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ABSTRACT
Eight pyrene labeled dendrons (PyLDs) were prepared with a polyester backbone of bis(hydroxymethyl)propionic acid and the monomer and excimer fluorescence decays of the PyLDs were acquired and fitted according to the recently introduced model free analysis (MFA). The average rate constant of pyrene excimer formation <k> retrieved from the MFA of the decays was found to scale as (2N1)×l3/<LPy2>1.5 where N represents the number of ground-state pyrene labels in a dendrimer where one of the pyrene is already excited, l is the average bond length, and <LPy2> is the average squared end-to-end distance between every two pyrene labels. The remarkable agreement found between these two quantities, namely <k> and (2N1)×l3/<LPy2>1.5 which were determined experimentally and mathematically, respectively, provides strong support to the notion that pyrene excimer fluorescence (PEF) responds to <LPy2> for pyrene labels attached to macromolecular constructs. In turn, <LPy2>0.5 can be used as a measure of the dimension of the macromolecular object onto which the pyrene labels are covalently attached. Since (2N1)/<LPy2>1.5 is the local concentration of ground-state pyrenes in the PyLD, the ratio <k>/[(2N1)/<LPy2>1.5] yields the bimolecular rate constant for excimer formation kdiff which was found to equal 5.0 (±0.6)×109 s for the PyLDs. Consequently, this study demonstrates that PEF applied to macromolecules yields a quantitative measure of their dimension and internal dynamics and since the rate constant of excimer formation is not distance-dependent, provides a much simpler mathematical alternative to experiments based on fluorescence resonance energy transfer (FRET).



The first fluorescence-based technique that comes to mind to characterize the dimensions and internal dynamics of macromolecules in solution is certainly FRET or Fluorescence Resonance Energy Transfer.1-6 FRET draws its appeal from its exquisite sensitivity to minute changes in the distance (rDA) separating a fluorescent donor (D) and its acceptor (A) that are covalently attached at specific positions of a macromolecule of interest. These features have led to the use of FRET as a spectroscopic ruler1-6 and it has been applied to probe the dimensions of numerous biological14,Error! Bookmark not defined.,Error! Bookmark not defined.,Error! Bookmark not defined.,Error! Bookmark not defined.,Error! Bookmark not defined.,3 and synthetic5,6 macromolecules in solution. 
Yet the sensitivity of FRET to rDA, although not often advertised, turns out to be a major conceptual drawback, particularly for the characterization of the many macromolecules whose architecture does not lend itself to the convenient incorporation of one donor and one acceptor at two (and only two) specific positions or for flexible macromolecules in solution. In the former case, multiple dye labeling results in a distribution of rDA distances that needs to be taken into account. If the macromolecule is flexible as in the latter case, changes in the rDA distribution need to be handled mathematically as a function of time, since the contribution from short rDA is the first to disappear in the distribution as nearby donors and acceptors undergo the most efficient FRET. The rDA  distribution is most important for FRET since the FRET efficiency decreases with the sixth power of rDA. These remarks explain why the quantitative characterization of the internal dynamics of flexible macromolecules in solution is, for the most part, confined to the study of linear oligomers, with a focus on oligopeptides, labeled with one donor at one end and one acceptor at the other end.3,4 While the study by FRET of flexible fluorescently end-labeled oligomers is well-established, the quantitative characterization of the internal dynamics of macromolecules having a more complex architecture is uncommon, mostly due to the mathematical challenge of having to deal with the time-dependent variations of an unknown rDA distribution.
It is in cases like these that pyrene excimer fluorescence/formation (PEF) provides a refreshing alternative to FRET. Due to the remarkable photophysical properties of pyrene, PEF occurs only upon encounter between an excited and a ground-state pyrene.7-9 This implies that, contrary to FRET, PEF between two pyrenyl labels occurs only upon contact, which eliminates in one stroke the mathematical complexity associated with the handling of a time-dependent rDA distribution and the associated FRET efficiency that depends on the sixth power of rDA. Furthermore, recent applications of PEF to the characterization of the internal dynamics of a large number of pyrene-labeled macromolecules (PyLMs) have shown that the analysis of the PEF data obtained from these PyLMs yielded results that seemed to obey universal trends that transcended the architectural details of the macromolecular substrate used for pyrene-labeling.10 
In these PEF-based experiments, global model free analysis (MFA) was applied to fit the pyrene monomer and excimer fluorescence decays. The MFA yields <k>, the average excimer formation rate constant, the excimer lifetime E, and the molar fractions fdiff, ffree, and fagg representing the pyrene labels that form excimer by diffusion (Pydiff*), do not form excimer and emit as if they were free in solution (Pyfree*), and are aggregated and form excimer instantaneously upon direct excitation (Pyagg*), respectively. A schematic representation of these pyrene species within the context of a pyrene-labeled dendron (PyLD) is provided in Figure 1. The parameters retrieved from the MFA can be recombined to yield an absolute measure of the ratio of excimer-to-monomer fluorescence intensity obtained by time-resolved fluorescence (TRF), namely the (IE/IM)TRF ratio, and the (IE/IM)TRF ratio if ffree equals zero and if both ffree and fagg equal zero represented as (IE/IM)TRF(ffree=0) and (IE/IM)TRF(ffree=fagg=0), respectively. More details about the MFA can be found in Supporting Information (SI) and in earlier reports.9,10 In particular, (IE/IM)TRF(ffree=fagg=0) was found to scale as E×<k> where  took a value close to unity for 74 PyLMs in toluene, THF, DMF, or DSMO.10 These trends suggested that for a similar polymeric backbone displaying similar chain dynamics, the average of the squared end-to-end distance <LPy2> separating every two pyrene labels might be the other main factor that affected the magnitude of PEF in PyLMs. This conclusion was drawn from the fact that <k> decreased with increasing chain length for pyrene end-labeled linear polymers, increased with increasing pyrene content for polymers randomly labeled with pyrene, and also increased with increasing generation number for a series of four pyrene end-labeled dendrimers.10
[image: ]
Figure 1. Schematic representation of the pyrene species Py*diff, Py*free, and Py*agg for a pyrene-labeled dendron.

While such experimental observations are consistent with the statement that PEF increases with decreasing <LPy2>, it would be best to support such a claim by comparing the <k> values obtained for different well-defined PyLMs made of similar building blocks and having the same number of pyrenyl labels but different macromolecular architectures. Such constructs would be expected to have similar backbone dynamics ensuring that they would be affected solely by <LPy2>. Furthermore the <LPy2> value of these well-defined constructs could be determined mathematically and the relationship between <k> and <LPy2> could be unambiguously established. To this end, this report compares the <k> and <LPy2> values determined experimentally and theoretically for a series of six PyLDs prepared with a bis(hydroxymethyl)propionic acid backbone having 2, 4, 8, 16, 32, and 64 terminals bearing 1-pyrenebutyric acid moieties (Pyx-G(N) where N equals 1 – 6 and x equals 2N), one dendron with a spacer connecting the Py8-G3 dendron to the G6 core (Py64-G6-Spacer), and one such dendron with a pyrene label at the focal point (Py64+1-G6-Spacer). The chemical structures of the PyLDs are shown in Figure 2 and their schematic representation is presented in Figure S37 in SI. Their synthesis and full characterization are described in the SI.
The fluorescence spectra of all PyLDs were acquired in THF. They are shown in Figure 3A after being normalized at 375 nm which represents the 0-0 transition of pyrene. The spectra were overwhelmed by the fluorescence of the excimer which increased with each generation number. The increase in pyrene excimer fluorescence was expected since each increase in dendron generation doubled the number of pyrene labels inside the PyLD, thus increasing the local pyrene concentration [Py]loc which favored diffusive encounters between pyrene labels resulting in PEF. The fluorescence spectra of Py64-G6-Spacer and Py64+1-G6-Spacer yielded similar fluorescence spectra indicating that the contribution of the pyrene label attached at the focal point of the dendron had little effect on PEF. This was expected since the focal pyrene represents a negligible 1/65  1.5% contribution to the overall fluorescence signal. 
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Figure 2. Chemical structure of the Pyx-G(N), Py64-G6-Spacer, and Py64+1-G6-Spacer samples and the <LPy2>0.5 value of the PyLDs in THF.
[bookmark: _GoBack]The excimer fluorescence intensity of the two dendrons prepared with an internal spacer was about half that of Py64-G6 demonstrating that the introduction of the spacer increased the volume of the dendron which decreased [Py]loc and reduced PEF. Although the monomer fluorescence could only be inferred from the spectra shown in Figure 3A, the zoomed-in portion of the spectra between 350 and 450 nm shown in the inset of Figure 3A exhibits the typical spectral features of the pyrene monomer with its characteristic fluorescence band at 375 nm.
The fluorescence decays of the pyrene monomer and excimer of all PyLDs were acquired and they were fitted according to the MFA. An example of the fits is shown in Figure S34A and B for Py32G5-Spacer. The fits were good, yielding 2 smaller than 1.2 and randomly distributed residuals and autocorrelation function. The MFA parameters have been listed in Tables S1-3 in SI.
One important advantage of applying the global MFA to the fit of the monomer and excimer fluorescence decays of PyLMs is that it provides a means to check the validity of the retrieved parameters by conducting a number of internal controls. As described earlier, global MFA of the monomer and excimer decays yields <k>, E, and the molar fractions fdiff, ffree, and fagg which can be combined to yield (IE/IM)TRF as shown in Equation S5 in SI. (IE/IM)TRF represents an absolute measure of the IE/IM ratio.9,10 By contrast, analysis of the steady-state fluorescence (SSF) spectra of the PyLDs shown in Figure 3A yields the ratio of the fluorescence intensity of the pyrene monomer (IM)SSF over that of the excimer (IE)SSF, namely the (IE/IM)SSF ratio. Comparison of (IE/IM)SSF and (IE/IM)TRF in Figure 3B demonstrates the excellent agreement between the two quantities and validates the MFA of the fluorescence decays of the PyLMs. But whereas the (IE/IM)SSF ratios provide a qualitative measure of all the pyrene species that emit either as monomer or excimer, the MFA isolates the contribution fdiff from the Pydif* species which reflects the internal dynamics of the PyLDs. 
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Figure 3. A) Fluorescence spectra of the Pyx-G(N) dendrons (, N = 1 to 6 from bottom to top), Py64-G6-Spacer (), and Py64+1-G6-Spacer () in THF. B) (IE/IM)TRF(ffree=0) and <k>0.95. (,) Pyx-G(N), (,) Py64-G6-Spacer, and (,) Py64+1-G6-Spacer. 

		A second control was to ensure that the ratio (IE/IM)TRF(ffree=fagg=0) that solely describes the pyrene species Pydiff* should scale as E×<k>0.95 as has been already found for 61 other PyLMs in THF.10 This was indeed observed in Figure 3C where (IE/IM)TRF(ffree=fagg=0) increased linearly with <k>0.95 with a slope equal to 54 ± 1 ns, a value that is typical of the excimer lifetime E.8-10 At this stage, all fluorescence results obtained with the PyLDs were consistent with the general photophysical properties expected from PyLMs. Consequently, the MFA parameters could now be interpreted in earnest.
By definition, <k> is a pseudo-unimolecular rate constant that is equal to the product of the bimolecular rate constant kdiff describing diffusive encounters between pyrene labels times the local pyrene concentration [Py]loc of ground-state pyrenes in the vicinity of an excited pyrene, as shown in Equation 1. 

				(1)

Since all Pyx-G(N) dendrimers share the same backbone structure, the variations in <k> shown in Figure 3C for the PyLDs must be mostly due to changes in [Py]loc. In turn, [Py]loc is equal to the number of ground-state pyrenyl labels present in the macromolecular volume (Vdendron) defined by the labeling points on the constructs. Since one of the pyrene labels in the PyLD must be excited to observe a fluorescence signal, the number of ground-state pyrenes in a PyLD equals 2N – 1, where N is the generation number of the constructs. Dividing 2N – 1 by Vdendron yields [Py]loc in Equation 1. Since Vdendron is defined by the pyrenyl labels attached at different points in the constructs, Vdendron can be viewed as a sphere whose diameter is given by the square root of the average squared end-to-end distance, namely <LPy2>1/2, between every two pyrene labels on the construct as shown in Equation 2.

			(2)
Using Figure S37 in SI as a schematic representation of the PyLDs, <LPy2> can be determined by assuming first, that every two pyrenyl labels were separated by a string of atoms defined by the number of atoms (a) connecting the pyrene label to the first junction point and a multiple of the number of atoms (b) resulting from the incorporation of each bis(hydroxymethyl)propionic acid in the construct and second, that the end-to-end distance between every two pyrene labels separated by a string of atoms is described by a Gaussian. Under these assumptions, <LPy2> could be derived yielding Equation 3 for the Pyx-G(N) constructs where l is the average bond length between two atoms. 

			(3)
In the case of the Py64-G6-Spacer and Py64+1-G6-Spacer constructs, their specific <LPy2> was derived by adding the spacer of length c to the calculation as shown in Equations 4 and 5, respectively.


For Py64-G6-Spacer: 					(4)

For Py64+1-G6-Spacer:			(5)

The a, b, and c values that were employed in Equations 3 – 5 to calculate <LPy2> were the number of atoms corresponding to the respective spacers in Figures 2 and S37 in SI, namely 6, 8, and 20, respectively. The rate constant <k> was plotted as a function of (2N1)×l3/<LPy2>1.5 in Figure 4A. A linear relationship was obtained for the Pyx-G(N) samples with N = 1 – 5 including Py64-G6-Spacer and Py64+1-G6-Spacer. However Py64-G6 yielded a substantially lower than expected <k> value. Interestingly, such a discrepancy was not observed with Py64-G6-Spacer and Py64+1-G6-Spacer. These constructs yielded <k> values that fell on the master line in Figure 4A. Since the only difference between Py64-G6 and Py64-G6-Spacer and Py64+1-G6-Spacer was the introduction of a spacer between the Py8-G3 dendrons and the core of the G6 dendron, it was hypothesized that the [Py]loc of Py64-G6 experimentally represented by <k> might be underestimated compared to its theoretical value due to crowding of the pyrene labels. If the high [Py]loc induced the formation of pyrene dimers or aggregates, these pyrene species would act as a single pyrenyl species for PEF, thus lowering the effective [Py]loc. That this was indeed the case could be readily identified by plotting the molar fraction of aggregated pyrenes (fagg) as a function of generation number in Figure 4B. For the lower generation constructs (Pyx-G(N) with N = 1 – 4) and for Py64-G6-Spacer and Py64+1-G6-Spacer, fagg averaged 0.03 ± 0.02, reflecting low levels of pyrene aggregation. However, fagg equaled 0.10 and 0.36 for Py32-G5 and Py64-G6, respectively. As predicted by de Gennes11 and contested by Muthukumar,12 increasing generations lead to crowding of the terminals, which in the case of PyLDs results in pyrene aggregation. The spacer in Py64-G6-Spacer and Py64+1-G6-Spacer relieves the congestion experienced by the pyrene labels in Py64-G6 resulting in low fagg values and a good agreement in Figure 4A between <k> and the corresponding theoretically expected [Py]loc. To account for the effective concentration of pyrene labels that formed excimer in the presence of aggregation, the quantity <k>/fdiff was plotted as a function of (2N-1)×l3/<LPy2>1.5 in Figure 4C. A straight line was obtained that included all PyLDs.
The trend shown in Figure 4C unambiguously demonstrates that <k> responds to <LPy2>0.5, the average end-to-end distance between every two pyrenes found in a PyLM. It supports the notion that excimer formation between pyrenyl labels covalently attached onto a macromolecule reflects both the internal dynamics of the macromolecule through kdiff in Equation 1 and the dimension of the macromolecule through <LPy2>.10  If one is capable of isolating backbone dynamics from [Py]loc, for instance by working with the same polymeric backbone for which kdiff is fixed, then <k> obtained from the MFA of the fluorescence decays acquired with the PyLM yields <LPy2>, and thus provides information about the dimension of the macromolecule as obtained for pyrene end-labeled linear chains or the PyLDs studied. Assuming a projected bond length l of 1.25 Å (=1.54×cos[(180-109)/2] Å) between two atoms, the diameter of the pyrene-labeled constructs probed by PEF would equal <LPy2>0.5. <LPy2>0.5 was calculated and its values are listed in Figure 2 for each PyLD. Their small value illustrates the compactness of the PyLDs in solution. 
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Figure 4. Plots of A) <k> as a function of (2N-1)×l3/<LPy2>1.5, B) fagg as a function of generation number, and C) <k>/fdiff as a function of [Py]loc for the PyLDs in THF. () Pyx-G(N), (×) Py64-G6-Spacer, and (+) Py64+1-G6-Spacer. 

With the <LPy2>0.5 values, kdiff in Equation 1 could be determined for these constructs, and was found to have an average value of 5.0 (±0.6)×109 mol·L·s. While this might seem large for a bimolecular rate constant, it is about two times smaller than the kdiff value of 11.3 (±1.0)×109 mol·L·s  that would be obtained with pyrene end-labeled alkane chains in THF (see discussion in SI).13 The branching points introduced in the strings of backbone atoms connecting every two pyrene labels in a PyLD hinder backbone motion resulting in a smaller kdiff value.
In summary, this study has demonstrated that global MFA of the pyrene monomer and excimer fluorescence decays of PyLDs combined with the relationship that exists between <k> and <LPy2> through Equations 1 – 5 provides the experimentalist with a valuable tool to probe the dimensions and dynamics of complex and flexible macromolecules in solution. Consequently, PEF has been shown to be an elegant and powerful alternative to FRET, particularly for flexible macromolecules. Second, the excellent agreement observed between the behavior of <k> and [Py]loc for the PyLDs studied in this report whose perfect molecular architecture allowed for a precise measure of [Py]loc might constitute the most solid evidence to date, since PEF was first introduced to study PyLMs 40 years ago,7 that <k> is indeed proportional to [Py]loc, as was always believed14 but had never been demonstrated. Last but not least, this study might represent the first example in the scientific literature, since dendrimers were introduced 30 years ago,15,16 where the long range dynamics experienced by the terminals of dendrimers are characterized in a quantitative manner.
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