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Characterization of poly(phenyl methacrylate) [PPM] and poly(syringaldehyde 
methacrylate) [PSAM] 

The molecular weights and dispersities of PPM and PSAM were characterized using size 

exclusion chromatography (SEC) in tetrahydrofuran (THF), for PPM, or chloroform (CHCl3), for 

PSAM, see Figure S1a.  The glass transition temperature (Tg) of each polymer was determined 

through differential scanning calorimetry (DSC) using a TA Instruments Discovery calorimeter.  

The Tg values presented herein for PSAM and PPM were taken from the second DSC trace on 

heating at 5 °C/min in N2, see Figure S1b. 

 
Figure S1.  a) SEC trace of PPM (gray, solid) and PSAM (teal, dashed) in THF and CHCl3, 

respectively.  b) Second DSC trace on heating (endo up) of PPM (gray, solid) and PSAM (teal, 

dashed). 
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Film casting 

For thinner films cast on silicon wafers (used for solvent vapor swelling and contact angle 

analyses), solutions of 2 wt.% polymer in anisole were prepared gravimetrically.  All silicon 

substrates were triple-rinsed with toluene, cleaned with ultraviolet-ozone (Jelight, Model 342), and 

then triple-rinsed again with toluene.  A flow coating apparatus was employed to cast solutions 

onto the cleaned silicon wafers to generate films.1  70 µL of solution was used to make each film.  

The flow coating apparatus was operated at a velocity of 17 mm/s, acceleration of 0.4 mm/s2, gap 

height of 70 µm, and blade width of 15 mm to fabricate films with thicknesses >100 nm.  

Additional convection was applied during casting to induce directional drying, thereby producing 

more uniform films.  The thicknesses of >100 nm were selected to remove the dependence of the 

measured film swelling on the initial film thickness.2-3  For thicker films cast on silicon wafers 

(used for tribology experiments), solutions of 10 wt.% polymer in dichloromethane were prepared 

gravimetrically.  These films were cast using a velocity of 12 mm/s, acceleration of 0.8 mm/s2, 

blade width of 20 mm, and gap height of 70 µm, with a 50 µL solution volume to produce films 

>1 µm in thickness. 

 

Solvent vapor swelling 

In solvent vapor swelling, a dry polymer film was exposed to a solvent-rich atmosphere.  The 

solvent diffused into the film and swelled the polymer chains.  The amount of solvent that was 

incorporated into the film (fs = 1-fp, for which fp is the polymer volume fraction) depended on 

the solvent concentration in the chamber and the polymer-solvent Flory-Huggins interaction 

parameter, χs-p.  The solvent concentration was defined by the ratio of the pressure of solvent within 
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the chamber, pi, to the saturated partial pressure at the experimental temperature, pi,sat (see 

Equation 1 in the main text). 

For these swelling experiments, the total nitrogen flow rate (the sum of the solvent-rich flow rate 

and the nitrogen diluent flow rate) was maintained at 25 mL/min, and the solvent concentration 

was tuned by changing the relative flow rate between the solvent-rich stream and the nitrogen 

diluent stream.  At each composition of solvent, the polymer film was allowed to equilibrate in the 

solvent atmosphere, i.e., the polymer film kept in the environment until the polymer volume 

fraction in the film did not change with time.  After equilibration, the relative flow rates of the 

solvent-rich vapor stream and the nitrogen diluent stream were adjusted to reduce the solvent 

concentration within the chamber. 

  

Refractive index estimation 

A Veeco Dimension 3100 atomic force microscope (AFM) operated in tapping mode was used 

to capture the AFM micrographs.  Silicon probes (tap150) with a force constant of 5 N/m and 

resonant frequencies between 120 kHz and 180 kHz were used to image the films.  The film 

thicknesses were measured using a scratch test method, in which a scratch was made in the film to 

measure the relative height between the newly uncovered substrate and film surface. 

The normal reflectance of the film was measured using a spectral reflectometer (Filmetrics, Inc. 

F20-UV).  The reflectance curve was fit by fixing the film thickness at the value obtained from the 

scratch test and using the refractive index as a fitting parameter.  This refractive index value was 

taken as the polymer film refractive index in subsequent measurements of film thickness for the 

solvent-swollen films.  The refractive index of swollen films was approximated as the volume-

weighted average of the native polymer film refractive index and the solvent refractive index. 
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Contact angle analysis 

Contact angle measurements were obtained using a First Ten Ångstroms (FTÅ) 125 contact 

angle device. For each test, 2 μL of liquid was dispensed onto the film surface by a Distriman 

pipette.  The static contact angles were recorded after the drop shape stabilized (4 s for both 

diiodomethane and water).  The contact angles were calculated from the images using the manual 

points fitting algorithm in the ImageJ contact angle plugin. 

 

Sustainable polymer friction coefficients 

In addition to solubility and surface energy, the friction coefficient of the sustainable polymers 

can impact potential suitability for various applications.  Each sample was tested with a 2 mm path 

length at a constant normal load of 5 mN for 100 cycles, with a velocity of 4.6 mm/s.  This low 

velocity was selected to mitigate any effects of frictional heating.4-5  Both glass and HDPE probes 

were used to measure the friction coefficient of various films.  The reported friction coefficients 

were determined using data averaged over the steady state sliding regime, as discussed elsewhere.6 

The time-dependent friction coefficient data are shown in Figure S2 for poly(guaiacyl 

methacrylate) [PGM], poly(syringyl methacrylate) [PSM], poly(vanillin methacrylate) [PVM], 

poly(creosyl methacrylate) [PCM], poly(4-ethyl guaiacyl methacrylate) [PEM], and PPM. 
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Figure S2.  Friction coefficients for a) PGM, b) PSM, c) PVM, d) PCM, e) PEM, and f) PPM 

obtained using a glass (solid line) or HDPE (dotted line) probe.  All data were obtained at a velocity 

of 4.6 mm/s.  The friction coefficients were higher with the HDPE probe than with the glass probe 

for all polymers except PCM, PGM, and PEM, likely owing to the higher adhesion between the 

neat polymers and HDPE. 
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The friction coefficients were nearly independent of repeat unit structure when measured with 

the glass bead; however, when measured with the HDPE probe, the friction coefficients increased 

with oxygen content in the polymer repeat units.  These data are summarized in Figure 7 of the 

main text and Table S1 below. 

 

Table S1.  Friction coefficient between sustainable polymer films and the glass or HDPE probe. 

Polymer Friction coefficient (glass) Friction coefficient (HDPE) 

PGM 0.46 ± 0.06 0.49 ± 0.01 

PSM 0.47 ± 0.06 0.74 ± 0.00 

PVM 0.53 ± 0.09 0.75 ± 0.02 

PCM 0.40 ± 0.07 0.36 ± 0.07 

PEM 0.42 ± 0.05 0.43 ± 0.07 

PPM 0.39 ± 0.04 0.47 ± 0.05 

 
 

Polymer film swelling in CHCl3 

The PGM films dewet under high CHCl3 concentrations.  This dewetting possibly was due to 

destabilization by short-range polar forces for the lower surface energy PGM polymer.7-8  

Although PGM was not stable enough to extract interaction parameters in CHCl3, the relative 

swelling behavior could be used to qualitatively determine differences in compatibility.  In 

comparison to PVM, PGM had less solvent uptake (higher polymer volume fraction).  This effect 

suggests that PGM has less favorable interactions with CHCl3 than PVM (i.e. lower solubility), as 

shown in Figure S3. 
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Figure S3.  Comparison of temporal swelling behavior for PGM (+) and PVM (⬦) as a function 

of CHCl3 vapor concentration above the film.  PGM swelled less than PVM at all CHCl3 vapor 

compositions, which suggests that CHCl3 is a better solvent for PVM than PGM. 

 

Estimation of solvent-swollen polymer Tg 

  The transition between rubbery and glassy regimes was probed using the solvent vapor swelling 

data, shown in Figure S4, for PGM, PCM, PEM, PVM, PSM, poly(4-ethylguaiacyl methacrylate-

ran-syringyl methacrylate) [PES], poly(creosyl methacrylate-ran-4-ethyl guaiacyl methacrylate-

ran-syringyl methacrylate) [PCES], poly(vanillin methacrylate-ran-4-ethyl guaiacyl 

methacrylate-ran-syringyl methacrylate) [PVES], and poly(bio-oil methacrylate) [PBOM].  The 

intersection of the glassy and rubbery regime fits provided a critical polymer concentration, below 

which the polymer lacked sufficient mobility to readily equilibrate. 
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Figure S4.  Effect of THF content on polymer swelling behavior for a) PGM, b) PCM, c) PEM, 

d) PVM, e) PCES, f) PES, g) PVES, h) PSM, and i) PBOM.  Two regimes are noteworthy in the 

data.  These regimes have been noted as ‘rubbery’ (● ), in which the solvent uptake is less sensitive 

to the solvent partial pressure, and ‘glassy’ (●), in which the solvent uptake is more sensitive to 

the solvent partial pressure, as highlighted by the distinct slopes (dashed lines) in the panels.  The 

closed symbols represent data from flow-based solvent vapor swelling experiments, whereas the 

open symbols represent data from THF/water bell jar swelling experiments.  The blue data points 

represent data that were excluded from the analysis because of dissimilar swelling behavior, likely 

the result of startup effects.  For PES, ‘rubbery’ behavior is noted across the THF content explored.  
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For PSM, ‘glassy’ behavior is noted across the THF content explored.  The ‘glassy’ to ‘rubbery’ 

crossover values are listed in Table S2. 

 

 The intersection of the ‘glassy’ and ‘rubbery’ lines likely indicates the minimum polymer 

swelling necessary to impart the polymer chains with sufficient mobility to equilibrate with the 

vapor environment; this degree of swelling is referred to herein as the crossover polymer volume 

fraction, ϕc.  In the literature, these types of transitions have been probed using temperature,9 

whereas, in this work, the solvent uptake is used to modify the polymer mobility.10  Values of ϕc 

are tabulated in Table S2. 

 

Table S2.  Crossover solvent concentration, pi,c/pi,sat and crossover polymer volume fraction, fc, 

from the data in Figure S4. 

Polymer pi,c/pi,sat fc 

PGM 0.75 0.78 

PCM 0.73 0.76 

PEM 0.72 0.75 

PVM 0.72 0.75 

PCES 0.88 0.66 

PES -- -- 

PVES 0.86 0.67 

PSM -- -- 

PBOM 0.67 0.77 
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A similar analysis was performed for select polymers in CHCl3.  Of particular interest is PSM 

when exposed to CHCl3.  Though limited data are available for PSM, a number of experimental 

conditions fell within the rubbery regime, as evidenced in Figure S5, below. 

 

  

Figure S5.  Effect of CHCl3 content on PSM swelling behavior.  In comparison to the PSM data 

in THF (shown in Figure S4), the PSM data in CHCl3 suggest a crossover between the ‘glassy’ 

and ‘rubbery’ regimes. 

 

Adhesion of polymer films 

The root mean squared roughness, RRMS, is given by: 

 eq. S1
 

in which n is the number of pixels in the micrograph, and di height difference between pixel i 

and the mean.  The roughness was characterized using AFM height images,11 and the resulting 

data are presented in Figure S6. 
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Figure S6. Root mean squared roughness of sustainable polymer films measured using AFM. 

 

 

The adhesion between two surfaces was estimated from the differences in the material surface 

energies upon contact.12 

    eq. S2 

γi is the surface energy of material i, and γij is the interfacial tension between materials i and j.  The 

interfacial tension was determined from the geometric mean of the dispersive (γD) and polar (γP) 

surface energy contributions.13-14 

  eq. S3 

The work of adhesion values are shown in Table S3, using the surface energies calculated from 

the static contact angles in Figure 6 of the main text. 
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Table S3.  Calculated probe-film adhesion for the lignin-inspired polymers. 

Polymer 
Wglass-poly 

mJ/m2 

WHDPE-poly 

mJ/m2 

PPM 99.7 80.6 

PGM 108.9 81.1 

PCM 106.4 78.6 

PEM 103.4 77.4 

PVM 113.9 83.4 

PSM 112.7 82.9 

The glass (γP = 80 mJ/m2, γD = 32 mJ/m2) and HDPE (γP = 0 mJ/m2, γD = 35.3 mJ/m2) surface 
energy contributions were used to calculate the work of adhesion from the sustainable polymer 
surface energies determined from the static contact angles with the Owens-Wendt equation. 

 

The pull-off forces were measured for the sustainable polymers with the HDPE probe through 

the determination of an adhesion coefficient (i.e., the ratio of the pull-off force to the load), which 

could be calculated for each pull-off force and load pairing.15  The probe was brought into contact 

with the surface at normal forces (loads) that varied between 0.2 mN and 12.2 mN.  Probe contact 

and retraction rates of 1.2 µm/s, 12.0 µm/s, or 23.7 µm/s were used during adhesion testing to 

capture contributions from viscoelasticity.16-18  More specifically, the adhesion coefficient was 

calculated by fitting a line to the normal load vs. pull-off force.  Nearly all of the adhesion 

coefficients were similar within error.  Minimal scatter in the data likely was a result of the very 

low pull-off forces (and, thus, adhesion coefficients) between the HDPE probe and the polymer 

films. 
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Figure S7.  Adhesion coefficient for PGM, PCM, PEM, PVM, PPM, and PSM upon immediate 

retraction.  Error bars represent the standard deviation of values obtained from multiple 

measurements of the same polymer film. 

 

 The adhesion coefficients for all of the polymers were low (< 0.04), and there were no apparent 

trends with repeat unit structure, suggesting that the changes in friction coefficients were not 

significantly influenced by probe-film adhesion. 
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