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Abstract

:

Cumulenes are linear molecules consisting of consecutive double bonds linking chains of sp-hybridized carbon atoms. They have primarily been of interest for potential use as molecular wires or in other nanoscale electronic devices, but more recently, other applications such as catalysis or even light harvesting through singlet fission have been speculated. Despite the recent theoretical and experimental interest, the photoexcitation of cumulenes typically results in quenching on the picosecond timescale, and the exact quenching mechanism for even the simplest of [3]-cumulenes lacks a clear explanation. In this report, we perform transient absorption spectroscopy on a set of model [3]-cumulene derivatives in a wide range of environmental conditions to demonstrate that the planarization of phenyl groups ultimately quenches the excited state. By restricting this intramolecular motion, we increase the excited state lifetime by a few nanoseconds, strongly enhancing photoluminescence and demonstrating an approach to stabilize them for photochemical applications.
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1. Introduction


Cumulenes are a class of molecules that possess consecutive double bonds and have been of interest to chemists for over 100 years [1,2]. Similarly to their polyyne counterparts, they have been attractive for uses that take advantage of the rigid linear chain of sp-hybridized carbon atoms [3,4,5,6,7]. Most notably, cumulenes have been theorized to be useful as molecular wires and potentially useful in nanoscale electronic devices [8,9,10,11,12,13]. Preparing cumulenes with an even number of double bonds results in end groups that are perpendicular, leading to helical molecular orbitals, while odd cumulenes have a planar geometry and non-helical orbitals [14,15,16]. This observation has been a primary interest for theoreticians and experimental groups attempting to use cumulenes for the applications above, although understanding the electronic structure of cumulenes is still an active area of research.



Most recently, a new application of cumulenes was discovered when a cumulene derivative was employed as an electrocatalyst for the borylation of aryl chlorides [17]. The reaction bypassed the typical convention of using UV photons to excite a photocatalyst to achieve high reducing potentials. Other recent reports of cumulenes have focused on trying to explain the mechanism of efficient excited state quenching after photoexcitation [18]. Combining a more detailed understanding of this excited state deactivation in cumulenes with the newly discovered electrocatalytic application could open the door to new photo- or electro-catalytic pathways using these molecules. Moreover, the triplet energy of cumulenes is predicted to be low, and a ground state biradical character has been observed, suggesting further scopes to extend the uses of cumulenes for exciton multiplication via singlet fission or other triplet-based catalytic pathways [19,20,21,22].



Despite this interest, reports investigating the excited state dynamics and photochemistry of cumulenes are scarce [23,24,25,26]. Earlier reports investigating the optical properties of [3]-cumulenes functionalized with phenyl groups demonstrated that ground-state energy is significantly perturbed by small changes to the phenyl group's torsional angle [27,28,29]. In a completely planar geometry, the lowest transition was predicted to be dark, while a perturbation as small as 5° turns the lowest excited state bright. In a later report, the efficient excited state quenching of tetraphenyl-[3]-cumulene (TPC, Figure 1a) was attributed to rapid rotation around the central cumulene bond axis in a fashion similar to that of stilbene [30]. Other [3]-cumulene derivatives were categorized as aggregation-induced emission (AIE) molecules for their ability to emit brightly as aggregates but not as isolated molecules [31]. Interestingly, TPC specifically was not assigned to have this AIE property, and only the other derivatives that were functionalized with bulkier end groups could—presumably because the TPC aggregates underwent quenching from π-stacking as aggregates. Recent spectroscopic studies on cumulene derivatives sought to resolve the question of what causes the excited state quenching of TPC and a related derivative in which the phenyl groups are covalently bridged (TPCb, Figure 1a) [18]. Based on transient spectroscopic measurements on a single crystal of a TPCb derivative, the authors proposed a model that relies on two low-lying singlet states of different characters, which were proposed to undergo rapid equilibration prior to electronic relaxation in this scheme. Despite the detailed spectroscopic results presented, a direct explanation as to whether phenyl group rotation or central cumulene bond rotation is the cause of excited state quenching was not established.



In this report, we performed detailed transient absorption (TA) spectroscopy on TPC and TPCb under a variety of environmental conditions to demonstrate how the interplay between phenyl group torsion and central cumulene bond rotation results in excited state quenching. We ultimately attribute the quenching of the excited state to the planarization of the phenyl groups, which proceeds through either a conical intersection or other vibronic mechanism back to the ground state. In addition, we highlight the fact that TPC exhibits inherent conformational disorder. We investigate the excited state dynamics of both TPC and TPCb prepared in the dilute solution, as well as dilute solids in a polymer matrix prepared in a range of solvents of varying polarity and prepared in solutions of varying viscosity. Lastly, we demonstrate how the knowledge of excited state quenching leads us to control photoluminescence (PL) intensity and the excited state's lifetime, which can ultimately be useful in enabling new photochemical applications of cumulenes.




2. Materials and Methods


2.1. Synthesis


Full synthetic details of TPC and TPCb are presented in the Supplementary Materials Section S1 (Figures S1–S7).




2.2. Spectroscopy


Steady-state absorbance measurements were performed using a homebuilt setup with an Energetiq LDLS EQ-99X (Hamamatsu, Bridgewater, NJ, USA) white light source and Avantes AvaSpec-Mini4096CL (Avantes, Louisville, CO, USA) for detection. TA was performed using a commercially available Helios Transient Absorption Spectrometer (Ultrafast Systems, Sarasota, FL, USA). The excitation pulses were generated using an OPA (Orpheus, Light Conversion, Bozeman, MT, USA) that was sourced via a Pharos-10W femtosecond pulsed laser (1030 nm, 180 fs, Light Conversion). Typical excitation energies were ~50 μJ with a 650 μm spot size (D4σ). Excitation pulse durations are ~200 fs, and either visible or ultraviolet broadband probes were used. In cases where both probe wavelength ranges were used, data sets were spliced together after scaling to overlap at 500 nm, which is common to both probe ranges. PL measurements were performed using the same excitation source as TA measurements and a Spectrapro HRS300 spectrometer (150 g/mm, Princeton Instruments, Trenton, NJ, USA) with PI-MAX4 ICCD camera (Princeton Instruments) was used for detection. For both PL and TA, excitation wavelengths of 425 nm and 485 nm were used for TPC and TPCb, respectively, unless otherwise noted. All solution measurements were performed at a concentration of 0.01 mg/mL TPC or TPCb within a 2 mm glass cuvette. Samples for viscosity-dependent measurements were prepared by varying the ratio of toluene to paraffin oil (CAS-No: 8012-95-1). TPC or TPCb was dissolved in toluene at a concentration of 0.2 mg/mL. This solution was diluted to 0.01 mg/mL by mixing 150 μL with varying ratios of paraffin oil and toluene for a total solution volume of 3 mL. The following toluene–paraffin oil ratios were used, with values given in μL and including the 150 μL of toluene stock solution: 3000:0, 1450:1550, 450:2550, and 150:2850. Polymer matrix samples were prepared by co-dissolving TPC or TPCb in toluene to a concentration of 0.2 mg/mL together with polystyrene (80 mg/mL). Films were then prepared via drop casting 100 uL of solution onto quartz-coated glass substrates. To obtain the relative PL spectra, an Edinburgh FLS1000 Spectrometer was used. When comparing relative PL spectra, spectra were corrected by accounting for the absorbance strength at the excitation wavelength.




2.3. Calculations


All computations were carried out using the software package ORCA 5.0.4 [32,33,34]. Single-point calculation and geometry optimizations were carried out with the density functional B3LYP [35,36]. Calculations employed the def2-TZVP(-f) basis set [37]. The density fitting and “chain of spheres” (RIJCOSX) approximations were employed in conjunction with an automatically generated auxiliary basis set using the keyword AutoAux [38,39]. Stationary points were verified via the analytic computation of vibrational frequencies. Vertical excitation energies were calculated within the time-dependent density functional theory (TDDFT) formalism employing the Tamm–Dancoff approximation (TDA) with the same combination of functional and basis sets [40]. Excited state potential energy curves were constructed with TDDFT via the addition of vertical transition energy to ground-state energy. Phenyl torsion angles deviating from the optimized structure were constructed manually using the optimized structure as a starting point. Results were visualized using Avogadro 1.2.0 [41]. Sample inputs have been included in Supplementary Materials Section S2.





3. Results


3.1. Steady-State Characterization


The chemical structures of TPC and TPCb are shown in Figure 1a. Indicated on the structures are the possible intramolecular motions that have both been implicated in the excited-state quenching discussed above [18,29,30]. To identify which motion is primarily responsible for quenching, we first consider the steady-state absorbance spectra. The spectrum of TPC is broad and featureless, in contrast to TPCb, which shows a clear vibronic structure (Figure 1b). From crystallography and in line with calculations, the most favorable geometry for TPC is when the phenyl groups are all symmetrically rotated by ~32° relative to planarity (Tables S1 and S2, Figure S8) [18,31]. However, small perturbations to this phenyl torsional angle can induce large changes to the transition energies and respective oscillator strengths (Tables S3 and S4). With a distribution of thermally accessible phenyl torsion, the absorbance spectrum of TPC has contributions from molecules in countless conformations and the observed spectrum is a weighted average of all those geometries (Figure S9). Based on our calculations, we expect a similar yet smaller effect from the twisting of the central cumulene axis (see Supplementary Materials Section S2 for more details, Tables S5 and S6, and Figures S10–S12). As a result of this conformational disorder in the TPC ground state, the absorbance spectrum is significantly broadened. When the phenyl group rotation is restricted by a covalent bond in TPCb, we observe a sharper, more structured absorbance spectrum, consistent with a reduction in conformational disorder. This effect is accompanied in TPCb by a 60 nm redshift, which is in line with predicted trends for phenyl group planarization, and similar torsion around the central cumulene was expected for TPCb following excitation (Table S7, Figures S13 and S14). In both molecules, the absorption spectrum in dilute solution is nearly identical to that of a sample prepared as a polymer matrix and is not strongly impacted by solvent polarity or viscosity (Figure 1c,d). We note that the polymer matrix samples are solid-state films where large-scale intramolecular motion is suppressed, in contrast to the solution phase and viscosity-controlled samples. The independence of the absorbance from environmental effects (solution vs. matrix, polarity, and viscosity) means that the relative amount of electronically impactful conformational order/disorder is primarily controlled by the bridging bond. As we show below, this disorder has a major impact on the excited state relaxation.




3.2. TPC Excited State Characterization


The excited state relaxation of TPC and TPCb was investigated using TA spectroscopy. In these experiments, absorption from excited states (S1, S2, T1, etc.) after photoexcitation leads to a negative signal, while positive signals stem from either the bleaching of ground state S0 or stimulated emission from S1. These signals can be used to track excited state relaxation via the unique fingerprints from each state, with the time resolution limited by the excitation pulse's duration (~200 fs here, see Materials and Methods for more details). In a dilute solution of TPC in toluene (Figure 2a), there are three primary regions of interest: a broad photoinduced absorption (PIA) at 730 nm, a stimulated emission (SE) at 490 nm, and another negative peak at 445 nm. The SE band is assigned based on comparisons with steady-state PL measurements (Figure S15). There is no clear ground state bleach (GSB) due to other overlapping features that mask it; however, the peak at 445 nm is positioned in between the expected GSB (425 nm) and SE. Its line shape aligns with the first derivative of the absorbance spectrum (Figure S15). As it decays, the spectral shape becomes distorted, and it persists for longer than all other signals. These are all hallmarks of hot ground state absorption (GSA*) due to electronic relaxation into a vibrationally excited ground state, and we accordingly assign this feature to a hot ground state [42,43]. The presence of this signal is a clear hallmark of few to sub-ps excited state deactivation. The SE and 730 nm PIA peaks additionally redshift during the decay. By extracting kinetic profiles for the GSA* and 730 nm PIA, we observe relaxation back to the ground state with a ~3 ps time constant from exponential fitting (Figure 2c, Table S8). When we prepare TPC within a polymer matrix, we observe the same general features in TA (730 nm PIA, SE, GSA*) but with far slower decay (Figure 2b). Now, all signals persist beyond 1 ns—several orders of magnitude longer than in the solution. This enhancement in lifetime is accompanied by a reduction in the degree of spectral evolution, suggesting that excited state relaxation is partially suppressed. Most notably, the long-lived decay is best fitted with a stretched exponential with a stretching parameter of ~0.4, which is indicative of disorder in the excited state (Table S8) [44]. We lastly note that there are additional sub-ps dynamics observed in the solution (and likewise for TPCb), which are discussed along with conformational disorder in more detail below.




3.3. TPCb Excited State Characterization


The TA spectral features of TPCb are reminiscent of those in TPC. Prepared in a dilute solution of toluene or in a polymer matrix, there is a strong PIA at 710 nm, clear GSB at 485 nm, and an intermediate region between where expected SE and GSA* should be overlapped (Figure 3a,b and Figure S15). For this reason, we utilize the more isolated 710 nm S1 → Sn PIA in TPCb as a benchmark for comparison with TPC. While the TPCb singlet lifetime is marginally enhanced in the solution relative to TPC—12 ps versus 3 ps—within a matrix, there is barely any further increase in lifetime (18 ps). Thus, within the polymer matrix, TPCb decays fully back to the ground state orders of magnitude faster than TPC (Figure 3c,d, Table S9). The spectral effects of excited state conformational relaxation appear to be similar to TPC, with a distinct redshift of the S1 → Sn PIA in the solution that is suppressed in the matrix. Notably, we observe that this conformational relaxation is not connected to the rapid excited state decay, as its absence in the TPCb matrix is not correlated with a meaningfully increased lifetime. Instead, it appears that the bridging of phenyl groups results in a markedly reduced ability to tune the relaxation pathway via environmental effects.




3.4. Environmental Effects on Excited State Relaxation


Viscosity-dependent TA measurements were performed to investigate more systematically how the restriction of large-scale intramolecular motion affects excited state relaxation in TPC and TPCb. Solvent viscosity was increased by adding increasing amounts of paraffin oil (see Materials and Methods for more information). In TPC, the same GSA* and 730 nm PIA were tracked and show a clear increase in lifetime with increasing solvent viscosity, as expected from the comparison above (Figure 4a,b and Figure S16), although even at the highest viscosity, the signal fully decays within 100 ps. In TPCb, the GSB and 710 nm PIA kinetics are largely independent of solvent viscosity (Figure 4c,d and Figure S16). To establish whether other factors like charge-transfer excitations contribute to the dynamics, we further probed solvent polarity dependence and observed minimal effects on the lifetime and TA spectral shapes for both molecules (Figures S17–S19). We did, however, detect subtle changes in the excited state dynamics when we scanned the excitation wavelength from the red absorption edge to higher energies, as discussed in more detail below (Figures S20–S23, Table S10). Lastly, we note that there is a detectable but instrument-limited rise dynamic in the 730/710 nm PIA in our solution measurements of TPC and TPCb, distinct from the instantaneous formation of GSB. These dynamics are not present in any of the polymer matrix data, so we attribute them to an ultrafast solvation process or vibrational relaxation that does not end up affecting the subsequent electronic relaxation processes.





4. Discussion


These results highlight the importance of molecular motion to excited state relaxation in [3]-cumulenes. First considering TPC in the solution, the single-exponential decay is indicative of just one relaxation pathway back to the ground state. The SE and 730 nm PIA both decay with similar time constants as they originate from the same state, while the longer time constant of 55 ps only occurs for the GSA* peak. The latter can be assigned as the vibrational cooling time for the hot ground state (S0*). However, when TPC is prepared within a matrix, the same basic S1 features (SE and 730 nm PIA) are now present up to the nanosecond timescale, simultaneously with GSA*. This is an unusual effect: typically, hot ground state signatures like GSA* are observed specifically when S1 rapidly relaxes back to the ground state. Our observation thus points to the presence of at least two parallel decay channels from S1—a rapid decay to S0* and a stabilized, longer-lived S1 state. Indeed, our observation of stretched exponential decay in the matrix points to significant disorder in the excited state and thus a distribution of decay pathways/lifetimes. This finding mirrors the evidence of conformational disorder in the ground electronic state, and we attribute it to the same origin. We interpret these effects as follows. In a solution, a wide range of distinct geometries are all photoexcited simultaneously. Regardless of the initial geometry after photoexcitation, rapid geometrical relaxation in the solution means that the same conformation for ultrafast relaxation back to S0 can always be reached, leading to the single-exponential 3 ps lifetime. Because large-scale conformational dynamics are suppressed in the film (or slowed in a high-viscosity solution), the excited state lifetime becomes strongly dependent on how close the initial conformation was to the deactivation geometry of S1. Hence, there is a distribution of lifetimes with some conformers that are still decaying rapidly while others are stabilized and exhibit long-lived S1.



By carrying out comparisons with the excited state dynamics of TPCb, we gain key insight into which motions quench the excited state since the bridging bond restricts phenyl group torsion but does not suppress cumulene bond rotation. Crucially, the decay dynamics of TPCb are nearly identical in the solution and matrix, where bond rotation is prevented in the matrix cumulene. This key observation demonstrates that the large-scale rotation relative to the cumulene bond cannot be the primary deactivation pathway in this class of [3]-cumulenes (see Table S11 for additional details). Interestingly, the lifetime of TPCb in all conditions is much more similar to TPC in the solution than TPC in films, despite the fact that phenyl group motions are likewise suppressed. The near independence of TPCb dynamics relative to conformational restraint (matrix and viscosity) confirms that the motions restricted by the covalent bridge are most strongly implicated in rapid deactivation. That is, the rotation of the phenyl groups on TPC is the primary motion that leads to quenching. This strong connection to vibrational motion and very short lifetime suggests that the decay is mediated specifically by a conical intersection or similar vibronic mechanism, although further ultrafast studies would need to be carried out for verification. Though this rationale can explain the different sensitivities to the environment in TPC and TPCb, it does not explain why the excited state is so short-lived if the key mode is suppressed. Moreover, we find that the planar structure of TPCb must be very similar to the quenching geometry accessed dynamically in TPC. This is the reason for their comparably fast decay constants and similar spectral shapes.



On closer evaluation of solution TA data, we observe significant spectral evolution in both TPC and TPCb solutions that is absent in the matrix data—indicative of geometric relaxation in the excited state. Specifically, there is a redshift in the SE and 710/730 nm PIAs that is more pronounced in TPCb (see Figure S24 for additional details). The evolution trends with solvent viscosity and is minimally affected by solvent polarity. Intriguingly, because the evolution is present in TPCb, it must not be related to phenyl group rotation like the excited state quenching mechanism discussed above. Instead, it must be related to cumulene bond rotation in the excited state, as has been demonstrated before in previous works [30,45,46]. So, while phenyl group rotation and cumulene bond rotation are both expected and generally active in the excited state, the latter motion does not impact the quenching pathway but only modulates the spectral shape. The absence of this spectral evolution in the polymer films confirms our supposition that the cumulene bond rotation is suppressed in those samples (see Supplementary Materials for more details on cumulene bond rotation).



Recalling that the ground state of TPC exhibits significant conformational disorder, we can compile a complete picture of the relaxation dynamics for TPC and TPCb. For TPC, molecules in a wide continuum of geometries with varying phenyl group rotation angles are all photoexcited simultaneously. In solution, regardless of the initial geometry, all molecules will planarize within a few picoseconds to the geometry that enables rapid relaxation to a hot ground state, which itself decays over tens of picoseconds. In a solid matrix, the phenyl groups cannot easily rotate. Some molecules will be in favorable geometry (near planar) to decay rapidly back to the ground state to produce GSA*, while some are locked in unfavorable geometries and decay slowly. This creates a distribution of excited state decay pathways and leads to stretched exponential decay. In TPCb, the ground state is more conformationally ordered due to the bridging bond, and planar geometry is ideal for rapid relaxation back to the ground state. So, regardless of sample preparation conditions, nearly the same relaxation dynamics are observed.



This model suggests that the dynamics could be modulated by excitation wavelength, as significant conformational disorder should enable specific sub-populations to be selectively photoexcited. However, upon the red-edge excitation of the TPC matrix, the decay pathway is nearly identical to that of resonant excitation, with only a small increase in the exponential stretching parameter from 0.42 to 0.56 (Table S10). This increase signifies that there is slightly less disorder within the excited state than under resonant excitation conditions. Upon excitation at still higher energies, we obtain similar results to those presented above. In the solution, the effects of excitation wavelength are still more subtle, with only a slight increase in the decay rate under red-edge excitation (Table S10). This set of results seems counterintuitive but can be reconciled by consideration of our calculations. Even at the most extreme red- or blue-edge excitation conditions where reasonable signal levels in TA measurements are attained (470 nm), the density of transitions corresponding to distinct conformations means that there remains significant disorder. Thus, any excitation condition will still inevitably excite a distribution of conformers, and it is impossible to excite single conformations with our instrument. Indeed, the calculations in Tables S3 and S4 are calculated based on either the symmetric rotation of all four phenyl groups or the rotation of just one, with the others held in the equilibrium geometry. Accounting for the possibility of the random rotation of all phenyl groups, the number of accessible geometries would be vast, suggesting that the conformational disorder in TPC cannot be avoided without constraining the structure physically (as in TPCb).



A key consequence of these observations is that the PL of TPC can be greatly enhanced by increasing the rigidity of the system. Whether this is achieved by tuning solvent viscosity or preparing the sample in a rigid matrix, the quenching pathway is turned off as the dynamic planarization of the phenyl groups is hindered. This effect is demonstrated in Figure 5a: as solvent viscosity increases, the relative PL intensity also increases. Moreover, the comparison of TPC and TPCb prepared in the solution and matrix shows that only the TPC matrix is brightly emissive (Figure 5b). Previously, this class of [3]-cumulenes was categorized and studied for AIE properties that are analogous to the similar tetraphenylethylene family, albeit with the notable exception of TPC. Our result demonstrates that TPC likewise can exhibit this enhancement, and aggregation is not necessary for changing the emission of these molecules [31].




5. Conclusions


The excited state quenching mechanism for TPC has been unresolved for decades. By using TA spectroscopy in a wide range of conditions (solution vs. matrix, solvent viscosity, and solvent polarity), we have identified the quenching mechanism to be the planarization of the phenyl groups. Quenching occurs on a picosecond timescale and could either occur through a conical intersection or other vibronic mechanisms due to its fast nature and coordination with intramolecular motion. The previously described excited state cumulene bond rotation still occurs but does not play a major role in quenching. Because TPC has a significant conformational disorder in the ground state, we are also able to control the excited state lifetime, thus turning on its PL. Samples prepared in higher viscosity or more rigid environments have brighter emissions that are unrelated to intermolecular aggregation, as described in previous works. The insight gathered here shows how the PL for [3]-cumulenes can be turned on through simple conformational control. In the future, controlling molecular conformation more carefully by employing covalent or metal–organic frameworks or even through end group functionalization could be useful. Building on this model, we suggest that future photochemical applications of such cumulenes that depend on bright emission or enhanced singlet lifetimes—sensing, photocatalysis, or even light harvesting such as singlet fission—should most beneficially focus on derivatives with bulky phenyl substituents that prevent planarization.
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Figure 1. (a) Structures of tetraphenyl-[3]-cumulene (TPC) and the bridged version (TPCb). Axes of phenyl group rotation in the ground state and cumulene bond rotation in the excited state are indicated. Representative photographs of solution (0.01 mg/mL in toluene) and polystyrene matrix samples are also shown, with respective normalized absorbance spectra shown in (b). (c) Normalized absorbance of TPC and TPCb dissolved in solvents of varying polarity (cyclohexane-CHX, toluene-Tol, chloroform-CHCl3, tetrahydrofuran-THF, and dimethylformamide-DMF). (d) Normalized absorbance of TPC and TPCb prepared in the mixtures of toluene and paraffin oil to vary viscosity. See Materials and Methods section for all sample preparation details. 
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Figure 2. TA spectral slices for TPC in a dilute solution of toluene (a) and prepared as a polymer matrix (b). Spectral slices are extracted by integrating over the indicated time ranges. Respective kinetic profiles integrated over the indicated wavelength ranges are shown in (c,d). 
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Figure 3. TA spectral slices for TPCb in a dilute solution of toluene (a) and prepared as a polymer matrix (b). Spectral slices are extracted by integrating over the indicated time ranges. Respective kinetic profiles integrated over the indicated wavelength ranges are shown in (c,d). 
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Figure 4. Kinetic profiles of the GSA* (440–450 nm) and S1 PIA (670–750 nm) for TPC as solvent viscosity is varied (a,b). Kinetic profiles for the GSB (440–490 nm) and S1 PIA (670–750 nm) for TPCb (c,d) as solvent viscosity is varied. Viscosity was varied by changing the ratio of toluene to paraffin oil while the concentration of TPC or TPCb was kept at a constant 0.01 mg/mL. The kinetics for the corresponding matrix samples from Figure 2 and Figure 3 are overlaid for comparison. 
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Figure 5. (a) TPC relative PL intensity as solution viscosity is increased. Viscosity was varied by changing the ratio of toluene to paraffin oil while the concentration of TPC or TPCb was kept at a constant 0.01 mg/mL. (b) Relative PL intensity comparison for TPC and TPCb samples prepared in dilute solution and as polymer matrices. 
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