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Abstract. Carbon dioxide-based polyoxazolidinones (POxa) are an emerging subclass of non-

isocyanate polyurethanes for high temperature applications. Current POxa with rigid linkers suffer 

from limited solubility that hinders synthesis and characterization. Herein, we report the addition 

of alkyl and alkoxy solubilizing groups to rigid spirocyclic POxa and their 

poly(hydroxyoxazolidinone) (PHO) precursors. The modified polymers were soluble in up to six 

organic solvents, enabling characterization of key properties (e.g., molar mass and polymer 
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structure) using solution-state methods. Dehydration of PHO to POxa changed solubility from 

highly polar to less polar solvents and improved thermal stability by 76–102 °C. The POxa had 

relatively high glass transition (85–119 °C) and melting (190–238 °C) temperatures tuned by 

solubilizing group structure. The improved understanding of factors affecting solubility, structure–

property relationships, and degradation pathways gained in this study broadens the scope of 

soluble POxa and enables more rational design of this promising class of materials. 

Introduction. Polyurethanes (PUs) are commonly used in an expansive range of commercial 

products,1,2 including foams,3 coatings,4,5 and elastomers.6 Polyoxazolidinones (POxa) are an 

emerging subclass of PUs with five-membered cyclic urethanes (oxazolidinones) embedded in the 

polymer backbone. These oxazolidinone linkages impart POxa with high thermal stability7–11 and 

glass transition temperatures (Tg)
8–14 which make them promising for high-temperature 

engineering thermoplastic applications.9,12 Unfortunately, the traditional synthesis of POxa from 

the step-growth polymerization of diisocyanates and diepoxides15,16 has many drawbacks, 

including high reaction temperatures (>150 °C),9,12 lack of regioselectivity,12,13 and undesired side 

reactions (e.g., isocyanate trimerization to form isocyanurate cross-links).9,12,17 Additionally, the 

environmental18 and health19 concerns of isocyanates have resulted in increased regulation,20 

necessitating the development of alternative, non-isocyanate routes to these materials.  

To address these concerns, non-isocyanate POxa have been reported via (1) polycondensation 

of diurethanes and diepoxides,15,21 (2) cyclization of poly(propargylamine)s with CO2,
10,22–24 and 

(3) polyaddition of CO2-based bis(α-alkylidene cyclic carbonate)s (bisαCCs)25 and diamines to 

form poly(hydroxyoxazolidinone)s (PHO) followed by dehydration.11,26 Routes 2 and 3 are 

particularly attractive because CO2 is a nontoxic, renewable, abundant, and inexpensive C1 

feedstock.27,28 
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Investigations into CO2-based PHO and POxa have been hindered by inconsistent solubility in 

common organic solvents. Their solubility strongly depends on the structure of the linkers (Figure 

1A): polymers with two flexible linkers are typically soluble11,26 whereas the inclusion of more 

rigid linkers (e.g., aromatic or aliphatic rings) often results in insoluble polymers.11,22,26 This 

insolubility limits the development of rigid POxa—which are expected to have higher Tg
11,12,14—

because the polymers precipitate during the polymerization and key properties (e.g., molar mass) 

cannot be characterized using common solution-state methods.11,22,26 Therefore, a more general 

strategy is required to access soluble PHO and POxa with diverse linkers and expand the utility of 

these materials.  

 

Figure 1. (A) Limited solubility of previous CO2-based PHO11 and POxa22 with rigid linkers. (B) 

Addition of SGs to rigid spirocyclic PHO and POxa. 
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Herein, we address this limitation by incorporating alkyl or alkoxy solubilizing groups (SGs) 

into PHO and POxa with a rigid spirocyclic linker (Figure 1B). The modified polymers not only 

exhibited improved and tunable solubility in organic solvents but also revealed differences in the 

primary influence underlying solubility between the two scaffolds. Thermal analyses provided 

insight into (1) the contrast between PHO and POxa thermal degradation and (2) structure–

property relationships of POxa with variable SG identities. This deeper fundamental understanding 

will enable more rational design of this promising class of materials. 

Results and Discussion  

Selection of the Model System and Monomer Synthesis. The addition of SGs to PHO and 

POxa was inspired by the field of conjugated polymers in which solubilizing side chains are well-

known to successfully prevent aggregation and improve solubility.29–34 To see the most 

pronounced effects from the incorporation of SGs, we sought a highly insoluble model system 

with a rigid linker. Therefore, the previously reported spirocyclic bisαCC monomer11 was an 

obvious choice because it resulted in insoluble polymers even when paired with flexible 1,8-

diaminooctane. Additionally, the bisαCC-diamine route facilitates the incorporation of SGs and 

can utilize potentially renewable feedstocks, such as CO2,
27,28 1,4-diaminobutane,35,36 and 1,4-

cyclohexanedione.37,38 

The SGs were introduced as substituents on terminal alkynes, starting with a series of linear 

alkyl groups (Scheme 1, SG = C3, C5, and C10) to investigate the effect of chain length on 

solubility. We also included 2-ethylhexyl ether (EHE) as a SG because the greater steric bulk of 

its branched structure is known to improve solubility of conjugated polymers compared to linear 

alkyl chains.32,39 We acknowledge the EHE ether linkage may have additional implications on 
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polymer properties, but it was required for synthetic accessibility (see the Supporting Information 

for more details). 

Scheme 1. Synthesis of BisαCC Monomers 

 

We synthesized the bisαCC monomers in two steps, starting with the double addition of terminal 

alkynes to 1,4-cyclohexanedione to gain access to diastereomerically pure trans-bis(propargyl 

alcohol)s (Scheme 1; see the Supporting Information for full experimental details).40 Subsequent 

silver-catalyzed cyclization with CO2 resulted in bisαCC monomers.41 Single crystal X-ray 

crystallography analysis of C5bisαCC confirmed the trans configuration of the cyclohexyl linker 

and E configuration of the exocyclic alkenes (Figure S33). 

Polymer Synthesis and Structural Characterization. We polymerized this library of bisαCC 

monomers with 1,4-diaminobutane at 80 °C using catalytic 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU) to form PHO (Table 1; see Table S1 for polymerization optimization). While this type of 

polymerization has been reported at room temperature without a catalyst,11 we used elevated 

temperatures and DBU because these conditions resulted in higher molar mass polymers that 

should highlight the effect of SGs. Unlike the previously reported spirocyclic PHO,11 the SG-

containing polymers remained soluble in DMF throughout the polymerization, enabling molar 

mass determination using size exclusion chromatography with multi-angle light scattering (SEC–
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MALS). The PHO (SG = C3, C5, and EHE) had number average molar masses (Mn) of 9.2–20.9 

kDa and dispersities (Ɖ) of 1.42–1.78 (Table 1).  The molar mass of C10PHO was determined using 

poly(methyl methacrylate) (PMMA) standards instead of MALS due to insolubility of the purified 

polymer (vide infra) that prevented measurement of dn/dc. The molar mass of this polymer 

therefore could not be directly compared to the other PHO. The use of a MALS detector for 

absolute molar mass determination is particularly important for these materials because the 

presence of backbone rings is expected to drastically change the hydrodynamic volume such that 

refractive index (RI) detectors versus standards will not be accurate. Indeed, we observed a 3–8 

kDa overestimation of Mn when measured by PMMA standards compared to MALS (Table S2).  

Table 1. Synthesis of PHO 

 

polymer Mn
a
 (kDa) Mw

a (kDa) Ɖa DPb 

C3PHO 9.2 13.0 1.42 22 

C5PHO 9.8 14.7 1.50 20 

C10PHO 10.4c 16.7c 1.61c 17c 

EHEPHO 20.9 37.3 1.78 33 

aMolar mass and Ɖ of crude PHO were 

determined using SEC–MALS in DMF with 

LiBr at 40 °C. bDegree of polymerization (DP) 

derived from Mn. 
cMolar mass, Ɖ, and DP were 

determined using SEC versus PMMA standards. 
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After confirming SGs solubilized PHO enough to measure molar mass by SEC, we turned our 

attention to other key properties that can be characterized using solution-state methods. While 

solid-state 13C NMR spectroscopy has been used to investigate the structure of insoluble POxa,11,22 

this technique has multiple drawbacks, including high cost, long experiment time, and low 

resolution with standard instrumentation.42 Gratifyingly, the modified PHO were soluble in 

DMSO, enabling solution-state 1H, 13C, COSY, HSQC, and HMBC NMR spectroscopy (Figures 

S5–S7). These analyses confirmed the expected polymer structure without defects. 

The observed solubility in DMF and DMSO is particularly impressive considering both the 

relatively short four-carbon diamine linker and the stereoregularity of the spirocyclic linker. Both 

of these factors are expected to lead to increased aggregation43–45 compared to the insoluble 

literature system that used both a more flexible eight-carbon diamine and a presumed mixture of 

bisαCC stereoisomers.11 This contrast highlights the dramatic solubilizing power of SGs for these 

types of polymers. 

Having established that SGs improve solution-state characterization of PHO, we then 

investigated the effect of these groups on POxa. PHO with alkyl SGs were readily dehydrated to 

form POxa at room temperature using catalytic acid (Table 2), improving upon reported conditions 

that required high temperature, excess acid, or both.11,46 Because of changes in solubility following 

dehydration (vide infra), POxa molar masses (Mn = 2.8–8.3 kDa) were determined in CHCl3 using 

polystyrene (PS) standards. Therefore, these values could not be directly compared to the PHO 

precursors. NMR spectroscopy in CDCl3 (Figure S11 and Section 4H in the Supporting 

Information) showed the exocyclic alkene favored the E configuration (E:Z = 6.0:1–6.6:1), likely 

due to allylic 1,3-strain47 between the SG and the diamine linker. 
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Table 2. Dehydration of PHO with Alkyl SGs to POxa 

 

polymer Mn
a (kDa) Mw

a (kDa) Ɖa E:Zb 

C3POxa 3.6 7.0 1.93 6.6:1 

C5POxa 2.8 5.8 2.06 6.0:1 

C10POxa 8.3 14.0 1.69 6.2:1 

aMolar mass and Ɖ of purified POxa were 

determined using SEC in CHCl3 at 40 °C against 

PS standards. bDetermined from 1D 1H and 2D 

NOESY NMR spectroscopy. 

Unfortunately, acidic conditions resulted in the elimination of 2-ethyl-1-hexanol from EHEPHO 

instead of water to form CH2PHO (Scheme 2; see Figures S12 and S13 for characterization). As 

expected, CH2PHO, which lacks an SG, could not be characterized using solution-state methods 

due to insolubility in NMR and SEC solvents (vide infra). While undesired in this study, this result 

demonstrates the possibility for SG-clipping strategies for post-polymerization modification of 

solubility in the future. 

Scheme 2. Elimination of 2-Ethyl-1-hexanol from EHEPHO to Form CH2PHO
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Effect of Polymer Structure on Solubility. Having accomplished the goal of improving 

solution-state characterization of rigid PHO and POxa, we wanted to test the limits of this approach 

and better understand the factors underlying solubility. Therefore, we tested their room 

temperature solubility in six common organic solvents (Table 3; see the Supporting Information 

for experimental details) using three semiquantitative categories defined by You and co-workers:34 

soluble (≥10 mg/mL), partially soluble (1–10 mg/mL), and insoluble (<1 mg/mL). The solvents 

had a range of polarities (dipole moment (μ) = 0.6–4.0 D)48,49 as well as Kamlet–Taft parameters 

of hydrogen bond donor (α = 0–1.96) and acceptor (β = 0–0.76) ability.50 Solvents with higher 

Kamlet–Taft parameters can more easily form hydrogen bonds to polymer chains, disrupting 

polymer–polymer hydrogen bonding and facilitating dissolution.51–53  

Table 3. Semiquantitative Solubility of PHO and POxa at Room Temperaturea 

  CHCl3 DCM DCM / 

DMSOb 

THF HFIP DMF DMSO 

 
μ (D) 1.048 1.648 –– 1.848 0.6–3.2c,49 3.848 4.048 

α/β 0.44/050 0.30/050 –– 0/0.5550 1.96/050 0/0.6950 0/0.7650 

PHO C3        
 C5        

 C10        
 EHE        
 CH2        

POxa C3   n.d.d 
    

 C5   n.d.d 
    

 C10   n.d.d 
    

a[green      ] = soluble (≥10 mg/mL), [orange      ] = partially soluble (1–10 mg/mL), [red      ] = 

insoluble (<1 mg/mL). bDCM:DMSO = 5:1, v/v. cHFIP μ is conformation dependent.  dn.d. = not 

determined. 

The incorporation of short alkyl SGs fully solubilized C3PHO and C5PHO in HFIP, DMF, and 

DMSO (Table 3), which are strongly polar and can easily disrupt hydrogen bonding. Conversely, 
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these polymers remained insoluble in solvents with lower polarity and Kamlet–Taft parameters 

(i.e., CHCl3, DCM, and THF). C10PHO was insoluble in all solvents tested, which was surprising 

because longer SGs typically improve the solubility of conjugated polymers.31,54 We hypothesize 

this anomaly arises from the combination of (1) hydrophobicity imparted by C10 SGs and (2) 

hydrogen bonding ability of the pendent hydroxyl groups; the hydrophobicity prevented solubility 

in more polar solvents whereas the less polar solvents were unable to disrupt polymer–polymer 

hydrogen bonding.  Indeed, the addition of DMSO as a cosolvent to DCM (DCM:DMSO = 5:1, 

v/v) resulted in the full dissolution of C10PHO. C5PHO was also soluble in the cosolvent mixture 

but C3PHO was not, highlighting the interplay between polarity and hydrogen bond disruption.  

In contrast to the above polymers, EHEPHO dissolved in all solvents tested (Table 3). We 

hypothesize the branched EHE structure may result in greater spacing between polymer 

chains,32,33,55 which could facilitate solvent intercalation and physically separate the pendent 

hydroxyl groups. This separation would lessen the requirement for hydrogen bond disruption, 

extending solubility to less polar solvents (i.e., CHCl3, DCM, and THF) as expected for this 

hydrophobic SG. After elimination of the EHE group, the resulting CH2PHO was insoluble in all 

cases, emphasizing the importance of SGs in facilitating dissolution of rigid PHO. 

Following dehydration to POxa, the solubility of all three polymers with alkyl SGs greatly 

changed, losing solubility in DMF and DMSO and gaining solubility in CHCl3 and DCM (Table 

3). The loss of the hydroxyl groups both eliminated the need for hydrogen bond disruption and 

reduced the overall polarity of the polymers. We hypothesize the trans configuration of the 

cyclohexyl linker orients the oxazolidinone rings in opposition to each other, minimizing the 

overall POxa dipole moment and favoring solubility in less polar solvents. The length of the alkyl 

SG affected POxa solubility in solvents with intermediate polarity (i.e., THF and HFIP) with 
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solubility decreasing as the length and hydrophobicity of the SG increased. These lessons about 

the principal determinants of solubility for PHO and POxa expands beyond our original design for 

the disruption of aggregation inspired by conjugated polymers.31–33,39 Overall, these results 

underscore the nuanced relationship between polymer structure and solubility. 

Effect of Polymer Structure on Thermal Properties. Next, we explored the relationship 

between structure and thermal properties for the modified PHO and POxa. Thermal gravimetric 

analysis (TGA) showed C3PHO had a decomposition temperature at 5% weight loss (Td,5%) of 238 

°C and exhibited a three-stage degradation (Figure 2, solid blue curve), as evident by the three 

peaks in the weight loss derivative (Figure 2, dashed blue curve). Decreasing the heating rate from 

10 to 2 °C/min still resulted in a three-stage degradation with a slightly lower Td,5% of 221 °C 

(Figure S26). The corresponding C3POxa had a Td,5% of 314 °C—an improvement of 76 °C—with 

a single-stage degradation (Figure 2, solid red curve). The other SGs resulted in similar trends in 

which the PHO (SG = C5, C10, EHE, and CH2) had Td,5% of 179–255 °C with multistage 

degradations (Figures S14–S18) and the POxa (SG = C5 and C10) had Td,5% of 345–346 °C with 

single-stage degradations (Figures S19–S21). These thermal stabilities were comparable to 

previously reported PHO11 and POxa,9,11,14,23 indicating that the addition of SGs is not detrimental 

to thermal stability. 
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Figure 2. TGA thermograms (10 °C/min) showing the lower thermal stability of C3PHO (blue) 

compared to C3POxa (red). The derivative of C3PHO weight loss is shown with a dashed blue line 

to highlight the three-stage degradation. 

To better understand the lower thermal stability of PHO compared to POxa, we sought to 

investigate the degradation pathways of PHO. TGA–mass spectrometry (TGA–MS) analysis of 

C3PHO (see Section 2I of the Supporting Information) supported the occurrence of multiple 

degradation pathways, including partial dehydration to POxa11,46 and reversion to oxourethanes 

(Scheme 3). The oxourethane structure is an intermediate in PHO synthesis (Scheme S1)11,26 and 

contains acyclic urethanes with lower thermal stability than the corresponding cyclic 

oxazolidinones.7,56 The POxa lack pendent hydroxyl groups; therefore, they cannot undergo these 

pathways, presumably resulting in the higher thermal stability relative to PHO.  
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Scheme 3. Proposed Thermal Reversion of Hydroxyoxazolidinones to Oxourethanes 

 

The PHO and POxa were also characterized using differential scanning calorimetry (DSC) to 

determine the effect of SG structure on Tg and melting temperature (Tm). Low thermal stability 

limited PHO analysis to <100 °C, and no thermal transitions were detected for any polymer (Figure 

S27). The higher thermal stability of POxa enabled comprehensive DSC analysis.  Increasing the 

SG length by two carbons from C3 to C5 resulted in a 34 °C decrease in Tg from 119 to 85 °C 

(Figure 3). These values are comparable to previously reported POxa with nonaromatic linkers,11,14 

indicating that relatively high Tg can be maintained while enabling characterization in organic 

solvents. We did not detect a Tg for C10POxa from –100 to 250 °C (Figure 3 and S28), which could 

be due to a Tg outside this temperature range, a transition that is too broad for detection, or small 

amorphous domains caused by high crystallinity (vide infra). 
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Figure 3. DSC thermograms of POxa showing the effect of SGs on Tg and Tm. 

The POxa were all semicrystalline, likely due to the stereoregular backbone, which was exciting 

because crystallinity is uncommon for POxa13 and for non-isocyanate PUs in general.57–62 

Therefore, these polymers could access different properties, such as greater modulus and strength 

compared to fully amorphous polymers.63 Longer SGs decreased Tm from 238 °C (C3) to 190 °C 

(C10) and resulted in qualitatively more crystalline materials (Figure 3). The observed Tg and Tm 

trends demonstrate that SGs provide a handle for tuning POxa thermal properties, in line with other 

types of polymers with alkyl side chains.64–68 

Conclusions. The addition of alkyl and alkoxy SGs successfully solubilized PHO and POxa 

containing a rigid spirocyclic linker in common organic solvents. This strategy enabled fully 

homogeneous polymerizations, molar mass determination by SEC, and structural characterization 

by solution-state 1D and 2D NMR spectroscopy. PHO and POxa exhibited surprising divergent 

solubility: PHO required strong hydrogen bond disruptors (i.e., DMF, DMSO, and HFIP) whereas 

POxa relied on SG hydrophobicity to facilitate solubility in less polar solvents (i.e., DCM and 
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CHCl3). Additional trends were observed on the basis of SG structure within each polymer 

scaffold. The most dramatic differences occurred after cleaving the side chain of the most soluble 

PHO (i.e., SG = EHE) to form insoluble CH2PHO. 

PHO displayed lower thermal stability than the corresponding POxa. TGA–MS analysis 

supported multiple PHO degradation pathways, including dehydration and reversion to less stable 

acyclic urethane linkages. SG length provided a handle for tuning POxa Tg while maintaining 

relatively high values (85–119 °C), as expected for this class of polymers. Unlike most POxa, these 

stereoregular polymers were semicrystalline with high Tm’s (190–238 °C) that were influenced by 

SG length. This work provides a general strategy for achieving soluble POxa and improves 

fundamental understanding of structure–property relationships to inform the design of next 

generation high temperature thermoplastics. 
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