the interface for PEG and OH
vibrations of the (b) 0.1 m PEG 4000/1 m K;HPO4 and (d) 0.02 m PEG 20 000/3 m K,HPO4
system. The exact same imaging parameters are used for (a) and (c) with difference in
signal-to-noise likely arising from differences in the Raman cross-sections of the
solutions.

We thus reveal that, unlike previously hypothesized, differences in water
solvation structures are not the driving force inducing phase separation in the
PEG/K,HPO, ABSs. However, the results do indicate a perhaps significant inter-
action between the PEG and K,HPO,. Our attention then turned to the other
driving force previously proposed in the literature: a large change in enthalpy and
entropy accompanying phase separation.” To study this hypothesis, injection
microcalorimetry was used to quantify the enthalpy that accompanies phase
separation. Polymer-salt systems were first prepared at room temperature at
different points of the phase diagram nearby the binodal curve in the immiscible
region. After equilibration, both phases were extracted. The phase with a greater
volume was the placed in the calorimeter and held at 2 °C, a temperature at which
both liquid phases are miscible. The phase with the smaller volume was then
injected into the larger phase and the heat associated with mixing measured. The
volume of each phase was adjusted such that the original composition of the
polymer-salt system was obtained. Prior to analyzing the results, the effect of
volume of injectant on the heat generated was first estimated, knowing that the
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volume of each phase changes as function of the initial composition of the system
(volume of the top phase rich in PEG becomes smaller for systems concentrated in
salt, and vice versa). By injecting pure water into water, a residual heat was
measured, its value being directly proportional to the volume of injectant (100 uL
of injectant gives a heat of approximatively 100 mJ, 250 uL of injectant gives
approximatively 250 m]J) (Fig. S21t). This result most likely originates from a slight
deviation from the set temperature of 2 °C for the injectant. It is important to
consider this residual heat when interpreting the values obtained when mixing
the polymer-salt phases at 2 °C. The measured heats are thus a sum of the
residual heat (which is function of the injectant volume) and the heat of mixing.

First, positive heat values are measured for all these systems, confirming that
these systems possess a negative enthalpy of mixing and that all these systems are
lower critical temperature Ty ¢ systems that mix at low temperature and become
immiscible at high temperature (Fig. 6). Second, the heat of mixing for each
system appears to be strongly dependent on the volume of the injectant, with
a nearly constant heat around 350 and 550 m] recorded for 100 and 250 pL of
injectant, respectively. Unfortunately, the residual heats appear to dominate the
response of the mixing measurements, making direct quantifications of the
mixing enthalpy difficult. However, the measurements still indicate that the
enthalpies of the mixing must be negative and small (<—20 ] moly;, '), and
suggest that they are relatively independent of the salt and PEG concentration as
well as on the PEG chain length (4000 vs. 20 000). Comparing these values with
those previously obtained for LiCl/LiTFSI ABS systems, heat values 2 to 3 times
smaller are measured.'® Such small enthalpy of mixing for PEG/K,HPO, systems
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Fig. 6 (a) Phase diagrams for the two different PEG chain lengths (20k and 4k) and points
indicating the systems that have been measured by microcalorimetry. (b—f) Calorimetry
measurements and partial mixing enthalpy for the different K;HPO4—PEG systems studied.
The PEG and salt rich phases were first collected at 25 °C and titrated at 2 °C, temperature
at which both solutions are miscible.
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regardless of the composition agrees with the spectroscopic data that show no
significant changes in the solvation structure of water in the different phases. In
other words, when mixing both phases, few interactions are broken or made,
resulting in the enthalpy for both phases, the PEG- and the salt-rich phases, being
nearly the same. Our results thus refute a large gain in enthalpy to be the driving
force for phase separation for PEG/K,HPO, systems. Furthermore, as for any T
system, the enthalpy and entropy of mixing share the same sign such that the
Gibbs free energy of mixing is negative below the Tic (miscible regime) and
positive above the Ty (immiscible regime).>#** Nevertheless, the TAS,;, term is
smaller than AH;, at low temperature, and only increasing the temperature
makes AGn,x negative. In conclusion, as for the enthalpy of mixing, we do not
expect that a large gain in entropy is at the origin for the immiscibility of the PEG/
K,HPO, system at high temperature.

Conclusion

In this work, we have revisited the polymer-salt PEG/K,HPO, ABSs using an array
of technique including Raman and NMR spectroscopy as well as titration
microcalorimetry. Spectroscopy results reveal that the water H-bonding network
is very similar in each phase of the PEG/K,HPO, system, independently of the salt
or PEG concentrations and of the PEG chain length, with both the PEG-rich and
the salt-rich phase showing strong H-bonding network typical of diluted solu-
tions. These results thus rebut the possibility of large difference in solvation as
the driving force for phase separation. Furthermore, 'H NMR spectroscopy shows
a downfield shift of the PEG peak upon increasing salt concentration, that we
ascribed to interaction between PEG and the salt in the PEG-rich phase. Never-
theless, it remains unclear if this interaction is responsible for phase separation.
Comparing these results with previous findings regarding the driving force for
salt-salt ABSs (LiCl/LiTFSI or HCI/LiTFSI) for which the OH stretching vibrations
from water were observed to be strongly different between both liquid phases, we
conclude that the driving force for phase separation is different between PEG/
K,HPO, and salt/salt systems. Such difference is further evidenced when
observing that the enthalpy of mixing is very small for PEG/K,HPO, systems, and
likely independent of salt and PEG concentration. These results indicate that
when mixing both liquid phases, the PEG- and the salt-rich, very few interactions
are broken or made, confirming that both phases show very similar solvation
structure. Hence, we can discard a large enthalpy gain as the driving force for
phase separation in the PEG/K,HPO, system. Finally, observing that these
systems are so-called Ty, we hypothesize that entropy of mixing is also very likely
to be small between these two phases. While our work does not conclude on the
driving force for phase separation in this specific polymer-salt ABS, we never-
theless highlight stark differences existing between polymer-salt and salt-salt
ABSs, with the latter being driven by a change in solvation structure induced by
the different solvation and size properties of the salt anions."”*®
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