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Abstract

Display technologies require optical adhesives that simultaneously provide high optical clarity, 
refractive index control, low birefringence and adhesive strength. However, many commercial 
adhesive systems rely on petroleum-derived acrylates and isocyanate-based urethanes. Herein, a 
fully biobased optical adhesive is reported that exploits the initiator-free photopolymerization of 
dithiolanes. Furthermore, hydrogen bond strength is modulated within the prepared adhesives by 
changing the chemistry with which the dithiolane is conjugated to a macromolecular core, allowing 
manipulation of properties including glass transition temperature, adhesion, refractive index, and 
other optical properties. Throughout these variations, all materials maintain high optical 
performance, exhibiting visible light transmittance above 98% and haze below 0.7%, coupled with 
low optical dispersion. These results demonstrate that dithiolanes are readily applied as initiator-
free crosslinkers for the formulation of fully biobased optical adhesives.

Introduction

Optical adhesives are crucial components of modern display technologies, where 
multilayer stacks of functional films are laminated to control the propagation of light through 
focusing, polarization, brightness enhancement, and diffusion. Interfaces between layers must 
provide high optical clarity, precise refractive index matching, low birefringence, low dispersion, 
and robust stability over time. As display architecture becomes both thinner and more flexible, 
these demands intensify, requiring materials that combine mechanical robustness with finely tuned 
optical properties, and reduced yellowing over time.1 Most commonly, optical adhesives rely on a 
UV-curable (meth)acrylate, often incorporating urethane linkages to improve hydrogen bonding, 
to transform from a spreadable and wettable liquid during application into a robust solid, interfacial 
coating after polymerization.2, 3 However, utilizing both acrylates and urethanes derived from 
isocyanates inherently ties optical adhesives to petroleum sources.
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The desire to move away from petroleum-based sources has accelerated interest in 
biobased polymers for high-performance applications.4-7 Among renewable carbon sources, 
dimers derived from fatty acids are increasingly used, especially in the production of adhesives.8-

12 Commercially available dimer derivatives, such as Priamine and Pripol, provide long 
hydrophobic aliphatic backbones with low viscosities and glass transition temperatures, allowing 
for inherent flexibility. When coupled with photopolymerizable moieties, these cores are 
advantageous building blocks for the creation of optical adhesive formulations.13

1,2-Dithiolanes are an intriguing class of cyclic five-membered disulfide-containing rings 
that have recently attracted renewed attention and are often derived from naturally occurring 
resources. Moreover, these functional groups combine several features that make them attractive 
building blocks for the development of biobased optical materials. For instance, the inherent ring 
strain of the cyclic disulfide renders them more reactive than their linear counterparts.14 Since their 
absorption spectra is red shifted into the visible region, 1,2-dithiolanes undergo 
photopolymerization without the need for exogenous (and often colored) photoinitiators.15, 16 
Furthermore, the ring-opening polymerization of 1,2-dithiolanes yields dynamically active (linear) 
disulfides, which contribute to low birefringence, in part because of reduced shrinkage effects and 
dynamic bond relaxation, especially when compared to conventional (photo)polymerizations such 
as (meth)acrylates. Finally, the high sulfur content directly incorporates polarizable sulfur atoms, 
which contribute to an increased refractive index and enable improved refractive index matching 
with the substrates to be adhered.17 Because of these advantages, dithiolanes have found 
widespread adoption for the creation of dynamic materials.18-20

Despite these advantages, the exploration of dithiolanes as adhesives has been relatively 
limited. For example, some dithiolane derivatives (e.g., lipoic acid) had been used to create 
pressure sensitive,21-23 structural,24, 25 and surgical adhesives; however, many of these reported 
adhesives are simple linear polymers driven by evaporative or thermal polymerizations.26 More 
recent formulations have taken advantage of pendant dithiolanes functionalities to enable on-
demand photocuring.20, 27, 28 Since optical adhesives require transmittance above 95%,29 both the 
dithiolane concentration and conversion must be managed to allow suitable transmittance, 
refractive index, and crosslinking density. Balancing effective crosslinking with effective optical 
performance is essential to realizing the successful development of a fully biobased adhesive 
system. Additionally, materials applied in optical elements have strict standards regarding 
yellowing, with photoinitiator fragments often being the source of post-polymerization colored 
products.30 When coupled with suitable core structures (small molecules with limited crystallinity), 
no solvent is needed during application, resulting in resins capable of complete incorporation with 
no extractables at full conversion.

While many dithiolane adhesives have relied on coordination bonding,25, 26 supramolecular 
assembly,31 or branching,32 few have investigated the role of hydrogen bonding. In other materials, 
amide functionalities have primarily been used to increase hydrogen bonding in materials as a 
strategy to increase Tg and crystallinity.33 However, urethane linkages remain the dominant 
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strategy for increasing hydrogen bonding in materials.34, 35 While the use of urethanes in dithiolane 
adhesives has only recently been explored,27, 36 these studies involved the use of isocyanates to 
produce urethane bonds. Recently, isocyanate-free synthesis of urethane linkages has emerged as 
an alternative strategy for incorporating enhanced hydrogen bonding into adhesives without the 
need for phosgene, as is needed in the classical synthesis of isocyanates.37 This strategy has 
previously been coupled with bisfunctional amines for the biobased synthesis of isocyanate-free 
polyurethanes.38 Utilizing a cyclic carbonate, a β-hydroxyurethane can be produce through the 
reaction with an amine without the need for an isocyanate. For simplicity, this β-hydroxyurethane 
linkage is referred to as a urethane throughout. Taken together, using esters, urethanes, and amides 
as coupling chemistries results in a tunable library of hydrogen bonding in adhesives as a method 
to modulate material properties.

Recently, hydrogen bonding has been increasingly studied in adhesive systems both as an 
energy dissipation mechanism39 and as a surface adhesion promoter.40 These reversible 
interactions enhance surface contact through specific intermolecular attractions while also acting 
as sacrificial bonds that break and reform during deformation, increasing energy dissipation and 
therefore increasing toughness, especially when combined with other dynamic chemistries.39 As a 
result, hydrogen bonding has been applied to traditional structural adhesives,41 pressure sensitive 
adhesives,42 surgical adhesives,43 and optical adhesives.44 Additionally, hydrogen bonding has 
seen increased utilization in natural systems that seek to replace petroleum-derived adhesives.45 
Combined with the photopolymerizability of dithiolanes, tunable hydrogen bonding offers a route 
to adhesive systems with enhanced bonding and tunable mechanical properties in biobased optical 
adhesives.

Herein, fully biobased 1,2-dithiolane-derived photocurable crosslinkers are synthesized by 
functionalizing Priamine and Pripol cores with lipoic acid via ester, amide, and urethane linkages, 
enabling controlled degrees of hydrogen bonding, all from biobased precursors. Because of the 
intrinsic ring-strain, these 1,2-dithiolane-based crosslinkers undergo initiator-free photolytic ring-
opening polymerization upon UV irradiation over relatively short timescales. The resulting optical 
adhesives are tunable and exhibit low optical dispersion and high clarity. Their mechanical, 
adhesive, and optical properties were evaluated and correlated to the extent of hydrogen bonding 
present in the system. This strategy represents an advancement in the development of sustainable, 
non-petroleum-derived optical adhesives with excellent clarity and low dispersion. This work 
establishes a structure-property relationship between hydrogen bond strength and multiple 
material, adhesive, and optical properties in fully biobased dithiolane crosslinked optical adhesives 
as a means for showing their overall feasibility in these applications.

Results and Discussion

To synthesize the optical adhesives, the biobased bisfunctional precursors Priamine 1074 
and Pripol 2033 were functionalized with lipoic acid, either directly or via incorporation of a 
glycerol carbonate spacer to form urethane linkages without the need for isocyanates (Figure 1a). 
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Pripol 2033 was used to prepare ester-linked bisfunctional dithiolanes via Steglich esterification 
(Figure S1), whereas Priamine 1074 was employed to synthesize both amide-linked (Figure S2) 
and urethane-linked bisfunctional dithiolanes. For the synthesis of the urethane, the biobased 
glycerol carbonate was conjugated to lipoic acid with an ester to form lipoic acid glycerol 
carbonate (LA-GCC, Figure S3), followed by ring-opening of the cyclic carbonate with Priamine, 
resulting in formation of the urethane (Figure S4). The resulting series provides a library of 
precursors containing systematic variations in the hydrogen bonding strength, with ester-linked 
adhesives lacking hydrogen bonding, urethane linkages introducing moderate hydrogen bonding, 
and amides exhibiting the strongest hydrogen-bonding interactions (Figure 1b).46, 47 In addition, a 
50:50 mixture of ester- and amide-linked monomers that was photopolymerized into a polymer 
network (hereafter referred to as mixture) was also investigated as an intermediate hydrogen 
bonding case, further demonstrating the hydrogen bond strength modulation.

Figure 1. Biobased dithiolane adhesives. (a) Biobased precursors used in the creation of dithiolane adhesives. (b) The 
hydrogen bond strength increases, moving from the ester to the urethane to the amide linker. (c) Schematic of 
dithiolane adhesive photocrosslinking, subsequent dynamic disulfide crosslinks, and variable hydrogen bond strength 
in the adhesive. (d) Centroid location of the C=O stretch during heating in FTIR.

Because of the intrinsic absorption of the dithiolane ring at relevant wavelengths (i.e., 365 
nm) (Figure S5), the network precursors are capable of undergoing direct photolytic ring-opening 
polymerization (Figure 1c). Films were prepared through direct photopolymerization, and the 
hydrogen bond strength was directly assessed via Fourier transform infrared (FTIR) spectroscopy. 
Specifically, FTIR of crosslinked samples was used to track the centroid of the C=O stretch over 
a wide temperature interval, ranging from 20 to 170°C with +10°C intervals (Figure S6). The net 
displacement of this centroid over the course of the heating program was used as a proxy for 
hydrogen bond strength, and the slope of this displacement as a function of temperature was used 
as a quantitative measure of hydrogen bond strength throughout, as has been previously reported 
(Figure 1d).48 The trends observed here confirm the anticipated order of hydrogen bond strength 
in the materials: ester < mixture < urethane < amide. 

To investigate curing behavior, isothermal photorheology was performed by applying a 
constant small-amplitude oscillatory shear (T = 25 °C, γ = 1%, ω = 1 rad/s) over a defined time 
period. For this characterization, the sample was first allowed to equilibrate in the darkness for 30 
s after which polymerization was initiated by UV irradiation (50 mW/cm2 at 365 nm) while 
simultaneously monitoring and the evolution of the shear storage (G’) and loss (G’’) moduli 
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(Figure 2a). All formulations polymerized on relatively short timescales, reaching plateau moduli 
within 300 s. Taking this reaction rate into account, and to minimize effects of light attenuation, 
50 µm adhesive films were produced by exposure to 50 mW/cm2 of 365 nm light for 2.5 min per 
side for all subsequent films. Notably, the urethane sample exhibited the slowest polymerization 
rate and achieved a final plateau modulus lower than the other resins. This behavior might 
potentially be attributed to the presence of free hydroxyls, resulting from the cyclic carbonate ring-
opening. Free hydroxyl functionalities have previously been reported to affect dithiolane 
polymerization, leading to overall shorter kinetic chains despite similar conversion rates.49, 50 
Therefore, it is postulated that the urethane sample has shorter dithiolane kinetic chains than the 
other three samples, leading to a lower crosslinking density and potentially explaining both the 
slower polymerization and lower storage modulus in the urethane sample.

The influence of variable hydrogen bond strength was further evaluated via dynamic 
mechanical analysis (DMA). In the glassy regime, the storage modulus was found to increase 
systematically with hydrogen bonding, with the ester sample having the lowest modulus and 
progressively higher values observed across the series (Figure 2b). This trend was not observed in 
the rubbery regime, as the hydrogen bonds do not contribute to effective crosslinks in the rubbery 
modulus at this time scale. Rather, the rubbery storage modulus is virtually the same across the 
tested samples, except for the urethane, which had a decreased crosslink density. Furthermore, 
hydrogen bond strength was also found to have a strong effect on the glass transition (Tg) of the 
samples. As expected, increasing the strength of the hydrogen bonds leads to a systematic increase 
in the Tg of the samples (Figure 2c).51 In addition, the breadth of the glass transitions generally 
increases with additional hydrogen bonding (Figure 2d). However, the urethane sample exhibited 
an unusually narrow Tg for its location in the hydrogen bonding series. This behavior may result 
from the same disruption of dithiolane polymerization (shorter kinetic chain lengths) that is 
speculated to contribute to the decreased rubbery modulus; shorter kinetic chains likely lead to a 
more homogenous network and therefore a narrower glass transition. These trends in Tg as 
measured by DMA are recapitulated in differential scanning calorimetry (DSC), again with the 
same anomaly in the breadth of the urethane Tg (Figure S7). 

Figure 2. Mechanical properties of dithiolane adhesives. (a) In situ photorheology of dithiolane adhesive crosslinking 
(50 mW/cm2, 365 nm, 25 µm thick). (b) E’ as a function of temperature in photocrosslinked films. (c) tan δ as a 
function of temperature in photocrosslinked films. (d) Glass transition temperature and FWHM as calculated from the 
tan δ in (c). Tg was additionally measured with dynamic scanning calorimetry in Figure S7. All films polymerized 2.5 
min per side, 50 mW/cm2 at 365 nm, 50 µm thick adhesive.
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As solvent resistance is an important characteristic of optical adhesives, the swelling ratio 
in mulitple solvents (toluene, acetone, methanol, and water) was tested for each sample (Figure 
S8). Unsurprisingly, the swelling ratio trended with hydrogen bond strength, with the amide 
adhesive having the lowest swelling ratios, being as low as 1.2 in water (Figure S8). In addition, 
limited extractables are key to adhesive performance. Samples tested via extraction in acetone 
demonstrated greater than 95% gel fraction (less than 5% extractable) across all formulations 
(Figure S9). Additionally, flexibility is key for optical adhesives as they are often used to laminate 
thin films in flexbile electronics. These adhesives are highly flexible, as demonstrated through 
twisting a 50 µm thick amide sample between tweezers (Figure S10). Lastly, while long term 
stability of materials used as adhesives is important for broad commercial adoption, an evaluation 
of long term aging is beyond the scope of this work. Generally, dithiolane-crosslinked materials 
exhibit good stability below temperatures of 120°C, often well above the range of operating 
temperatures for optical materials outside of specialty applications.52

Next, the adhesive properties of the cured materials were evaluated by lap shear testing 
using both glass and poly(ethylene terephthalate) as substrates, with three replicate samples tested 
per condition (Figure 3a). While peel is an important failure mode for optical adhesives, lap shear 
was chosen as an adhesion metric to correlate with hydrogen bond strength, given that these 
materials are photocured structural adhesives rather than pressure sensitive adhesives. Transparent 
substrates were chosen to enable photocuring of the adhesives and due to their relevance in optical 
applications. Notably, all measurements were taken without applying any adhesion promoters on 
the substrate surface. While this approach likely leads to a lower ultimate tensile strength, it 
enables a direct comparison of the effects of the hydrogen bond strength and their interactions with 
the substrate surface on adhesion. For glass substrates, no clear trend in either the lap shear strength 
or the strain at break (Figure 3b, Figure S10) was observed. Although intermediate-strength 
hydrogen bond systems (such as the mixture and urethane) exhibited the highest lap shear strength 
and strain at break, all samples had large errors associated with the measurements. This error is 
likely due to interfacial adhesive failures with the substrates, which are more stochastic than 
cohesive failures, especially in the absence of adhesion promoters.

Figure 3. Lap shear adhesive testing of dithiolane adhesives. (a) Schematic of lap shear setup, where two substrates 
are bonded together at an overlapping joint with adhesive and photocured. (b) Lap shear strength (left axis) and strain 
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at break (right axis) for samples prepared with a glass substrate. (c) Lap shear strength (left axis) and strain at break 
(right axis) for samples prepared with a PET substrate. (d) Lap shear strength (left axis) and strain at break (right axis) 
for samples prepared with a PMMA substrate. All samples polymerized 2.5 min per side, 50 mW/cm2 at 365 nm, and 
50 µm thick adhesive, with three replicates per condition. Error bars represent standard deviation.

In contrast, for plasma treated PET or PMMA substrates, both lap shear strength and strain 
at break generally increased with hydrogen bonding strength and had significantly lower 
variability (Figure 3c-d, Figure S11-12). One potential explanation is the difference in the surface 
chemistry and roughness. Contact angle measurements with water reveal increased hydrophobicity 
in both the PMMA and the plasma treated PET as compared to glass (66° on PMMA vs 59° on 
PET vs 36° on glass, Figure S14), indicating notable differences in surface chemistry and 
wettability. Compared to the relatively smooth glass microscope slides, the polymeric substrates 
may facilitate additional mechanical interlocking at the interface. Both factors contribute to 
PMMA and PET samples having more cohesive failure modes, while the glass had more adhesive 
failure modes (Figure S15). While these were the predominant modes observed through the lap 
shear stress-strain curves and sample examination, there is not conclusive evidence to determine 
that these failure modes are the only ones occurring for all cases.

As previously stated, optical adhesives must meet stringent performance criteria. For 
instance, high transmittance and low dispersion (high Abbe number) are critical for optically 
transparent adhesives.1 All formulations had a high optical clarity, as demonstrated in a 
transmittance photograph of the amide sample between two glass substrates (Figure 4a). UV-vis 
spectroscopy, performed on all samples between glass slides after curing, confirmed > 98% 
transmittance across the visible portion of the spectrum for all samples (Figure 4b), comparable to 
other optical materials based on sulfur chemistry.53 Additionally, the adhesives exhibited minimal 
haze, as measured according to the ASTM D1003 standard: All samples measured below 0.3% 
haze, except for the mixture which had 0.7% haze (Figure S16). Since the one sample that 
exhibited the higher haze is a mixture of two hydrogen bonding strengths, this increase in haze is 
potentially attributed to a small extent of micro-phase separation.
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Figure 4. Optical properties of dithiolane adhesives. (a) High transmittance image of a mixture sample between glass 
substrates. Dashed white line indicates adhesive boundary. (b) Transmittance through each formulation post curing 
between glass substrates. Inset shows zoomed region between 400 and 950 nm. (c) Refractive index as measured on 
samples polymerized on PET substrate. Cauchy fit curves of each sample, with the mean and standard deviation of 
each measured wavelength highlighted (TE polarization). (d) Refractive index trends with increasing hydrogen 
bonding as quantified by the slope of the centroid of the C=O stretch as a function of temperature in FTIR (TE 
polarization). (e) Birefringence trends with hydrogen bonding (measured at 636.6 nm). All samples polymerized 2.5 
min per side, 50 mW/cm2 at 365 nm, 50 µm thick adhesive.

Refractive index (RI) modulation is another critical property for optical adhesives, as the adhesive 
must have a relatively close match in refractive index with the substrate to minimize optical 
aberrations. The RI was measured at 22 °C using a prism coupler refractometer and 
monochromatic light sources at three wavelengths (λ): 404.7 nm, 524.7 nm and 636.6 nm. 
Refractometry measures the angular position of total internal reflection. Utilizing PET as the 
substrate enhanced the substrate and film refractive index difference, minimizing any contributions 
of the substrate effect. The obtained RI were then fitted to the Cauchy equation (Figure 4c) and 
used to interpolate the refractive index at the Fraunhofer D line (nD, λ = 589.3 nm) for cross-
comparison of all formulations. Notably, the refractive index was found to systematically increase 
with hydrogen bond strength (Figure 4d). This difference is postulated to result from an increased 
density of the materials as expected from the Lorenz-Lorentz theorem, which correlates the density 
and polarizability of a material to its refractive index.54-56 However, no clear trend was observed 
in the Abbe number (Vd), a measure of optical dispersion across wavelengths, which often 
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decreases with increasing refractive index (Figure S17). Regardless, Vd was comparatively high 
(representing low optical dispersion) for each of these materials.

Finally, birefringence was evaluated. This optical phenomenon originates from anisotropic 
effects in the molecular polarizability throughout the material and was quantified by taking the 
difference in refractive index for light polarized in two orthogonal directions. As many optical 
applications rely on varied polarizations, minimizing birefringence is of high priority, especially 
in comparison to commercial urethane-acrylate adhesives where anisotropic shrinkage often leads 
to stress-laden polymer films with increased birefringence.57 To quantify this effect, the RI was 
quantified in both transverse electric (TE) and transverse magnetic (TM) polarization modes, with 
the difference between these values being the birefringence. At the measurement wavelength of 
636.6 nm, increased hydrogen bonding strength results in lower birefringence (Figure 4e). We 
speculate that increased hydrogen bond strength increases dynamic exchange, enabling further 
rearrangement after polymerization. Notably, these are all low birefringent materials, with the 
highest birefringence of 0.002 and the lowest at 0.00005 (below the error of the instrument) 
compared to many common plastics, such as polycarbonate (0.015), polystyrene (0.019), and even 
performance acrylates (0.002).58 This property is likely due to the ring-opening polymerization of 
the dithiolanes, which minimizes shrinkage stress during the polymerization, as well as the delayed 
gelation and disulfide exchange from the polymerization.

Conclusion

In this work, fully biobased dithiolane adhesives with ester, urethane, and amide linkers, 
were synthesized, creating a library of adhesives with varied hydrogen bond strength. These 
materials are capable of photopolymerization without the need for exogenous initiator. Hydrogen 
bond strength was found to have a direct impact on a variety of material properties, including Tg, 
lap shear strength and strain at break on PET and PMMA substrates, RI, and birefringence. 
Furthermore, the high optical clarity and tunable refractive indices of these materials makes them 
well suited to optical adhesive applications. There is a clear structure-property relationship 
between the hydrogen bond strength and multiple material, adhesive and optical properties, 
establishing tunability of properties through hydrogen bond strength in these dithiolane-
crosslinked, fully biobased optical adhesives.
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