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Tuning the Thermoresponsive Properties of Hyperbranched
Poly(ester amide)s Based on Diisopropanolamine and Cyclic
Dicarboxylic Anhydrides

Malcolm A. Kelland

ABSTRACT: A range of water-soluble hyperbranched poly(ester amide)s has been synthesized with a view to studying their
thermoresponsive behavior in water. Poly(ester amide)s with lower critical solution temperature (LCST) values around
physiological temperatures are of interest for biological and medical applications, whereas poly(ester amide)s with high
LCST values may be useful as kinetic hydrate inhibitors for high salinity produced fluids in the oil and gas industry. The
LCST of these polymers was measured as the optical cloud point. The LCST can be tuned in various ways for these
applications, for example, by varying the hydrophobicity of the groups on the cyclic anhydride monomer or by adjusting
the hydrophilicity of the imine used to make the peripheral groups of the polymer.

Key words: hyperbranched; phase behavior; water-soluble polymers; lower critical solution temperature; kinetic
hydrate inhibitors

INTRODUCTION

In the last 15 years, there has been much focus on the thermoresponsive properties of polymers for use in such fields as
drug delivery,' biomaterials,*” nanomaterials,” filtration,”® supported catalysts,” and microfluidics.'® By far, the most
studied poly-mers are linear polyvinyl polymers exemplified by poly(N-isopropylacrylamide)(PNIPAM), which has a
lower critical solution temperature (LCST) of about 32 C, close to physiological temperatures.''~"> Other linear polymers
with LCSTs in water include other poly(N-alkylacrylamides),'*"® poly(N-vinylcaprolactam),® poly(2-alkyl-2-
oxazoline)s,”** polyethers,”® polyvinyl ethers,***> poly(dimethylaminoethylme-thacrylate),® polylactides,”” and
copoly(oligoethylene oxide)acrylates.**>’

More recently, water-soluble hyperbranched polymers and dendrimers have been synthesized and studied as
thermoresponsive materials.’®*® Some have been investigated for controlled-release drug delivery systems.*"*?
Dendrimers can be made water-soluble primarily through the peripheral groups being hydrophilic even when the core is
hydrophobic.#? By varying the hydrophobicity of the peripheral groups, one can obtain dendrimers with LCST values in
water. These include poly(amido-amine) dendrimers with peripheral N-isopropylamide or N-isobutylamide groups.**
Hyperbranched polymers have a more open structure and the whole polymer can take part in hydrogen-bonding in aque-
ous media if water-soluble. Examples are polyamides,®> polyglycerols,*”® aliphatic  polyesters,i*>
poly(ethyleneimine)s,* poly(ester amide)s,*? and polyethers.3*33-55

One class of hyperbranched poly(ester amide)s are those made using cyclic carboxylic anhydrides and dialkanolamines
and discovered by DSM.>**® The mechanism of their formation has been investigated previously.”” In a one-pot
procedure, the dialkanolamine molecules react preferentially via the secondary amine group with the cyclic anhydride,
forming in situ a bis(hydroxyalkyl)amide group (AB,) containing carboxylic acid (Fig. 1).°° Because of the known high
reactivity of 2-hydroxyalkylamide groups toward esterification with carboxylic acids, a fast and efficient polycondensation
at temperatures of 140-200° C without the addition of a catalyst can be performed. The preferred dialkanolamine is diiso-
propanolamine; diethanolamine leads to unwanted coupled products via side-reactions giving gelled, high molecular
weight polymers. The esterification of the bis(hydroxyalkyl)amide proceeds via an oxazolinium-carboxylate ion pair
intermediate; ring opening of the oxazolinium species via nucleophilic attack of the associated carboxylate finally affords
the ester (Fig. 2). The end product is a hyper-branched poly(ester amide) (Fig. 3). The theoretical ratio of cyclic anhydride
to dialkanolamine is # : n + 1 giving polymers with specific molecular weights, although several structures are possible.
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Figure 1 Formation of a bis(hydroxyalkyl)amide from a cyclic anhydride and a dialkanolamine.
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Using diisopropanolamine as the sole secondary amine leads to polymers with peripheral hydroxyl groups. By
adding a second secondary amine (but with no hydroxyl groups), one can produce a polymer with peripheral groups
that are derived from this amine. The theoretical ratio of alkanolamine to secondary amine to cyclic anhydride is then
n:n+2:2n + 1. An example using 3,3-iminobis(N,N-dimethylpropylamine) as the second secondary amine is given in
Figure 4.

Water-soluble hyperbranched poly(ester amides) are now used in paper coatings® and as kinetic hydrate
inhibitors (KHIs) for the oil and gas industry®’ and may have possible applications in biology and medicine,
for example, if the LCST can be adjusted to physiological temperatures. For use as KHIs, hyperbranched
poly(ester amides) need to be water-soluble in produced or completion fluids of high salinity but at the same
time containing hydrophobic groups that can disturb gas hydrate formation.”"°* The main salt in oil and gas
multiphase pipeline fluids is sodium chloride, which originates either from formation water or injected
seawater. Thus, as is typical of thermoresponsive polymers, a high LCST in distilled water is needed for some
KHIs as the LCST will decrease as the sodium chloride salinity increases.

We decided to carry out a study to determine the range of hyperbranched poly(ester amides) that could be made
water-soluble given changes in the structures of the two or three reactants. One way to modify the LCST which we did
not explore is to react peripheral hydroxyl groups on a poly(ester amide) of the type in Figure 3 with varying amounts
of ethylene oxide to make the peripheral groups more more hydrophilic.5” This would raise the molecular weight of the
polymer significantly, which is detrimental for kinetic hydrate inhibition because a higher wt % concentration in
aqueous solution will then be needed to obtain the same inhibition performance.

Figure 3 Example of a hyperbranched poly(ester amide) structure formed from an alkylsuccinic
anhydride and diisopropanolamine.



EXPERIMENTAL SECTION

Polymer synthesis

All chemicals were obtained from Sigma-Aldrich Company except cis-1,2-cyclohexane-dicarboxylic anhydride
(HHPA),  3-methyl-cis-1,2-cyclohexane-dicarboxylic ~ anhydride,  cis-1,2-cyclohex-4-ene-dic-arboxylic
anhydride, and 1-oct-2-ene-succinic anhydride which were obtained from Dixie Chemical Company. Other 1-
alkylsuccinic anhydride derivatives were prepared by the literature method.®>*® An example preparation is
given below for 1-isobutyl-succinic anhydride. Poly(ester amide)s were prepared according to the literature
method.®” A typical synthesis of a poly(ester amide) is given below for PEA39.

Figure 4 Example of a hyperbranched poly(ester amide) structure formed from cis-1,2-cyclohexane-
dicarboxylic anhydride, diisopropanolamine, and 3,3-iminobis(N,N-dimethylpropylamine).

The NMR spectra were obtained using a Varian 300 MHz instrument. IR spectroscopy was carried out on selected
polymers using a Perkin Elmer Spectrum One fourier transform infra red (FTIR) spectrometer. We conducted gel
permeation chromatography (GPC) using a 1100 series Agilent HPLC system equipped with a refractive index detector
(Agilent 1313A). Manual injection of 50 pL sample (Rhyodyne valve) was used onto an Aquagel-OH 30 column
(Polymer Labs, USA) kept at 30° C, isocratically loaded with 1.0 mL/min deionized water (mobile phase) with a
phosphate buffer. We also had a few of the same polymer samples investigated at Warwick University, U.K., on a PL
GPC 50 Integrated GPC system with a PL-AS RT autosampler and a Varian 390-LC detector suite with differential
refractive index (DRI). Three mixed D, 5 um columns (one guard and two main) were used at 50° C with a
dimethylformamide (DMF) flow rate of 1.0 mL/min. Molecular weights obtained were relative to polymethyl meth-
acrylate standards using a refractive index detector.

1-Isobutylsuccinic anhydride

A total of 100 mL dry methanol was placed in a stirred three-neck flask under nitrogen. Sodium (2.00 g, 86.9 mmol)
was added in pieces until the solution began to reflux. Triethyl 1,1,2-ethanetricarboxylate (17.18 g, 69.85 mmol) was
added and the solution stirred for 20 min at 50-60" C. Then, isobutyl bromide (11.905 g, 86.9 mmol) was added and
the solution refluxed for 16 h. Most of the methanol was distilled off and 150 mL distilled water added to the residue.
The mixture was extracted with three portions of diethyl ether (50 mL each) and dried over MgSO,. The solvent was
then removed to leave a pale yellow oil of the isobutyl triester. Concentrated hydrochloric acid (50 mL) was added and
the mixture refluxed for 3 days. The solution was cooled to 5° C and the white crystals of 1-isobutylsuccinic acid
filtered off and dried overnight. Yield 7.045 g (64.7%). All the 1-isobutylsuccinic acid was refluxed in acetic anhydride
(50 mL) for 6 h. The solvent was removed on a rotary evaporator and then on a high vacuum line to leave pure 1-
isobutylsuccinic anhydride as a pale yellow oil, 6.31 g (99%). The 'H- and *C-NMR data agreed with the literature
values.®



Preparation of poly(ester amide) PEA39

HHPA (4.787 g, 31.09 mmol) was added slowly to a mixture of melted diisopropanolamine (1.772 g, 13.32 mmol)
and 3,3-iminobis(N,N-dimethylpropyl-amine) (4.150 g, 22.20 mmol) under nitrogen. An exothermic reaction takes
place and the viscous liquid was stirred at 170-180°C for 16 h. A gentle flow of nitrogen gas was used after 1-2 h to
ensure removal of all the formed water. The viscous pale brown liquid was cooled to room temperature to give a
glassy mass of the polymer in quantitative yield. Other polymers were prepared similarly.

Apparatus for the measurement of cloud points

A total of 10 mL of a 1 wt % solution of the polymer was placed in a large test tube, which was placed in a stirred oil
bath on a heat regulator. The oil bath was heated at ca. 1°C/min but near the cloud point it was heated at ca. 0.2°C/
min (Cloud point work on PNIPAM at 10 mg/mL has shown that increasing the heating rate from 0.1°C/min to 5°C/
min increased the observed cloud point by only about 0.5°C).%® The cloud point was determined as the temperature
at which the first sign of appreciable turbidity was detected, which was observed as a large and sharp change.®” The
solution was cooled below the cloud point and the solution reheated and the cloud point determined again. The
repeated cloud point values were all within 60.5°C of the first values. Using light scattering as the detection method,
the change in signal intensity from 0-90% is often within the range of 1°C and different research groups choose
different percentage changes in signal intensity to determine the LCST, some choosing 10%, some 50%. For our
study, it was not critical to obtain extremely accurate LCST measurements but to demonstrate to a value of
approximately 60.5°C the changes in LCST that can be accomplished by varying the structure of hyperbranched
polyesteramides. In one study on PNIPAM solutions, differential scanning calorimetry, optical cloud point, and UV
turbidimetry gave comparable LCST values, provided that the time scale of the experiments was large enough to
ensure close to equilibrium conditions.”

RESULTS AND DISCUSSION

Table I lists the poly(ester amide)s that were synthesized, their calculated molecular weights, and their observed
cloud points in pure water at a concentration of 10 mg/mL. IR spectroscopy was carried out on selected polymers. In
all cases, this showed typical stretching vibrations for C=O from the amide or ester groups at 1720-1620 cm™" bands
to be found in the hyperbranched poly(ester amide)s. Most of the vibration adsorption bands of the C=0 of the ester
group are at 1740-1720 cm™. Therefore, we attribute the band at 1640-1620 cm ' to the C=0 from amide groups.”*

«

As observed previously, using low values of “n” (see also “Introduction” Section) in the monomer ratios, the
polymer is a manageable viscous liquid at elevated temperatures but at high values of “n” the polymerization mixture
becomes an unmanageable solid with possible incomplete polymerization due to the lack of stirring.>” The molecular
weight will increase as “n” in the monomer ratios n : n+ 1 or mn:m+2 : 2mn+ 1 increases and from this
theoretical molecular weight values can be calculated. Polymerizations were conducted for ~ 16 h at 170-180°C
t o ensure complete polymerization and removal of water had taken place, although the literature suggest that 4-6

h is normally adequate.”®®”



Size exclusion chromatography (or GPC) is often not very helpful in determining molecular weights of hyperbranched
polymers because calibration standards for this analysis technique, such as polystyrenes or polyethyleneglycols, are linear
polymers, whereas our polymers are hyperbranched and of low molecular weight.”> Workers as DSM found that the
measured number-average molecular weights (M,) using GPC analysis of their poly(ester amide)s based on dii-
sopropanolamine and hexahydrophthalic anhydride were lower than those based on theoretical calculations when using
ratios of 1.15 to 1.10, which gives molecular weights in the same window as we have used.”” However, at ratios of 1.5 to 1.2,
which gives lower molecular weight polymers, the measured M, values were higher than the calculated values. We observed
a similar result with related poly(ester amide)s using poly(methyl methacrylates) in DMF as calibrants and solvent,
respectively. The workers at DSM used tetrahydrofuran (THF) as solvent and linear polystyrene as standard calibrant,
respectively. These results are in accordance with what would be expected for an average increasingly branched structure.
We have conducted GPC analysis on a selection of our polymers and a similar trend was found. The results are given in
Table II. The same general trend was observed using both GPC methods described in the experimental section, using
calibrants going down to around 800 Da.

The difficulty in characterization by NMR of hyperbranched poly(ester amide)s, such as this and other
classes, has been discussed previously.”” The original inventors of this class of poly(ester amide)s did not use NMR either
for polymer characterization, but for determining the polymerization mechanism. 'H- and '>C-NMR spectra of the
polymers has been taken and although it is possible to show that starting materials have been used up, it is not possible to
determine whether 100% polymerization to the expected theoretical molecular weights has been obtained because the
peaks are so broad.

At temperatures above the cloud point (LCST), intermolecular and intramolecular hydrogen-bonding, such as between
C=0 and N-H groups within the poly(ester amide)s, may cause a transition to a collapsed or aggregated polymer
conformation leading to its insolubility in water. In all, 45 polymers were prepared with a wide range of observed cloud
points. This behavior and mechanism has been proposed for other amide-containing thermoresponsive polymers such as
poly(N-isopropylacrylamide).”> For the simplest polymers, PEA01-04, made from succinic anhydride and
diisopropanolamine the cloud point varies from about 45 to 55 C increasing with “n”in the monomer ratio and therefore
also the molecular weight. The same trend of increasing cloud point with increasing molecular weight is seen for polymers
PEA11-14 made from 1-methylsuccinic anhydride and diisopropanolamine. For these two polymer series, the number of
peripheral hydroxyl groups increases with increasing molecular weight with less increase in the number of small
hydrophobic methyl groups derived from the 1-methylsuccinic anhydride or diisopropanolamine. For polymers
PEAO5 and PEAO06, the cloud point drops with increasing polymer molecular weight, indicating that the increase in
the number of cyclic ether groups from the peripheral morpholine groups does not give the polymer sufficient
hydrophilicity to increase the cloud point. For polymers PEA38-40, we observed a similar trend with the cloud
point decreasing with increasing molecular weight. In the case, the increase in the number of large cyclohexyl
hydrophobic groups in the polymer now has more effect than the increase in peripheral dimethylamino groups.

For a series of polymers at constant monomer ratio, we found a decrease in cloud point as the size of the hydrophobic
group attached to the succinyl units increased. Examples are PEA03, which has a higher cloud point than PEA13, and the
series PEA10, PEA16, PEA25, PEA27, PEA31, and PEA34, which show decreasing cloud points as the hydrophobic groups
become larger. Increasing hydrophobicity can also be accomplished by placing an extra methylene group in the succinyl
chains by using glutaric anhydride. The additional hydrophobicity of the methylene group lowers the polymer cloud point
as judged by PEA03 versus PEA18 and by PEA06 versus PEA17. However, if the extra methylene group in the glutaric units
is exchanged with an oxygen atom to provide diglycolic units, the cloud is significantly raised. For example, no cloud point
was observed for polymer PEA20 up to 100 °C, whereas the equivalent polymer PEA03 made with succinic anhydride
instead of diglycolic anhydride had a cloud point of 54 °C.



TABLE I
Cloud Points (T,)) of Poly(ester amide)s as 10 mg/mL Solutions in Pure Water

Alkanol Monomer Theoretical
Polymer Anhydride amine Imine Ratio M, Ta (°C)
PEAO1 SA DIPA 3:4 728 45
PEA02 SA DIPA 5:6 1136 50
PEAO3 SA DIPA 7:8 1548 54
PEA04 SA DIPA 9:10 1960 55
PEAO05 SA DIPA Morpholine 7:3:5 1318 36
PEA06 SA DIPA Morpholine 9:4:6 1684 33
PEAO07 SA DIPA Pyrrolidine 9:4:6 1588 16
PEAO0S8 SA DIPA Diethylamine 9:4:6 1600 <0
PEAQ9 SA DIPA MePiperazine 9:4:6 1762 >100
PEA10 SA DIPA IBDMPA 7:3:5 1818 98
PEA11 MSA DIPA 3:4 866 21
PEA12 MSA DIPA 5:6 1206 25
PEA13 MSA DIPA 7:8 1646 26
PEA14 MSA DIPA 9:10 2086 27
PEA15 MSA DIPA MePiperazine 7:3:5 1481 62
PEA16 MSA DIPA IBDMPA 7:3:5 1916 66
PEA17 GA DIPA Morpholine 9:4:6 1810 12
PEA18 GA DIPA 7:8 1646 42
PEA19 GA DIPA MePiperazine 9:4:6 1888 78
PEA20 DGA DIPA 7:8 1660 >100
PEA21 DGA DIPA MePiperazine 7:3:5 1495 >100
PEA22 DGA DIPA IBDMPA 7:3:5 2030 >100
PEA23 DGA DIPA Pyrrolidine 7:3:5 1450 47
PEA24 ESA DIPA MePiperazine 7:3:5 1679 36
PEA25 ESA DIPA IBDMPA 7:3:5 2214 55
PEA26 nPSA DIPA IBDMPA 5:2:4 1616 35
PEA27 nPSA DIPA IBDMPA 7:3:5 2312 37
PEA28 iPSA DIPA IBDMPA 5:2:4 1616 35
PEA29 iPSA DIPA IBDMPA 7:3:5 2312 35
PEA30 iPSA DIPA MePiperazine 7:3:5 1667 20
PEA31 iBSA DIPA IBDMPA 7:3:5 2210 29
PEA32 CyPeSA DIPA IBDMPA 7:3:5 2294 26
PEA33 PhSA DIPA IBDMPA 7:3:5 2350 21
PEA34 OSA DIPA IBDMPA 7:3:5 2600 19
PEA35 THPA DIPA IBDMPA 5:2:4 1612 40
PEA36 THPA DIPA IBDMPA 7:3:5 2182 34
PEA37 HHPA DIPA MePiperazine 7:3:5 1847 <0
PEA38 HHPA DIPA IBDMPA 5:2:4 1626 37
PEA39 HHPA DIPA IBDMPA 7:3:5 2196 34
PEA40 HHPA DIPA IBDMPA 9:4:6 2788 32
PEA41° HHPA DIPA IBDMPA 7:3:5 2356 >100
PEA42 MHHPA DIPA IBDMPA 5:2:4 1692 25
PEA43 MHHPA DIPA IBDMPA 7:3:5 2294 20
PEA44 NDCA DIPA IBDMPA 9:4:6 2878 16
PEA45 MNDCA DIPA IBDMPA 9:4:6 3004 <0

IBDMPA, 3,3-iminobis(N,N-dimethylpropylamine); DIPA, diisopropanolamine; MePi-
perazine, 1-methylpiperazine; SA, succinic anhydride; DGA, diglycolic anhydride; GA,
glutaric anhydride; MSA, 1-methylsuccinic anhydride; ESA, 1-ethylsuccinic anhydride;
nPSA, n-propylsuccinic anhydride; iPSA, 1-isopropylsuccinic anhydride; iBSA, 1-isobu-
tylsuccinic anhydride; CyPeSA, 1-cyclopentylsuccinic anhydride; PhSA, 1-phenylsuccinic
anhydride; OSA, 1-oct-2-ene-succinic anhydride; HHPA, cis-1,2-cyclohexane-dicarboxylic
anhydride; THPA, cis-1,2-cyclohex-4-ene-dicarboxylic anhydride; MHHPA, 3-methyl-cis-
1,2-cyclohexane-dicarboxylic anhydride; NDCA, norbornene-2,3-dicarboxylic anhydride;
MNDCA, methyl-5-norbornene-2,3-dicarboxylic anhydride.

# Amine oxide of PEA39.



TABLE II
Theoretical and Measured (GPC) Molecular Weights of Selected Poly(ester amide)s

Alkanol Monomer  Theoretical
Polymer  Anhydride amine Imine Ratio M, Measured M,
PEAO1 SA DIPA 3:4 728 940
PEAOQ2 SA DIPA 5:6 1136 1210
PEAO3 SA DIPA 7:8 1548 1650
PEA04 SA DIPA 9:10 1960 1810
PEAQ7 SA DIPA Pyrrolidine 9:4:6 1588 1670
PEA10 SA DIPA IBDMPA 7:3:5 1818 1730
PEA11 MSA DIPA 3:4 866 1010
PEA12 MSA DIPA 5:6 1206 1540
PEA13 MSA DIPA 7:8 1646 1670
PEA14 MSA DIPA 9:10 2086 1880
PEA38 HHPA DIPA IBDMPA 5:2:4 1626 1590
PEA39 HHPA DIPA IBDMPA 7:3:5 2196 1960
PEA40 HHPA DIPA IBDMPA 9:4:6 2788 2160
PEA42 MHHPA DIPA IBDMPA 5:2:4 1692 1770
PEA43 MHHPA DIPA IBDMPA 7:3:5 2294 1840

IBDMPA, 3,3-iminobis(N,N-dimethylpropylamine); DIPA, diisopropanolamine; SA,
succinic anhydride; MSA, 1-methylsuccinic anhydride; HHPA, cis-1,2-cyclohexane-dicar-
boxylic anhydride; MHHPA, 3-methyl-cis-1,2-cyclohexane-dicarboxylic anhydride.

By varying the size of the hydrophobic group on the anhydride monomer and the hydrophilicity of the
peripheral groups of the polymer derived from the imine as well as the molecular weight, one can tune the
polymer cloud point to be at physiological temperatures of ~ 35-38°C. Examples are PEA05, PEA24, PEA27-28,
and PEA38. For KHIs in highly saline brines, the requirement is a polymer with hydrophobic groups, usually
adjacent to amide groups, but with a cloud point above the hydrate formation temperature which can be about
12-20°C. A preferred hydrophobic group is that found in polymers PEA37- 41 derived from HHPA. The only
imine we found that would make such polymers with water-solubility even at room temperature was 3,3-
iminobis(N,N-dimethylpropylamine). Depending on the molecular weight, these polymers, PEA38-40, had cloud
points in the range 32-37°C. However, we found that in 10 wt % NaCl solutions the cloud point of these
polymers drops to below 0°C. We further found two ways to raise the cloud point of this polymer class. First, all
the peripheral dimethylamino groups could be derivatized to dimethylamineoxide groups by simple reaction
with the stoichiometric amount of hydrogen peroxide. Polymer PEA41 is an example of this that we synthesized
from PEA39. No cloud point is observed with PEA41 in pure water but in 10 wt %NaCl the cloud point is 30°C,
well above hydrate formation temperatures. Thus, dimethylamineoxide groups have higher hydrophilicity
compared with dimethylamino groups. The same derivation procedure could be carried out for other polymers
containing hydrophobic anhydride monomers.

Another way to raise the cloud point of polymers with peripheral amino groups is to quaternize the groups to
produce a cationic polymer. The simplest way is to protonate the dimethylamino groups using a Brensted acid,
but quaternization by reaction with alkyl halides could also be carried out. For example, if polymer PEA39 is
derivatized to the hydrochloride salt by reaction with hydrochloric acid, the resulting quaternized polymer
shows no cloud point in 10 wt % NaCl up to 100°C. We investigated the change in cloud point as a function of
pH for some polymers with peripheral amino groups. Examples are given in Figure 5 for polymers PEA34 and
PEA42. The cloud point increases as the pH drops and the amino groups become partially quaternized until at
and below about pH 6.3 a cloud point is no longer observed.

We also investigated the variation in cloud point with polymer concentration. Examples for polymers PEA15,
PEA24, and PEA30 are shown in Figure 6. Here, we see that as the polymer concentration is increased from 1 wt
% to 20-30 wt %, the cloud point increases. PEA15 shows the most dramatic cloud point increase, reaching to
over 100°C a t a polymer concentration of 21 wt %, from an initial cloud point of 62°C at 1 wt % polymer
concentration. This effect of increasing cloud point with increasing polymer concentration was observed with all
the polymers investigated. These results can be rationalized that as the polymer concentration increases, there is
a concomitant decrease in water-polymer hydrogen-bonding interactions. However, studies on other polymer
classes, such as 2-(2-methoxyethoxy)ethyl methacrylate copolymers, have shown that the cloud point may
decrease at increasing polymer concentrations.?” This article also reports another way to vary the LCST by
incorporating polyglycol chains into the polymer side chains. This could also be applied to poly(ester amide)s by
reaction of peripheral amine groups with ethylene oxide or using bis-ethoxylated diisopropanolamines but this
was not investigated in this study.
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Figure 5 Variation of cloud point (T) with pH for a 10
mg/mL solution of poly(ester amide)s PEA34 and PEA42.

Finally, as there are few studies reported on the cloud point (or LCST) of hyperbranched polymers, we
investigated the cloud point of the poly(ester amide)s in a few salt solutions to determine if they conformed to
the Hofmeister series.”* The results are given in Figures 7 and 8 for polymers PEA03 and PEA10. These figures
show that cloud points drop as the concentration of the salts sodium chloride or sodium sulfate increase. However, for
calcium chloride, we observed higher cloud points for the polymers than with the sodium salts at all but the lowest
concentrations investigated. As the higher calcium chloride concentration was increased above about 5 wt %, the
polymer cloud points decreased somewhat, but then increased at very high salts concentrations above 10-20 wt %
depending on the polymer.

Ions can be classified into a Hofmeister series according to their hydrated radius and salting-out
strength.”””7® In general, monovalent anions have less effect on the cloud point than divalent anions. This was
confirmed for both polymers in that sodium sulfate had a much bigger effect at lowering the cloud point than
sodium chloride at equivalent salt concentrations. Divalent cations are known to have less salting-out effect on
polymers than monovalent cations.””*" This was confirmed by our studies on hyperbranched poly(ester amide)s.
The cloud point of PEAO3 or PEA10 decreased in solutions of calcium chloride but not as significantly as in
sodium chloride solutions at equivalent concentrations. An interesting observation was that the cloud point of both
polymers actually increased at very high Ca** concentrations. We have also observed this behavior for other classes of
polymer including some N-vinyl lactam polymers and amide derivatives of maleic anhydride copolymers.?! We speculate
that this is because of Ca?*-polymer interactions becoming favorable at high concentrations making the polymer more
hydrophilic. The higher cloud points in calcium chloride brines may make the polymers suitable as KHIs in calcium
chloride-based drilling or completion fluids, which often have a high pH and would not have peripheral quaternized
amino groups to help the water-solubility.5-8
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Figure 8 Cloud points of 10 mg/mL of poly(ester amide)
Figure 6 Variation of cloud point with polymer concen- PEA10 at pH 9 in three different salt solutions at varying
tration in water for PEA15, PEA24, and PEA30. salt concentrations.



CONCLUSIONS

We have demonstrated that hyperbranched poly-(ester amide)s based on diisopropanolamine can be tuned in
several ways to obtain thermoresponsive polymers with LCST's near physiological temperatures. For example,
the size of the hydrophobic groups on succinic anhydride can be varied or the peripheral groups on the
polymer can be adjusted. Conversion of peripheral tertiary amine groups into amine oxide or quaternary
ammonium groups can drastically increase the polymer cloud point making it possible to use this class of
hyperbranched poly(ester amide)s as KHIs in high salinity fluids.

The author thanks Roald Kommedal and Sabine Kazazic (University of Stavanger) and Rachel
O’Reilly (University of Warwick) for their help with GPC analysis.
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