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ABSTRACT 

Supramolecular chemical designs that integrate complementary hydrogen bond donor and 

acceptor complexes in hierarchical polyurethane elastomers are reported. N2,N6-bis(2-

hydroxyethyl)pyridine-2,6-dicarboxamide (PDA) and 5,5-bis(3-hydroxypropyl)barbituric acid 

(BBA) react with 4,4′-methylenediphenyl diisocyanate (MDI) to produce hard segments capable 

of multiple intermolecular hydrogen bonds in MDI-PDA/BBA-poly(tetramethylene oxide) 

(PTMO) polyurethanes. The addition of PDA facilitates the formation of a supramolecular 

complex, and BBA affords greater intersegmental mixing. As a result, these polyurethanes exhibit 

higher glass transition temperatures (Tg) and greater strain hardening/strengthening under tensile 

deformation than a microphase-separated MDI-butanediol (BDO)-PTMO analog. Additionally, 

increased PDA and BBA contents results in up to a 60 °C increase of Tg determined at 1 Hz via 

DMA relative to those determined by calorimetric measurements via DSC, which is considerably 

higher than the 15 °C Tg increase observed in the MDI-BDO-PTMO analog. These results highlight 

a significant interplay between intersegmental mixing and supramolecular hydrogen bond 

interactions for the design of robust hierarchical elastomers. 
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1. Introduction 

Thermoplastic polyurethanes are highly versatile elastomers that contain soft and hard 

segments. The flexible segments impart elasticity at room temperature, whereas the self-assembly 

of rigid segments leads to the formation of a physically cross-linked network. The microstructure 

in these materials strongly influences the composition-dependent thermal, physical and 

mechanical properties.[1-11] The ability to combine chemically dissimilar structures has led to the 

use of these hierarchical elastomers in a broad range of applications including thin film 

adhesives,[12] elastic fibers for textiles,[13] synthetic rubbers and foams[14], bio-compatible 

membranes, medical components,[15-17] as well as binder resins for prepreg-based fiber 

composites.[18] There have been extensive studies with respect to the complex interplay between 

hard and soft segment thermodynamic compatibility and the extent of intermolecular hydrogen 

bonding interactions.[9-11] High symmetry diisocyanates, such as aromatic 1,4′-phenylene 

diisocyanate or aliphatic hexamethylene diisocyanate (HDI), give rise to strong intermolecular 

monodentate hydrogen bond interactions between the hard segments, and promote microphase 

separation.[9-11] Additionally, the realization of a novel high-rate deformation-induced rubber-

to-glass transition mechanism has inspired significant interest in polyurea,[19-24] poly(urethane 

urea),[25-33] and polyurethane-based elastomeric materials.[34-38] In these classes of elastomers, 

it was reported when the segmental relaxation times are similar to the strain rates during impact, 

and a viscoelastic rubber-to-glass transition provides for a large energy absorption and dissipation 

capability.[19, 20] Furthermore, new insight derived from Hugoniostat simulations suggests that 

the material deformation under shock loading is dominated by the soft domain response.[38] This 

conclusion was rationalized through a comparison between a segmented polyurethane and 

polyethylene.[38] 

A recent study focused on two-component polyurethanes based on the stoichiometric reactions 

of poly(tetramethylene oxide) (PTMO, Mn = 650 g/mol) with either aliphatic HDI or aromatic 4,4′-

methylenediphenyl diisocyanate (MDI), but lacking a chain extender.[36] This pseudo soft-phase 

composition, allowed for the clear elucidation of the molecular structure influence on the extent 

of intersegmental hydrogen bond interactions, as well as their influence on segmental dynamics 

and the dynamic glass transition temperature (Tg) of PTMO.[36] Additionally, high strain-rate 

microparticle impact deformation measurements revealed that a predominantly-amorphous MDI-
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PTMO 650 polyurethane exhibits greater dynamic stiffening than the semicrystalline HDI-PTMO 

650.[36]  This occurs despite the symmetry of HDI producing higher-order monodentate 

carbamate moieties and a higher ambient storage modulus.[36] Adding butanediol (BDO) to form 

segmented MDI-BDO-PTMO 650 polyurethane, as expected, results in higher dynamic stiffening 

and strengthening characteristics when compared to MDI-PTMO 650.[37] In comparison, 

polyurea and poly(urethane urea) elastomers, both comprising bidentate hydrogen bond 

interactions, revealed higher threshold velocity values for penetration of impacting microparticles 

than MDI-BDO-PTMO 650.[37] 

Molecule design efforts continue to explore new syntheses for hierarchical polyurethane-based 

materials with novel and multi-functionalities.[39-43] Ion-containing segmented polyurethane 

copolymers have demonstrated that charged groups (both cationic and anionic) have a strong 

influence on the polymer microstructure, through disruption of hydrogen bonding and aggregation 

of ionic groups.[40] Incorporating diol-functionalized trisaminocyclopropenium (TACP) 

carbocations as chain extenders in HDI-PTMO based polyurethanes, Lambeth and coworkers 

reported that the presence of TACPs caused different crystallization behavior of PTMO when 

compared to the HDI-BDO-PTMO control.[40] In the latter case, the regioregular structure of the 

HDI-BDO hard segment presumably led to formation of strong hydrogen bonding interactions and 

hard segment crystalline domains.[40] 

In this work, we investigate an alternative supramolecular chemistry approach through 

incorporation of N2,N6-bis(2-hydroxyethyl)pyridine-2,6-dicarboxamide (PDA) and 5,5-bis(3-

hydroxypropyl)barbituric acid (BBA) for reaction with MDI to form hard-segment domains. In 

these polyurethanes the complementary PDA and BBA monomers bind together and/or interact 

separately in the soft phase producing multiple intermolecular hydrogen bonds. Our investigations 

access the supramolecular complex formation, and potential synergistic effects of PDA and BBA 

for the formation of higher cohesive energy density,  tailoring of microstructure-mediated dynamic 

Tg of PTMO, and overall mechanical property optimization. The extent of hydrogen bonding was 

determined by attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR). 

Additionally, the composition influence on microstructure, glass transition temperature measured 

by differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA), as well as 

on tensile deformation measurements will be discussed. 
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2. Experimental 

2.1 Materials 

All chemicals were used as received if they are not otherwise noted. Monomers PDA[44] and 

BBA[45] were synthesized according to reported procedures. MDI-BDO-650 was synthesized in 

our previous report.[37]  

2.2 Synthesis 

General procedure. The synthesis of random polyurethanes followed the reported procedures with 

modifications.[36, 46, 47] Specifically, PTMO (Mn = 650 g/mol) was dried under vacuum for 1-2 

h at 50 °C. PDA, BBA and anhydrous DMF were added under Ar, and the mixture was sonicated 

until all solids dissolved. Subsequently, 4,4′-methylenediphenyl diisocyanate (MDI) (-OH/-NCO 

molar ratio is ~1/1.1) and dibutyltin dilaurate (DBTDL, 3 drops) were added under Ar. The 

reaction mixture was stirred at room temperature for 48 h, followed by the addition of anhydrous 

methanol (3 mL). The mixture was further stirred for 1h, thereafter, the solution was precipitated 

in methanol, and the solid was collected by centrifuge. The solid was re-dissolved in 

tetrahydrofuran (THF), filtered by a syringe filter (pore size: 1 µm) and re-precipitated two times 

using hexane and methanol, respectively. The final solid was dried at 80 °C under vacuum for 24 

h. The synthesis of the PDA- and/or BBA-modified polyurethanes is illustrated in Figure 1. In the 

sample nomenclature, the numerals in PDAxBBAy refer to the respective molar content of PDA 

and BBA in a stoichiometric ratio of MDI:PDA:BBA:PTMO, where [MDI] = [PDA] + [BBA] + 

[PTMO]. Table 1 lists the compositions including the wt.% of each component in PDA/BBA-

polyurethanes, and hard segment only HS_PDABBA-polyurethanes. For MDI-BDO-650 with a 

stoichiometric ratio 2:1:1, the wt.% of MDI, BDO, and PTMO is 40.9%, 7.2%, and 51.9%, 

respectively. 
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Figure 1. (a) Synthesis of PDA and/or BBA-containing polyurethanes. (b) Chemical structure of 

MDI-BDO-650. 

Table 1. Compositions of PDA/BBA-polyurethanes, and hard segment only HS_PDABBA-

polyurethanes. 

 MDI:PDA:BBA:PTMO 
Wt.% 

MDI PDA BBA PTMO 

PDA0BBA0 100:0:0:100 29.7 0 0 70.3 

PDA26BBA0 126:26:0:100 32.6 6.1 0 61.3 

PDA0BBA26 126:0:26:100 32.7 0 5.9 61.4 

PDA100BBA0 200:100:0:100 37.9 17.4 0 44.7 

PDA0BBA100 200:0:100:100 38.1 0 16.9 45.0 

PDA13BBA13 126:13:13:100 32.6 3.1 3.0 61.3 

PDA37BBA37 174:37:37:100 36.5 7.1 6.9 49.5 



 6 

PDA50BBA50 200:50:50:100 38.0 8.7 8.4 44.9 

PDA60BBA60 220:60:60:100 39.0 9.8 9.4 41.8 

HS_PDA100 100:100:0:0 52.2 47.8 0 0 

HS_BBA100 100:0:100:0 53.0 0 47.0 0 

HS_PDA100BBA100 200:100:100:0 52.6 24.1 23.3 0 

  

2.3 Characterization 

 

Gel permeation chromatography (GPC) measurements of molecular weights were performed in 

THF using an Agilent 1260 Infinity system and calibrated with polystyrene standards. Attenuated 

total reflectance–Fourier transform infrared (ATR–FTIR) spectra were acquired using a Thermo 

Scientific Nicolet 6700 Fourier transform infrared spectrometer. NMR spectra were collected on 

a Bruker Avance 400 MHz or 500 MHz spectrometer. Chemical shifts are reported in ppm and 

referenced to residual NMR solvent peaks (1H NMR: THF-d8: δ 1.73 and 3.58 ppm, DMSO-d6: δ 

2.50 ppm).  

Small-angle X-ray scattering (SAXS) measurements were performed with a SAXSLAB 

instrument equipped with a Rigaku 002 microfocus X-ray source (CuKα1 = 1.5409 Å) and a Dectris 

Pilatus 300K detector that moves from 100 mm to 1500 mm from the sample. The sample-to-

detector distance was 459.1 mm, and the beam center and the q range were calibrated using the 

diffraction peaks of silver behenate.  

Thermal properties were determined by differential scanning calorimetry (DSC) using a TA 

Instruments Discovery DSC instrument. Two heating-cooling cycles were performed from −90 to 

180 °C at a scan rate of 10 °C/min using sealed aluminum pans under N2 atmosphere. Glass 

transition temperatures (Tg) were determined at the half‐height of the baseline jump from the 

second heating scan. Dynamic mechanical analysis (DMA) was performed on a TA Instruments 

Q850 instrument at 1 Hz with a strain of constant amplitude of 20 µm from −120 to 120 or 140 

°C. The heating rate for DMA is 3 °C/min.  

Tensile tests were performed on an 8848 MicroTester (Instron) (extension rate: 0.1 mm/s, load 

cell: 50 N). The dog-bone specimens with a gauge length of 10 mm and a gauge width of 1.65 mm 

were cut out using a ASTM-D412-C 0.25 scale die cutter.[48] Details on specimens preparation 
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for tensile measurements as well as for other materials characterization can be found in the 

Supplementary Information section. 

3. Results 

3.1 Bottom-up design by incorporation of PDA and BBA  

To understand the influence of molecular structures, we investigated a series of compositions 

with varying amounts of PDA and BBA in their structure, PDAxBBAy, where x = 0, 26, and 100, 

and y = 0, 26, and 100 (see Table 1 for the labeling details). Figures 2a and 2b compare the ATR-

FTIR spectra obtained for polyurethanes having PDA and BBA, but not both (PDA0BBA0, 

PDA26BBA0, PDA100BBA0, PDA0BBA26, and PDA0BBA100). The baseline polyurethane, 

PDA0BBA0, displays the well-defined stretching modes for free and hydrogen bonded carbonyls 

at approximately 1728 cm-1 and 1704 cm-1, respectively, and the hydrogen bonding amide protons 

at 3297 cm-1. Figures 2c and 2d show the carbonyl and amide hydrogen stretching bands for the 

bulk “hard-segment” only of the three different systems HS_PDA100, HS_BBA100, and 

HS_PDA100BBA100, as well as for PDA and BBA monomers.  

Polymers with PDA display a carbonyl stretching band at approximately 1665-1667 cm-1 for 

both PDA26BBA0 and PDA100BBA0, which has an intensity that increases with PDA content 

(Figure 2b).  This band is not observed in PDA0BBA0, PDA0BBA26, and PDA0BBA100, which 

is at higher energy than that of the PDA monomer at 1656 cm-1, and is more intense in HS_PDA100 

when compared to HS_PDA100BBA100 (Figure 2d). For the latter, the intensity variation could 

also be affected by BBA conformation restrictions, which prevents intermolecular hydrogen bond 

interactions between the neighboring carbamate moieties in the hard-segment-only 

HS_PDA100BBA100. It is noteworthy that in Figure 2b, the relative intensity ratio of 

PDA0BBA100’s carbamate hydrogen bonded/non-bonded carbonyl stretching bands (1700 cm-1 

and 1725 cm-1, respectively) is significantly higher than the carbamate bands observed for 

PDA0BBA0. Additionally, there is a shift in the carbonyl stretching from 1700 cm-1 for the BBA 

monomer to 1693 cm-1 for the hard segment HS_BBA100, as shown in Figure 2d. These results 

are strongly indicative of an affinity, or intersegment mixing, between BBA and carbamate 



 8 

moieties. In comparison, HS_PDA100 (Figure 2d) displays a moderate intensity carbonyl 

stretching band at 1665 cm-1, suggesting higher ordering in hard segment composition.  

 

 

Figure 2. ATR-FTIR spectra in the (a) N–H and (b) carbonyl stretching regions for PDA0BBA0 

(black), PDA26BBA0 (orange), PDA0BBA26 (red), PDA100BBA0 (blue), and PDA0BBA100 

(green). ATR-FTIR spectra in the (c) N–H and (d) carbonyl stretching regions for PDA (black), 

BBA (red), HS_PDA100BBA100 (purple), HS_PDA100 (green), and HS_BBA100 (blue). In (b) 
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and (d), the shaded regions correspond to the carbonyl stretching bands associated with PDA (grey) 

and carbamates (orange), respectively.  

Figure 3a details SAXS characterization for the hard-segment-containing PDA26BBA0, 

PDA100BBA0, PDA0BBA26, and PDA0BBA100 polyurethanes, and for a baseline PDA0BBA0 

without hard segments. PDA100BBA0 exhibits a modest scattering peak, whereas a broad 

scattering profile is observed in each of the other three PDA/BBA-containing polyurethanes. 

Addition of PDA shifts the interference peak to a smaller scattering vector q value, corresponding 

to an interdomain spacing of 10.2 nm, and greater phase segregation in PDA100BBA0 than in 

PDA0BBA100. The presence of significantly lower scattering contrast in PDA0BBA100 suggests 

greater intersegmental mixing in the BBA-containing polyurethane. More details on molecular 

pathways toward intersegmental mixing facilitated by BBA versus the propensity toward phase 

contrast with addition of PDA are discussed in Section 3.3.  

 

Figure 3. SAXS data showing microstructure changes resulting from the addition of PDA and 

BBA in PDA26BBA0 (orange), PDA0BBA26 (red), PDA100BBA0 (blue), and PDA0BBA100 

(green) compared to the baseline polyurethane PDA0BBA0 (black).  

3.2 Influence of chain extenders: PDA and BBA vs. BDO  

As an initial step in the material properties characterization, we determined the efficacy of PDA 

and BBA by comparing PDA100BBA0 and PDA0BBA100 with MDI-BDO-650, where all three 
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polyurethanes encompass the same stoichiometric ratio of 2:1:1 ([MDI]:[PDA]:[PTMO] in 

PDA100BBA0,  [MDI]:[BBA]:[PTMO] in PDA0BBA100, and [MDI]:[BDO]:[PTMO] in MDI-

BDO-650), and correspondingly each has the same molar content of carbamate moieties. In Figure 

4a, DSC results indicate that addition of PDA and BBA to form hard segments results in higher Tg 

values than the baseline material, PDA0BBA0 (-31.1 °C). PDA0BBA100 exhibits slightly higher 

Tg values than PDA100BBA0, 14.6 °C vs. 7.0 °C, respectively. Higher Tg values are also 

determined for PDA/BBA-containing polyurethanes than that of PDA0BBA0 using DMA tanδ 

data measured at 1 Hz, as shown in Figure 4b. Additionally, for PDA100BBA0 and PDA0BBA100 

in comparison to PDA0BBA0, the glass transition observed in DSC (Figure 4a) occurs over a 

broader range as is consistent with a broader tanδ relaxation data, along with a reduction in the 

relaxation intensity, measured at 1 Hz in DMA (Figure 4b). As revealed in Figure 4a, the DSC Tg 

values of PDA100BBA0 and PDA0BBA100 are higher than that of MDI-BDO-650, -17.2 ºC. 

However, the difference becomes more significant in the DMA tanδ data measured at 1 Hz, 67.6 

ºC and 61.5 ºC vs. -2.1 ºC, respectively (Figure 4b). MDI-BDO-650 exhibits a melting endotherm 

(Figure 4a), which is in accord with a well-defined interference peak in SAXS (Figure 4c), and 

other previously observed in polyurethanes with microphase-separated morphologies.[3, 9, 40]  

This contrasts with the presence of relatively weak scattering intensity observed in all the 

polyurethanes containing PDA and BBA (Figure 3), except that PDA100BBA0 exhibits a modest 

scattering contrast. Table 2 lists the Tg values obtained from both DSC and DMA measurements 

for these four polyurethanes.  
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Figure 4. Influence of chain extenders PDA and BBA vs. BDO on thermal, thermomechanical, 

microstructure, and tensile properties determined by (a) DSC and (b) DMA tanδ at 1 Hz, (c) SAXS, 

and (d) tensile deformation measurements for PDA0BBA0 (black), PDA100BBA0 (blue), 

PDA0BBA100 (red), and MDI-BDO-650 (green), respectively.  

Table 2. Values of Tg determined from DSC and DMA at 1 Hz, as well as values of ambient storage 

modulus data from DMA for the baseline PDA0BBA0, PDA100BBA0, PDA0BBA100, and MDI-

BDO-650. 

 MDI:PDA:BBA:PTMOa Mn (kDa)b PDI Tg
DSC 

(°C) 
Tg

DMA 
(°C) 

Storage 
Modulus 
(MPa) c 

PDA0BBA0 100:0:0:100 56.5 2.02 -31.1d -11.0d 3.2d 

Alex J Hsieh
Review #1Comment #1: 1. As shown in Table 2 and 4, it appeared the Mn of PDA-containing samples getting down with the feeding ratio of PDA compared to the pristine PDA0BBA0. Did it mean the reactivity of PDA lower than BBA? If this is true, the found molar ratios of PDA in the PDA and PDA/BBA based PUs synthesized in this study may be lower than the feeding ones. Did the authors test the found ratios of PDA in these samples?

Alex J Hsieh
PDA0BBA0, PDA100BBA0, PDA0BBA100, and MDI-BDO-650
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PDA100BBA0 200:100:0:100 31.6 1.98 7.0 67.6 539.4 

PDA0BBA100 200:0:100:100 104.5 2.62 14.6 61.5 1238.4 

MDI-BDO-
650 - - - -17.2 -2.1 54.3 

a Molar ratio. b Determined in THF via GPC. c Storage modulus at 25ºC. d The values obtained for 

PDA0BBA0 are consistent with those reported previously.[36] 

Figure 4d compares the stress vs. strain data obtained from tensile deformation measurements 

at room temperature for PDA0BBA0, PDA100BBA0, PDA0BBA100, and MDI-BDO-650. PDA 

and BBA produce hard segments with higher stiffness and higher flow stress values relative to the 

baseline material, PDA0BBA0. Additionally, PDA0BBA100 reveals a characteristic yield-like 

behavior with a peak stress determined at 23.9 MPa, and a high Tg (Table 2). PDA0BBA100 also 

exhibits higher post-yield stress and higher tensile strength values than PDA100BBA0 that has a 

higher strain at failure and higher toughness. The latter was calculated based on the tensile stress 

vs. strain data. Both PDA100BBA0 and PDA0BBA100 exhibit significantly higher flow stress 

values and higher tensile strengths than those of MDI-BDO-650. Table 3 lists the values of flow 

stress measured at 50% and 200% strain for PDA100BBA0, PDA0BBA100, the baseline 

PDA0BBA0, and MDI-BDO-650, as well as tensile strength, strain at failure and toughness values 

for these PDA/BBA-polyurethanes, along with yield stress measured for PDA0BBA100.    

    

 

Table 3. Values of flow stress measured at 50% strain and 200% strain, as well as tensile strength, 

strain at failure, yield stress, and toughness for PDA/BBA-polyurethanes and MDI-BDO-650.  

 Flow stress                          
(MPa)a 

Tensile 
Strength  
(MPa)a 

Strain at 
Failure           

(%)a 

Yield 
Stress 
(MPa)a 

Tensile 

Toughness 

(MJ/m3)a 
at 50% 
strain 

at 200% strain 

PDA0BBA0 0.49b 0.63b - - - - 

PDA100BBA0 11.84±0.72 20.16±0.97 55.97±10.42 651±84 - 200±54 

PDA0BBA100 20.54±0.58 34.76±0.70 65.48±7.55 348±34 23.92±0.64 122±21 
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MDI-BDO-650 5.24±0.12 7.53±0.19 13.80±0.46 635±20 - 59±1 

(a,b) Tensile properties were calculated based on (a) the average of three measurements ± standard 

deviation, and (b) an average of two measurements.  

 

3.3 Plausible hydrogen bonding interactions associated with PDA and BBA 

To better understand the molecular attributes that enhance the thermal and mechanical 

properties in PDA100BBA0 and PDA0BBA100 over MDI-BDO-650, we compare the hydrogen 

bonding interactions associated with PDA and BBA moieties.  We hypothesize that incorporation 

of PDA results in bidentate hydrogen bonding interactions between its carboxamide protons and 

carbonyls of carbamates.[49] These interactions can either be in the hard segment of PDA-MDI,  

next to PTMO in the soft phase, as illustrated in Figure 5a, or potentially with the carbonyls of 

BBA (Figure 5c). It is envisioned that dual hydrogen bonds between BBA and both carbonyl and 

amide hydrogen moieties of a carbamate are feasible (Figure 5b). Both supramolecular bidentate 

hydrogen bonds and dual hydrogen bonds formation can occur through either intramolecular or 

intermolecular interactions. We reason that dual hydrogen bonding interactions are more likely 

between BBA and carbamate moieties associated with PTMO in the soft phase than the carbamate 

moieties within the PDA-MDI and BBA-MDI hard segments. The latter would result in greater 

scattering contrast between hard and soft phases. In support of this assertion, the SAXS data 

(Figures 3 and 4c) for PDA0BBA100 exhibits an interference peak with significantly less 

scattering contrast than that of PDA100BBA0. We rationalize that the propensity toward dual 

hydrogen bonds interactions with carbamates in the soft phase leads to greater intersegmental 

mixing in PDA0BBA100, along with a higher cohesive energy density than is possible with the 

monodentate hydrogen bonds association between the carbamate groups in PDA0BBA0 as well as 

in MDI-BDO-650. This is consistent with PDA0BBA100’s high Tg (Table 2) and characteristic 

yield-like behavior with a peak stress of 23.9 MPa (Figure 4d and Table 3) under tensile 

deformation.  

The conformation preferences associated with the dual hydrogen bond interactions between 

BBA and carbamate moieties, which are shown in Figure 5b may be an over simplification.  We 

only show cis-amide conformations as they promote multipoint interactions, but there are clearly 

Alex J Hsieh
Review #1Comment #3: From PDA37BBA37 to PDA60BBA60, the mechanical properties at failure seemed to change a little. It maybe resulted from the intramolecular supramolecular cyclization between PDA and BBA moieties attached to the same polymer chain to level off the contribution of the increase of hard segments and intermolecular supramolecular interaction between PDA and BBA with the increases of PDA and BBA amounts. In other words, this intramolecular supramolecular cyclization would a little benefit the improvement of mechanical and thermodynamic properties. If this guess is correct, the increase of PDA and BBA amounts in the same polymer chains may be not a best choice for the preparation of robust PU elastomers.

Alex J Hsieh
In response to Reviewer #1’s comment #3.
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trans-amides present in the materials.  A more complete analysis of the conformational preferences 

is beyond the scope of this work.    

 

Figure 5. Examples of plausible intramolecular and intermolecular hydrogen bond interactions (a) 

between PDA and carbamate moieties, (b) between BBA and carbamates, as well as (c) between 

PDA and BBA in PDA/BBA-polyurethanes. 

3.4 Synergy of PDA and BBA for property optimization  

Building on our initial results, we designed a second series of polyurethanes  containing both 

PDA and BBA to further investigate the influence of molecular attributes on microstructure, 

dynamic Tg, and the corresponding mechanical properties. Figure 6 shows the stretching bands of 

amide hydrogens and carbonyls obtained from ATR-FTIR for PDA13BBA13, PDA37BBA37, 

PDA50BBA50, and PDA60BBA60. The intensity ratio associated with carbamate hydrogen 

bonded/non-bonded carbonyl stretching bands (1700 cm-1 and 1725 cm-1, respectively) increases 

with increased hard segment content, but is not as significant as that observed for PDA0BBA100 

(Figure 2b). Additionally, the carbonyl stretching band at 1665-1667 cm-1 (Figure 6b) is consistent 

with those previously observed in PDA-containing PDA26BBA0 and PDA100BBA0 (Figure 2b), 

wherein the peak increases with hard segment content. These observations are consistent with the 

SAXS scattering contrast in Figure 7, wherein increased PDA/BBA hard segment contents results 

in the appearance of an interference peak for PDA37BBA37, PDA50BBA50, and PDA60BBA60. 

PDA50BBA50 and PDA60BBA60 exhibit the highest scattering contrast, but both are lower than 

that of PDA100BBA0 (Figure 3). These microstructure results strongly suggest an interplay 

between the presence of a supramolecular PDA/BBA complex which is facilitated by PDA and 

intersegmental mixing afforded by BBA with the soft phase. For the hard segment 

HS_PDA100BBA100, the scattering profile shows a broad interference peak at a much lower q 
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value, which could be the result of interconnected, or significantly disordered, PDA100 and 

BBA100 hard segments.  

 

 

Figure 6. ATR-FTIR spectra in the (a) N–H and (b) carbonyl stretching regions for PDA0BBA0 

(black), PDA13BBA13 (green), PDA37BBA37 (orange), PDA50BBA50 (blue), and 

PDA60BBA60 (red). In (b), the shaded regions correspond to the carbonyl stretching bands 

associated with PDA (grey) and carbamates (orange), respectively.  
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Figure 7. SAXS data for PDA0BBA0 (black), PDA13BBA13 (green), PDA37BBA37 (orange), 

PDA50BBA50 (blue), PDA60BBA60 (red), and hard segment HS_PDA100BBA100 (purple).  

As the PDA/BBA hard segment content increases, Tg of PTMO (the soft phase) increases in 

PDA/BBA-modified polyurethanes as clearly illustrated in DSC (Figure 8) and DMA (Figure 9) 

measurements. The DSC thermogram of PDA60BBA60 displays a 45.8 ºC increase in Tg over the 

baseline PDA0BBA0 (14.7 ºC vs. -31.1 ºC, respectively), and the glass transition is significantly 

broadened for PDA37BBA37, PDA50BBA50, and PDA60BBA60. Increases in the PDA/BBA 

broadeneds the DSC glass transition and is consistent with a reduction in the DMA tanδ data 

relaxation intensity (Figure 9b). This could be due in part to intersegmental mixing of hard and 

soft segments, and/or a restricted chain mobility imposed by the presence of a bidentate hydrogen 

bonded complex. The latter is similar to the broadening in glass transition observed in chemically 

cross-linked polyurethanes.[50] Table 4 lists the values of Tg obtained from DSC and DMA 

measurements, as well as ambient storage modulus data from DMA.  

PDA37BBA37 displays a 45.2 ºC increase in its dynamic (DMA) determined Tg to 49.3 ºC 

relative to the static DSC value (4.1 ºC). The value of dynamic Tg is likely the result of an expanded 

glass state and transient behavior from rubbery to glassy with dynamic measurements, which is 

also observed in PDA50BBA50 and PDA60BBA60. The static Tg of PDA60BBA60 is close to 

ambient temperature, and dynamic Tg behavior is expected. The values of dynamic storage 

modulus measured at 25 ºC display approximately three-order of magnitude increase from 3.2 MPa  
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of PDA0BBA0 (a pseudo soft phase) to 1030.8 MPa for PDA60BBA60. Similar observations are 

noteworthy for PDA0BBA100 (1238.4 MPa) as detailed in Table 2. 

 

Figure 8. DSC thermograms of PDA0BBA0 (black), PDA13BBA13 (green), PDA37BBA37 

(orange), PDA50BBA50 (blue), and PDA60BBA60 (red).  

  

Figure 9. Temperature-dependence of (a) storage modulus and (b) tanδ data obtained at 1 Hz via 

DMA for PDA0BBA0 (black), PDA13BBA13 (green), PDA37BBA37 (orange), PDA50BBA50 

(blue), and PDA60BBA60 (red).  
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Table 4. Values of Tg determined from DSC and DMA at 1 Hz, as well as values of ambient storage 

modulus data from DMA for the baseline PDA0BBA0 and PDA/BBA-polyurethanes, as well as 

for MDI-BDO-650. 

 
MDI:PDA: 

BBA:PTMOa 
Mn 

(kDa)b PDI Tg
DSC 

(°C) 
Tg

DMA 
(°C) 

Storage 

modulusc 

(MPa) 

PDA0BBA0 100:0:0:100 56.5 2.02 -31.1 -11.0 3.2 

PDA13BBA13 126:13:13:100 59.0 1.83 -14.8 13.8 6.3 

PDA37BBA37 174:37:37:100 37.1 2.27 4.1 49.3 456.3 

PDA50BBA50 200:50:50:100 50.8 1.72 7.9 64.4 877.3 

PDA60BBA60 220:60:60:100 48.6 1.99 14.7 74.2 1030.8 

MDI-BDO-650d - - - -17.2e -2.1e 54.3 
a Molar ratio. b THF GPC. c Storage modulus at 25 °C. d MDI:BDO:PTMO = 200:100:100. e The 

values are consistent with those reported previously.[37] 

With an increase in the PDA/BBA content, PDA37BBA37 exhibits significantly greater extent 

of strain hardening in comparison with PDA13BBA13 and the baseline PDA0BBA0. Both 

PDA50BBA50 and PDA60BBA60 also reveal a significant increase in modulus, as well as higher 

flow stress values and strain hardening (Figure 10). Both PDA60BBA60 and PDA50BBA50 have 

characteristic high stiffness followed by a yield-like event. Specifically, PDA60BBA60 exhibits a 

higher yield stress along with significantly higher post-yield flow stress values, whereas 

PDA37BBA37 and PDA50BBA50 have higher tensile strength values and toughness. Consistently 

PDA60BBA60 has the highest calorimetric Tg value of the PDA/BBA-containing polyurethanes. 

It is noteworthy that PDA37BBA37 having similar wt.% hard segment content as that of MDI-

BDO-650, 50.5% vs. 48.1%, respectively, exhibits significantly greater extent of strain hardening 

(Table 2), along with higher tensile strength, 65.5 MPa vs. 13.8 MPa, respectively. These 

observations suggest the efficacy of PDA/BBA to work in concert together, despite PDA37BBA37 

having a relatively lower molar content of carbamates than MDI-BDO-650. Table 5 lists the values 

of flow stress measured at 50% and 200% strain for the baseline PDA0BBA0 and other PDA/BBA-

polyurethanes, the tensile strength, strain at failure, along with the calculated toughness for 

Alex J Hsieh
Reviewer #1Comment #1: 1. As shown in Table 2 and 4, it appeared the Mn of PDA-containing samples getting down with the feeding ratio of PDA compared to the pristine PDA0BBA0. Did it mean the reactivity of PDA lower than BBA? If this is true, the found molar ratios of PDA in the PDA and PDA/BBA based PUs synthesized in this study may be lower than the feeding ones. Did the authors test the found ratios of PDA in these samples?
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PDA37BBA37, PDA50BBA50, and PDA60BBA60, as well as the yield stress measured for 

PDA50BBA50 and PDA60BBA60.    

 

Figure 10. Representative stress-strain data obtained from tensile deformation measurements (a) 

for PDA0BBA0 (black), PDA13BBA13 (green), PDA37BBA37 (orange), PDA50BBA50 (blue), 

and PDA60BBA60 (red), and (b) for better visual differentiation of initial stiffness data among 

PDA37BBA37 (orange), PDA50BBA50 (blue), and PDA60BBA60 (red).  

Table 5. Values of flow stress measured at 50% strain and 200% strain, tensile strength, strain at 

failure, yield stress, and the calculated toughness for PDA/BBA-polyurethanes and MDI-BDO-

650.  

 Flow stress                          
(MPa)a 

Tensile 
Strength  
(MPa)a 

Strain at 
Failure           

(%)a 

Yield Stress 
(MPa)a 

Tensile 

Toughness 

(MJ/m3)a 
at 50% 
strain 

at 200% 
strain 

PDA0BBA0 0.49b 0.63b - - - - 

PDA13BBA13 1.04±0.05 1.44±0.02 - - - - 

PDA37BBA37 8.94±0.09 21.06±0.80 65.50±6.71 487±42 - 142±21 

PDA50BBA50 18.79±0.35 30.64±0.21 67.45±4.13 432±16 19.26±0.66 152±11 

PDA60BBA60 25.07±0.35 36.06±0.66 55.82±5.93 343±35 29.61±0.35 122±20 
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MDI-BDO-650 5.24±0.12 7.53±0.19 13.80±0.46 635±20 - 59±1 

a Tensile properties were calculated based on the average of three measurements ± standard 

deviation. b An average of two measurements. 

4. Discussion 

To best illustrate the synergy associated with PDA/BBA in polyurethanes, we compare the flow 

stress values measured at deformations of 50% strain and 200% strain, respectively, as a function 

of hard segment content. As shown in Figure 11, the extent of strain hardening becomes more 

significant as the PDA/BBA hard segment content increases in PDA37BBA37, PDA50BBA50, 

and PDA60BBA60. PDA50BBA50 and PDA60BBA60 exhibit a yielding deformation behavior 

like PDA0BBA100 under quasistatic tensile loading (Figure 12), where PDA60BBA60 reveals a 

higher yield stress determined at 29.6 MPa than PDA0BBA100 (23.9 MPa). The mechanical 

strengthening in PDA60BBA60 could be a result of significant intersegmental mixing and/or a 

supramolecular PDA/BBA complex. The latter requires PDA to be above a percolation threshold 

concentration to produce an interconnected network. It is noteworthy that addition of PDA and 

BBA gives rise to a glass-like hierarchical structure in both PDA50BBA50 and PDA60BBA60 

with greatly enhanced thermal and mechanical properties (Tables 4 and 5, respectively), yet they 

are not chemically crosslinked.     

 

Figure 11. Comparison of flow stress determined at 50% strain (black) and 200% strain (red) as a 

function of PDA/BBA hard segment content in PDA/BBA-polyurethanes.  
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Figure 12. Comparison of tensile stress-strain data for PDA50BBA50 (black), PDA60BBA60 

(red), PDA100BBA0 (blue), and PDA0BBA100 (green).  

To further elucidate the significance of the dynamic Tgs, we compare the shift of Tg from 

calorimetric measurements to those determined at 1Hz via DMA among the PDABBA-containing 

polyurethanes and MDI-BDO-650. This variation is illustrated in Figure 13 in terms of 

log(frequency) vs. reciprocal temperature, where the enthalpy relaxation time for calorimetric Tg 

measurements is assigned as 100 s,[22] which corresponds  to an equivalent frequency of 0.0016 

Hz. Increased PDA/BBA content in PDA60BBA60, PDA50BBA50, and PDA37BBA37 produced 

a greater frequency-dependency than PDA13BBA13, baseline PDA0BBA0 without any hard 

segment, and MDI-BDO-650. PDA produces greater changes in dynamic Tg than BBA, and 

PDA100BBA0 displays a 60.6ºC increase (from 7 ºC to 67.6 ºC) vs. 46.9 ºC (from 14.6 ºC to 61.5 

ºC) for PDA0BBA100 (Table 2). In comparison, PDA50BBA50 and PDA60BBA60 exhibit 

comparable Tg values and frequency-dependency as PDA100BBA0 and PDA0BBA100, as shown 

in Figure 16. Again, the differences in static and dynamic Tg strongly suggest an interplay between 

intersegmental mixing and supramolecular hydrogen bond interactions in PDA/BBA-

polyurethanes. These observations affirm new designs of robust hierarchical polyurethanes not 

only for optimization of both calorimetric Tg and dynamic Tg, but also with capability to facilitate 

a transient dynamic stiffening response. In the future work, we will perform high strain-rate 

microparticle impact measurements through a laser induced particle impact test platform to further 
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validation of dynamic stiffening and strengthening characteristics, along with the use of 13C 

ssNMR dipolar dephasing characterization to better discern and differentiate the influence of PDA 

and BBA on the segmental dynamics associated with PTMO. 

 

 

Figure 13. Comparison of the shift of Tg obtained from DMA (1 Hz) and calorimetric Tg from DSC 

(equivalent to 0.0016 Hz) for PDA0BBA0 (black square), PDA13BBA13 (green circle), 

PDA37BBA37 (orange up triangle), PDA50BBA50 (blue down triangle), PDA60BBA60 (red 

diamond), PDA100BBA0 (pink left triangle), PDA0BBA100 (light green right triangle), and MDI-

BDO-650 (purple hexagon).  
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5. Conclusion 

We have successfully demonstrated a supramolecular design strategy to create robust 

hierarchical polyurethane elastomers and its use for thermal and mechanical property optimization. 

Addition of PDA facilitates the bidentate hydrogen bonding interactions between the carboxamide 

protons of PDA and carbonyls of carbamates, leading to the formation of a supramolecular 

complex. PDA100BBA0 exhibits a modest interference peak, but with significantly lower 

scattering contrast in SAXS than that of the microphase-separated MDI-BDO-650 analog. In 

comparison, BBA affords dual hydrogen bonding interactions with carbamates in the soft phase 

and correspondingly greater intersegmental mixing, as evidenced by the presence of significantly 

lower scattering contrast in SAXS, and a high Tg in PDA0BBA100. In PDA/BBA-based 

polyurethane elastomers, PDA and BBA are complementary. Higher cohesive energy densities 

from intersegmental mixing and supramolecular hydrogen bond interactions represent a plausible 

molecular pathway toward greater strain hardening and strengthening characteristics observed 

under quasistatic tensile deformation measurements. Additionally, it is envisioned that the 

presence of multiple intermolecular hydrogen bond interactions in PDA/BBA polyurethanes can 

be used to create hierarchical elastomers with self-healing capability and the ability to affect Tg 

suggests potential utility to produce shape memory functionality. 

It is noteworthy that PDA37BBA37, PDA50BBA50 and PDA60BBA60 significantly 

outperform the microphase-separated MDI-BDO-650 analog. The efficacy of PDA/BBA to work 

in concert together is further elucidated in PDA37BBA37, which has a similar wt.% hard segment 

content, but a relatively lower carbamate molar content than MDI-BDO-650. PDA37BBA37 

exhibits greater extent of strain hardening along with higher tensile strength and tensile toughness 

values than MDI-BDO-650. Increased PDA/BBA content gives rise to a glass-like hierarchical 

structure in both PDA50BBA50 and PDA60BBA60, and additionally results in a significant 

increase of the dynamic Tg, by ~60 °C, which is in contrast to the 15 °C increase observed in the 

MDI-BDO-PTMO analog. These new insights suggest supramolecular approaches are viable for 

design of robust hierarchical elastomers for dynamic stiffening and strengthening characteristics 

optimization which are greatly desired for protection applications. 
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