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Sustainable polyacetals from erythritol and bioaromatics

Mayra Rostagno, Erik J. Price, Alexander G. Pemba, Ion Ghiriviga, Khalil A. Abboud, Stephen A. Miller
The George and Josephine Butler Laboratory for Polymer Research, Department of Chemistry, University of Florida, Gainesville,
Florida 32611-7200
Correspondence to: S. A. Miller (E - mail: miller@chem.ufl.edu)

ABSTRACT: The polymerization of biorenewable molecules to polymers with hydrolyzable main-chain functionality is one approach to

identifying sustainable replacements for common, environmentally unsound packaging plastics. Bioaromatic polyacetals were synthe-

sized via acid-catalyzed acetal formation from dialdehydes and tetraols. Ethylene linked dialdehyde monomers VV and SS were con-

structed from bioaromatics vanillin and syringaldehyde, respectively. Tetraol monomers included biogenic erythritol (E), along with

pentaerythritol (P), and ditrimethylolpropane (D). Four copolymer series were prepared with varying tetraol content: E/P-VV; E/D-

VV; E/P-SS; and E/D-SS. Number average molecular weights (Mn) ranged from 1,400 to 27,100 Da. Generally, the copolymerization

yields were inversely proportional to the feed fraction of erythritol (E), implying that tetraols P and D react more readily. The materi-

als were typically amorphous and exhibited glass transition temperatures (Tg) ranging from 57 to 159 8C, suitably mimicking the Tg

values of several commodity plastics. The syringaldehyde-based copolymers exhibited a higher Tg range (71–159 8C) than the vanillin-

based copolymers (57–110 8C). Accelerated degradation studies in aqueous HCl (3 M, 6 M, concentrated) over 24 h showed that deg-

radation (Mn decrease) was proportional to the acid concentration. A one-year degradation study of E50/D50-SS (from 50% feed of

erythritol) in seawater, deionized water, tap water, or pH 5 buffer showed no Mn decrease; but in pH 1 buffer, the decrease was 40%

(18,800 to 11,200). VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44089.

KEYWORDS: biodegradable; biopolymers and renewable polymers; cellulose and other wood products; degradation; thermal
properties
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INTRODUCTION

Petroleum and natural gas resources for commodity plastic

manufacturing are not indefinitely guaranteed.1 Moreover, world-

wide plastic production is ever increasing while recycling efforts

are stagnant.2 These two factors highlight the need to invent and

produce renewable polymers that possess inherent degradability.

Applying the Principles of Green Chemistry3 to the enormous

commodity plastics industry seems to be necessary for the ulti-

mate preservation of the planet and the quality of life of its

inhabitants. Two pertinent Principles of Green Chemistry are #7,

“use of renewable feedstocks”—as illustrated by the epitomic

research of Professor Wool4—as well as #10, “design for degrada-

tion.” Properly applied, these two Principles could transform the

plastics industry from environmentally perilous to sustainable.

Perhaps the most successful green polymer is polylactic acid

(PLA),5–7 pioneered by NatureWorks in Blair, Nebraska8 where

cornstarch is converted to glucose, then to lactic acid, then to

lactide, which is subject to ring-opening polymerization. The

Nebraska capacity is about 1.4 3 108 kg/year, which is roughly

1/3 of worldwide PLA production9 and is about 1/1000 the vol-

ume of worldwide polyolefin production.10 The majority of this

plastic is targeted for food packaging applications, especially as

a replacement for polystyrene (PS). PLA possesses several admi-

rable qualities, including good optical transparency, low residual

color, and good dimensional stability.5,11 However, its low glass

transition temperature (Tg 5 55 8C) will probably prevent it

from completely replacing petroleum-based PS (Tg 5 100 8C)12

and becoming a universal packaging thermoplastic. Moreover,

PLA is inherently brittle,13 exhibits poor barrier properties,14

and composts very slowly under typical environmental condi-

tions.15–18 The claim of “compostable” reportedly only applies

to municipal/industrial composting facilities.19,20

Our research group designs and synthesizes new polymers based

on biorenewable feedstocks, while targeting higher glass transi-

tion temperatures and improved degradation behavior. This

manuscript describes our synthesis of novel polyacetals built

from lignin-based bioaromatics and tetraols, including erythri-

tol, a naturally occurring polyol (sugar alcohol).

Additional Supporting Information may be found in the online version of this article.

VC 2016 Wiley Periodicals, Inc.
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Erythritol is of special interest since it is a biogenic tetraol and

can be found in fruits and fermented foods. Commercially, it is

produced via the fermentation of glucose21 and has been

approved by the U.S. Food and Drug Administration for human

consumption as a low-calorie sweetener, among other uses.22

There are a few literature examples of erythritol employed for

polymer synthesis: as a branching molecule in star poly-

mers23,24; for modification with azide for “click” chemistry pol-

ymers25; and for aliphatic polyester preparation by selective

reaction through the two primary alcohols, providing amor-

phous materials with Tg values below 0 8C.26 This is the first

report of erythritol used for preparing fully biorenewable, linear

polymers exhibiting good thermal properties. We previously

reported the synthesis of aromatic polyacetals with alternative

tetraols ditrimethylolpropane and pentaerythritol.27 Even

though these are not naturally occurring molecules, pathways

exist for their synthesis via fermentation and renewable C1

feedstocks.

The bioaromatics investigated herein are vanillin and syringalde-

hyde.28 Although 85% of commercial vanillin is synthesized

through petrochemical routes, about 15% is produced from

softwood forestry lignin waste alongside refined cellulose at

paper mills.29 Syringaldehyde, bearing one additional methoxy

group, is also available from lignin, although it is found in

greater abundance in hardwood lignin.30,31 While the demand

for syringaldehyde is much lower and it is largely a petroleum-

based product, it is also produced by lignin oxidation.32

The utilization of aromatic moieties to improve material prop-

erties has been extensively applied in the field of polymers. PS

has a high Tg (100 8C),12 conferred by pendent phenyl rings,

which increase conformational barriers and allow for p stack-

ing—thereby promoting structural rigidity. Meanwhile, polyeth-

ylene terephthalate (PET) has a high melting temperature

(265 8C)33 due, in part, to main chain aromaticity. Increasing

polymeric Tg and Tm with aromatics has also been achieved in

the field of renewable polymers—prominently with vanillin.34

This versatile bioaromatic has been converted into a styrene

analogue35 by esterification with methyl methacrylate, obtaining

glass transition temperatures up to 120 8C. Vanillin has also

been made into a polyacrylamide, achieving a competitive Tg of

101 8C.36 Designed as PET analogues, polyalkylenehydroxyben-

zoates were obtained by condensing biobased aromatic hydrox-

yacids, including vanillic acid, with methylene spacers.37 Finally,

many renewable linear polymers have also been synthesized by

transforming vanillin and its derivatives (vanillic alcohol and

vanillic acid) into symmetrical, bifunctional monomers. The

prime example is enzymatically obtained bis-vanillin. This biaryl

dialdehyde was reacted with diamines to make polyaldimines,38

made into polyesters by oxidation or reduction followed by

copolymerization with aliphatic diols or diacids, respectively,39

and extended to dialkenes to make polyesters via ADMET.40

Polyesters were also made from vanillin derivatives vanillin alco-

hol and vanillic acid, the first via ADMET41 and the second via

thiol-ene chemistry.42 Finally, vanillin bisphenols were prepared

via McMurry coupling, reduced, and then converted into poly-

carbonates with Tg values near 86 8C.43 Except for the polyaldi-

mines, the aldehyde functional group of vanillin was either

oxidized or reduced prior to polymerization. Two recent review

articles cover many more examples of vanillin incorporated into

renewable polymers, including crosslinked and thermoset

polymers.44,45

A few examples of sustainable polyacetals exist in the literature.

Semicrystalline aliphatic polyacetals obtained from formalde-

hyde equivalents and renewable diols were found to have low Tg

and moderate Tm, which might make them adequate polyethyl-

ene mimics.46,47 Polyacetal thermal properties were improved by

the incorporation of rigid rings from isosorbide, but it was

found that the highest Tg values were obtained from using a

non-naturally occurring stereoisomer.48 Other novel polyacetals

with rigid rings include thermoplastic polyurethanes incorporat-

ing pentaerythritol,49 and poly(2,5-dihydroxy-1,4-dioxane) from

the polymerization of glycoaldehyde dimer.50

In this study, polyacetals are synthesized from aromatic dialde-

hydes and are targeted because of their anticipated hydrolysis in

acidic media. Thus, degradability is conferred to the polymers

by design. The library of sustainable, aromatic, and degradable

polymers is expanded with the use of biogenic erythritol,

affording polymers with good thermal properties. Detailed stud-

ies reveal the structure and stereochemistry of the incorporated

erythritol moiety. Polymer and copolymer structure/property

relationships are analyzed regarding the nature of the tetraol

and the substituents present on the bioaromatics. Finally, pre-

liminary degradation results are presented demonstrating the

hydrolysis of polyacetals built with erythritol.

EXPERIMENTAL

Materials

Potassium iodide, phosphorus pentoxide, reagent grade metha-

nol, reagent grade dichloromethane, reagent grade water, and

sodium hydroxide were purchased from Fisher Scientific and

used without further purification. Benzene was purchased from

EMD and was utilized without further purification. Vanillin

(from Picea abies, Norway spruce) was purchased from Borre-

gaard Industries Ltd. and was utilized without further purifica-

tion. Syringaldehyde, para-toluenesulfonic acid, benzaldehyde,

and 1,2-dibromoethane were purchased from Sigma Aldrich

and were utilized without further purification. Ditrimethylol-

propane (di-TMP) was purchased from Sigma Aldrich and trit-

urated in toluene before use. Pentaerythritol was purchased

from Acros Organics and was recrystallized from a dilute aque-

ous HCl solution. Erythritol was purchased from Now Foods

(100%, Item#: 6923) and utilized without further purification.

NMR solvent deuterated dimethylsulfoxide (DMSO-d6) was

purchased from Cambridge Isotope Laboratories. Activated 4 Å

molecular sieves, from Sigma Aldrich, were used to keep the

NMR solvents dry. All other chemicals, unless noted otherwise,

were used as received.

Characterization

Proton nuclear magnetic resonance (1H-NMR) and carbon

nuclear magnetic resonance spectra (13C-NMR) were recorded

using an Inova 500 MHz spectrometer. Chemical shifts are

reported in parts per million (ppm) downfield relative to tetra-

methylsilane (0.0 ppm) or residual proton in the specified

ARTICLE WILEYONLINELIBRARY.COM/APP
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solvent. Coupling constants (J) are reported in Hertz (Hz).

Multiplicities are reported using the following abbreviations: s,

singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad.

Differential scanning calorimetry thermograms were obtained

with a DSC Q1000 from TA instruments. Typically, 1.5–3 mg of

a sample was massed and added to a sealed pan that passed

through a heat/cool/heat cycle at 10 8C/min. Reported data are

from the second full cycle. The temperature ranged from 0 to

180 8C. Thermogravimetric analyses were measured under nitro-

gen with a TGA Q5000 (TA Instruments). About 5–10 mg of

each sample were heated at 20 8C/min from 25 to 600 8C. Gel

permeation chromatography (GPC) was performed at 40 8C

using an Agilent Technologies 1260 Infinity Series liquid chro-

matography system with an internal differential refractive index

detector, and two Waters Styragel HR-5E columns (7.8 mm i.d.,

300 mm length, guard column 7.8 mm i.d., 25 mm length)

using a solution of 0.1% potassium triflate (K[OTf]) in HPLC

grade hexafluoroisopropanol (HFIP) as the mobile phase at a

flow rate of 0.5 mL/min. Calibration was performed with nar-

row polydispersity polymethyl methacrylate (PMMA) standards.

X-ray intensity data were collected at 100 K on a Bruker DUO

diffractometer using MoKa radiation (l 5 0.71073 Å) and an

APEXII CCD area detector. Raw data frames were read by pro-

gram SAINT1 and integrated using 3D profiling algorithms.

The resulting data were reduced to produce hkl reflections and

their intensities and estimated standard deviations. The data

were corrected for Lorentz and polarization effects and numeri-

cal absorption corrections were applied based on indexed and

measured faces. The structure was solved and refined in

SHELXTL2013, using full-matrix least-squares refinement. The

non-H atoms were refined with anisotropic thermal parameters

and all of the H atoms were calculated in idealized positions

and refined riding on their parent atoms. The molecules are

located on inversion centers; thus, a half molecule exists in the

asymmetric unit. In the final cycle of refinement, 1665 reflec-

tions [of which 1322 are observed with I> 2r(I)] were used to

refine 100 parameters and the resulting R1, wR2, and S (good-

ness of fit) were 3.90%, 10.35%, and 1.101, respectively. The

refinement was carried out by minimizing the wR2 function

using F2 rather than F values. R1 is calculated to provide a ref-

erence to the conventional R value but its function is not

minimized.

Monomer Preparation

Monomer preparations were similar to our previously reported

methods27 and are detailed in the Supporting Information.

Model Compound Preparation

(4aR,8aS)-2,6-Diphenyltetrahydro-[1,3]Dioxino[5,4-d][1,3]Dioxine

(BEB)

.

A 100 mL round bottom flask was charged with 1.22 g (10

mmol, 1 eq.) of erythritol, 2.65 g (25 mmol, 2.5 eq.) of benzal-

dehyde, 38 mg (2 mol %, 0.2 mmol) of p-TSA, and 50 mL of

benzene. The flask was then fitted with a Dean-Stark trap and a

reflux condenser, and then left to reflux overnight. The excess

benzene was removed by rotary evaporation leaving behind the

crude product as an amorphous solid. The product was purified

by two recrystallizations from minimal amounts of ethanol and

isolated as a white crystalline solid in 50.3% yield (1.50 g). 1H

NMR (DMSO-d6) d ppm 3.92 (m, 4 H), 4.26 (dd, J 5 9.7, 3.4

Hz, 2 H), 5.79 (s, 2 H), 7.38 (m, 6 H), 7.43 (m, 4 H). 13C

NMR (DMSO-d6) d ppm 67.8, 73.1, 101.0, 126.1, 128.1, 128.9,

137.5. To prepare crystals for X-ray crystallography, 50 mg of

BEB were placed in a scintillation vial and dissolved in minimal

amounts of THF, and then allowed to stand. After a few days,

as the solvent evaporated, crystals of BEB formed at the bottom

of the vial. Analogous model compounds built from vanillin

(VEV) and syringaldehyde (SES) were prepared in a similar

manner (see the Supporting Information), but could not be

grown into crystals suitable for X-ray diffraction analysis.

Polymer Synthesis

Four series of polymers were synthesized, where erythritol (E)

was combined with a second tetraol [pentaerythritol (P) or

ditrimethylolpropane (D)] and a dialdehyde (VV or SS). Two

copolymer series employing VV were synthesized using an E

feed % of 100, 90, 80, 60, 50, 40, 20, and 0 (molar percentage);

the balance tetraol was either P or D. Two copolymer series

employing SS were synthesized using an E feed % of 100, 90,

80, 70, 60, 50, 40, 30, 20, 10, and 0 (molar percentage); the bal-

ance tetraol was either P or D. Procedures for the polymers

made from a single tetraol (P-VV; D-VV; E-VV; P-SS; D-SS; E-

SS) are described below, along with a typical procedure for each

copolymer series containing two tetraols. Detailed information

for quantities of reagents used, obtained yields, and erythritol

incorporation can be found in the Supporting Information.

Synthesis of Poly(pentaerythritol-co-VV) (P-VV)

.

VV (0.660 g, 2 mmol), 0.270 g (2 mmol) of pentaerythritol (P),

4 mg (1 mol %) p-TSA, and 10 mL of dichloromethane were

added to a 25 mL drop-shaped flask. The flask was fitted with a

reflux condenser and the reaction was refluxed under a nitrogen

atmosphere for 48 h. P2O5 was placed in the condenser to

sequester the water that was produced as a by-product, and was

replaced on demand (usually 4 times) during the reaction to

prevent H3PO4 from leaking into the flask. The solution was

poured into 150 mL cold basic methanol. The polymer precipi-

tated as a powdery white solid. The product was obtained in

84.8% yield (0.73 g). 1H NMR (DMSO-d6) d ppm 3.65 (d,

J 5 11.4 Hz, 2 H), 3.77 (m, 6H), 3.77 (d, 2H), 3.88 (d, J 5 10.7

Hz, 2 H), 4.28 (s, 4H), 4.58 (d, J 5 11.4 Hz, 2 H), 5.44 (s, 2H),

6.99 (m, 6H). 13C NMR (DMSO-d6) d ppm 32.0, 55.4, 55.5,

61.1, 66.9, 67.1, 67.4, 70.0, 101.2, 109.8, 109.9, 112.3, 112.56,

112.65, 118.6, 126.0, 129.9, 131.5, 148.0, 148.5, 149.2, 153.2,

191.4. Note that the four methylene carbons connected to the

spiro carbon are inequivalent as confirmed by the splitting

found in the 1H NMR spectra.
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Synthesis of Poly(ditrimethylolpropane-co-VV)

(D-VV)

.

This polymer was synthesized using the same procedure as for

P-VV; 0.660 g (2 mmol) of VV, 0.501 g (2 mmol) of ditrime-

thylolpropane (D), 4 mg (1 mol %) p-TSA, and 10 mL of

dichloromethane were used. The polymer precipitated as an

amorphous solid that hardened upon drying. The product was

obtained in 92.6% yield (1.01 g). 1H NMR (DMSO-d6) d ppm

0.79, 0.88 (m, 6H); 1.18, 1.76 (m, 4H), 3.27, 3.30 (m, 1H), 3.58

(m, 4H), 3.69 (s, 3H), 3.71 (m, 3H), 3.73 (s, 3H), 3.85 (m,

1H), 3.95 (m, 3H), 4.24 (s, 4H), 5.35 (s, 2H), 6.96 (m, 6H).
13C NMR (DMSO-d6) d ppm 6.8, 7.6, 7.8, 23.1, 23.9, 36.1, 36.3,

36.7, 54.9, 55.3, 55.4, 67.11, 70.2, 71.4, 71.7, 100.79, 100.85,

110.0, 112.6, 118.5, 131.8, 148.0, and 148.5. Because of the ster-

eoirregularity of the polymer, multiple peaks are observed in

both the 1H and 13C NMR spectra. Some peaks are coincident

and therefore cannot be distinguished from one another.

Synthesis of Poly(erythritol-co-VV) (E-VV)

.

This polymer was synthesized using the same procedure as for

P-VV. 0.660 g (2 mmol) of VV, 0.244 g (2 mmol) of erythritol

(E), 4 mg (1 mol %) p-TSA, and 10 mL of dichloromethane

were used. The polymer precipitated as a powdery solid. The

product was obtained in 46.1% yield (0.383 g). 1H NMR

(DMSO-d6) d ppm 3.75 (s, 6 H), 3.83 (m, 2 H), 4.08 (m, 1 H),

4.32 (m, 6 H), 4.43 (m, 1 H), 5.72, 5.87 (m, 2 H), 7.01

(m, 6 H). The 13C NMR spectra could not be obtained due to

the low solubility of the polymer in DMSO-d6.

Synthesis of Poly(pentaerythritol-co-SS) (P-SS)

.

This polymer was synthesized using the same procedure as for

P-VV; 0.780 g (2 mmol) of SS, 0.270 g (2 mmol) of pentaery-

thritol (P), 4 mg (1 mol %) p-TSA, and 10 mL of dichlorome-

thane were used. The product was obtained in 88.7% yield

(0.870 g). 1H NMR (DMSO-d6) d ppm 3.63 (m, 2 H), 3.76 (s,

12 H), 3.79 (m, 2 H), 3.88 (d, J 5 10.7 Hz, 2 H), 4.08 (s, 4 H),

4.58 (d, J 5 11.2 Hz, 2 H), 5.43 (s, 2 H), 6.72 (m, 4 H). 13C

NMR (DMSO-d6) d ppm 32.5, 56.4, 69.9, 70.3, 70.5, 71.8,

101.5, 103.9, 134.4, 137.2, and 153.1.

Synthesis of Poly(ditrimethylolpropane-co-SS) (D-SS)

.

This polymer was synthesized using the same procedure as for

P-VV. 0.780 g (2 mmol) of SS, 0.501 g (2 mmol) of ditrimethy-

lolpropane (D), 4 mg (1 mol %) p-TSA, and 10 mL of

dichloromethane were used. The product was obtained in

73.7% yield (0.890 g). 1H NMR (DMSO-d6) d ppm 0.80, 0.88

(m, 6 H), 1.18, 1.75 (m, 4 H) 3.57, 3.70, 3.74, 3.86, 3.95 (m,

24 H) 4.07 (s, 4 H) 5.35 (s, 2 H) 6.68 (s, 4 H). 13C NMR

(DMSO-d6) d ppm 6.8, 7.8, 23.1, 23.76, 23.85, 36.2, 36.3, 36.7,

54.9, 55.79, 55.86, 70.0, 71.3, 71.4, 71.7, 100.65, 100.70, 103.4,

134.2, 136.6, 152.5, and 153.1. Because of the stereoirregularity

of the polymer, multiple peaks are observed in both the 1H and
13C NMR spectra. Some peaks are coincident and therefore can-

not be distinguished from one another.

Synthesis of Poly(erythritol-co-SS) (E-SS)

.

This polymer was synthesized using the same procedure as for P-VV;

0.780 g (2 mmol) of SS, 0.244 g (2 mmol) of erythritol (E), 4 mg

(1 mol %) p-TSA, and 10 mL of dichloromethane were used. The

polymer precipitated as a powdery solid. The product was obtained

in 28.4% yield (0.270 g). 1H NMR (DMSO-d6) d ppm 3.76

(m, 12 H), 3.90 (m, 2 H), 4.09 (br s, 4 H), 4.30 (m, 4 H), 5.71, 5.87

(m, 2 H), and 6.72 (m, 4 H). 13C NMR spectra could not be obtained

due to the low solubility of the polymer in DMSO-d6.

Synthesis of Poly(erythritol-co-pentaerythritol-co-VV)

(E/P-VV) 60%E/40%P

.

This polymer was synthesized using the same procedure as for

P-VV. 0.661 g (2 mmol) of VV, 0.109 g (0.8 mmol) of pentaery-

thritol (P), 0.147 g (1.2 mmol) of erythritol (E), 4 mg (1 mol

%) p-TSA, and 10 mL of dichloromethane were used. The poly-

mer precipitated as a powdery white solid. The product was

obtained in 90.6% yield (0.765 g). 1H NMR (DMSO-d6) d ppm

3.65, 3.76, 4.07, 4.58 (m, 9.8 H), 3.88 (m, 2 H), 4.28 (m, 5 H),

5.43, 5.71, 5.87 (m, 2 H), 6.99 (m, 6 H). 13C NMR (DMSO-d6)

d ppm 32.0, 54.9, 55.2, 55.43, 55.46, 55.50, 60.7, 63.3, 66.7,

66.9, 67.1, 67.4, 67.5, 67.8, 69.5, 70.0, 70.8, 72.6, 73.1, 75.9,

76.1, 83.2, 100.1, 101.0, 101.2, 103.3, 103.6, 103.7, 109.8, 109.9,

110.2, 110.4, 110.5, 112.3, 112.4, 112.6, 112.7, 118.6, 118.7,

119.3, 119.5, 119.7, 126.0, 129.86, 129.94, 130.0, 130.5, 130.7,

131.5, 148.0, 148.1, 148.2, 148.4, 148.5, 148.67, 148.74, 149.2,

153.1, and 153.2. Note that the four methylene carbons con-

nected to the spiro carbon are inequivalent as confirmed by the

splitting found in the 1H NMR spectra.

Synthesis of Poly(erythritol-co-ditrimethylolpropane-co-VV)

(E/D-VV) 40%E/60%D

.
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This polymer was synthesized using the same procedure as for

P-VV. 0.660 g (2 mmol) of VV, 0.300 g (1.2 mmol) of ditrime-

thylolpropane (D), 0.098 g (0.8 mmol) of erythritol (E), 4 mg

(1 mol %) p-TSA, and 10 mL of dichloromethane were used.

The polymer precipitated as an amorphous solid that hardened

upon drying. The product was obtained in 96.1% yield

(0.948 g). 1H NMR (DMSO-d6) d ppm 0.80, 0.89 (m, 3.6 H),

1.18, 1.76 (m, 2.4 H), 3.58, 3.69, 3.74, 3.90, 4.08, 4.39 (m,

15.6 H), 4.25 (s, 4H) 5.36, 5.70, 5.88 (m, 2 H), 6.97 (m, 6 H).
13C NMR (DMSO-d6) d ppm 6.8, 7.9, 23.1, 23.8, 23.9, 36.2,

36.3, 36.7, 54.9, 55.3, 55.4, 55.5, 67.1, 67.8, 70.2, 70.3, 71.3,

71.4, 71.7, 71.9, 73.1, 75.9, 76.1, 100.1, 100.8, 100.9, 101.0,

109.9, 110.0, 110.2, 112.6, 118.49, 118.53, 118.7, 118.8, 119.2,

119.5, 119.7, 129.9, 130.5, 130.7, 131.8, 148.0, 148.1, 148.45,

148.47, 148.66, 148.73. Because of the stereoirregularity of the

polymer, multiple peaks are observed in both the 1H and 13C

NMR spectra. Some peaks are coincident and therefore cannot

be distinguished from one another.

Synthesis of Poly(erythritol-co-pentaerythritol-co-SS)

(E/P-SS) 50%E/50%P

.

This polymer was synthesized using the same procedure as for

P-VV. 0.780 g (2 mmol) of SS, 0.136 g (1 mmol) of pentaery-

thritol (P), 0.122 g (1 mmol) of erythritol (E), 4 mg (1 mol %)

p-TSA, and 10 mL of dichloromethane were used. The product

was obtained in 82.0% yield (0.792 g). 1H NMR (DMSO-d6) d

ppm 3.65 (m, 2 H), 3.77 (m, 13 H), 3.88 (m, 2 H), 4.09 (s,

4 H), 4.31 (m, 1 H), 4.59 (d, J 5 11.7 Hz, 1 H), 5.44, 5.72, 5.89

(m, 2 H), 6.73 (m, 4 H). 13C NMR (DMSO-d6) d ppm 32.0,

55.9, 56.0, 63.3, 67.8, 69.4, 70.0, 71.3, 72.6, 73.1, 76.2, 100.1,

101.1, 103.4, 103.6, 133.9, 136.7, 152.6, 152.7, and 152.8.

Because of the stereoirregularity of the polymer, multiple peaks

are observed in both the 1H and 13C NMR spectra. Some peaks

are coincident and therefore cannot be distinguished from one

another.

Synthesis of Poly(erythritol-co-ditrimethylolpropane-co-SS)

(E/D-SS) 50%E/50%D

.

This polymer was synthesized using the same procedure as for

P-VV. 0.780 g (2 mmol) of SS, 0.250 g (1 mmol) of ditrimethy-

lolpropane (D), 0.122 g (1 mmol) of erythritol (E), 4 mg

(1 mol %) p-TSA, and 10 mL of dichloromethane were used.

The product was obtained in 94.0% yield (1.02 g). 1H NMR

(DMSO-d6) d ppm 0.80, 0.88 (m, 3 H), 1.18, 1.74 (m, 2 H),

3.57 (m, 3 H), 3.66, (m, 1 H), 3.70, 3.75 (m, 12 H), 3.91 (m,

4H), 4.07 (s, 4H), 4.28 (m, 1H), 5.35, 5.69, 5.87 (m, 2 H), 6.68,

6.79, 6.85 (m, 4 H). 13C NMR (DMSO-d6) d ppm 6.8, 7.8, 23.1,

23.9, 36.3, 36.7, 55.8, 55.9, 70.1, 71.3, 71.7, 73.1, 76.2, 100.65,

100.70, 100.1, 103.4, 103.6, 103.9, 104.4, 134.2, 136.6, 137.1,

152.5, 152.6, 152.7, 152.8, and 153.1. Because of the

stereoirregularity of the polymer, multiple peaks are observed

for both the 1H and 13C NMR experiments. Some peaks are

coincident and therefore cannot be distinguished from one

another.

RESULTS AND DISCUSSION

Polymer Synthesis

Dialdehyde monomers were prepared in modest yields (51–

54%) by reacting two equivalents of the biogenic hydroxyalde-

hydes vanillin (V) or syringaldehyde (S) with 1,2-dibromo-

ethane, employing catalytic amounts of potassium iodide. The

procedure is similar to our previous method27 and provided

suitable di-functional monomers (VV and SS) to polymerize

with tetraols erythritol (E), pentaerythritol (P), and/or ditrime-

thylolpropane (D) to form polyacetals, as described in Figure 1

and Tables I–IV. Erythritol is a molecule that has two primary

and two secondary alcohols, which seem to limit its reactivity

compared to pentaerythritol and ditrimethylolpropane, which

bear only primary alcohols. Accordingly, the polymers made

from only erythritol are formed in comparatively low yield: E-

VV, Table I, entry 8 with 46.1% yield; and E-SS, Table III, entry

26 with 28.4% yield. As shown in our previous work,27 pentaer-

ythritol and ditrimethylolpropane successfully formed polyace-

tals with aromatic dialdehydes. Thus, these more reactive

tetraols are presumed to enable the “trapping” of erythritol into

polyacetals via a copolymerization strategy–allowing for higher

polymerization yields. Polymerization was achieved in solution

using p-toluenesulfonic acid as the catalyst. Improved molecular

weights were obtained by incorporating a drying agent in the

system. Phosphorus pentoxide is a strong and irreversible dry-

ing agent51 that forms phosphoric acid upon reaction with

water. Suspended above the reaction, this reagent trapped the

water evolved from acetal formation and thus helped to drive

the polymerization. GPC analysis of the polymers revealed that

the phosphorus pentoxide successfully increased molecular

weight but still, yields and molecular weights generally de-

creased in proportion to the amount of erythritol in the copoly-

merization feed for each series: E/P-VV (Table I); E/D-VV

(Table II); E/P-SS (Table III); and E/D-SS (Table IV). Note that

other factors impact the isolated yield. Thus, polymer solubility,

precipitation phenomena, and transfer yield can generate excep-

tions to the yield trends. Still, for each copolymer series, eryth-

ritol feeds> 70% invariably gave lower polymer yields than

erythritol feeds< 30%.

For each copolymer series, Figure 2 illustrates that the erythritol

incorporation fraction is universally less than the feed fraction.

For low E feed fractions (10–20%), incorporation of erythritol

was minimal: 6–9% with VV and 0–6% with SS. In these cases,

the amount of erythritol present is small enough for the poly-

merization to occur with the more reactive P or D, excluding E.

With a feed of 40% E, the average erythritol incorporation is

about 25%. With a feed of 60% E, the average erythritol incor-

poration is about 44%. The maximum E incorporation achieved

was 86% for E/D-SS—only 4% below the E feed of 90%.

Polymer Thermal Properties

As shown in Tables I–IV, the obtained polyacetals are generally

amorphous. The two exceptions are E/P-VV (Table I) made
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with 80 and 90% erythritol feeds which show melting tempera-

tures of 166 and 159 8C, respectively. However, it should be not-

ed that these samples are also the two lowest molecular weight

polymers and the melting temperatures, thus, could just be

related to crystallization of specific oligomers present in the

sample. And, to the extent that polymer crystallization is kineti-

cally slow with long, rigid polymers, lower molecular weight

samples—with ample free volume—may happen to crystallize

during the timescale of the DSC experiment. This matches our

previous results27 suggesting that polymers made from tetraols

D and P and dialdehydes VV and SS are generally amorphous.

As elaborated below, enchained erythritol does not yield a ste-

reoregular polymer and thus, the amorphous character of E-VV

and E-SS is predicted.

The 100% erythritol polymer derived from syringaldehyde (E-

SS) has a glass transition temperature (Tg) of 135 8C. This is

considerably higher than the Tg value of 74 8C for the 100%

erythritol polymer derived from vanillin (E-VV). In fact, a gen-

eral observation is that the SS polymers exhibit higher glass

transition temperatures than the VV polymers. Figure 3 plots

the Tg values for the four copolymer series investigated. The

syringaldehyde-based copolymers show a higher Tg range (71–

159 8C) than the vanillin-based copolymers (57–110 8C). The

additional methoxy group of the syringaldehyde units presum-

ably increases conformational barriers and thereby increases Tg.

This effect agrees with Tg values we have previously measured

for polyacetals based on VV and SS,27 but is opposite that

observed for polyalkylene vanillate and polyalkylene syringate

Figure 1. Polyacetal copolymers (E/P-VV, E/P-SS, E/D-VV, and E/D-SS) are synthesized by the condensation polymerization of bioaromatic dialdehydes

(VV or SS) with erythritol (E) along with another tetraol, pentaerythritol (P), or ditrimethylolpropane (D). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Table I. Thermal and Molecular Weight Data for the E/P-VV Copolymer Series from Erythritol (E)/Pentaerythritol (P) and the Dialdehyde VVa

Tetraol feed %b

Entry Inc. Eb (%) Yield (%) Mn
c (Da) Mw

c (Da) PDIc Tg
d ( 8C) T95

e ( 8C)

1 0 100 0 84.8 6,400 11,500 1.8 100 307

2 20 80 9 52.0 7,700 15,800 2.1 110 315

3 40 60 16 77.2 3,500 6,800 1.9 96 290

4 50 50 34 84.1 3,700 7,600 2.0 87 304

5 60 40 43 90.6 3,900 8,500 2.2 97 302

6 80 20 34 42.1 1,400 2,300 1.7 67 249

7 90 10 71 47.1 1,700 2,700 1.6 58 251

8 100 0 100 46.1 2,900 6,300 2.1 74 275

a Polymerization conducted in refluxing methylene chloride at 40 8C for 48 h; 1 mol % p-TSA.
b Tetraol feed and incorporation are expressed in mol %. Incorporation of erythritol (E) and pentaerythritol (P) in the copolymers was determined by
integration of respective acetal peak in 1H NMR.
c Molecular weight data obtained by GPC in HFIP at 40 8C versus PMMA standards.
d Determined by DSC. Entries 6 and 7 presented Tm endotherms at 166 and 159 8C, respectively.
e Temperature reported upon 5% mass loss.
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polymers, for which the additional methoxy group lowers the

Tg modestly.37 A final trend revealed in Figure 3 is that the

ditrimethylolpropane (D) segment imparts a lower glass transi-

tion temperature compared to analogous polymers bearing pen-

taerythritol (P). This is expected when considering the

conformational flexibility of D versus the conformational rigidi-

ty of the spiro bicyclic structure formed with P.

The Tg values exhibited by this polymer series span those pro-

vided by several common commodity plastics, such as PET33

and PS.12 At the same time, the thermal properties can be

tuned depending on the erythritol (E) feed, the nature of the

dialdehyde, and the balance tetraol. The Tg values match or

exceed those of many other bioaromatic polymers, such as

the polyester reported from the condensation of dimethyl

Table II. Thermal and Molecular Weight Data for the E/D-VV Copolymer Series from Erythritol (E)/Ditrimethylolpropane (D) and the Dialdehyde VVa

Tetraol feed (%)b

Entry Inc. Eb (%) Yield (%) Mn
c (Da) Mw

c (Da) PDIc Tg
d ( 8C) T95

e ( 8C)

9 0 100 0 92.6 11,300 24,200 2.1 73 318

10 20 80 6 90.0 8,100 17,600 2.2 73 310

11 40 60 28 96.1 10,700 22,100 2.1 76 313

12 50 50 31 76.2 3,600 7,100 2.0 65 295

13 60 40 33 86.0 2,400 4,200 1.8 57 279

14 80 20 73 74.1 2,400 4,900 2.0 75 291

15 90 10 76 55.0 3,200 7,000 2.2 64 285

8 100 0 100 46.1 2,900 6,300 2.1 74 275

a Polymerization conducted in refluxing methylene chloride at 40 8C for 48 h; 1 mol % p-TSA.
b Tetraol feed and incorporation are expressed in mol %. Incorporation of erythritol (E) and ditrimethylolpropane (D) in the copolymers was determined
by integration of respective acetal peak in 1H NMR.
c Molecular weight data obtained by GPC in HFIP at 40 8C versus PMMA standards.
d Determined by DSC.
e Temperature reported upon 5% mass loss.

Table III. Thermal and Molecular Weight Data for the E/P-SS Copolymer Series from Erythritol (E)/Pentaerythritol (P) and the Dialdehyde SSa

Tetraol feed (%)b

Entry Inc. Eb (%) Yield (%) Mn
c (Da) Mw

c (Da) PDIc Tg
d ( 8C) T95

e ( 8C)

16 0 100 0 88.7 21,900 38,700 1.8 159 265

17 10 90 2 86.8 27,100 46,800 1.7 127 276

18 20 80 2 83.5 11,100 17,900 1.6 109 248

19 30 70 16 92.9 13,400 27,000 2.0 85 237

20 40 60 34 82.6 9,500 18,100 1.9 121 298

21 50 50 36 82.0 13,100 22,800 1.7 89 267

22 60 40 51 76.7 10,100 18,800 1.9 82 296

23 70 30 58 69.4 6,900 12,700 1.8 96 231

24 80 20 62 69.4 6,300 11,600 1.9 94 210

25 90 10 76 79.5 7,100 13,000 1.8 98 281

26 100 0 100 28.4 7,800 15,300 2.0 135 256

a Polymerization conducted in refluxing methylene chloride at 40 8C for 48 h; 1 mol % p-TSA.
b Tetraol feed and incorporation are expressed in mol %. Incorporation of erythritol (E) and pentaerythritol (P) in the copolymers was determined by
integration of respective acetal peak in 1H NMR.
c Molecular weight data obtained by GPC in HFIP at 40 8C versus PMMA standards.
d Determined by DSC.
e Temperature reported upon 5% mass loss.
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succinate and methylated/reduced bis-vanillin, which bears a

Tg of 68 8C.39

Erythritol Acetal Structure Analysis

Unlike pentaerythritol (P) and ditrimethylolpropane (D), erythri-

tol can form a cyclic acetal in three distinct modes. Figure 4(a)

shows the three possible structures: a 1,2:3,4 bis-acetal forming

linked five-membered rings (I); a 1,3;2,4 bis-acetal forming fused

six-membered rings (II); and a 1,4:2,3 bis-acetal forming a fused

five/seven ring system (III). In order to investigate the preferred

mode of enchainment, a model compound (BEB) was

synthesized from two equivalents of benzaldehyde (B) and eryth-

ritol (E). Solution 1H-NMR analysis of BEB showed a single ace-

tal proton (5.78 ppm). This single acetal resonance suggests that

a single isomer is present in solution and discounts the unsym-

metrical, fused five/seven ring system (III) because its acetal pro-

tons are inequivalent. Computational determination of the heats

of formation (Spartan ’10, T1 Thermochemical Recipe) of the

1,2:3,4 bis-acetal (I) and the 1,3;2,4 bis-acetal (II) showed that

the fused ring system (II) is lower in energy by 3.35 kcal/mol.52

Single crystals of BEB, suitable for X-ray analysis, were grown

from a slowly-evaporating solution in THF. Figure 4(b) shows

Table IV. Thermal and Molecular Weight Data for the E/D-SS Copolymer Series from Erythritol (E)/Ditrimethylolpropane (D) and the Dialdehyde SSa

Tetraol feed (%)b

Entry Inc. Eb (%) Yield (%) Mn
c (Da) Mw

c (Da) PDIc Tg
d ( 8C) T95

e ( 8C)

27 0 100 0 73.7 14,800 24,200 1.6 93 297

28 10 90 6 98.9 19,200 34,300 1.8 91 313

29 20 80 0 99.0 20,400 36,300 1.8 92 312

30 30 70 13 92.2 15,000 27,100 1.8 95 305

31 40 60 24 92.0 15,900 31,400 2.0 101 312

32 50 50 41 94.0 18,800 37,700 2.0 103 312

33 60 40 47 64.7 8,600 17,100 2.0 82 285

34 70 30 52 55.6 7,100 12,900 1.8 92 295

35 80 20 58 52.9 3,300 5,500 1.7 74 256

36 90 10 86 57.0 6,300 10,900 1.7 71 248

26 100 0 100 28.4 7,800 15,300 2.0 135 256

a Polymerization conducted in refluxing methylene chloride at 40 8C for 48 h; 1 mol % p-TSA.
b Tetraol feed and incorporation are expressed in mol %. Incorporation of erythritol (E) and ditrimethylolpropane (D) in the copolymers was determined
by integration of respective acetal peak in 1H NMR.
c Molecular weight data obtained by GPC in HFIP at 40 8C versus PMMA standards.
d Determined by DSC.
e Temperature reported upon 5% mass loss.

Figure 2. The erythritol incorporation fraction is generally proportional

to the feed fraction for all four copolymer series (E/P-VV, E/D-VV, E/P-

SS, and E/D-SS). That the incorporation is always less than the feed high-

lights the reluctance of erythritol (E) to polymerize vs. the competing tet-

raol, pentaerythritol (P) or ditrimethylolpropane (D). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 3. For the copolymer series E/P-VV, E/D-VV, E/P-SS, and E/D-SS,

the glass transition temperature is modestly affected by the erythritol (E)

content. More importantly, the SS unit (from syringaldehyde) confers a

greater Tg than the VV unit (from vanillin), while the E/P series show

higher Tg values than the E/D series. Several polymers show Tg values

competitive with commodity plastics, including the key threshold of

100 8C for PS.12 [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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the crystal structure revealed by the X-ray study. It is clearly the

1,3;2,4 bis-acetal (II) with the fused ring connection, as suggested

by solution NMR and the computational analysis. This trans ste-

reoisomer is Ci-symmetric and thus is achiral and possesses an

inversion center. Such stereochemistry is expected because eryth-

ritol itself is an achiral meso (R,S) compound. To better under-

stand the stereochemistry concerning the erythritol

enchaninment, model compounds analogous to BEB were syn-

thesized from vanillin (VEV) and syringaldehyde (SES). For both

VEV and SES, 1H NMR shows a major peak near 5.65 ppm for

the acetal hydrogen, but also a minor acetal peak near 5.81 ppm,

suggesting multiple modes of erythritol enchainment (trans and

cis) and the likely outcome that the E-VV and E-SS polymers are

atactic. Moreover, Figure 4(c) shows that the RRSS stereocenters

of a trans erythritol segment can be incorporated in either the

forward or reverse direction. The likely lack of stereoselectivity

during the polymerization yields a polymer with insufficient ste-

reoregularity to crystallize. This presumably explains the absence

of a melting temperature for the E-VV or E-SS polymers.

NMR Analysis of Erythritol Incorporation

To calculate the incorporation of erythritol (E) into the poly-

mers, a detailed NMR analysis was performed on the copolymer

sample E/P-SS with 50%E/50%P. It was found by analyzing the

acetal region that three peaks of distinctly different integrations

were observed—in contrast to the P-SS polymer, for which

there is only one peak and the E-SS polymer, for which there

are two peaks. The E/P-SS sample was subjected to extensive

2D NMR analysis at 75 8C (a detailed report can be found in

the Supporting Information). It was determined that the peak

at 5.44 ppm corresponds to the acetal proton formed with P,

whereas the peaks at 5.72 and 5.89 ppm represent stereoisomer-

ic forms of enchained E. The peak at 5.72 ppm contains the

acetal hydrogens of both the equatorial/equatorial (trans) and

axial/equatorial (cis) stereoisomers. [See BEB of Figure 4(b),

which shows the equatorial/equatorial analogue.] However, the

peak at 5.89 ppm represents the axial/axial (conformational)

stereoisomer, which is less abundant because of sterically unfa-

vorable 1,3-diaxial interactions. With these assignments, it was

possible to calculate the polymeric abundance of E versus P by

comparing the integration of the aforementioned peaks. It

should be noted that this NMR analysis exhibits some inherent

variation. For example, the quantification of the E50/P50-SS

polymer at 75 8C indicated a 44% E incorporation with spec-

trum deconvolution. The same polymer analyzed at 25 8C with

poorer peak resolution and no deconvolution indicated a 36%

E incorporation. Thus, there seems to be a variation of at least

8% depending on the method.

Preliminary Degradation Studies

A simple study of degradation was performed by reanalyzing

the GPC polymer samples 24 h after their dissolution in the

GPC solvent, HFIP. This solvent is considerably acidic

(pKa 5 9.3)53,54 and thus can promote the acid-catalyzed hydro-

lysis of the polyacetals with adventitious water (or possibly

transacetalization with HFIP itself). The number average molec-

ular weight (Mn) of the polymers decreased dramatically in all

samples, ranging from 10% to more than 80%, but above a

50% decrease in the majority of cases. The E/P-SS series showed

the least degradation, averaging an Mn loss below 30%. Howev-

er, polymers containing VV showed the greatest degradation,

with an average Mn loss around 60% for both series. These

results seem to correlate with the initial Mn; that is, the E/P-SS

series had the highest initial Mn and hydrolyzed less, whereas

the VV series had lower initial Mn and showed more advanced

degradation. The tetraol comonomers P and D were seemingly

interchangeable regarding their impact on degradation. Finally,

the 100% erythritol polymers E/VV and E/SS were the most

resistant to degradation, with Mn losses of only 10.3 and 11.5%,

respectively.

Additional, heterogeneous degradation studies were conducted

by agitating a sample from each series (E60/P40-VV from Table

I, entry 5; E40/D60-VV from Table II, entry 11; E50/P50-SS

from Table III, entry 21; and E50/D50-SS from Table IV, entry

Figure 4. (a) Bis-acetal formation from erythritol (E) and benzaldehyde (B) can result in three modes of connectivity: a 1,2:3,4 bis-acetal with linked rings

(I); a symmetrical 1,3;2,4 bis-acetal with fused rings (II); and an unsymmetrical 1,4:2,3 bis-acetal with fused rings (III). (b) Solid state X-ray crystal struc-

ture analysis of BEB (shown with 50% probability ellipsoids) reveals that the symmetrical fused ring system (II) prevails. (c) The E-VV and E-SS polymers

are likely atactic because the erythritol segment can begin with either R or S stereochemistry. This structure has been submitted to the Cambridge Crystallo-

graphic Data Centre and assigned #1476724. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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32) in either 3, 6, or 12 M (concentrated) aqueous HCl for

24 h. In 3 M aqueous HCl, degradation was incomplete, with

both polymer and hydrozyed monomer observed in the HFIP

GPC chromatograms (see the Supporting Information). The Mn

loss was greater for samples containing P, rather than D: E60/

P40-VV lost 49% (3,900 to 2,000) and E50/P50-SS lost 53%

(13,100 to 6,100). In 6 M aqueous HCl, the samples completely

hydrolyzed to monomer, except for E40/D60-VV, for which Mn

loss was only 56% (10,700 to 4,700). In concentrated aqueous

HCl, all four samples were completely hydrolyzed to monomer.

These results clearly indicate the facile hydrolysis degradation of

these polymers when in contact with acidic media.

Finally, a long-term degradation study was conducted with E50/

D50-SS. Over a period of one year, 10 mg samples were agitated

with an orbital shaker in the following aqueous environments:

seawater, deionized water, tap water, pH 5 buffer, or pH 1 buff-

er (10 mL each). Visual inspection and GPC analysis indicated

essentially no change in the first four samples; no decrease in

the Mn value was observed. However, under pH 1 conditions,

the solid sample partially disintegrated and yielded a cloudy

suspension (see photographs in the Supporting Information).

This sample was subjected to GPC analysis, which showed a

small, broad peak with Mn5 11,200 and PDI 5 2.7. This

amounts to a 40% decrease in the Mn (initially 18,800) and a

slight broadening of the PDI (initially 2.0). The major peak of

the chromatogram corresponded to monomer (Mn 5 600).

Overall, this long-term study indicates that bioaromatic polya-

cetals can have appreciable lifetime in various aqueous environ-

ments, but will eventually yield to degradation via acid-

catalyzed hydrolysis. Additional degradation studies are ongoing

that better mimic realistic environmental conditions.

CONCLUSIONS

Erythritol, a naturally occurring carbohydrate derivative, was

used for the first time to prepare biorenewable polyacetals.

Erythritol is of special interest since it is a non-toxic, biogenic

molecule available in large, sustainable quantities via glucose

fermentation. This tetraol was polymerized with dialdehydes

prepared from the bioaromatics vanillin and syringaldehyde,

both abundantly available from lignin. Erythritol polymerization

was enhanced via copolymerization with other tetraols (pentaer-

ythritol and ditrimethylolpropane) having greater reactivity. The

polyacetals could be obtained with high molecular weight and

generally exhibited high glass transition temperatures competi-

tive with those of several commercial, commodity plastics. For

example, E-SS, derived from erythritol and syringaldehyde, has

a Tg of 135 8C, substantially higher than that of PS (100 8C).

Preliminary, heterogeneous degradation studies in an acidic

aqueous media showed facile degradation proportional to the

HCl concentration (3 M, 6 M, concentrated). A one-year experi-

ment showed that E50/D50-SS is not substantially degraded by

seawater, deionized water, tap water, or pH 5 buffer, but is 40%

degraded by pH 1 buffer. Additional investigation of these aro-

matic polyacetals is required to further optimize their synthesis

by using more environmentally friendly solvents and seeking

even higher molecular weights for the polymers with high

erythritol content. More elaborate degradation studies are

required to better understand the degradation mechanism,

products, kinetics, and feasibility under realistic environmental

conditions.
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