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Abstract

Desiccants or drying agents are used extensively to remove water from liquids and gasses. Many
organic reactions, from the lab to the industrial scale, are sensitive to even trace amounts of water.
A new class of desiccant made from complexed polyelectrolytes, PECs, is described here,
exploiting the affinity of charged polymer repeat units for water. The enthalpy of hydration of dry
PECs was used for the first time as a quantitative measure of PEC water affinity. Several
combinations of positive, Pol*, and negative, Pol-, polymers were used to prepare PECs. All of
these displayed significant exothermic (favorable) enthalpies of hydration, measured at room
temperature using solution calorimetry. A PEC made from poly(diallyldimethylammonium),
PDADMA, and poly(styrene sulfonate), PSS, was extruded into convenient shapes. This PEC
was used to dry three common solvents, acetonitrile, tetrahydrofuran, and toluene, representing
a range of polarities. Added water was radiolabeled with tritium to provide accurate and sensitive
detection of residual water after treatment. This PEC was almost as efficient as the comparison
desiccants, molecular sieve 3A and calcium sulfate, after three days of static drying, but could be

regenerated at a lower temperature (120 °C) and shed far fewer dust particles.

INTRODUCTION

Water is often a reactive or corrosive component that must be removed from liquid or
gaseous reaction streams. A great deal of expense and effort is expended in attempts to dry
organic solvents prior to water-sensitive reactions such as those containing organometallic
catalysts, used on a large scale for commercial production.’ Such requirements have led to a long
history of desiccants which must extract water efficiently and completely, should be regenerable

(commonly by heating), nontoxic, low-cost and inert to solvents. The overall efficiency of a
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desiccant is determined by the speed of drying action, capacity to bind water, as well as the

residual solvent water content (ppm).23

Solid desiccants*® may be preferred over liquid desiccants® 78 since they are non-
corrosive, have lower maintenance cost, larger surface area and offer flexible applications.® Silica
has been employed for drying in many applications.’® Dehydration or activation is achieved by
heating between 150 °C and 400 °C."° Alumina, activated at 175 °C, is employed in desiccators
and columns. CaClz, CaH; and CaO have been recommended to dry solvents such as toluene,
dichloromethane, methanol, and ethanol.'" Anhydrous calcium sulfate, made by controlled
dehydration of gypsum, is commercially available as Drierite™ and is activated over the range
200 - 225 °C.? Desiccation using Drierite has been studied in several polar aprotic solvents,
toluene,'? dioxane and moist ether extracts.'® However, the desiccant water capacity is limited to
only 6.6 wt% which makes it suitable for solvents with low water content.'? Anhydrous sodium
and magnesium sulfate are other salts typically employed for drying organic solvents. In
comparison to calcium sulfate, sodium sulfate has a larger water absorption capacity, but the

process is slower.

Activated molecular sieves are universal desiccants composed of porous crystalline
sodium or calcium aluminosilicates (zeolites)."” They possess a system of cavities and channels
of defined molecular dimensions. Type 3A molecular sieve has cavities of size about 3 A, which
is ideal for trapping water molecules of size 2.8 A.'4 It has higher affinity for water compared to
other desiccants and the water capacity is high (22 wt.%) due to the mechanism of selective

sorption. Thermal activation is achieved by heating at 300 °C.3

Polymers, including the “superabsorbent” polyelectrolyte poly(acrylic acid) and
copolymers, have been used in desiccants wheels.'>6 Polyelectrolyte complexes or coacervates
(PECs) are formed by mixing solutions of oppositely-charged polyelectrolytes.'” In the ensuing

phase separation, oppositely-charged polymer repeat units, Pol* and Pol- form pairs, which have
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an affinity for water.’® All properties of PECs are influenced by their water content.’ The
plasticization of PECs transforming them from brittle solids to rubbery or liquid-like materials, is
the best-known example of the influence of water on properties.?® In addition, ion mobility
decreases substantially as the PEC is dried.?' Water content is an equilibrium property, which
means the state of hydration of a PEC depends on the chemical potential (partial pressure,
osmotic pressure®?) of water in the surrounding medium. Because many PECs are used in
aqueous solution, the water content may as high as 30% to 80% by weight. In fact, PECs that are
nominally assumed to be “dry” in ambient air contain about 10 wt% water, which means most

properties measured in ambient can be quite variable.

PECs in the bulk and ultrathin “multilayer” formats are known to absorb a variety of species
in addition to water. For example, Michaels used tertiary mixtures of water, acetone and a salt to
swell PECs to the point of dissolution.?® PECs are doped to various extents using simple inorganic
salts, following a Hofmeister series.?®> Hydrophobic ions such as those in ionic liquids are also
sorbed by PECs,?* as are charged dyes.?® The range of solvents absorbed by PECs is surprisingly

limited. Only small, polar solvents appear to be taken up.?8

Given its fundamental importance to PEC properties, the disposition of water in PECs has
been investigated widely. Due to the confinement arising from the micro- and nano-porous
structure in PEC,%” water shows anomalous diffusive properties.?® Using differential scanning
calorimetry,?® the water in hydrated PECs has been classified into at least three different states
based on its melting temperature Tr: non-freezable, bound water (T, non detectable); freezable,
bound water (Tm below 273 K); and freezable, free water (Tm ~ 273 K). 28 2930 The reduction in T,
for bound water can be explained by either weaker interactions of water with polyelectrolytes
(PEs) or the porous structure of the PEC.22 While both freezable, bound water and freezable, free
water are not found at low PEC hydration, tightly-bound water surrounding polyelectrolyte charge

pairs is thought to be non-freezable.??
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Solution calorimetry3'-32  provides insight into the fundamental mechanisms of
polyelectrolyte complexation.3334 35 36 Using isothermal calorimetry,®”> 38 the enthalpy of
complexation for poly(diallyldimethylammonium chloride) PDADMAC with sodium poly(styrene
sulfonate) PSSNa was determined.?®4° The enthalpy of complexation between sodium
poly(acrylic acid) (PAANa) and poly(allylammonium) (PAH) has been measured.*' Though much
is known about PECs, their properties and potential applications, they have not been used as
drying agents.?° In addition, calorimetry has been acknowledged to provide significant insight into
mechanisms of complexation, but the technique has not been used to compare “hydrophilicities”

among PECs.

In this work, the enthalpies of hydration for various PEC systems, including
PDADMA/PSS, were measured using solution calorimetry. Enthalpic driving forces for water
uptake were compared to those for component polyelectrolytes, PEs, such as PSSNa and
PDADMAC, as well as to common commercially available desiccants. A solid-like PEC with high
negative enthalpy of hydration was processed into a thermally stable extruded form. These
materials were applied as competitive desiccants (in comparison to molecular sieve and Drierite)
for drying common organic solvents. Model organic solvents with varying polarity were dosed with
tritiated water to determine the rate and extent of water sorption using sensitive radiotracer

methods.

EXPERIMENTAL

Materials. Poly(diallyldimethylammonium chloride) (PDADMAC, 20 wt. % in water, molar mass
400 000 — 500 000), poly(4-styrenesulfonic acid) (PSS, 18 wt. % in water, molar mass 75 000),
poly(acrylic acid) (PAA, molar mass 240 000), tris(hydroxymethyl)aminomethane (TRIS) (99.9 %),
potassium chloride (99%) and sodium chloride (99.5%) were from Sigma-Aldrich.

Poly(vinylbenzyltrimethylammonium chloride) (PVTAC, 27 wt. % in water, molar mass 100 000)
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and poly(N,N-dimethyl-3,5-dimethylene piperidinium chloride) (PDDPC, 20 wt. % water molar
mass 200 000 - 300 000,) were obtained from Scientific Polymer Products.
Methacrylamidopropyltrimethylammonium chloride (MAPTAC, 50 wt. % in water) and 2-
acrylamido-2-methylpropanesulfonate (AMPS, 50 wt.% in water), both from Sigma-Aldrich, were
polymerized via free radical polymerization to obtain polymer PMAPTAC, molar mass 320 000
and PAMPS, molar mass 420 000, respectively. Poly(allylamine) (PAH, molar mass 15 000,
Polysciences, Inc.), polyvinylamine (PVA, BASF Lupamin 9095 molar mass 205 000) were used
as examples of polyamines. The molecular weights of polymers were mostly provided by the
manufacturer and molecular weight distributions were assumed to be broad (Mw/M, ~2). HPLC
grade solvents, toluene (99.9%, Fisher Chemical), tetrahydrofuran (THF, 99.9%, Honeywell),
acetonitrile (ACN, 99.9%, Fisher) were further dried through an alumina column. 0.100 M
hydrochloric acid was from VWR. Molecular sieve, type 3A (8-12 mesh, 1.5 — 2.4 mm) and
Drierite, (8 mesh, about 2 mm) were obtained from J.T. Baker. Tritiated water (3H20, 1 mCi in 1
mL water, half-life 12.5 years, B emitter, Enax = 18.6 KeV) was supplied by PerkinElmer. EcoLite(+)
liquid scintillation cocktail (LSC) was used as received from MP Biomedical. All solutions were

prepared using 18 MQ cm deionized water (Barnstead, E-pure).

Polymer Complexation and Extrusion. Complexes were prepared by mixing polycations and
polyanions (both in 0.5 M NacCl) in equal volumes (molar ratio 1:1) simultaneously under vigorous
stirring for 30 min at 60 °C. The precipitate was allowed to consolidate for 1 day then rinsed with
copious amounts of water to remove any salt ions. Fully hydrated complexes were chopped into
chunks between 5 mm and 10 mm. For extrusion, hydrated PECs were fed into a Model LE-075
laboratory extruder (Custom Scientific Instruments). For PDADMA/PSS the extruder parameters
were set as follows: rotor temperature, 90 °C; header temperature 115 °C; gap space 3.8 mm;

and rotor speed 60% (110 rpm). The extruded rod-shaped complex (Figure S1) was collected on
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a Model CSI-194T take-up reel with a 3 cm diameter drum rotating at 10 rpm. These parameters

allowed the extrusion of fiber at approximately 2 g min-'.42

Polymer Stoichiometry. For PDADMA/PSS, 'H solution NMR spectroscopy (Bruker Avance 600
MHz) was used to determine the stoichiometry i.e., the ratio of PDADMA:PSS monomer repeat
units in the complex formed. A 50-100 mg piece of hydrated complex was rinsed with three
sequential aliquots of 0.25 M NaCl in DO over 24 h to replace H,O with D2O. The PEC was
dissolved in 2.5 M KBr in D,O. NMR spectra are shown in Figure S2 (Supporting Information).
Integration of the peaks from the four aromatic hydrogens of PSS (between 5.5 and 9 ppm) was
compared against the 16 aliphatic 'H (between 0 and 4.6 ppm). The stoichiometry or ratio was
determined to be 0.99:1.00 for PDADMA:PSS. The stoichiometries of other PECs were previously

determined to be close to 1:1 by radiolabeling methods.*?

Thermal Gravimetric Analysis (TGA). To verify the thermal stability of PDADMA/PSS, 5 mg of
a well hydrated PEC of PSS/PDADMAC was dabbed with a wipe to remove excess water.
Analysis was performed with a TA Instruments model Q600 TGA at a heating rate of 10 °C min-"
from room temp to 700 °C under Ar (Figure S3). The thermal stability of other PECs has been

reported.*?

Desiccant activation. Molecular sieve was dried to constant weight in a vacuum oven at 300 °C
for 15 h. Drierite (calcium sulfate) was dried at 220 °C while extruded PECs were activated at 120

°C in a drying oven. Dried desiccants were stored in an argon-filled dry box.

Solution Calorimetry. The enthalpies of hydration for the dry desiccants were determined using
a Paar 6755 Solution Calorimeter charged with 100.0 g water. Dry PEC and polyelectrolyte (PE)
samples were finely ground in coffee grinder then passed through a 100 ym sieve, dried at 120
°C, and loaded into a PTFE dish in a dry box. The dish was sealed and transferred to the

calorimeter. After temperature equilibration, a calorimetry measurement was initiated by plunging
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the sample into water using the rod actuator. Temperatures in the dewar were monitored with a
Parr 6772 calorimetric thermometer. Readings were taken with a thermistor sealed in a stainless-
steel probe near room temperature (Figure S4 - Figure S11). The calorimeter was calibrated by
neutralizing 0.500 g tris(hydroxymethyl)aminomethane, TRIS, in 100 mL 0.100 M HCI (a slight
excess). All calorimetry measurements were performed at least in triplicate and the error is

presented as the standard error of the mean.

Liquid Scintillation Counting. A Charm Il liquid scintillation counter with two photomultiplier
tubes working in coincidence was used to count the 3 emissions from the tritium labeled water for
3 minutes. The counting efficiency for tritium was 25 %. A coincidence resolution time of 60 ns
ensured extremely low background counts (less than 1 count per minute). Samples were mixed
with 2 mL of the liquid scintillation cocktail in capped 13 x 100 mm borosilicate tubes. The water
concentrations (ppm) in solvents were determined by converting the counts per minute (cpm) to
ppm (Figure S12 — Figure S14) using a separate calibration curve for each solvent (Figure S15).
10 uL aliquots of labeled water each containing 10 nanocurie were used to prepare an instrument
response curve over the experimental range of 0 to 1000 ppm H2O (Figure S16). Additional

solvent was added after counting to verify there was no significant quenching by solvent. The

counting error is +./number of counts. The calibration curves (Figure S15) show a response of

about 60 counts per minute (cpm) per ppm. Thus, the percent counting error, for a 3- minute

— 1802‘;;” x 100%. For 1000 ppm this corresponds to +0.2% and for 1 ppm it is + 7%.

count, is +
180p

Drying Kinetics. Solvents used to monitor the drying kinetics were first dried by passing them
through an activated alumina column. 1.00 g of dried desiccant was weighed into 20 mL vials in
a dry box and sealed with rubber septa. 10 mL of each solvent was transferred into the vials with

a syringe. 10 pL of tritiated water was added into the sealed vials and gently agitated. At each
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time point, a 100 yL aliquot was transferred from the vial into 2 mL of liquid scintillation cocktail

for counting.

Dust Test. The potential influence of the smallest particles (“dust”) that might be released by the
desiccant and remain suspended in the solvent was investigated. After 3 days of drying, 100 pL
aliquots were counted and then the vial was shaken to release dust particles which, having
extracted radiolabeled water, would produce additional counts in the LSC. Thus, after shaking,
another 100 pL aliquot was extracted and counted as an indication of the relative amount of dust

produced.

Results and Discussion

PEC Hydration Enthalpies

Water is an essential component of polyelectrolyte complexes and coacervates. Pol*Pol-
charge pairs, whether located on synthetic or bio-polymers, have an affinity for water. With a salt-
like or zwitterionic character, PECs are not swollen by most organic solvents.?® The selectivity for
water is probably a combination of the small mesh size of highly charged PECs and the strong
polarity of water, driving it to the Pol*Pol- charge pair. This selectivity for water is a promising

feature for use of PECs as drying agents.

Dry PECs are glassy and brittle, with modulii in the GPa range. For example, dry
PDADMA/PSS has an elastic modulus of about 1 GPa** and dry PAH/PSS was reported to be
somewhat stiffer (5-10 GPa).** When doped with water and salts,*>46 PECs exhibit “saloplasticity”
as salt breaks Pol*Pol- charge pairs,*’ resulting in decreased modulus and viscosity, which allows
large-scale processing such as extrusion,*® bar coating,*® spin coating,®® electrospinning,®
compression,*”®2 and embossing.5® However, the toughness of PDADMA/PSS was substantially
enhanced when chains were aligned during extrusion.*® For this reason, PDADMA/PSS PECs

were extruded (using hydrated materials) without added salt. Extrusion in this way did not
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influence water uptake, but the PECs were less susceptible to fracture into smaller pieces,
especially when completely dry, whereas unextruded PEC was very brittle. Given the desirability
of separating desiccant from solvent and reducing dust (see below), toughness in PEC was

considered an advantage.

Various combinations of polyelectrolytes, structures shown in Scheme 1, were used to
prepare PECs. During PEC complexation, small molecule impurities are naturally excluded or
washed out.*® In addition, because the materials were nearly stoichiometric and well rinsed,
counterions (that might leach out) were not incorporated into the final PECs used for drying. TGA
showed that all PECs lost water above 100 °C and remained thermally stable until about 400 °C

(see Figure S3).42

NH
+ + + el o) o
/N\ /N\ NH,

PDDP PDADMA PAH PVA PAA
HN™ 0 HN™ ~0
SOy 5 —3-0Or
M 3 H 0=§-0
/ | AN // ~ o)
PVTA PSS PMAPTA PAMPS

Scheme 1. Structures of Polyelectrolytes

Cations: poly(N,N-dimethyl-3,5-dimethylene piperidinium) (PDDP); poly(allylamine) (PAH);
poly(vinylbenzyltrimethylammonium) (PVTA); poly(diallyldimethylammonium) (PDADMA),
poly(methacrylamidopropyltrimethyl ammonium) (PMAPTA); poly(vinylamine) (PVA). Anions:
poly(styrenesulfonate) (PSS); poly(acrylic acid) (PAA), poly(2-acrylamido-2-

methylpropanesulfonate) (PAMPS).
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General equations for hydrating dry PECs, molecular sieve and Drierite may be written as

(Pol*Pal) + nHZO — (PoI*PoI')onHQO (1)
KaNaAlLSiO7 + nH20 — K2N82A|28i07.nH20 (2)
YCGSO4 + 2H,0O — CaS0,e2H-,0 (3)

The total water uptake is a function of how “activated” or dry the desiccant is at the beginning.

The ultimate (equilibrium) efficiency for extracting water from a solvent, or from a gas,
depends on the free energy change of hydration AGhyg = AHnyg — TAShyd. The more exothermic,
the more efficient a potential desiccant should be in extracting water. It is assumed that entropy
always favors absorptioni.e., mixing of water and desiccant components. To quantitatively assess
the affinity of each PEC for water, sensitive calorimetry measurements were performed to
determine the enthalpy of hydration. An example of a thermogram is presented in Figure 1, where
dry powdered PDADMA/PSS was exposed to water and the (exothermic) heat determined. All
starting PECs were thoroughly washed with water before drying and the pH of the calorimeter
water was not buffered but remained to approximately neutral (pH 5.5 - 6) before and after

hydration.
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Figure 1. Thermogram showing the exothermic hydration of 0.5003 g dry PDADMA/PSS PEC in
100 mL of water. After room temperature equilibration, the sample was introduced to water at 350

s. AT was determined as shown. The heat capacity of the calorimeter with contents was 539.2 J

K.

Similar measurements were performed on other PECs and the results tabulated in Table
1 (see Supporting Information Figures S4 - S11 for the individual thermograms). In addition,
hydration enthalpies, AHnyq4, of a couple of individual polyelectrolytes (PSSNa and PDADMAC),
KCI (as a reference) and two classical desiccants, molecular sieve 3A and CaSOs, were
determined. Because water is known to occupy different environments within a PEC,% 29 the first
water molecules taken up probably generate the most enthalpy per gram. The enthalpy of

hydration was thus normalized by the number of grams or moles of Pol*Pol-.

The AHnyq values for PECs, the first determined for such materials, display an interesting
and unpredicted range. Enthalpies were exothermic, as expected for a material that is full of
charge. The number of water molecules per pair of Pol*Pol- charges, nu20, taken from earlier work,
also listed in Table 1, reflects the equilibrium water content of PECs when immersed in water at

room temperature. Interestingly, there is little correlation between AHnyg and nuoo. It is probable
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that the first few water molecules taken up by the PEC hydrate the Pol*Pol- pair and the balance

of water sits outside the hydration shell in a different environment.

Table 1. Molar mass (repeat unit), enthalpy per mol, enthalpy per gram and number of water
molecule per mole of Pol*Pol- hydrating the PEC in water at equilibrium. Room temperature.

Values in parenthesis are the standard error of the mean.

Mwa AHpyg mol AHpyg g NH,0
(kJ mol) Jgh

PDADMA/PSS 309 -42.4 (+0.8)° -137.4 (£3) ~10°
PAH/PAA 129 -29.8 (+0.4) -226.7 (£0.6) 2.4¢
PDDP/PSS 323 -40.7 (£2) -126 (16) 25.5¢
Molecular Sieve 303 -53.4 (£1) -172.9 (24) -
Calcium Sulfate 136 -4.3 (£0.1) -31.9 (x0.2) ~ 24
KCIf 75 +16.5 (£0.7)° +222 (£9) -
PSSNa' 207 -16.3 (1) -78.9 (5) -
PDADMACT 162 -14.4 (+0.5) -88.9 (13) -
PVTA/PSS 360 -30.2 (x0.1) -84.2 (+0.2) 8.8¢
PVA/PSS 227 -4.4 (x0.2) -20.1 (20.9) 7.1¢
PMAPTA/PAMPS 392 -57.2 (+0.3) -145.8 (+0.8) -

amolecular weight of the repeat unit

bstandard error of the mean

¢from Chen et al.>*

dfrom Burfield et al.2

esimilar to value reported by Kilday.5®
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fenthalpies of solution

Hydration enthalpies did not correlate well to charge densities. The AHnyq for
PMAPTA/PAMPS was the most exothermic in terms of J mol-' while PAA/PAH boasted the most
negative AHnq in terms of J g'. Enthalpies of salts and homopolyelectrolytes include hydration
of the small counterion(s). If enthalpy were used as a measure of hydrophobicity, PSS with Na*

as a counterion and PDADMA with CI- have about the same hydrophobicity.

The AHnyq values for PSSNa, PDADMAC and NaCl, which are really enthalpies of solution,
permitted the construction of the enthalpy cycle in Figure 2. The complexation enthalpy
PDADMA*CI- + PSS'Na* > PDADMA/PSS + Na* + CI- was taken from the literature,®32° as was
the hydration enthalpy of NaCl.>¢ From this result, the water-free “complexation” of PDADAMC
and PSSNa was calculated to be 4.7 kJ mol'. In other words, complexation in an aqueous
environment is about 8 kJ more favorable than in a “dry” environment (representing exchange of

PDADMA*CI- and PSS-Na* pairing to PDADMA*PSS- and NaCl in the solid state).

+4.7 kJ
PDADMA/PSS,, + NaCl, PDADMACI,, + PSSNa,
-42.4 kJ +4.2kJ +14.4 kJ +16.3 kJ
-2.8 kJ

PDADMA/PSS,, + Na* (., + Cl o)

PDADMACI,,, + PSSNa

aq)

Figure 2. Hess'’s cycle showing the molar enthalpies of various processes at room temperature.
Subscripts “s”, “h”, and “aq” denote (dry) solid, hydrated solid, and aqueous solution, respectively.

All enthalpies are experimental except +4.7 kJ.

PEC as Desiccant
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The PDADMA/PSS complex, with a strongly exothermic AHng and high-water capacity
(Table 1), was selected for further investigation as a desiccant. This choice was based on
additional factors: the starting materials were low cost (unlike PAH and PDDP) and the hydrated
material remained in the glassy state at room temperature.®* In contrast, PMAPTA/PAMPS, the
most exothermic (in terms of kJ mol'), was a liquid-like coacervate in water at room temperature
(i.e. considerably above T4). When they are above Tg4, hydrated PECs tend to clump or flow
together. In addition, a comprehensive assessment of swelling of PDADMA/PSS in various

solvents has been made and very few were found to swell this PEC when dry.2¢

Three common organic solvents were selected to illustrate and compare the drying
efficiency of PECs: acetonitrile, tetrahydrofuran (THF), and acetonitrile. Table 2 shows these
solvents cover a range of polarities. The relative polarities of each solvent is given by either the

dielectric constant, Snyder’s polarity index,%” or Reicharts solvatochromic®® index, ENy.

Table 2. A comparison of polarities at room temperature for solvents and water.

Dielectric const. | 2Polarity index bENT
Water 80 9.0 1.000
Acetonitrile 37 6.2 0.460
THF 7.6 4.2 0.207
Toluene 24 23 0.099

aSnyder 1974%

bReichardt 199458

Dry solvents were added to dry PEC, then dosed with tritium labeled water. Radiocounting
versus time provided highly sensitive and accurate measurements of water content, with a
detection limit of 0.02 ppm H>O. For each solvent, the drying efficiencies of PEC in powder form

and extruded PEC (Ex-PEC) were compared with two classical desiccants, CaSO, (Drierite™)
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and molecular sieve 3A. Figures 3 compares drying efficiencies in acetonitrile, THF and toluene.
In each case, solvents were left unstirred and water contents, starting at values close to 1000

ppm, were determined for up to three days at room temperature.
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Figure 3. Drying kinetics of three desiccants in A) Acetonitrile; starting water concentration 1265
ppm. B) THF; starting water concentration is 1125 ppm. C) Toluene; starting water concentration
460 ppm. All loadings were 1.0 g desiccant in 10 mL solvent. 100 yL aliquots were removed at
each time point (time in hours), mixed with 2 mL liquid scintillation cocktail, and counted. Error is

less than the size of the points down to 1 ppm.

Table 3 summarizes the findings that the amount of residual water depends on the solvent
and the desiccant. Acetonitrile is highly miscibile with water and forms an azeotrope which can
be challenging to completely dry. For comparison to Table 3, at 5 % desiccant loading of molecular
sieve 3A, it was reported that ACN was dried from 2500 ppm to 52 ppm after 3 days under static
conditions.? The water content using CaSO4 powder was only reduced to 180 ppm after 3 days.?
Williams and Lawton showed that ACN could be dried to a water content of 0.5 ppm after 48 h,'?
while the water content in THF was reduced from above 100 ppm to 4 ppm after 3 days using
molecular sieve 3A, and natural alumina could dry these to as low as 6 ppm water. They also
reported that with molecular sieve 3A wet toluene was dried to as low as 0.9 ppm water after 24

h.’?2 These findings are comparable to those in Table 3.
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Table 3. Residual water content in acetonitrile, THF and toluene after 1, 3 and 14 days of drying.
Desiccants were first dried/activated. All solvents were dried under static (unstirred) conditions.
Starting water content in ACN and THF was about 1000 ppm. Due to low the solubility of water in

toluene, the initial amount of added water was 460 ppm.

Residual Water (ppm)

After 1 day After 3 days After 14 days
ACN THF Toluene ACN THF Toluene ACN THF Toluene
Mol.Sieve 3A 7 31 0.4 4 23 03 ND ND ND
Ex-PEC 112 79 0.3 79 47 0.1 8 9 0.06
Drierite 47 63 05 22 46 0.5 ND ND ND
PEC Powder 206 90 1.4 155 60 1.2 61 40 0.6

When using a column or a slurry of desiccant to dry a solvent, the release of any
contaminating particles is an important practical consideration. Inorganic desiccants produce dust
when they are handled in the dry and the wet state. These dust particles may influence the
eventual lab- or production-scale process which uses the solvent, perhaps requiring a final
filtration step. In order to assess the extent of particle release, the drying solvents were manually
shaken after the 3-day measurement point and a second sample/aliquot was collected and
counted (Scheme 2). These counts contain particles that have sorbed water and thus contribute
additional counts. Table 3 shows the additional counts resulting from this “dust test.” It is clear
from this semi-quantitative comparison that the extruded PEC produced far less dust than any of
the other desiccants. It was originally assumed that, because of a higher surface area, PEC
powder might dry solvents faster to lower residual water contents than Ex-PEC. As seen in the
graphs and tables, this was not the case. It was observed that PEC powder formed a packed bed

at the bottom of the vial, which likely resulted in slower water diffusion to the desiccant
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underneath. A sample of Ex-PEC in toluene was put through three desiccation and regeneration
(drying at 120 °C for 2 h) cycles as above and the residual water content was 1.7 ppm after the

last cycle.

Shake

Scheme 2. Dust Test. Aliquots for counting were taken after 3 days. The vials were shaken to
allow release of dust particles and second batch of aliquots was taken. A subtraction of counts

was translated to a ppm water value as a relative indicator of the dust produced.

Desiccant Dust (ppm)

ACN THF Toluene
Mol. Sieve3A 2 6 0.1
Ex-PEC 04 02 003
Drierite 21 19 0.7

PEC Powder 107 88 1.6

Table 4. Dust released into ACN, THF and toluene. The lowest amount of dust was recovered

from Ex-PEC while PEC powder produced the greatest amount of dust.
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In addition to efficient water uptake (Table 3) and low production of particulates (Table 4),
PECs offer a number of practical advantages for use in various applications. For example, in heat
and humidity management using desiccant wheels®? 15 the balance between water uptake and
humidity depends on the AHnyg of the material and PECs clearly offer a range of hydration
enthalpies depending on composition (Table 1). PECs rely on bulk water absorption,® rather
than adsorption to materials with high specific surface areas such as silica and alumina, which
means there is less surface area to foul with microbes. PECs are generally nonreactive whereas
molecular sieve 3A reacts with some solvents, such as methanol.®® PECs may be washed with
aqueous cleaning agents without dissolving or degrading the materials. PDADMA/PSS is stable
in strongly acidic or basic solutions.®' PECs based on quaternary ammonium even show excellent
stability against bleach.f? As polymers, PECs may be molded, extruded, or stamped into specific
structures. Finally, traditional desiccants may be combined with PECs as composites in order to

combine the optimal drying qualities of both media.
CONCLUSIONS

Complexes of synthetic polyelectrolytes were introduced many decades ago. Michaels
envisioned several possible uses of solid-like PECs, including membranes for dialysis and
ultrafiltration, separators for batteries and fuel cells, in medical implants, contact lenses, low
oxygen transmission coatings, and in sensors.?® Most potential applications involve hydrated
PECs because they tend to be brittle when dry. The use of PECs as drying agents is a promising
new application, supported by fundamental insight provided by a new class of calorimetry
experiments on PECs to measure their enthalpies of hydration. A full picture of whether PECs as
desiccants may be adapted for large-scale use, something which has not yet occurred for other
applications of these interesting materials, will come with engineering studies that track energy
efficiency, cost and recyclability on a systems basis. However, because PECs are generally

inexpensive, stable and of low toxicity, there is good reason to believe they may be adapted as
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desiccants. PECs may be recycled by softening them in hot, salty water (saloplasticity*”- 63) which

allows them to be re-extruded in a materials- and energy-efficient “saloplastic cycle.”

Acknowledgements

Funding: This work was supported by a grant from the National Science Foundation DMR -

2103703
Authors: ORCID IDs
Joseph B. Schlenoff: 0000-0001-5588-1253

Zachary A. Digby: 0000-0001-5018-9620

Notes

The authors declare no competing financial interests.

Data and materials availability

All data are available in the manuscript or supplementary materials.
Supplementary Materials

Image of desiccants; NMR of PDADMA/PSS PEC; example of thermal gravimetric analysis to
show thermal stability; calibration procedure for calorimetry; examples of individual
thermograms for all materials measured; solvent drying kinetics on linear scales; calibration

curves for determining water by radiolabeling methods.

REFERENCES



10.1021/acsami.2c19934

1. Copéret, C.; Chabanas, M.; Petroff Saint-Arroman, R.; Basset, J. M. Homogeneous and
Heterogeneous Catalysis: Bridging the Gap through Surface Organometallic Chemistry. Angewandte
Chemie International Edition 2003, 42, 156-181.

2. Burfield, D. R. Desiccant Efficiency in Solvent and Reagent Drying. 9. A Reassessment of Calcium
Sulfate as a Drying Agent. Journal of Organic Chemistry 1984, 49, 3852-3854.
3. Burfield, D. R.; Lee, K.-H.; Smithers, R. H. Desiccant Efficiency in Solvent Drying. A Reappraisal by

Application of a Novel Method for Solvent Water Assay. The Journal of Organic Chemistry 2002, 42, 3060-
3065.

4, Yang, Y.; Rana, D.; Lan, C. Q.; Matsuura, T. Development of Membrane-Based Desiccant Fiber for
Vacuum Desiccant Cooling. ACS App! Mat. Interfac 2016, 8, 15778-15787.
5. Abd-Elhady, M. M.; Salem, M. S.; Hamed, A. M.; El-Sharkawy, I. I. Solid Desiccant-Based

Dehumidification Systems: A Critical Review on Configurations, Techniques, and Current Trends.
International Journal of Refrigeration 2022, 133, 337-352.

6. Che, C.; Cheng, X.; Tong, S.; Yin, Y. Deep Utilization of Low-Grade Heat through Compositional
Modulation of Multi-Component Liquid Desiccant. ACS Appl Mat Interfac 2022, 14, 35581-35591.
7. Wang, X.; Cai, W.; Lu, J.; Sun, Y.; Ding, X. Heat and Mass Transfer Model for Desiccant Solution

Regeneration Process in Liquid Desiccant Dehumidification System. Industrial & Engineering Chemistry
Research 2014, 53, 2820-2829.

8. Rewatkar, P. M.; Saeed, A. M.; Majedi Far, H.; Donthula, S.; Sotiriou-Leventis, C.; Leventis, N.
Polyurethane Aerogels Based on Cyclodextrins: High-Capacity Desiccants Regenerated at Room
Temperature by Reducing the Relative Humidity of the Environment. ACS Appl. Mat Interfac2019, 11,
34292-34304.

9. Mujahid Rafique, M.; Gandhidasan, P.; Rehman, S.; Al-Hadhrami, L. M. A Review on Desiccant
Based Evaporative Cooling Systems. Renewable and Sustainable Energy Reviews 2015, 45, 145-159.

10. Bartell, F. E.; Almy, E. G. Activated Silica Gel. The Journal of Physical Chemistry 1932, 36, 475-489.
11. Armarego, W. L. F. Purification of Laboratory Chemicals. Purif. Lab. Chem. 2017, 1-1176.

12. Williams, D. B.; Lawton, M. Drying of Organic Solvents: Quantitative Evaluation of the Efficiency
of Several Desiccants. J. Org. Chem. 2010, 75, 8351-8354.

13. Burfield, D. R. Desiccant Efficiency in Solvent Drying. 3. Dipolar Aprotic Solvents. Journal of Organic
Chemistry 1978, 43, 3966-3968.

14. Sherman, J. D. Synthetic Zeolites and Other Microporous Oxide Molecular Sieves. Proceedings of
the National Academy of Sciences 1999, 96, 3471-3478.

15. La, D.; Dai, Y. J,; Li, Y.; Wang, R. Z,; Ge, T. S. Technical Development of Rotary Desiccant
Dehumidification and Air Conditioning: A Review. Renewable and Sustainable Energy Reviews 2010, 14,
130-147.

16. Mudiyanselage, T. K.; Neckers, D. C. Highly Absorbing Superabsorbent Polymer. Journal of Polymer
Science Part A: Polymer Chemistry 2008, 46, 1357-1364.

17. Michaels, A. S.; Miekka, R. G. Polycation-Polyanion Complexes: Preparation and Properties of
Poly(Vinylbenzyltrimethylammonium Styrenesulfonate). Journal of Physical Chemistry 1961, 65, 1765-73.
18. Tsuchida, E. Formation of Polyelectrolyte Complexes and Their Structures. Journal of

Macromolecular Science, Part A 1994, 31, 1-15.

19. Schonhoff, M.; Ball, V.; Bausch, A. R.; Dejugnat, C.; Delorme, N.; Glinel, K.; Von Klitzing, R.; Steitz,
R. Hydration and Internal Properties of Polyelectrolyte Multilayers. Colloids Surf. A 2007, 303, 14-29.

20. Michaels, A. S. Polyelectrolyte Complexes. Industrial & Engineering Chemistry 1965, 57, 32-40.
21. Ostendorf, A.; Schénhoff, M.; Cramer, C. lonic Conductivity of Solid Polyelectrolyte Complexes
with Varying Water Content: Application of the Dynamic Structure Model. Physical Chemistry Chemical
Physics 2019, 21, 7321-7329.



10.1021/acsami.2c19934

22. Hariri, H. H.; Lehaf, A. M.; Schlenoff, J. B. Mechanical Properties of Osmotically Stressed
Polyelectrolyte Complexes and Multilayers: Water as a Plasticizer. Macromolecules 2012, 45, 9364-9372.
23. Ghostine, R. A.; Shamoun, R. F.; Schlenoff, J. B. Doping and Diffusion in an Extruded Saloplastic
Polyelectrolyte Complex. Macromolecules 2013, 46, 4089-4094.

24, Zhang, B.; Hoagland, D. A.; Su, Z. lonic Liquids as Plasticizers for Polyelectrolyte Complexes. The
Journal of Physical Chemistry B 2015, 119, 3603-3607.

25. Zhao, M.; Zacharia, N. S. Sequestration of Methylene Blue into Polyelectrolyte Complex
Coacervates. Macromolecular Rapid Communications 2016, 37, 1249-1255.

26. Fares, H. M.; Wang, Q.; Yang, M.; Schlenoff, J. B. Swelling and Inflation in Polyelectrolyte
Complexes. Macromolecules 2019, 52, 610-619.

27. Vaca Chavez, F.; Schonhoff, M. Pore Size Distributions in Polyelectrolyte Multilayers Determined
by Nuclear Magnetic Resonance Cryoporometry. The Journal of Chemical Physics 2007, 126, 03B610.

28. Batys, P.; Zhang, Y.; Lutkenhaus, J. L.; Sammalkorpi, M. Hydration and Temperature Response of
Water Mobility in Poly(Diallyldimethylammonium)-Poly(Sodium 4-Styrenesulfonate) Complexes.
Macromolecules 2018, 51, 8268-8277.

29. Ohno, H.; Shibayama, M.; Tsuchida, E. DSC Analyses of Bound Water in the Microdomains of
Interpolymer Complexes. Die Makromolekulare Chemie 1983, 184, 1017-1024.

30. Ostrowska-Czubenko, J.; Pierég, M.; Gierszewska-Druzynska, M. Water State in Chemically and
Physically Crosslinked Chitosan Membranes. Journal of Applied Polymer Science 2013, 130, 1707-1715.
31. Laugel, N. B., C.; Winterhalter, M.; Voegel, J. C.; Schaaf, P.; Ball, V. Relationship between the
Growth Regime of Polyelectrolyte Multilayers and the Polyanionpolycation Complexation. Journal of
Physical Chemistry 2006, 110, 289-312.

32. Chiad, K.; Stelzig, S. H.; Gropeanu, R.; Weil, T.; Klapper, M.; Millen, K. Isothermal Titration
Calorimetry: A Powerful Technique to Quantify Interactions in Polymer Hybrid Systems. Macromolecules
2009, 42, 7545-7552.

33. Yang, M.; Digby, Z. A.; Schlenoff, J. B. Precision Doping of Polyelectrolyte Complexes: Insight on
the Role of lons. Macromolecules 2020, 53, 5465-5474.

34. Salehi, A.; Desai, P. S.; Li, J.; Steele, C. A.; Larson, R. G. Relationship between Polyelectrolyte Bulk
Complexation and Kinetics of Their Layer-by-Layer Assembly. Macromolecules 2015, 48, 400-409.

35. Vitorazi, L.; Ould-Moussa, N.; Sekar, S.; Fresnais, J.; Loh, W.; Chapel, J. P.; Berret, J. F. Evidence of
a Two-Step Process and Pathway Dependency in the Thermodynamics of Poly(Diallyldimethylammonium
Chloride)/Poly(Sodium Acrylate) Complexation. Soft Matter 2014, 10, 9496-9505.

36. Pozar, J.; Kovacevi¢, D. Complexation between Polyallylammonium Cations and
Polystyrenesulfonate Anions: The Effect of lonic Strength and the Electrolyte Type. Soft Matter 2014, 10,
6530-6545.

37. Oppermann, W.; Schulz, T. Interaction between Oppositely Charged Polyelectrolytes in Aqueous-
Solution. Makromol Chem-M Symp 1990, 39, 293-299.

38. Priftis, D.; Laugel, N.; Tirrell, M. Thermodynamic Characterization of Polypeptide Complex
Coacervation. Langmuir 2012, 28, 15947-15957.

39. Fu, J.; Schlenoff, J. B. Driving Forces for Oppositely Charged Polyion Association in Aqueous
Solutions: Enthalpic, Entropic, but Not Electrostatic. Journal of the American Chemical Society 2016, 138,
980-990.

40. Schlenoff, J. B.; Yang, M.; Digby, Z. A.; Wang, Q. lon Content of Polyelectrolyte Complex
Coacervates and the Donnan Equilibrium. Macromolecules 2019, 52, 9149-9159.

41. Kremer, T. K., D.; Salopek, J.; Pozar, J. Conditions Leading to Polyelectrolyte Complex Overcharging
in Solution: Complexation of Poly(Acrylate) Anion with Poly(Allylammonium) Cation. Macromolecules
2016, 49, 8672-8685.



10.1021/acsami.2c19934

42. Fu, J.; Fares, H. M.; Schlenoff, J. B. lon-Pairing Strength in Polyelectrolyte Complexes.
Macromolecules 2017, 50, 1066-1074.

43. Wang, Q.; Schlenoff, J. B. Tough Strained Fibers of a Polyelectrolyte Complex: Pretensioned
Polymers. RSC Advances 2014, 4, 46675-46679.

44, Markutsya, S. J., C.; Pikus, Y.; Tsukruk, V. Freely Suspended Layer-by-Layer Nanomembranes :
Testing Micronechanical Properties. Adv. Funct Mat 2005, 15, 771-780.

45, Zhang, R.; Zhang, Y.; Antila, H. S.; Lutkenhaus, J. L.; Sammalkorpi, M. Role of Salt and Water in the
Plasticization of PDAC/PSS Polyelectrolyte Assemblies. The Journal of Physical Chemistry B2017,121,322-
333.

46. Reid, D. K. S., A.; O’Neal, J.; Kavarthapu, A. V.; Lutkenhaus, J. L. Swelling and Thermal Transitions
of Polyelectrolyte Multilayers in the Presence of Divalent lons. Macromolecules 2016, 49, 5921-5930.

47. Schaaf, P.; Schlenoff, J. B. Saloplastics: Processing Compact Polyelectrolyte Complexes. Adv Mater
2015, 27, 2420-2432.

48. Shamoun, R. F. R, A.; Schlenoff, J. B. Extruded Saloplastic Polyelectrolyte Complexes. Advanced
Functional Materials 2012, 22, 1923-1931.

49, Haile, M. S., O.; Henderson, R.; Smith, R.; Grunlan, J. C. Polyelectrolyte Coacervates Deposited as
High Gas Barrier Thin Films. Macromol. Rapid Commun. 2017, 38.

50. Kelly, K. D.; Schlenoff, J. B. Spin-Coated Polyelectrolyte Coacervate Films. ACS App! Mat Interfac
2015, 7, 13980-13986.

51. Meng, X.; Perry, S. L.; Schiffman, J. D. Complex Coacervation: Chemically Stable Fibers Electrospun
from Agueous Polyelectrolyte Solutions. ACS Macro Lett 2017, 6, 505-511.

52. Duan, Y.; Wang, C.; Zhao, M.; Vogt, B. D.; Zacharia, N. S. Mechanical Properties of Bulk Graphene
Oxide/Poly(Acrylic Acid)/Poly(Ethylenimine) Ternary Polyelectrolyte Complex. Soft Matter 2018, 14, 4396-
4403.

53. Gai, M.; Li, W.; Frueh, J.; Sukhorukov, G. B. Polylactic Acid Sealed Polyelectrolyte Complex
Microcontainers for Controlled Encapsulation and NIR-Laser Based Release of Cargo. Colloids Surf B:
Biointerfaces 2019, 173, 521-528.

54. Chen, Y. Y., M.; Schlenoff, J. B. Glass Transitions in Hydrated Polyelectrolyte Complexes.
Macromolecules 2021, 54, 3822-3831.

55. Kilday, M. V. The Enthalpy of Solution of SRM 1655 (KCl) in H30. J. Res. Natl. Bur. Stand. 1980, 85,
467-481.

56. Archer, D. G.; Kirklin, D. R. Enthalpies of Solution of Sodium Chloride and Potassium Sulfate in
Water. Thermodynamic Properties of the Potassium Sulfate+Water System. Journal of Chemical &
Engineering Data 2002, 47, 33-46.

57. Snyder, L. R. Classification of the Solvent Properties of Common Liquids. J. Chromatog 1974, 92,
223-230.

58. Reichardt, C. Solvatochromic Dyes as Solvent Polarity Indicators. Chemical Reviews 1994, 94,
2319-2358.
59. Byun, Y.; Je, S. H.; Talapaneni, S. N.; Coskun, A. Advances in Porous Organic Polymers for Efficient

Water Capture. Chemistry — A European Journal 2019, 25, 10262-10283.

60. Mizuno, M.; Kobayashi, K.; Nakajima, H.; Koya, M.; Inazu, T. Unexpected Reaction Using Methanol
Dried over Molecular Sieves. Synthetic Communications 2002, 32, 1665-1670.

61. Elshof, M. G.; de Vos, W. M.; de Grooth, J.; Benes, N. E. On the Long-Term pH Stability of
Polyelectrolyte Multilayer Nanofiltration Membranes. Journal of Membrane Science 2020, 615, 118532.
62. de Grooth, J.; Haakmeester, B.; Wever, C.; Potreck, J.; de Vos, W. M.; Nijmeijer, K. Long Term
Physical and Chemical Stability of Polyelectrolyte Multilayer Membranes. Journal of Membrane Science
2015, 489, 153-159.



10.1021/acsami.2c19934

63. Krishna B, A.; Willott, J. D.; Lindhoud, S.; de Vos, W. M. Hot-Pressing Polyelectrolyte Complexes
into Tunable Dense Saloplastics. Polymer 2022, 242, 124583.

TOC graphic

Regeneration @ 120 °C
-@® H,0

_
® o
SO3_ ﬁ ® SO3_.
i +@ H,0 e

ON ©
m

m



