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Processable poly(cycloacetals) with high molar masses (Mn) up to 38 kDa were synthesized in a systematic manner. Di-trimethylolpropane (Di-TMP) was used as tetravalent alcohol and was combined with a series of available dialdehydes, after a model reactivity study. These polymers have a high thermal stability with degradation temperatures (Td) up to 370°C while the glass transition temperatures (Tg) ranged from room temperature to 115 °C. Trends in Tg modulation were confirmed by a theoretical simulation. Moreover, the poly(cycloacetals) showed favourable mechanical and optical properties.

Introduction

Poly(cycloacetals) are a class of polymers that are generally formed by the acetalization reaction between a tetravalent alcohol and a dialdehyde.[1-3] During this process, cyclic acetal moieties are formed in the backbone, which results in the synthesis of a rigid polymer backbone. Poly(cycloacetals) were first reported in 1912, yet only limited attention was given to this class of polymers despite their promising properties.[4] Different poly(cycloacetals) were reported from the reactions of pentaerythritol as tetravalent alcohol and commercial dialdehydes, such as glyoxal, glutaraldehyde and terephthaldehyde.[1-10] When introducing this tetraol in the polymer backbone, the presence of spirocenters results in the formation of spiropolymers. In this context, we reported recently a novel class of renewable thermoplastic polyurethanes containing rigid spiroacetal moieties.[11]
The majority of the reported poly(cycloacetals) had low molar masses (max. 8 kDa) and were not soluble in common organic solvents. Although the obtained molecular weights were low, the obtained polymeric structures are described as being thermally stable, hard and sometimes transparent. More recently, this class of polymers has regained interest but with the focus on the synthesis of new dialdehydes and/or tetravalent alcohols in order to vary the final polymer properties.[5, 12, 13] In general, the synthesis of the monomers was associated with a large synthetic effort. Furthermore, to our knowledge, no useful materials, displaying desired physical properties, could be obtained based on the reported polymer structures from commercially available dialdehydes. 
The aim of this research was therefore to systematically synthesize processable, high molecular weight poly(cycloacetals) starting from commercially available dialdehydes. First, a model study on several dialdehydes was performed to compare them in terms of reactivity. To obtain the targeted polymers, two different polymerization methods were explored (Figure 1) and were performed in different solvents.[14-17] Instead of using pentaerythritol as tetravalent alcohol, as reported before[1, 4, 6-9], the dialdehydes were reacted with di-trimethylolpropane (di-TMP). In this way, the formation of spiropolymers can be avoided, which enhances the solubility of the polymer structures while keeping rigid, cyclic structures in the backbone. Di-TMP was used once by Miller et al.  in poly(cycloacetals) from synthesized lignin based dialdehydes, which resulted among other things in a better solubility of the polymer structures.[15, 18] The influence of the chemical structure of the various dialdehydes on the thermal, optical and mechanical properties of the poly(cycloacetals) was examined in a systematic way to provide us with a deeper insight in the material properties. Finally, since the polymers contain acid-labile acetal functionalities, hydrolytic stability tests were performed.[19, 20]


Figure 1. General synthesis of poly(cycloacetals) via two different methods (A and B).

Experimental
Materials
Acetone (≥99.8%), dichloromethane (DCM, ≥99.5%), di-trimethylolpropane (di-TMP, 97%), ethyl acetate (EtOAc, ≥99.7%), glyoxal (40% in H2O), hexane (≥97%), methanol (MeOH, ≥99.9%), 2-methyltetrahydrofuran (2-MeTHF, ≥99.5%), 1,3-propanediol (98%) and toluene (99.9%) were purchased from Sigma Aldrich. o-Phthalaldehyde (>99%), m-phthalaldehyde (>98%), p-phthalaldehyde (>98%) glutaraldehyde (50% in H2O), CDCl3(Euriso-Top, 99.8%), dimethylsulfoxide-d6 (Euriso-TOP, 99.8%), magnesium sulfate (MgSO4, Carl Roth), petroleum ether (Acros Organics, pure), p-toluenesulfonic acid monohydrate (p-TsOH, Acros Organics, 99%), triethylamine (Et3N, Acros Organics, 99%) and all previously mentioned substances were used as received without further purification.
Instrumentation
Dynamic mechanical thermal analysis (DMTA) was performed on a SDTA861e DMA from Mettler Toledo. Differential scanning calorimetry (DSC) analyses were performed with a Mettler Toledo instrument 1/700 under nitrogen atmosphere at a heating rate of 10°C.min-1. 1H NMR-spectra were recorded on a Bruker Avance 300 at 300 MHz at room temperature. Chemical shifts are presented in parts per million (δ) relative to CHCl3-d (7.27 ppm) and DMSO-d6 (2.50 ppm) as internal standards. Size exclusion chromatography (DMA-SEC) measurements were performed on a Waters instrument, with a RI detector (2414 Waters), equipped with 3 Polymer Standards Services GPC serial columns (1 X GRAM Analytical 30 Å, 10 µm and 2 x GRAM Analytical 1000 Å, 10 µm) at 35 °C. PMMA standards were used for calibration and DMA containing LiBr (0.42 g mL-1) was used as a solvent at a flow rate of 1 mL.min-1. Molecular weight and dispersities were determined using Empower software. HFIP size exclusion chromatography was performed on an Agilent HPLC with a 1260 RI detector. The eluens contained 20 mM sodium trifluoroacetate (flow of 0.3 mL.min-1) and was used at 35°C. The HFIP-SEC was equipped with two PSS PFG 100Å gel 5 μm mixed D columns in series with an alike (Agilent). PMMA standards were used to calculate the molecular and analysis of the spectra was done with the Agilent Chemstation software. Tensile testing was performed on a Tinius-Olsen H10KT tensile tester, equipped with a 5000 N load cell, using a flat dog bone type specimen with an effective gage length of 13 mm, a width of 2 mm, and a thickness of 1.3 mm. The samples were cut out using a RayRan dog bone cutter. The tensile tests were run at a speed of 10 mm.min-1. Thermogravimetric analyses (TGA) were performed with a Mettler Toledo TGA/SDTA851e instrument under nitrogen atmosphere at a heating rate of 10°C.min-1 from 0°C to 800°C. 
Model compound synthesis
A flask of 250 mL was filled with a dialdehyde (1 eq.), 1,3-propane diol (2.2 eq.) and p-TsOH (5 mol%) as catalyst. After this, toluene or petroleum ether (100 mL) was added as a solvent to the mixture, which was stirred and refluxed under argon atmosphere in a Dean-Stark set-up. After 2 to 6 h, depending on the dialdehyde used, the acid catalyst was neutralized with Et3N (5 mol%) and the remaining solvent was evaporated. Finally, the product was dried overnight at 50°C under reduced pressure.
Polymer synthesis
Protocol A. A flask of 50 mL was filled with the dialdehyde (1 g, 1 eq.), di-TMP (1 eq.) and p-TsOH (2 mol%) as the catalyst. After this, the solvent DCM, EtOAc or 2-MeTHF (50 mL) was added to the mixture, which was stirred and refluxed under argon atmosphere. Water was eliminated from the reaction mixture with the use of a physical drying agent, MgSO4, situated between the reactor and condenser. After 65 to 90 h, depending on the used dialdehyde, the formed polyacetal was precipitated in a cold solvent mixture of Et3N:MeOH (2:5). Then, the precipitate was filtered, washed and dried overnight at 50°C under reduced pressure.[15]
Protocol B. A flask of 250 mL was filled with the dialdehyde (2.5 g, 1 eq.), di-TMP (1 eq.) and p-TsOH (2 mol%) as the catalyst. After this toluene (100 mL) was added to the mixture, which was stirred and refluxed under argon atmosphere in a Dean-Stark set-up[14]. After 6 to 8 h, depending on the used dialdehyde, the formed polyacetal was precipitated in a cold solvent mixture of Et3N:MeOH (2:5). Finally, the precipitate was filtered, washed and dried overnight at 50°C under reduced pressure.
[bookmark: 178071]Group contribution calculation methods 
Van Krevelen et al. described a theoretical method that allows fast estimation of polymer properties using empirical and semi-empirical methods. This method can predict various thermodynamic and mechanical properties of both amorphous homopolymers and statistical copolymers (molecular weight of 106 Da). The model uses connectivity indices as opposed to group contributions in its correlations, hence no database of group contributions is required, and properties may be easily predicted for most of the polymers. [11, 21]

Preparation of the polymer films

A fixed amount of polymer (4.5 g) was placed in a mould and heated to a temperature of approximately 150-170°C under vacuum (0.1 bar). After 2 hours, the mould was closed under pressure and left for another 15 minutes at the same temperature before it was cooled in a water bath (20 °C) until the mould had the same temperature as the water. 

Hydrolytic stability study

A hydrolytic stability study was performed by placing 0.1 g of polymer into test tubes, to which 10 mL of an aqueous solution of a specific pH was added. Parallel experiments were carried out with four polymer samples immersed in water (pH 7), sodium hydroxide solution (pH 10) and hydrochloric acid solution (pH 3) at temperatures of 50 °C. The test tubes were sealed to avoid evaporation of the solutions. After one month, the samples were rinsed with water and dried. The degradation of the polymers was monitored by gravimetry and SEC measurements.


Results and discussion

Study of the model compounds
Initially, five dialdehydes (Table 1) were subjected to a model study for a reactivity check. The acetalization of the selected compounds was already investigated with 1,3-propanediol[22-24] or ethylene glycol[25, 26], but in most cases different methods were used, which makes the comparison of their reactivity not possible. In order to determine and compare the difference in reactivity of the selected dialdehydes, the model acetalization reaction with 1,3-propanediol was explored in the presence of p-TsOH as catalyst. This 1,3-diol forms six-membered rings with an aldehyde and therefore resembles the structure of the tetravalent alcohols that will be used in further research. The reaction conversion was followed by measuring the amount of water in the Dean-Stark apparatus and NMR analysis of the reaction mixture (Figure S1 and S2). 


TABLE 1. Reaction times at full conversion for reactions of the selected dialdehydes with 1,3-propanediol.

	Dialdehyde
	Reaction time

	

Glyoxal
	/

	

Glutaraldehyde
	2h

	

o-Phthalaldehyde
	6h

	

m-Phthalaldehyde
	6h

	

p-Phthalaldehyde
	6h












The selected dialdehydes are cheap bulk chemicals with limited flexibility, except for glutaraldehyde, to ensure good material properties in the polymer end product. Glyoxal is the smallest possible aliphatic dialdehyde and can originate from biobased sources, since it is present in bio-oil.[27, 28] A pure bisacetal of glyoxal could not be isolated from the residual mixture, which was expected since this dialdehyde is a mixture of hydrated oligomers.[29] Glutaraldehyde, which is an aliphatic, more flexible and also potentially biobased dialdehyde[30], was reacted to full conversion after 2 h, yielding the corresponding diacetal. Three aromatic dialdehydes (p-phthalaldehyde, m-phthalaldehyde and o-phthalaldehyde), which have the same chemical formula but differ in the positioning of the substituents, were also examined in order to see the role of regio-isomerism on the reactivity of the compounds and thus the speed of the reaction. Unlike the fast reaction of glutaraldehyde, the acetalization of these phthalaldehydes with 1,3-propane diol took 6 h to reach full conversion. This delay is ascribed to the presence of a conjugated electron system in the phthalaldehydes, in contrast to the aliphatic glutaraldehyde. Due to this conjugation, one aldehyde group is deactivated after acetalization of the other aldehyde functionality. Since acetalization of the three aromatic dialdehydes was completed within similar reaction times, regio-isomerism did not seem to have a notable influence on the reactivity.
In conclusion, glyoxal was left out of the further study due to the presence of dimers and oligomers in the starting mixture, which would presumably result in crosslinked materials. Moreover,  glutaraldehyde appeared to be more reactive than all phthalaldehydes towards the acetalization process, which will eventually reflect on the polymerization process. 


Polyacetalization
As a starting point of this study, glutaraldehyde was reacted with pentaerythritol in a polymerization reaction using MgSO4 as physical drying agent, following an earlier reported procedure.[15]. As was expected from literature examples[1, 3, 6, 7, 9], only low molecular weight poly(cycloacetals) could be synthesized. Polymerization in EtOAc and 2-MeTHF (green solvents) resulted in white solids with expected low molar masses between 4 to 5 kDa. The polymers were only soluble in hexafluoroisopropanol and multi-modal SEC traces reveal that branching might have occurred. The polymers were stable up to 370°C, but no glass transition could be observed from DSC analysis within a temperature range of 0°C till 350°C. As a final step, attempts were made to prepare polymer films but they resulted in a white, turbid and very brittle material. Consequently, no mechanical properties could be obtained from pentaerythritol-derived samples.
In order to obtain processable poly(cycloacetals) with potential applicability, pentaerythritol was replaced by the tetravalent alcohol di-TMP because of its higher flexibility, as earlier explained. The polymerization of the above described dialdehydes with di-TMP in the presence of p-TsOH as catalyst was studied. The generated water (see Figure 1) could be eliminated from the reaction mixture in two different ways, on the one hand by using MgSO4 as a physical drying agent (protocol A) and on the other hand via azeotropic destillation, more commonly known as a Dean-stark set-up (protocol B). In protocol A, first the chlorinated solvent DCM was selected based on a literature report[15]. In a second approach, EtOAc and 2-MeTHF were selected because of their more renewable character and higher reflux temperatures[16, 17]. In protocol B, only toluene was considered as solvent, due to the limited solubility of the monomers in petroleum ether with boiling point around 60°C. 
After work-up and purification, NMR-analysis of the resulting products showed that the aimed poly(cycloacetals) originating from glutaraldehyde (Figure 2 top) and the phthalaldehydes (Figure 2 bottom) were successfully synthesized and isolated. The molecular weights of the poly(cycloacetals) derived from these dialdehydes as well as thermal and mechanical analysis results can be found in Table 2. This table compares results obtained by protocols A and B. It is important to note that polymerization via protocol B was around ten times faster than reaction via protocol A. This means that protocol B is preferred in terms of the reaction time necessary to obtain high conversion. Besides this observation, Table 2 shows that the poly(cycloacetals) often have high molar masses (up to 38 kDa), to our knowledge reported for the first time, and they possess a high degradation temperature (Td), which indicates their high thermal stability. 
Since poly(cycloacetals), obtained from glutaraldehyde and the phthalaldehydes, showed striking differences in terms of their molecular weights on the one hand and thermal, mechanical and optical properties on the other hand, they are discussed separately hereafter.
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Figure 2. Top: 1H NMR of the poly(cycloacetal) obtained from glutaraldehyde and di-TMP and bottom: from m-phthalaldehyde and di-TMP (B) (CDCl3, 300 MHz)
[bookmark: _Ref419476212]TABLE 2.. Molar masses and dispersities as well as thermal and mechanical properties of the synthesized poly(cycloacetals) with di-TMP as tetravalent alcohol. 
	Aldehyde
	Solvent
	Mn / Đ
(kDa)
	Td 
(°C) 
	Tg (DSC)
 (°C) 
	Tg (DMTA)
(°C) 
	E 
(GPa)
	Yield strength
(MPa)
	Tensile strength
(MPa)

	Glutar-
	DCM (A)
	34 / 4.0
	270
	30
	35
	0.4
	7.1
	14.8

	
	EtOAc (A)
	38 / 2.6
	370
	31
	34
	0.7
	10.4
	16.6

	
	2-MeTHF (A)
	  8 / 1.2
	390
	21
	/a
	/a
	/a
	/a

	
	Toluene (B)
	38 / 3.1
	  370*
	30
	39
	0.5
	11.0
	16.5

	Terephthal-
	DCM (A)
	/b
	305
	115
	/c
	/c
	/c
	/c

	Isophthal-
	DCM (A)
	20 / 1.4
	  343*
	86
	/d
	/d
	/d
	/d

	
	EtOAc (A)
	  3 / 1.2
	360
	80
	/d
	/d
	/d
	/d

	
	2-MeTHF (A)
	11 / 1.2
	370
	93
	/d
	/d
	/d
	/d

	
	Toluene (B)
	16 / 1.9
	   340
	95
	/d
	/d
	/d
	/d

	o-Phthal-
	DCM (A)
	18 / 1.4
	  327*
	102
	/d
	/d
	/d
	/d

	
	2-MeTHF (A)
	15 / 1.4
	 350*
	106
	/d
	/d
	/d
	/d

	
	Toluene (B)
	15 / 1.7
	 275*
	103
	/d
	/d
	/d
	/d


A = Polymerization protocol A, B = protocol B, *Td determined at 10% weight loss instead of 5% due to presence of water, / = Absent results because of a) low yield, b) insolubility in DMA and HFIP for SEC, c) difficulties of processing or d) brittleness. 	 SEC was done with DMA containing LiBr, and PMMA standards. TGA measurements were performed under N2 atmosphere and the Td represents the temperature at 5% mass loss. For DMTA analysis, the Tg is defined as the maximum in the Tanδ-T curve.
When analyzing the results of poly(cycloacetals) originating from glutaraldehyde, it can be observed that DCM, EtOAc and toluene as solvent resulted in higher yields and molecular weights. Figure 3 depicts the stress-strain curves of materials (Tg’s around 35°C, Figure S3) obtained by polymerization of glutaraldehyde via protocol A and B. Besides the relatively high elastic modulus (0.6 GPa), yield strength (10 MPa), and tensile strength (16 MPa) at room temperature, these poly(cycloacetals) also showed ductile behaviour. Finally, the resulting materials were transparent and colourless.


[bookmark: _Ref419482495]Figure 3. Stress-strain curves of glutaraldehyde-based poly(cycloacetals) obtained via protocol A and B.
In this section, the results of poly(cycloacetals) originating from the phthalaldehydes will be discussed. First of all, it should be noted that polymers based on p-phthalaldehyde precipitated early from the reaction mixture and were insoluble in common organic solvents or hexafluoroisopropanol while the poly(cycloacetal)s from o and m-phthalaldehyde as well as the poly(cycloacetal)s from glutaraldehyde were soluble at room temperature in high boiling solvents such as DMSO, DMA and DMF. Consequently, molecular weights could not be determined and these poly(cycloacetals) were not considered for further analysis. Table 2 also shows that the polymerization of m-phthalaldehyde was difficult in EtOAc and even impossible for polymerization of o-phthalaldehyde. Presumably, EtOAc is able to react with di-TMP in an acid catalyzed transesterification reaction as a result of the delay in the reaction caused by deactivation of the dialdehyde (vide supra). Furthermore, molecular weights of phthalaldehyde-based poly(cycloacetals) were lower than those of glutaraldehyde-based poly(cycloacetals). From the model study, it could be concluded that the deactivation of the phthalaldehyde (vide supra)  the polyacetal to reach higher molecular weights. As expected, higher Tg’s of the poly(cycloacetals) based on phthalaldehydes could be observed as a result of the higher rigidity of the phthalaldehydes, compared to the more flexible glutaraldehyde segments.
 In Figure 4 (left) the DSC results of the three different phthalaldehyde-based poly(cycloacetals) polymerized in DCM are shown. It is clear that the Tg’s of the different poly(cycloacetals) strongly depend on the specific phtalaldehyde used. This dependence is ascribed to regioisomerism, since the substitution pattern of the phthalaldehyde determines how the aromatic ring can stack in the polymer backbone. This results in a difference in flexibility of the polyacetal and consequently an obvious discrepancy in the observed Tg’s. The polymers derived from terephthaladehyde show the highest Tg because of the para position of the aldehyde-groups and thus better stacking of the symmetric structural unit. 

[bookmark: _Ref419487512]
Figure 4: Left: DSC results of phthalaldehyde-based poly(cycloacetals) polymerized in DCM. Right: Tg values (DSC) of the phthalaldehyde-based poly(cycloacetals), compared to the calculated Tg values (group contribution calculations).
These experimental results were compared to theoretical Tg values, calculated with group contribution methods[21], which show a clear trend in Tg that can be related to the relative position of the aldehydes on the aromatic ring. Only for the o-phthalaldehyde-derived polymers, the calculated result clearly differs from the experimental one, which is ascribed to the fact that the theoretical method probably takes large free volume, and therefore bad packing of the o-phthalaldehyde-derived polymer chains, into account. On the other hand, a 3D structure of the o-phthalaldehyde and m-phthaldehyde based polymers shows that the meta substitution creates more free volume in comparison to the ortho-substituted polymer. Mechanical properties of these phthalaldehyde-based poly(cycloacetals) could not be determined since they were too brittle for tensile or DMTA tests. The resulting materials were non-transparent and had a light yellow colour.
In a final experiment, the glutaraldehyde poly(cycloacetals) were subjected to stability tests in order to investigate the hydrolytic stability of the acetal functionalities, which are part of the polymer backbone[31]. For one month, 0.1 g of polymer was submersed in 10 ml water (pH 7), sodium hydroxide solution (pH 10), and hydrochloric acid solution (pH 3) at temperatures of 50°C. After one month, the samples were dried and weighted, and SEC measurements were carried out to check if a decrease in the molecular weight of the polymers could be observed as a result of degradation[32](Table 3).
[bookmark: _Ref418366340]TABLE 3. Molecular weights and dispersities before and after degradation tests with glutaraldehyde-based poly(cycloacetals).
	pH
	Mn (kDa) / Đ

	
	Before
	After

	3
	65  / 2.9
	57 / 2.6

	7
	65 / 2.9
	57 / 2.9

	10
	65 / 2.9
	60 / 2.1




Eventually, no significant loss in molecular weight of the poly(cycloacetals) could be observed after one month exposure in an aqueous medium. It is assumed that the high hydrophobicity excludes the interaction between water and the inherently labile acetal moieties, which contributes to the stability of the material[19].  The hydrophobicity of these polymers was confirmed by the observation of a negligible swelling in water.

Conclusions
New, high molar mass poly(cycloacetals), originating from available dialdehydes, have been synthesized. Instead of pentaerythritol, di-TMP was used successfully as tetravalent alcohol in the polyacetalization reaction. Depending on the used dialdehyde and the reaction conditions, molecular weights up to 38 kDa could be obtained. The highest molecular weights were realized with glutaraldehyde and di-TMP, since the phthalaldehydes were less reactive towards acetalization due to their conjugated system. All polymers could be easily processed by compression moulding. The m-phthalaldehyde-based poly(cycloacetals) showed high rigidity, were brittle, non-transparant and had a yellowish colour. On the other hand, the glutaraldehyde-based poly(cycloacetals) display high thermal stability, ductile behavior, transparancy and the opportunity to originate from biosources. Furthermore, no significant degradation could be observed after stability tests at pH-range between 3 and 10.
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