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ABSTRACT Short-chain oxymethylene dimethyl ethers, or OMEs (molecular formula: H3CO-(CH2O)n-CH3, where n = 3-5), have previously been studied as diesel-like fuels and fuel additives. OMEs can be produced from sustainably-sourced methanol, and tests indicate that they are not genotoxic nor mutagenic. In this report, their potential as solvents has been investigated in order to expand the bio-derived solvent space. According to traditional solvatochromic parameters, a commercial mixture of OME3-5 and its individual components (OME3, OME4, and OME5) have solvation properties similar to problematic industrial ether solvents such as 1,4-dioxane. Peroxide formation, one of the chief dangers of classical ether solvents, was found to occur much more slowly in OMEs than in conventional solvents such as tetrahydrofuran (THF), demonstrating an improved safety profile. The commercial OME3-5 mixture was found to be broadly miscible with organic solvents, but immiscible with water, suggesting potential application in aqueous extractions. It performed well in the dissolution of polystyrene and removal of paints and coatings, indicating OME3-5 may suitable to replace dichloromethane (DCM) in polymer recycling, polymer welding, and cleaning applications. To further demonstrate applicability as a solvent, this mixture was shown to facilitate a model Suzuki coupling reaction at rates similar to cyclopentyl methyl ether (CPME), which is currently marketed as a green ether. Finally, OME3-5 proved a suitable solvent for enzymatic polymerization, giving high yields, moderately high degrees of polymerization, and remarkably narrow dispersity values.




INTRODUCTION 
Short-chain oxymethylene dimethyl ethers (OMEs; molecular formula: H3CO-(CH2O)n-CH3, with n = 1-6) are a class of synthetic linear oxygenates currently under consideration as sustainable oxygenated fuels, especially as diesel substitutes or additives. Their combustion leads to remarkably low soot and NOx emissions.1 OMEs can be synthesized from methanol, which in turn can be sourced from biomass-derived syngas or captured CO2 and renewable H2, opening pathways for sustainable synthesis of this fuel candidate (Scheme 1).1–7
[bookmark: _Ref6845103][image: ]
[bookmark: _Ref9369734] Scheme 1. A generalized synthesis of OMEs based on CO2 and H2 (1). Methanol is partially dehydrogenated (2) to provide a mixed methanol/formaldehyde feed, acting as the source for both end caps (3).
In general, OME synthesis produces a mixture of oligomers, with chain length and distribution strongly influenced by the choice of synthetic route. The composition of the OME mixture can therefore be tuned for a specific application, and the chain length distribution can then be narrowed via molecular size reforming.3,5,6,8–11 This capacity to tune the composition, and therefore the properties, of an OME mixture is important for designer fuel production and other applications, such as OME solvents. Individual OMEs can be isolated, typically via distillation, but the process is energy-intensive and costly, putting the price of pure OMEs well above the solvent range. A tailored mixture, on the other hand, could potentially be cost-competitive with traditional solvents. For example, White et al. have recently reported the synthesis of OME3-5 from a gaseous formaldehyde/methanol stream.12 The overall production cost for this process was modeled and estimated to be 951 USD per ton of OME3-5 at a scale of 35 kt per annum, on par with the rough price of acetone (USD 900-1300/ton).13 
Applications of OMEs outside the fuel sector have not previously been explored in any depth, with the exception of their use as physical sorbents for CO2.2,14 Their wide liquid range, low viscosity (Table 1), and the option to tune the product mixture makes OMEs potential solvents for a number of applications. In addition, the closely related compound OME1, or methylal, is a well-known, effective solvent used in applications such as aerosols, paints, extraction, synthesis, and many others.15 Given the potential cost parity of OME3-5 with traditional solvents, its promising physical properties, and the efficacy of OME1 as a solvent, this study examines the application of this mixture as an alternative ether-like solvent.
	Compound
	MP
(C)
	BP
(C)
	FP
(C)
	Density ()
(g/cm3, 15C)
	Viscosity ()
(cP, 25C)
	Surface Tension ()
(mN/m, 20C)

	OME3
	-4316
	15616
	2017
	1.0416
	1.1317
	28.816

	OME4
	-1016
	20216
	7717
	1.0816
	1.8817
	30.716

	OME5
	1816
	24216
	10317
	1.1116
	2.9317
	32.616

	OME3-5
	-1918
	157-2591
	7019
	1.071
	-
	30.719


[bookmark: _Ref6845266]Table 1. Physical properties of OMEs.
FP = flash point.

PREDICTING SOLVENT BEHAVIOR
A commercially available sample of OME3-5 was supplied by ChemCom Industries. GC-FID and GC-MS analysis of this mixture indicated the bulk was composed of OME3 (43%), OME4 (24%), OME5 (10%), and a branched derivative of OME1 (10%) (Figure 1, Table S1). The rest of the mixture is made up of smaller fractions (<5% each) of longer-chain OMEs and their derivatives, with fractions under 1% not being tabulated. This composition suggests that the OME3-5 mixture will resemble short-chain OMEs (n5) in physical properties and solvation abilities. The water content of this batch was found to be 0.12% (±0.04) by Karl Fischer titration.
[image: ]
[bookmark: _Ref6845465]Figure 1. The investigated mixture is composed of predominantly OME3-5 (77%), longer chain OMEs (n > 5) (a); and derivatives (b) of varying chain lengths (10%).
Hansen Solubility Parameters (HSP) are useful predictors of a solvent’s behavior, quantifying three components of intermolecular interaction: dispersion forces (δD), polarity (δP), and hydrogen bonding ability (δH). To identify potential applications of the OME3-5 mixture, its HSP were predicted using HSPiP software.20 The HSP of each component of the mixture were predicted individually, then linearly combined using the proportions determined by GC. Comparing the resulting values with those of conventional solvents indicates which solvents OME3-5 could potentially replace (Table 2). The D-OME value indicates how far each solvent is from OME3-5 in the three-dimensional Hansen space; lower values indicate that OME3-5 may behave like this solvent. The high δP of OME3-5 suggests it could be considerably more polar than other ether-type solvents, but otherwise its HSP are similar to those of 1,4-dioxane and THF.
Solubility behavior can also be predicted with Kamlet-Abboud-Taft (KAT) parameters, which are measured by using three solvatochromic dyes that probe a solvent’s intermolecular interactions (Figure S1).21 The wavelength of maximum absorption for each dye is measured using UV-Vis spectrometry and used to calculate the hydrogen bond acidity (α), hydrogen bond basicity (β), and dipolarity/polarizability (π*). KAT parameters for the OME3-5 mixture were measured and compared with known values for conventional ether solvents (Table 2).22,23 Values for ∆-OME indicate how far each solvent is from OME3-5 in the three-dimensional KAT space, giving an experimental predictor of how similar the two solvents are. A lower ∆-OME value suggests more similarity between OME3-5 and the conventional solvent. Notably, the KAT parameters of OME3-5 are nearly identical to those of 1,4-dioxane, suggesting that these two solvents will behave very similarly. In contrast to the computationally-predicted Hansen parameters, the empirical KAT π* value of OME3-5 is in line with those of the other ethers.
[bookmark: _Ref6848354][bookmark: _Ref6848350]Table 2. Hansen solubility parameters and Kamlet-Abboud-Taft solvatochromic parameters for OME3-5 mixture and common ethers. 
	
	δD
	δP
	δH
	D-OME
	
	
	*
	-OME

	OME3-5
	15.6
	7.1
	6.1
	0.0
	0.00a
	0.36b
	0.55b
	0.00

	1,4-dioxane
	17.5
	1.8
	9.0
	7.1
	0.00a
	0.37c
	0.55c
	0.01

	THF
	16.8
	5.7
	8.0
	3.3
	0.00a
	0.58d
	0.59d
	0.22

	2-MeTHF
	16.9
	5.0
	4.3
	3.8
	0.00a
	0.58e
	0.53e
	0.22

	CPME
	16.7
	4.3
	4.3
	4.0
	0.00a
	0.53e
	0.42e
	0.21

	Diphenyl ether
	19.4
	3.4
	4.0
	8.7
	0.00a
	0.13c
	0.66c
	0.25

	Diethyl ether
	14.5
	2.9
	4.6
	5.0
	0.00a
	0.47c
	0.27c
	0.44









D-OME = distance from OME3-5 in the Hansen space, -OME = distance from OME3-5 in the KAT space. HSP values were drawn from HSPiP database or predicted by HSPiP. aAssumed value. b This work. c Kamlet et al.21 d Byrne et al.22 e Jessop et al.24

SAFETY AND STABILITY
In developing new green solvents, safety testing is critical. In the case of OMEs, a number of tests have been performed previously for an OME2-8 mixture, namely OECD 471 (bacterial mutation), OECD 473 (mammalian mutation in vitro), and OECD 474 (mammalian mutation in vivo) (Data provided by industrial partner).25 The results indicate that the OME2-8 mixture is neither genotoxic nor mutagenic, implying that the OME3-5 mixture (a subset of OME2-8) is similarly safe on these endpoints according to CLP criteria. However, further testing will be required going forwarded to further establish the safety of OME mixtures, particularly with respect to toxicity and aquatic toxicity.
Another key safety issue relating to the use of ether solvents is their gradual autoxidation to unstable peroxides, creating an explosion hazard when the solvent evaporates or is otherwise concentrated.26 While the high boiling point of OME3-5 slows evaporation, making peroxide concentration less likely, it is still important to know how quickly peroxides form in the solvent. To this end, the peroxide formation potentials of the individual OMEs (purchased at >99% purity) and the OME3-5 mixture were assessed and compared with other ether solvents. Tetrahydrofuran (THF) was used as an example of a conventional ether, and cyclopentyl methyl ether (CPME) as a solvent which is marketed as a safer ether solvent and ostensibly forms no peroxides.27
In order to assess peroxide formation potential, solvents without peroxide formation inhibitors were exposed to conditions that promote peroxide formation, comprising strong UV radiation and a bubbling stream of air.22 The peroxide concentration was measured at intervals and compared against control samples stored in the dark, and these measurements used to estimate rates of peroxide formation in each solvent (Table 3). The volume of solvent lost to evaporation was <10% for each sample and did not significantly impact the results. Based on these results, it is clear that the OME3-5 mixture forms peroxides far more slowly than THF; indeed, the rate of formation is similar to that of CPME. The bulk of peroxide formation in the OME mixture is likely due to the presence of short-chain OMEn≤3, as the longer-chain OMEs form peroxides even more slowly.
[bookmark: _Ref6848508]Table 3. Peroxide formation test results (mg peroxide/L solvent)
	
	
	Time (h)
	

	Solvent
	Sample
	0
	2
	4
	Rate (mg/L/h)

	THF
	Control
	10
	10
	10
	0

	
	Test
	10
	30
	30-100
	14

	CPME
	Control
	3
	3
	3
	0

	
	Test
	3
	10
	10
	2

	OME3-5
	Control
	10
	10
	10
	0

	
	Test
	10
	10
	10-30
	3

	OME3
	Control
	3
	3
	3
	0

	
	Test
	3
	3-10
	10
	2

	OME4
	Control
	1-3
	1-3
	1-3
	0

	
	Test
	1-3
	3
	3-10
	1

	OME5
	Control
	<1
	<1
	<1
	0

	
	Test
	<1
	1-3
	3
	1














Wang and Shen reported the decomposition of OME5 at 65C in the presence of hydrochloric or phosphoric acid, suggesting that the OME3-5 mixture may not be a suitable solvent for acid-catalyzed reactions.28 To confirm this, the OME mixture was exposed to a selection of Brønsted and Lewis acids in low concentrations of 1.0 mol.% and stirred at 50C (Figure 2). In most cases, the mixture formed a solid mass either immediately or over the course of 72 h stirring. Aluminum chloride gradually formed a cloudy white mixture. Hydrochloric acid showed no obvious reaction at 1.0 mol.%, but at a higher concentration of 20.0 mol.%, it also caused solidification. These results suggest that the various OMEs are acid-labile and are likely not suitable for acid-catalyzed reactions. 
[image: ]
[bookmark: _Ref6848677][bookmark: _Ref6848674]Figure 2. Samples of OME3-5 mixture treated with 1.0 mol% of various acids. Stirrer bars have been left in all vials for consistency, as removal from solidified samples proved impractical.
No data is currently available on base stability, but it is expected that OME3-5, like other ethers, could be cleaved by strong bases.29 This could be a concern for reactions involving organolithium reagents.
Due to the novelty of using OME3-5 as a solvent, its long-term stability and recyclability are not yet known. However, OMEs can be purified via distillation, suggesting that they could also be recycled in this way. For industrial use, it would be valuable to assess thermal stability and recyclability.
ORGANIC REACTION MEDIUM
The miscibility of OME3-5 with a broad range of organic solvents was tested to assess the mixture’s suitability for use in extractions and separations (Table S2). The solvents were considered miscible if they could be mixed in equal proportions at room temperature without turbidity or layer separation. Surprisingly, this sample of OME3-5 was found to be miscible with most organic solvents, the only exceptions being ethanolamine and ethylene glycol. It is, however, immiscible with water, opening potential application possibilities in aqueous extractions and separations.
To demonstrate the applicability of OME3-5 as a solvent for pharmaceutical and fine chemical synthesis, representative Suzuki-Miyaura reactions were performed, monitoring yield directly from the reaction mixture via GC-FID. The palladium-catalyzed coupling of an organohalide with a boronic acid is a cost-effective choice for many laboratories and industries to form C-C bonds (Figure 3).30 It is traditionally performed in solvents such as 1,4-dioxane and THF, making it a good match for the solubility parameters of OME3-5. To test whether OME3-5 is suitable for such reactions, two model coupling reactions were carried out (Figure 3). The first reaction (Figure 3a), which produces biphenyl, is a simple model in that the homocoupling product is identical to the cross-coupling product. The second reaction (Figure 3b) produces diphenylmethane and has two competing homocoupling side reactions which produce biphenyl and dibenzyl. These competing reactions can reduce product yield, and the role of the ether solvent becomes both more complex and more important. For example, CPME is known to outperform traditional ether solvents in this coupling, giving the fastest reaction with the least homocoupling.31
The results in OME3-5 were compared against 1,4-dioxane, which is closest to OME3-5 in the KAT space, and CPME, which is considered a safer, more environmentally friendly, and sometimes more effective ether solvent27,32. In reaction 3a), formation of the biphenyl product was promoted equally by all three solvents. Reaction 3b) showed that when homocoupling byproducts compete with the primary cross-coupling product, OME3-5 can promote the reaction more quickly than dioxane, though not as well as CPME. After 24 hours, the product yield was similar in all three solvents, with slight differences in formation of the homocoupling products (Figure S2). Both OME3-5 and CPME formed less biphenyl side product than dioxane, with the preference for dibenzyl being particularly pronounced in OME3-5.
[image: ]
[bookmark: _Ref6848755]Figure 3. Reaction yields of Suzuki-Miyaura coupling reactions to produce a) biphenyl and b) diphenylmethane in 1,4-dioxane, CPME, and OME3-5 solvents. Yields were calculated via analysis of reaction mixture by GC-FID, and the standard error is given based on three repetitions.
Greener solvents are also in demand for biocatalytic reactions, which are growing in popularity for industrial processes. Recently, studies have compared the performance of solvents such as tetramethyloxolane (TMO) and 2-methyl THF against more traditional choices such as toluene and THF in simple esterification reactions between 1-hexanol and dodecanoic acid33, as well as between the bulkier 2-phenylpropionic acid and ethanol34 and for the polycondensation of aliphatic and furan-derived bio-based monomers.35 For enzymatic polymerizations, however, the traditional solvent of choice is diphenyl ether (DPE), due to its low volatility at the enzyme’s operational temperature of 85C and its ability to dissolve a variety of substrates.36,37 Due to the similar KAT parameters of OME3-5 and DPE, as well as the high boiling points of OMEs, the OME3-5 mixture was tested as a renewably-sourced solvent for enzymatic polymerization reactions.
A polycondensation (transesterification) reaction was performed with a bio-based diester (dimethyl adipate) and three diols with carbon chain lengths of 4 (1,4-butanediol), 6 (1,6-hexanediol), and 8 (1,8-octanediol) atoms respectively, in order to study the impact of diol chain length on reaction progress. From the 1H-NMR of the purified products (Figure S3), no major differences were observed between solvents, with all monomer conversions reaching >95% (Figure 4a). These data are in accordance with previous results from reactions carried out without solvent, which show similarly high conversions.38
Significant differences between solvent systems begin to appear when examining the isolated yield of each reaction. Figure 4b compares isolated yields for reactions with diols of various chain lengths in traditional solvent DPE as well as new solvent OME3-5. In all cases, the isolated yields from reactions performed in OME3-5 were significantly higher than those performed in DPE. The yields cannot be compared to solventless reactions, as in a solventless reaction, an easy, one-step work-up with THF is used to recover the polymers.39,40 When using high-boiling solvents, a multi-step recovery procedure is necessary. This removes the unreacted monomer and some of the shorter-chain polymers, reducing the apparent yield.
The shortest chain length, C4, gave the lowest yield by a large margin, with C6 and C8 diols giving more than double the isolated yield of C4. This may be due to the formation of shorter-chain polymer products in this reaction, some of which are partially soluble in the methanol used for washing, or it could be due to the biocatalyst interacting more readily with the more hydrophobic C6 and C8 diols.


[bookmark: _Ref6910746]Figure 4. Results of reactions between dimethyl adipate and diols of various chain lengths catalyzed by Candida antarctica lipase B in DPE and OME solvents, showing (a) monomer conversion, (b) isolated yield, (c) number-averaged molecular weight, and (d) polymer dispersity. C4 = 1,4-butanediol, C6 = 1,6-hexanediol and C8 = 1,8-octanediol. Results are presented as average of two independent experiments ± standard deviation.
In solventless reactions, the number-average molecular weights (Mn) of the polymers produced have been reported to be in the range of 6500-7500 g·mol-1, depending on the diol used.38 While the OME3-5 reactions in the current study yielded comparable Mn, reactions performed in DPE resulted in significantly higher Mn for the C6 and C8 chain lengths (Table 4, Figure 4c). This indicates that DPE is promoting higher degrees of polymerization, particularly for C6 diols, where the DPE Mn is double that of solventless or OME3-5 polymerization. However, in most cases, the dispersity (Đ) of polymers obtained in OME3-5 is significantly narrower than either the solventless or DPE reactions (Figure 4d), meaning there is less variation in polymer chain length.
[bookmark: _Ref6911857]Table 4. Comparison between dimethyl adipate reactions carried out in solventless conditions, DPE, or OME3-5. 
	Diol
	M0 (g mol-1)
	
	Solventlessa
	DPE
	OME3-5

	C4
	200.13
	Mn (g mol-1)b
	6630
	6560
	6070

	
	
	Đb
	1.71
	1.14
	1.14

	
	
	DPc
	33
	30
	30

	C6
	228.18
	Mn (g mol-1)b
	6710
	13500
	6730

	
	
	Đb
	2.05
	2.22
	1.30

	
	
	DPc
	29
	59
	29

	C8
	256.23
	Mn (g mol-1)b
	7140
	10400
	7430

	
	
	Đb
	1.76
	1.36
	1.30

	
	
	DPc
	28
	41
	29










a Pellis et al.38 b Calculated via GPC, calibrating with polystyrene standard and using toluene as a reference c Calculated by dividing Mn by M0.

It is also worth noting that with the OME3-5 mixture, a 5-10% w/w reduction in solvent was observed over the course of the reaction, while in DPE, <5% w/w loss was detected. This difference can be explained by removal of some of the more volatile OMEs when vacuum is applied to remove the methanol byproduct.
The marked differences between reactions performed in DPE and OME3-5 are likely due to a combination of factors, including enzyme selectivity, solvent and monomer hydrophobicity, solvent geometry, and other solvent properties.41 The complexity and dynamic nature of the biocatalytic system necessitates detailed molecular modelling studies to elucidate the individual effects of these factors. 
In short, enzymatic polymerizations in OME3-5 are possible, and while average molecular weights of the polymers produced in this way are lower, the yields are significantly higher than reactions in DPE. Compared to solventless reactions with adipic acid esters in previous studies,38 OME3-5 gives similar molecular weight and degree of polymerization, but also facilitates a significant reduction in dispersity, producing much more consistent chain lengths. The molecular weight trends with respect to diol chain length in the OME3-5 reactions mirror those found in solventless reactions.38 Polymerizations performed in OME3-5 could be very useful when polyesters with moderately high molecular weights and narrow dispersity are desired. 

POLYMER DISSOLUTION
Polymer dissolution and processing with green solvents is also a growing field of interest, with the goal being to reduce the polymer industry’s environmental impact and create healthier, less-damaging polymers.42 The OME3-5 mixture was tested as an affordable, bio-derived solvent for processing a variety of polymers at 5% w/v (Figure 5). Polystyrene dissolves readily in this solvent, suggesting potential application as a safer, less volatile replacement for dichloromethane polystyrene extraction and related applications. A higher-volume application could be polystyrene dissolution for recycling, as green solvent systems for this are not yet well developed.43 OME3-5 appears to have no effect on polypropylene, polyethersulfone, or polyvinylpyrrolidone. It shows some interaction with Solvay’s Torlon, which is a polyamide-imide, but does not fully dissolve it.
[image: ]
[bookmark: _Ref7017504]Figure 5. OME3-5 tested in dissolution of various polymers at 5% w/v. Checkmarks indicate full dissolution occurred, while crosses indicate samples with undissolved polymer.
Additionally, OME3-5 was tested for efficacy in removing polymer-based paints from porous ceramic material, simulating its behavior in graffiti removal. In this application, OME3-5 performed quite well for acrylic paint, showing performance similar to that of NMP (Figure 6). For cellulose paint, OME3-5 performed moderately well, leaving some dye behind.
[image: ]
[bookmark: _Ref7017842]Figure 6. Efficacy of OME3-5 in removing graffiti-like paint. OME3-5-cleaned tiles are shown between uncleaned tiles and tiles cleaned with NMP.

CONCLUSION
In conclusion, a new field of application has been opened for OME3-5 and, by extension, short-chain liquid OMEs in general. The potential of OME3-5 as a solvent has been shown for diverse applications such as pharmaceutical and fine chemical synthesis, biocatalytic reactions, polymer dissolution and processing, and removal of paints and coatings. As reported previously, the OME3-5 mixture can be produced at a cost competitive with traditional solvents, and its use as a solvent could complement the diesel additive applications that are currently being explored, increasing demand and facilitating manufacturing scale-up. Future work remains in studying the toxicity and aquatic toxicity of these solvents, but they appear safe in terms of genotoxicity and mutagenicity. In terms of safe handling, OME3-5 forms peroxides much more slowly than THF. This report demonstrates that OME3-5 should be considered as a new ether solvent for a wide range of products and processes, expanding the palette of bio-based solvent options.
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SYNOPSIS Oxymethylene dimethyl ethers present a safer CO2- or bio-based alternative to 1,4-dioxane and other hazardous ether solvents in various commercially relevant and emerging applications.
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