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Abstract

:

Photopolymerization systems provide compelling advantages for industrial applications due to their fast reaction kinetics, wide selection of monomers for physical property development, and energy-efficient initiation via illumination. These same advantages can present challenges when attempting to monitor these reactions or characterize their resulting polymers; however, Raman spectroscopy can provide the flexibility and resolution needed. In this overview, Raman spectroscopy is compared to common characterization techniques, such as photo-differential scanning calorimetry and infrared spectroscopy, highlighting advantages of Raman spectroscopy. Examples are provided of how Raman spectroscopy has been used to monitor photopolymerizations and to provide insight on the impact of monomer chemistry and processing conditions, as well as paired with other techniques to elucidate physical properties. Finally, practical tips are provided for applying Raman spectroscopy and microscopy in photopolymerization systems.
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1. Introduction


Photopolymerization systems provide compelling advantages for industrial applications due to their fast reaction kinetics, wide selection of monomers for physical property development, and energy-efficient initiation via illumination [1,2]. These same advantages can present challenges when attempting to monitor these reactions or characterize their resulting polymers; however, Raman spectroscopy can provide the flexibility and resolution needed. In particular, the commercial availability of fiber-optic-based Raman systems has opened the door for real-time and in situ monitoring of photopolymerizations for industrial and academic scientists and engineers alike.



Raman spectroscopy is based upon the rotational and vibrational transitions in molecules and is particularly well suited for the detection of chemical bond changes during polymerization [3,4,5,6]. The short intrinsic time scale of this method enables the monitoring of rapid reactions in real time. In addition, minimal sample preparation is required, and a variety of sample geometries may be analyzed (such as thin films or thick samples), as Raman spectroscopy is based on light scattering principles rather than absorption or transmission. Finally, improved instrumentation allows for enhanced signal collection. Modern detectors are significantly more sensitive, and lasers enable the isolation of one wavelength, which produces a clearer, stronger Raman spectrum.



Raman spectroscopy has proven valuable in polymer identification, reaction monitoring, and studies of polymer composites, blends, coatings, and orientated films [4,7]. However, with photopolymerization systems, the need for an illumination source to initiate the chain reaction adds complexity when attempting to apply an analytical technique to follow the reaction in real time. Adaptions to heat-based analytical techniques, such as differential scanning calorimetry [8], optical pyrometry [9], and thin-film calorimetry [10], are straightforward. In these techniques, an illumination source is mounted above the sample, and the heat flow from the exothermic reaction is measured and directly related to the rate of polymerization. Adaptations to spectroscopy-based analytical techniques, such as infrared [11], fluorescence [12], and Raman spectroscopy [6], require more finesse. In these techniques, the illumination source must be placed in such a way as to minimize or prevent its photons from impinging upon the sensitive detectors (e.g., perpendicular to the beam used to generate the spectroscopic signal). The resulting spectra must be analyzed to draw a direct relationship between spectral feature changes due to the reaction and the conversion from monomer to polymer.



Although the heat-based analytical techniques are relatively easy and inexpensive, spectroscopy-based techniques can provide much more information and resolution. For example, Raman spectroscopy can be used to calculate the conversion of the methacrylate (via free-radical photopolymerization) and of the epoxide (via cationic photopolymerization) during a hybrid photopolymerization since the peaks associated with each reactive group can be separately processed [13]. With photo-differential scanning calorimetry (PDSC), the exotherms from the simultaneous reactions overlap, making it impossible to determine the individual conversion of the two monomer types. Moreover, even in homopolymerization systems, the conversion results from PDSC measurements can be uncertain due to assumptions regarding the average monomer functionality and a standard heat of polymerization, ΔHp, for the general type of functional group present. For example, an absolute conversion cannot be calculated from a PDSC trace of the commercial monomer PETA-K, which contains an unspecified mixture of tri- and tetra-acrylate esters of pentaerythritol (i.e., the ΔHp for PETA-K is somewhere between 2.33 and 3.11 × 105 J/mol if ΔHp = 7.78 × 104 J/mol is used for a generic acrylate vinyl bond). Conversely, conversion calculations from Raman spectra do not require prior knowledge of the composition for the multi-functional acrylate mixture. In addition, tracking dark cure (i.e., continued reaction after shuttering of the light) in epoxide systems would be impossible over long timeframes for PDSC. It is not feasible to keep the sample in the PDSC for days, months, and/or years. However, with Raman spectroscopy, it is simply a matter of storing the samples and taking them out occasionally to measure conversion changes over time [14].



Vibrational spectroscopies, such as infrared (IR) and Raman spectroscopy, are especially useful analytical techniques for photopolymerization systems in that both qualitative (i.e., what is present?) and quantitative (i.e., how much is present?) information is provided. The two techniques rely on different mechanisms: Raman is a scattering technique based on the polarizability of molecular bonds, and IR is an absorption technique based on the dipole moment of molecular bonds [3]. Thus, the two are considered complementary techniques in that some spectral information is provided by both, while other information is only discernable through one or the other technique. For example, both techniques can be used to calculate the conversion of methacrylate monomers; however, Raman is a better choice for aqueous systems since water is Raman-inactive but can obscure important spectral details in IR measurements [15]. Because the Raman effect is comparatively small (only one in a billion photons results in the Raman scattering effect), it has often been overlooked as a practical analytical technique. However, the availability of more sensitive detectors to capture the small number of scattered photons and the wider selection of lasers to avoid inducing fluorescence, which can overwhelm the Raman signal, enable Raman spectroscopy to compete with IR spectroscopy more effectively. For example, both types of spectroscopy are established techniques in dental research that focuses on photopolymerized resins and composites [16]. In general, Raman spectroscopy provides more flexibility for sample presentation than IR spectroscopy, in which sandwiching between salt plates or a thin film on an attenuated total reflectance (ATR) crystal may be required. Additionally, Raman microscopy provides better spatial resolution and depth penetration than IR microscopy [17].



This article is written for the scientist or engineer who wants to use Raman spectroscopy to explore photopolymerization systems. It is not meant to be an exhaustive review; the references cited are intended to provide examples of how Raman spectroscopy has been applied in photopolymerization systems, as well as starting points for a more thorough foray depending on the needs of the reader. The information contained in this article leverages the author’s extensive use of Raman spectroscopy and microscopy over the past decades and includes practical considerations and tips on how to implement the technique for the unique challenges presented by photopolymerization systems.




2. Raman Measurements in Photopolymerization Systems


2.1. Conversion Measurements


Conversion measurements are the most straightforward and common kinetic values obtained through Raman spectroscopy. The calculation requires identification of a reaction (rxn) peak, which is directly related to the reactive moiety on the monomer, and a reference (ref) peak, which is associated with molecular bonds not affected by the polymerization. Conversion is then calculated from the ratio of the peak intensity (or peak area) of these reaction and reference peaks:


  C o n v e r s i o n , α = 1 −       I   r x n     t       I   r e f     t           I   r x n     0       I   r e f     0        



(1)




where I(t) denotes the peak intensity at time t, and I(0) represents the initial peak intensity before photopolymerization begins. This ratio method corrects for density changes and instrumental variations and is necessary when making conversion comparisons at different sampling times (e.g., in photopolymerized-methacrylate-based dental adhesive resins before and after water storage [18]).



Suitable reference and reaction peaks can be identified through Raman reference books [19,20], literature values, and/or experiments. Raman peak selections are presented in Table 1 for common classes of monomers undergoing photopolymerizations. The reaction peak is relatively standard for each type of reactive moiety (e.g., ~1640 cm−1 for C=C bonds in (meth)acrylates and ~790 cm−1 for cycloaliphatic epoxides); however, the reference peak differs depending on the structure of the monomer. For example, 3-ethyl-3-phenoxymethyl oxetane (POX) includes a phenyl group that provides a strong reference peak at 980 cm−1, while 3-ethyl-3-[(2-ethylhexyloxy)methyl] oxetane (EHOX) has aliphatic groups that present a reference peak at 1450 cm−1 [21]. Both monomers contain the oxetane moiety, which provides the reaction peak at 1150 cm−1. Ideally, the reference and reaction peaks should be close to one another so that they are affected similarly by any spectral perturbations (fluorescence, changes in density and refractive index during polymerization, etc.). Thus, they both are typically selected from the fingerprint region (i.e., 200–1800 cm−1). In addition, the reference peak and reaction peaks should be selected from bonds that are present on the same molecule to avoid issues due to concentration gradients or inhomogeneities in the sample.



To verify suitability of reaction and reference peak selections, a conversion calibration curve relating the monomer mass fraction to the Raman intensity ratio (in Equation (1)) can be constructed by dissolving various amounts of polymer in its monomer (e.g., PHEMA in HEMA [18]). However, most systems do not have commercially available polymers, and higher mass fractions of polymers take a long time to dissolve in the monomer. Thus, real-time Raman spectroscopy of the photopolymerization provides a more feasible confirmation that the choice of reference and reaction peaks is appropriate. Visual inspection of a 3-D waterfall plot (see Figure 1 for a representative example) is a facile way to verify that the reaction peak decreases with illumination time, while the reference peak remains constant. This confirmation is important since Raman peaks attributed to non-reactive bonds adjacent to the reactive moiety may change during the reaction. For example, the (meth)acrylate carbonyl peak at 1720 cm−1 decreases with reaction of the C=C; thus, it is a poor reference peak but can be effectively used as an apparent reaction peak [25]. If conversion measurements are calculated from real-time Raman spectra with a stable baseline, then Equation (1) can be simplified as follows since Iref(t)/Iref(0) ≈ 1 [26]:


  C o n v e r s i o n , α = 1 −     I   r x n     t       I   r x n     0      



(2)







However, if the baseline changes during the photopolymerization or if conversion measurements are calculated at discrete points in time (e.g., Raman spectra are collected at regular intervals after shuttering the light source to determine dark cure in epoxides [14]), the reference peak values must be included in the conversion equation.



Once Raman spectra have been collected, the data must be transformed to obtain conversion measurements (see Figure 2 for a representative example). Software packages included with the Raman instrument are often helpful with this process. For each spectrum, a spectral range can be selected for each peak, and either the peak intensity or the peak area can be automatically calculated. In some software packages, these peak measurements can be mathematically manipulated to calculate conversion using Equation (1). Otherwise, the peak measurements can be exported to a spreadsheet (e.g., Excel) for the conversion calculation. If the reaction or reference peak is not well resolved or on a similar magnitude as the noise in the spectrum, then a more rigorous data processing method may be required, such as taking the second derivative of the spectrum [27]. For optimal results, the pre-polymerization ratio, Irxn(0)/Iref(0), must be reliable; therefore, extra care must be taken in collecting these data. Longer exposure times and multiple accumulations should provide an average spectrum with an appropriately high signal-to-noise ratio (S/N). When processing real-time data, some smoothing of the final profiles may be necessary (e.g., a five-point moving average) since lower concentrations have small peak intensities, which introduce noise in the conversion data [26].



Conversion data can be used directly to study the effect of formulation choices and processing variables on kinetic outcomes. Because individual reactive moieties can often be resolved, Raman monitoring is useful beyond homopolymerizations for more complicated systems involving copolymerization or hybrid polymerization. For example, improved kinetic outcomes were realized through comonomer systems of EEC and EPOH [23] and of EEC and oxetanes [24]. In addition, the synergy between free-radical and cationic-ring-opening photopolymerizations has been characterized for epoxide–acrylate hybrid monomers [13,28] and systems [26], as well as oxetane–acrylate hybrid systems [29]. Likewise, the impact of other formulation components such as photoinitiators, impurities, and additives can be explored. For example, in cationic photopolymerizations, photoinitiator concentration [13], photoinitiator structure [30], water concentration [28], and alcohol size and functionality [31] play large roles in the extent and rate of polymerization. In free-radical photopolymerizations, examples include demonstrating the effect of crosslinker concentration on conversion for droplet polymerization in a microfluidic device [32] and the impact of TiO2 nanoparticle loading on photopolymerization outcomes for acrylate materials intended for micro-optical devices [33]. Processing variables that affect conversion results include reaction temperature (see Figure 3a), spectral output of light source, effective irradiance, illumination time, annealing conditions, etc. For example, a central composite design used conversion as a response to model the effects of effective irradiance, exposure time, and sample depth in shadow cure of EEC [14]. Annealing time and temperature have also been optimized for ECC and another diepoxide based on conversion outcomes [34].




2.2. Other Kinetic Data


Conversion profiles can be further manipulated to obtain additional kinetic information. The rate of polymerization (Rp) is calculated from the first derivative of the conversion profile (see Figure 3 for a representative example). Because experimental data are often noisy, the derivative of the best fit trendline is used rather than individual data points. For example, a triple exponential expression was used for DVE-3 [6], while a four-parameter logistic function was used for EEC [31]. From the Rp profiles, the propagation rate constant (kp) can be calculated by rearranging the propagation mechanistic equation:


    k   p   =     R   p         M   *       M      



(3)







The monomer concentration, [M], is known, and the active center concentration, [M*], can be estimated [6,36]. In addition, the first-order kinetic rate constant for termination/trapping of active centers (kt/t) can be found by dividing Rp/[M] into its first derivative [36]:


    k   t / t   =       d       R   p       M         d t             R   p       M          



(4)







Moreover, real-time Raman conversion data can be used to calculate reactivity ratios (ri) for photopolymerizations of comonomer formulations [21]. These conversion data enable calculation of instantaneous mole fractions of the monomer in the feed (fi) and in the copolymer (Fi), from which the reactivity ratios are estimated:


    F   1   = 1 −   F   2   =     r   1     f   1   2   −   f   1     f   2       r   1     f   1   2   + 2   f   1     f   2   +   r   s     f   2   2      



(5)




where the subscripts refer to a specific monomer (i.e., monomer 1 and monomer 2) in the formulation.





3. Raman Measurements in Photopolymer Systems


3.1. Raman Microscopy


Raman microscopy provides options to gather information in multiple dimensions for photopolymer systems. However, to the author’s best knowledge, there is no microscopic system at this time with which real-time photopolymerization monitoring can be accomplished. One reason is that, to achieve high S/N, the exposure times are typically much higher for Raman microscopy than for fiber-optic-based Raman spectroscopy since laser power dramatically drops through the optical assembly of the microscope. For example, real-time Raman monitoring of METHB photopolymerizations used 0.5 s exposures with a Raman probehead delivering ~200 mW at the sample surface from a 785 nm laser, compared to 120 s exposures with a Raman confocal microscope delivering ~9 mW from the same laser [13]. In addition, it is difficult to route the illumination source to samples under the microscope. The distance between the sample and the microscope objectives is small, especially for the stronger magnifications, making it challenging to illuminate from the side. The illumination spot size needs to be much greater than the Raman laser spot size to avoid variations due to diffusion, eliminating routing the initiating beam through the objective itself. Illuminating from the bottom of the sample is also problematic since a notch filter for the wavelengths of the illumination source would need to be placed before the spectrometer to prevent those photons from reaching the detector and obscuring the Raman signal (or burning out the detector). Beer’s Law adds another confounding factor since the absorption profile is exponential with respect to distance, leaving little or no photons available for initiation at the top of the sample (i.e., the air/sample interface) where monitoring may take place. Thus, data collection is limited to discrete points, line scans, area maps, and depth profiles after illumination.



Despite the limitations in gathering real-time data, both conversion and composition information collected from Raman microscopy has proven fruitful in photopolymer studies. For example, with conversion calculations from depth profiles, the oxygen inhibition layer has been measured in epoxide–acrylate hybrid systems [13], in acrylate systems with LED sources [37], and in acrylate systems undergoing photopolymerization paired with electron-beam polymerization [38]. In dental resin systems, in situ conversion and relative composition data have been collected via line scans across the hybrid layer (i.e., where the adhesive resin penetrates the dentin of the tooth) for photopolymerized epoxides [39] and methacrylates [40]. In addition, a method to determine the absolute concentration of acrylate comonomers in the hybrid layer was developed, providing a clearer understanding of photopolymer infiltration in the tooth during line scans of tooth fillings (see Figure 4) [15]. Area mapping paired with depth profiling is particularly powerful when characterizing photopolymerized optical patterns. For example, area mapping has been used to gather composition and conversion data in nonlinear optical patterns formed in photopolymers [41] and to determine the density distribution of nanoparticles in photopolymer holographic gratings [42]. Furthermore, resolution advances in confocal Raman microscopy, such as super-resolution image restoration [43] and differential correlation [44], provide the opportunity to probe photopolymer composition and patterning at the nanoscale.




3.2. Physical Property Correlations


Because Raman spectroscopy is a non-destructive technique, there is the opportunity to relate spectral data to the resulting polymer physical properties by pairing with other analytical techniques. For example, photopolymerized thin films can be characterized first through Raman spectroscopy or microscopy and then through dynamic mechanical analysis (DMA) using a film tension clamp. Conversion and polymer structure can be correlated with important polymer properties such as glass transition temperature, crosslink density, and damping [26]. Simultaneous measurements can also be achieved. For example, Raman atomic force microscopes are available commercially and have been successfully applied to various polymer systems [45,46]. Rheometers can also be modified to measure viscosity and polymer concentration, as well as to identify the gel point, in polymerizing [47] and photopolymerizing [48] systems. Commercial rheometer–Raman systems are available with modifications to allow simultaneous illumination for photopolymerization.





4. Practical Tips


4.1. Experimental Considerations


Developing an experimental protocol to collect Raman data requires thoughtful planning and some trial and error. Given the challenges of routing the illuminating light in a microscopy system (discussed above), handheld or fiber-optic-based Raman systems are needed to conduct real-time monitoring of photopolymerizations. With these systems, the illuminating light should be placed perpendicular to the Raman laser to minimize photons associated with the light source from reaching the detector and obscuring the Raman signal (or burning out the detector) (see Figure 5 for a representative example). Again, the illumination spot size should be larger than the Raman laser spot size, and the effective irradiance should be uniform across the illumination spot size (e.g., a collimating lens can be used for larger sample areas [26]). In addition, because the Raman signal is relatively small, the spectral collection should be conducted in a darkened area (e.g., in a room without windows and/or with the lights turned off). Even photons from a nearby computer monitor can be picked up by the sensitive detectors in Raman systems. The number of accumulations and exposure time will be based on the desired S/N, optical components in the system (e.g., collection fiber size), laser wavelength and power, and/or reaction speed. Moreover, substrates and sample holders for the photopolymerizable materials should be carefully chosen. Fluorescence is often produced from glass, so high-quality quartz is best. Metals (e.g., aluminum) and silicon also make excellent substrates since the few peaks they present in the Raman spectrum are at the low end of the fingerprint region (e.g., silicon’s peak is ~520 cm−1), which will not interfere with the peaks of interest in the photopolymerization systems.



Moreover, careful consideration of the effect of the experimental setup and sample processing is required in order to avoid introducing unintended perturbations of the system that produce misleading spectral results. For example, photopolymerizable dental resins and composites include the co-initiator camphorquinone, which absorbs visible light from ~390 to ~520 nm [49]. This absorption spectrum overlaps slightly with the output from a 514 nm laser. If this laser is used to collect Raman data for these types of dental systems, the laser itself can artificially inflate the conversion measured by contributing to the photopolymerization. Under dark conditions (i.e., without an illumination source), 1 min of exposure to a 514 nm laser with a power output of ~0.33 mW at the sample surface resulted in over 20% of conversion of Single Bond dental adhesive resin (see Figure 6) [50]. In addition, tooth samples of photopolymerized dental resins and composites are often stored in aqueous solutions to mimic in vivo conditions and to keep the dentin hydrated. However, unpolymerized monomer can leach into the solution, resulting in a much larger (apparent) conversion of the remaining polymer material, which can be misinterpreted as dark polymerization [18]. When extending the Raman technique to acrylates undergoing electron-beam polymerization, the reference peak at 1070 cm−1 that worked well for photopolymerization of TMPTA was shown to be altered by the accelerated electrons [22]. Thus, a new reference peak that was stable under the electron beam had to be identified, and the addition of a comonomer with a phenyl ring enabled the use of Raman spectroscopy for this type of radiation curing as well. High temperatures may also disrupt acquisition of meaningful Raman spectra. If conducting an experiment at high temperatures, strong thermal emission may overpower the weaker Raman signal, requiring filtering of spectral data [51]. Even if a photopolymer sample is heated and then cooled before collecting data, a large background signal may develop (possibly due to microscopic surface roughening [52]), thereby obscuring sample peaks in the Raman spectrum. For example, Raman spectra of photopolymers after annealing or after multiple high-temperature DMA scans can remain void of any meaningful peaks even after leaving the samples at room temperature for several days (see Figure 7 for a representative example) [34].




4.2. Confocal Raman Microscopy


Confocal Raman microscopy can be a challenging technique to perfect. Practicing with a known sample can be helpful in learning how to collect, analyze, and interpret data. For example, a stack of several layers of double-sided tape on a metal substrate (e.g., aluminum) is an excellent training tool [36]. The polymer film layers are characterized by Raman peaks at 640 and 1725 cm−1, and the adhesive layers are characterized by peaks at 1445 and 2860 cm−1 (see Figure 8). Depth resolution and spatial accuracy decrease with increasing depth because of differences between the refractive index of the sample and air. Thus, the depth the instrument reports may not be the actual depth in the sample. For example, the thickness of one piece of double-sided tape measured in the Raman training experiment (26 µm) is approximately half the real thickness measured using calipers (60 µm) (see Appendix A in Ref. [36]). If needed, mathematical models can be used to address the discrepancy [54,55,56]. Since the focal point of the Raman laser is not the same as the visual focal point of the microscope, it may be difficult to determine the air–surface interface when starting a depth profile. If the instrument software does not have an algorithm to find the interface, then a manual determination may be made by finding the depth at which the peak is maximum for a reference peak during a depth profile (see Appendix E in Ref. [57]). Because depth profiles can be time-consuming due to the high exposure times required for adequately high S/N, it is important to optimize the step size by ensuring that it is equal to or larger than the sampling resolution of the instrument. The full-width at half-maximum (FWHM) of a strong reference peak (e.g., 525 cm−1 from a silicon wafer) during a depth profile with 1 μm step sizes can provide the resolution of a particular experimental setup (e.g., collection fibers and microscope objective) used for the confocal measurement (see Appendix E in Ref. [57]).





5. Conclusions


Raman spectroscopy is a powerful tool for monitoring photopolymerizations and determining relationships among composition, processing, and polymer properties. As a spectroscopy-based technique, it provides both qualitative and quantitative information that is not possible with heat-based techniques such as photodifferential scanning calorimetry. Advances in detectors have made Raman spectroscopy competitive with its more ubiquitous sister technique, infrared spectroscopy, and it possesses its own advantages, such as ease of sample preparation, use in aqueous systems, and better resolution in microscopic applications.



When using Raman spectroscopy for online and/or real-time monitoring of photopolymerizations, the key concern is introducing the initiation light source in such a way as to avoid striking the Raman detector and to illuminate the volume of sample being investigated by the Raman laser. Careful selection of reference and reaction peaks is also paramount so that kinetic data, such as conversion and reaction rates, can be calculated with confidence.



Although Raman confocal microscopy cannot be used to monitor photopolymerizations in real time, because of challenges in routing the initiation light source, the ability to perform point, line, and area scans, as well as depth profiles, can provide a wealth of information about the resulting photopolymers. Continued advances in microscope resolution and detector sensitivities, as well as signal processing, will allow further investigations on the sub-micron level, which are critical for applications such microfluidics and optical patterning. In addition, because Raman spectroscopy is a non-destructive technique, it can be used with other analytical techniques to develop structure–processing–property relationships that enable further applications of photopolymer systems. The availability of commercial systems pairing Raman with techniques such as with AFM and rheometry promise to provide exciting new insights for photopolymerization systems.



The examples in this article are expected to serve as a springboard to inspire others to consider Raman spectroscopic techniques in their own photopolymer research and applications. The practical tips provided can expedite a successful implementation by avoiding the pitfalls and challenges that must be navigated for this special class of polymerizations. The new knowledge gained will facilitate increased use of photopolymerization and realization of its many benefits for industry and society alike.







Funding


This manuscript received no external funding.




Data Availability Statement


The unpublished data presented in this review are available on request from the corresponding author.




Acknowledgments


The author gratefully acknowledges the hard work of her former graduate and undergraduate students who made these Raman studies of photopolymerization systems possible. Their perseverance in troubleshooting and creativity in experimental design have greatly added to our knowledge of these intriguing systems.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Salim, M.S. Overview of UV Curable Coatings. In Radiation Curing of Polymers II; Randell, D.R., Ed.; The Royal Society of Chemistry: Cambridge, UK, 1991; pp. 3–21. [Google Scholar]

	



Fouassier, J.P. Photoinitiation, Photopolymerization, and Photocuring: Fundamentals and Applications; Hanser Publishers: New York, NY, USA, 1995. [Google Scholar]

	



Ingle, J.D., Jr.; Crouch, S.R. Spectrochemical Analysis; Prentice Hall: Hoboken, NJ, USA, 1988. [Google Scholar]

	



Edwards, H.G.M.; Johnson, A.F.; Lewis, I.R. Applications of Raman spectroscopy to the study of polymers and polymerization processes. J. Raman Spectrosc. 1993, 24, 475–483. [Google Scholar] [CrossRef]

	



Xue, G. Laser Raman Spectroscopy of Polymeric Materials. Prog. Polym. Sci. 1994, 19, 317–388. [Google Scholar] [CrossRef]

	



Nelson, E.W.; Scranton, A.B. Kinetics of cationic photopolymerizations of divinyl ethers characterized using in situ Raman spectroscopy. J. Polym. Sci. Pt. A Polym. Chem. 1996, 34, 403–411. [Google Scholar] [CrossRef]

	



Williams, K.P.J.; Wilcock, I.C. Raman Spectroscopy of Polymers. Polym. Polym. Compos. 1997, 5, 443–449. [Google Scholar] [CrossRef]

	



Nelson, E.W.; Jacobs, J.L.; Scranton, A.B.; Anseth, K.S.; Bowman, C.N. Photo-differential scanning calorimetry studies of cationic polymerizations of divinyl ethers. Polymer 1995, 36, 4651–4656. [Google Scholar] [CrossRef]

	



Falk, B.; Vallinas, S.M.; Crivello, J.V. Monitoring photopolymerization reactions with optical pyrometry. J. Polym. Sci. Pt. A Polym. Chem. 2003, 41, 579–596. [Google Scholar] [CrossRef]

	



Roper, T.M.; Lee, T.Y.; Guymon, C.A.; Hoyle, C.E. In situ characterization of photopolymerizable systems using a thin-film calorimeter. Macromolecules 2005, 38, 10109–10116. [Google Scholar] [CrossRef]

	



Udagawa, A.; Sakurai, F.; Takahashi, T. In situ study of photopolymerization by Fourier transform infrared spectroscopy. J. Appl. Polym. Sci. 1991, 42, 1861–1867. [Google Scholar] [CrossRef]

	



Jager, W.F.; Volkers, A.A.; Neckers, D.C. Solvatochromic fluorescent probes for monitoring the photopolymerization of dimethacrylates. Macromolecules 1995, 28, 8153–8158. [Google Scholar] [CrossRef]

	



Cai, Y.; Jessop, J.L.P. Decreased oxygen inhibition in photopolymerized acrylate/epoxide hybrid polymer coatings as demonstrated by Raman spectroscopy. Polymer 2006, 47, 6560–6566. [Google Scholar] [CrossRef]

	



Schissel, S.M.; Jessop, J.L.P. Transferable shadow cure: A new approach to achieving cationic photopolymerization in light-restricted areas. J. Appl. Polym. Sci. 2002, 139, e52491. [Google Scholar] [CrossRef]

	



Zou, Y.; Armstrong, S.R.; Jessop, J.L.P. Quantitative analysis of adhesive resin in the hybrid layer using Raman spectroscopy. J. Biomed. Mater. Res. Pt. A 2010, 94, 288–297. [Google Scholar] [CrossRef] [PubMed]

	



Khan, A.S.; Khalid, H.; Sarfraz, Z.; Khan, M.; Iqbal, J.; Muhammad, N.; Fareed, M.A.; Rehman, I.U. Vibrational spectroscopy of selective dental restorative materials. Appl. Spectrosc. Rev. 2017, 52, 507–540. [Google Scholar] [CrossRef]

	



Scherzer, T. Depth profiling of the conversion during the photopolymerization of acrylates using real-time FTIR-ATR spectroscopy. Vib. Spectrosc. 2002, 29, 139–145. [Google Scholar] [CrossRef]

	



Zou, Y.; Armstrong, S.R.; Jessop, J.L.P. Apparent conversion of adhesive resin in the hybrid layer, Part 1: Identification of an internal reference for Raman spectroscopy and the effects of water storage. J. Biomed. Mater. Res. Pt. A 2008, 86, 883–891. [Google Scholar] [CrossRef] [PubMed]

	



Lin-Vien, D.; Colthup, N.B.; Fateley, W.G.; Grasselli, J.G. The Handbook of Infrared and Raman Characteristic Frequencies of Organic Molecules; Academic Press: San Diego, CA, USA, 1991. [Google Scholar]

	



Nyquist, R. Interpreting Infrared, Raman, and Nuclear Magnetic Resonance Spectra; Academic Press: San Diego, CA, USA, 2001; Volumes 1 and 2. [Google Scholar]

	



Kaalberg, S.M.; Schissel, S.M.; Soumounthong, M.; Jessop, J.L.P. Elucidation of network structure in cationic photopolymerization of cyclic ether comonomers. Polym. Chem. 2021, 12, 5999–6008. [Google Scholar] [CrossRef]

	



Schissel, S.M.; Lapin, S.C.; Jessop, J.L.P. Internal reference validation for EB-cured polymer conversion measured via Raman spectroscopy. RadTech Rep. 2014, 46–50. [Google Scholar]

	



Eom, H.S.; Jessop, J.L.P.; Scranton, A.B. Photoinitiated cationic copolymerizations: Effects of the oligomer structure and composition. Polymer 2013, 54, 4134–4142. [Google Scholar] [CrossRef]

	



Kaalberg, S.; Jessop, J.L.P. Enhancing cationic ring-opening photopolymerization of cycloaliphatic epoxides via dark cure and oxetanes. J. Polym. Sci. Pt. A Polym. Chem. 2018, 56, 1436–1445. [Google Scholar] [CrossRef]

	



De Santis, A. Photo-polymerisation effects on the carbonyl CO bands of composite resins measured by micro-Raman spectroscopy. Polymer 2005, 46, 5001–5004. [Google Scholar] [CrossRef]

	



Schissel, S.M.; Jessop, J.L.P. Enhancing epoxide kinetics and tuning polymer properties using hydroxyl-containing (meth) acrylates in hybrid photopolymerizations. Polymer 2019, 161, 78–91. [Google Scholar] [CrossRef]

	



Talungchit, S. Enhancing Resin-Dentin Bond Effectiveness and Durability: The Role of Ethanol-Wet Bonding Technique, MMP-inhibition (Chlorhexidine), and Photoinitiator Systems. Ph.D. Thesis, University of Iowa, Iowa City, IA, USA, 2012. [Google Scholar]

	



Cai, Y.; Jessop, J.L.P. Effect of water concentration on photopolymerized acrylate/epoxide hybrid polymer coatings as demonstrated by Raman spectroscopy. Polymer 2009, 50, 5406–5413. [Google Scholar] [CrossRef]

	



Hasa, E.; Scholte, J.P.; Jessop, J.L.P.; Stansbury, J.W.; Guymon, C.A. Kinetically controlled photoinduced phase separation for hybrid radical/cationic systems. Macromolecules 2019, 52, 2975–2986. [Google Scholar] [CrossRef]

	



Knapp, E.; Kaalberg, S.; Jessop, J.L.P. Head-to-head comparison of cationic photoinitiator effectiveness. In Proceedings of the RadTech 2022 UV/EB Technology Conference, Orlando, FL, USA, 9–12 May 2022. [Google Scholar]

	



Dillman, B.; Jessop, J.L.P. Chain transfer agents in cationic photopolymerization of a bis-cycloaliphatic epoxide monomer: Kinetic and physical property effects. J. Polym. Sci. Pt. A Polym. Chem. 2013, 51, 2058–2067. [Google Scholar] [CrossRef]

	



Barnes, S.E.; Cygan, Z.T.; Yates, J.K.; Beers, K.L.; Amis, E.J. Raman spectroscopic monitoring of droplet polymerization in a microfluidic device. Analyst 2006, 131, 1027–1033. [Google Scholar] [CrossRef] [PubMed]

	



Luu, T.T.H.; Jia, Z.; Kanaev, A.; Museur, L. Photopolymerization of TiO2-based hybrid materials: Effect of nanoparticles loading and photosensitive 1D microstructures fabrication. J. Mater. Sci. 2023, 58, 1127–1138. [Google Scholar] [CrossRef]

	



Kaalberg, S.M. Improving Photopolymerization Outcomes Through Control of Cationic Ring-Opening Systems. Ph.D. Thesis, University of Iowa, Iowa City IA, USA, 2018. [Google Scholar]

	



Cai, Y. Characterization of Hybrid Resin Systems Based on Epoxide/Acrylate Functionalities. Ph.D. Thesis, University of Iowa, Iowa City, IA, USA, 2006. [Google Scholar]

	



Sipani, V.; Scranton, A.B. Kinetic studies of cationic photopolymerizations of phenyl glycidyl ether: Termination/trapping rate constants for iodonium photoinitiators. J. Photochem. Photobiol. A Chem. 2003, 159, 189–195. [Google Scholar] [CrossRef]

	



Courtecuisse, F.; Karasu, F.; Allonas, X.; Croutxé-Barghorn, C.; van der Ven, L. Confocal Raman microscopy study of several factors known to influence the oxygen inhibition of acrylate photopolymerization under LED. Prog. Org. Coat. 2016, 92, 1–7. [Google Scholar] [CrossRef]

	



Thiher, N.L.K.; Schissel, S.M.; Jessop, J.L.P. Quantifying UV/EB dual cure for successful mitigation of oxygen inhibition and light attenuation. Prog. Org. Coat. 2020, 138, 105378. [Google Scholar] [CrossRef]

	



Navarra, C.O.; Cadenaro, M.; Armstrong, S.R.; Jessop, J.L.P.; Antoniolli, F.; Sergo, V.; Di Lenarda, R.; Breschi, L. Degree of conversion of Filtek Silorane Adhesive System and Clearfil SE Bond within the hybrid and adhesive layer: An in situ Raman analysis. Dent. Mater. 2009, 25, 1178–1185. [Google Scholar] [CrossRef]

	



Zou, Y.; Jessop, J.L.P.; Armstrong, S.R. Apparent conversion of adhesive resin in the hybrid layer, Part II: In situ studies of the resin-dentin bond. J. Biomed. Mater. Res. Pt. A 2008, 89, 355–362. [Google Scholar] [CrossRef]

	



Biria, S.; Malley, P.P.A.; Kahan, T.F.; Hosein, I.D. Tunable nonlinear optical pattern formation and microstructure in cross-linking acrylate systems during free-radical polymerization. J. Phys. Chem. C 2016, 120, 4517–4528. [Google Scholar] [CrossRef]

	



Chikama, K.; Mastubara, K.; Oyama, S.; Tomita, Y. Three-dimensional confocal Raman imaging of volume holograms formed in ZrO2 nanoparticle-photopolymer composite materials. J. Appl. Phys. 2008, 103, 113108. [Google Scholar] [CrossRef]

	



Cui, H.; Zhao, W.; Wang, Y.; Fan, Y.; Qiu, L.; Zhu, K. Improving spatial resolution of confocal Raman microscopy by super-resolution image restoration. Opt. Express 2016, 24, 10767–10776. [Google Scholar] [CrossRef] [PubMed]

	



Li, R.; Xu, D.; Li, A.; Su, Y.; Zhao, W.; Qiu, L.; Cui, H. High spatial resolution of topographic imaging and Raman mapping by differential correlation-confocal Raman microscopy. Opt. Express 2022, 30, 41447–41458. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, U.; Hild, S.; Ibach, W.; Hollricher, O. Characterization of thin polymer films on the nanometer scale with confocal Raman AFM. Macromol. Symp. 2005, 230, 133–143. [Google Scholar] [CrossRef]

	



Fu, W.; Zhang, W. Hybrid AFM for nanoscale physicochemical characterization: Recent development and emerging applications. Small 2017, 13, 1603525. [Google Scholar] [CrossRef]

	



Chevrel, M.C.; Brun, N.; Hoppe, S.; Meimaroglou, D.; Falk, L.; Chapron, D.; Bourson, P.; Durand, A. In situ monitoring of acrylic acid polymerization in aqueous solution using rheo-Raman technique. Experimental investigation and theoretical modelling. Chem. Eng. Sci. 2014, 106, 242–252. [Google Scholar] [CrossRef]

	



Brown, T.E.; Malavé, V.; Higgins, C.I.; Kotula, A.P.; Caplins, B.W.; Garboczi, E.J.; Killgore, J.P. Voxel-scale conversion mapping informs intrinsic resolution in stereolithographic additive manufacturing. ACS Appl. Polym. Mater. 2020, 3, 290–298. [Google Scholar] [CrossRef]

	



Chen, Y.C.; Ferracane, J.L.; Prahl, S.A. Quantum yield of conversion of the photoinitiator camphorquinone. Dent. Mater. 2007, 23, 655–664. [Google Scholar] [CrossRef]

	



Navarra, C.O.; Alcantar, J.; Armstrong, S.R.; Jessop, J.L.P. 514 nm Raman Laser Contributes to Conversion of Methacrylates Used in Dental Resins; University of Iowa: Iowa City, IA, USA, 2006; unpublished work. [Google Scholar]

	



Osipov, A.A. High-temperature Raman spectroscopy. Pure Appl. Chem. 2019, 91, 1749–1756. [Google Scholar] [CrossRef]

	



Technical Note: Sample Damage in Raman Spectroscopy. Available online: https://www.stellarnet.us/technical-note-sample-damage-in-raman-spectroscopy/ (accessed on 22 June 2023).

	



Schissel, S.M.; Scranton, A.B.; Jessop, J.L.P. Characterization of Dark Cure and Shadow Cure in Cationic Photopolymerizations: Annual Report for the Fundamentals and Applications of Photopolymerizations Industry; University Cooperative Research Center, University of Iowa: Iowa City, IA, USA, 2013; unpublished work. [Google Scholar]

	



Everall, N.J. Modeling and measuring the effect of refraction on the depth resolution of confocal Raman microscopy. Appl. Spectrosc. 2000, 54, 773–782. [Google Scholar] [CrossRef]

	



Everall, N.J. Confocal Raman microscopy: Why the depth resolution and spatial accuracy can be much worse than you think. Appl. Spectrosc. 2000, 54, 1515–1520. [Google Scholar] [CrossRef]

	



Baia, L.; Gigant, K.; Posset, U.; Schottner, G.; Kiefer, W.; Popp, J. Confocal micro-Raman spectroscopy: Theory and application to a hybrid polymer coating. Appl. Spectrosc. 2002, 56, 536–540. [Google Scholar] [CrossRef]

	



Schissel, S.M. Developing Property and Kinetic Control Strategies for Radiation Polymerization. Ph.D. Thesis, University of Iowa, Iowa City, IA, USA, 2016. [Google Scholar]








[image: Polymers 15 03835 g001] 





Figure 1. Raman waterfall plots can confirm selection of suitable reaction and reference peaks for conversion calculations. Shown are real-time Raman spectra taken during free-radical photopolymerization of the epoxide–acrylate hybrid monomer 3,4-epoxy-cyclohexyl-methyl methacrylate (METHB) (adapted from Ref. [13]). The reaction peak at 1640 cm−1 (methacrylate C=C) decreases with time, while the reference peak at 605 cm−1 (C–C–O group) remains constant. Moreover, the reaction peak at 790 cm−1 (epoxide ring) does not change, since a cationic photoinitiator was not present in the formulation. 
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Figure 2. Conversion profiles (c) are obtained by measuring peak height or area (b) from raw Raman spectra (a) and inserting these values into Equation (1). Here, the conversions of the diepoxide EEC and 3-ethyl-3-hydroxymethyl oxetane (OXA) in a comonomer formulation are individually calculated from the same data set using the reaction peak for a cycloaliphatic epoxide (blue line, 790 cm−1) and for an oxetane (green line, 1150 cm−1) with a common reference peak (turquoise line, 1450 cm−1) (adapted from Ref. [24]). 
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Figure 3. Rate of photopolymerization profiles (b) is obtained by differentiating conversion profiles (a). Here, the effect of temperature on the hybrid photopolymerization of METHB, which contains both epoxide and methacrylate moieties, is demonstrated (adapted from Ref. [35]). 
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Figure 4. Absolute concentration (Ci) of adhesive resin (AR) components from line scans of photopolymerized tooth fillings using Raman microscopy (adapted from Ref. [15]). HEMA predominantly comprises the polymer throughout the hybrid layer (HL), but the photopolymer penetration drops precipitously from the top (THL) to the halfway point (½HL) of the HL. 






Figure 4. Absolute concentration (Ci) of adhesive resin (AR) components from line scans of photopolymerized tooth fillings using Raman microscopy (adapted from Ref. [15]). HEMA predominantly comprises the polymer throughout the hybrid layer (HL), but the photopolymer penetration drops precipitously from the top (THL) to the halfway point (½HL) of the HL.



[image: Polymers 15 03835 g004]







[image: Polymers 15 03835 g005] 





Figure 5. For a Raman system that collects 180° backscattered light (a), the initiating light source is placed perpendicular to the Raman laser beam (b) (adapted from Refs. [34,36]). 
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Figure 6. Photopolymerization is induced by 514 nm laser in Single Bond dental adhesive resin containing the co-initiator camphorquinone (adapted from Ref. [50]). Raman data were collected using a 785 nm laser before and after 60 s of exposure with the 514 nm laser. The reaction peak at 1640 cm−1 (circled) is noticeably decreased after exposure compared to the stable reference peak at 605 cm−1. 
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Figure 7. High temperatures can negatively impact the detail in a Raman spectrum. After photopolymerization of EEC, peaks in the Raman fingerprint region were well resolved (a); however, after annealing at 400 °C for 2.5 h, most Raman peaks disappeared (b) (adapted from Ref. [53]). The spectral resolution did not recover, even after 5 days at room temperature. 
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Figure 8. Several layers of double-sided tape (a) can provide good practice for perfecting the confocal Raman technique (b) (adapted from Ref. [36]). 
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Table 1. Examples of reference and reaction peaks chosen from Raman spectra for common classes of monomers that are used in photopolymerization systems.
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Reference Peak

	
Reaction Peak

	
Representative

Reference




	
Peak (cm−1)

	
Moiety

	
Peak (cm−1)

	
Moiety






	
trimethylolpropane triacrylate (TMPTA, acrylate)

	
1070

	
aliphatic groups

	
1636

	
vinyl

C=C group

	
[22]




	
hydroxyethyl methacrylate (HEMA, methacrylate)

	
605

	
carbonyl

(C–C–O) stretch

	
1640

	
vinyl

C=C group

	
[18]




	
3,6,9,12-tetraoxatetradeca-1,13-diene (DVE-3, vinyl ether)

	
1458

	
wagging and bending of ethyl-ether hydrogens

	
1322

	
C–H bending of hydrogen attached to a vinyl carbon

	
[6]




	
3,4-epoxycyclohexylmethyl-3′,4′-epoxycyclohexanecarboxylate (EEC, cycloaliphatic epoxide)

	
1727

	
skeletal bending of the non-reactive

CC=O group

	
789

	
asymmetric

cycloaliphatic epoxide ring deformation

	
[23]




	
epoxidized polybutadiene

oligomer (EPOH, aliphatic epoxide)

	
1640

	
1,2-vinyl C=C stretching vibrations

	
1271

	
in-phase breathing vibrations of oxirane ring

	
[23]




	
3-ethyl-3-

[(2-ethylhexyloxy)methyl] oxetane (EHOX, oxetane)

	
1450

	
aliphatic groups

	
1150

	
oxetane ring

	
[24]
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