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Abstract 

An extensive spectroscopic study is presented of two asymmetrically substituted fluorene dyes and 

of the related spiro dimers in both liquid and glassy solvents. Essential-state models are developed 

to accurately reproduce linear absorption and fluorescence spectra and their complex dependence 

on solvent polarity. The same models are exploited to quantitatively calculate fluorescence 

excitation and anisotropy spectra in rigid matrixes. Impressive red-edge effects observed for spiro 

dimers in glassy polar solvents are accurately reproduced and understood. Interchromophore 

interactions in the spiro dimers are very small, leading to marginal effects in absorption and 

fluorescence spectra, but they effectively promote energy transfer between the two chromophores, 

as best evidenced comparing anisotropy spectra of the substituted fluorenes and of corresponding 

spiro dimers dissolved in glassy solvent matrixes. 

Introduction 

Molecular functional materials of interest for innovative applications in molecular electronics and 

photonics are most often based on large π-conjugated molecules.(1) Extended π-conjugation in fact 

implies large polarizabilities and hyperpolarizabilities,(2) large intramolecular charge mobility, and, 

thanks to the possibility of forming efficient intermolecular π–π bonds, also intermolecular charge 

mobility.(3) Relevant systems, including small molecules, oligomers, and polymers, have basically 

planar structures (or at least show planar portions in their structures), and this favors aggregation 

phenomena. While in some cases aggregation may enhance the properties of interest of the material 

at hand,(4, 5) in general it represents a drawback, because it is difficult to control and strongly affects 

the material's properties, most often compromising its overall performance. 

Spiro bridges offer the opportunity to bind together pairs of π-conjugated structures in a rigid mutual 

orthogonal orientation, therefore hindering aggregation.(6, 7) At the same time, the formation of 

the spiro bridge is expected to only marginally affect the molecular properties: spiro conjugation is 

in fact weak compared to π-conjugation(8-10) and the orthogonal orientation of the molecular 

fragments involved in the spiro bond minimizes mutual electrostatic interactions. Indeed, interesting 

spiro-conjugated materials have been developed for applications in light-emitting devices.(6, 11-13) 

On the other hand, a nontrivial role of spiro conjugation is suggested in some systems where 



improved charge transport properties are observed.(14-16) Even more intriguing is the complex 

photophysical behavior reported for spiro-conjugated systems.(16-18) 

In this work we analyze in detail the spectral properties of two asymmetrically (donor–acceptor) 

substituted fluorene molecules and of the corresponding spiro dimers (Scheme 1). These molecules 

have been recently investigated(19) in a work focused on nonlinear optical responses. Here we 

collect linear absorption and fluorescence spectra of the same species in several solvents, and we 

set up relevant essential-state models. In agreement with previous work,(19) we conclude that the 

interactions in this family of spiro dimers are small, leading to minor spectroscopic effects on 

absorption and fluorescence spectra. However, quite impressive variations of the fluorescence 

quantum yield suggest that the photophysics of these systems is strongly affected by the crowding 

of excited states in spiro dimers. More detailed and reliable information about energy transfer 

between the excited states of spiro dimers is obtained from fluorescence anisotropy spectra 

collected in glassy solutions of solvents with different polarities. The important red-edge effect 

observed in glassy matrixes obtained from polar solvents, quantitatively reproduced based on 

essential-state models, unambiguously demonstrates that interchromophore interactions, which 

only marginally affect absorption and fluorescence spectra, are large enough to induce efficient 

energy transfer between excited states of spiro dimers. 

 

Scheme 1 Scheme 1. Molecular Structures of the Investigated Compoundsa 

a P1 and P2 are polar chromophores, while S1 and S2 are the corresponding spiro-conjugated bichromophores. 

 

Experimental Section 

Materials 

The syntheses of 9,9-dimethyl-2-nitro-7-piperidin-1-ylfluorene (P1), (E)-9,9-dimethyl-2-[2-(4-N,N-

dimethylaminophenyl)ethen-1-yl]-7-nitrofluorene (P2), 2,2′-dinitro-7,7′-dipiperidin-1-yl-9,9′-



spirobifluorene (S1), and (E,E)-2,2′-bis[2-(4-N,N-dimethylaminophenyl)ethen-1-yl]-7,7′-dinitro-9,9′-

spirobifluorene (S2) have been previously reported, together with the synthetic details and 

chemical–physical characterization.(19) 

The solvents used for spectroscopic measurements were the following: decahydronaphthalene 

(decalin in the following; from Sigma-Aldrich, cis + trans mixture, purum, >99.0%); toluene (Sigma-

Aldrich, for HPLC, ≥99.9%); 2-methyltetrahydrofuran (2-MeTHF; Sigma-Aldrich, anhydrous, >99.0%); 

chloroform (CHCl3; Riedel-de Haën, spectra grade). For low-temperature measurements, 2-MeTHF 

was used after overnight storage on molecular sieves (0.3 nm). Other solvents were used as received. 

Spectroscopic Measurements 

Absorption spectra were collected on a Lambda 650 UV/vis Perkin-Elmer spectrophotometer on 

solution of ∼10–5 M. Fluorescence and fluorescence excitation spectra were recorded on a 

Fluoromax-3 Horiba Jobin-Yvon spectrofluorometer. To minimize self-absorption processes, these 

measurements were run on solutions of ∼10–6 M. Fluorescence quantum yields (FQY) were 

measured in toluene by using fluorescein (0.1 M NaOH) as the standard (FQY = 90%). The 

spectrofluorometer was equipped with excitation and emission Glan-Thompson automatic 

polarizers for anisotropy measurements (single-channel L-format). Fluorescence anisotropy is 

defined as(20)where I∥ is the emission intensity measured when the excitation and emission 

polarizers are parallel, while I⊥ is the emission intensity when the two polarizers are mutually 

perpendicular. Anisotropy measurements were run as described in ref 24 on glassy matrixes 

obtained upon fast cooling of 2-MeTHF and decalin solutions. Light-scattering phenomena are not 

expected in glassy solutions. In any case, a spectral resolution of 1 nm was adopted in all 

measurements, so residual scattered light can hardly reach the detector except in the very close 

proximity of the excitation line. The main source of noise in anisotropy spectra is indeed related to 

the imposed high spectral resolution. The rotation of the solute molecules is completely hindered in 

frozen solutions, so anisotropy results give reliable information on the relative orientation of 

absorption and emission transition dipole moments. Anisotropy spectra can also be measured at 

room temperature in highly viscous liquids, but we prefer using frozen solutions where not only the 

motion of the solute but also that of the solvent molecules is blocked. As discussed in the following, 

this helps in setting up quantitative models for anisotropy. Moreover, more resolved spectra are 

obtained at low temperature. 

All spectra are reported versus an inverse wavelength scale, proportional to the energy, to facilitate 

the visual comparison of bandwidths and band shapes of transitions occurring in different spectral 

regions. 

 

 

Absorption, Fluorescence, and Fluorescence Anisotropy Spectra 

Absorption and fluorescence spectra collected in solvents of different polarities are shown in Figure 

1. Experimental data for toluene solutions are summarized in Table 1. Absorption and fluorescence 

spectra of P1 and P2 show a normal solvatochromism, suggesting a largely neutral ground state and 



a charge-separated excited state. S1 and P1 spectra are practically superimposed, with the extinction 

coefficient of S1 twice that of P1 (cf. Table 1), suggesting negligible interactions between the two 

chromophoric units in the spiro dimer. Absorption and emission spectra of S2 are slightly red-shifted 

(∼10–15 nm) with respect to P2 in all solvents, suggesting weak interactions between the two 

chromophoric units. This weak interaction barely affects the molar extinction coefficient that shows 

additive behavior. Fluorescence quantum yields of spiro dimers are smaller than those measured for 

the corresponding monomers, particularly so for the P1/S1 pair (cf. Table 1), suggesting a major role 

of the spiro linkage in the photophysics of these systems. (16-18) Both P2 and S2 are poorly 

fluorescent in polar solvents. 

 

Figure 1. Top panels: absorption (continuous lines) and fluorescence (dashed lines) spectra of dipolar chromophores in 

solvents of different polarities (room-temperature data). Bottom panels: absorption and fluorescence spectra of the 

corresponding spiro dimers in the same solvents. The fluorescence signals from P2 and S2 in polar solvents are too weak 

to obtain reliable spectra. 

Table 1. Experimental Spectroscopic Data of P1, S1, P2, and S2 in Toluene (Room Temperature) 

  λabs (nm) λem (nm) εa (M–1 cm–1) FQYb (%) 

P1 408 547 20 400 65 

S1 411 536 39 400 9 

P2 427 599 32 300 45 

S2 437 612 64 600 27 

a Molar extinction coefficient, with estimated uncertainty 5%. 
bFluorescence quantum yield, with estimated uncertainty 10%. 



In the nonpolar solvent decalin all compounds show emission spectra with a well-resolved vibronic 

structure, while in the same solvent the vibronic structure of absorption spectra is blurred. 

Moreover, an anomalously large Stokes shift is observed for all chromophores in nonpolar solvents 

(decalin and toluene). 

Figure 2 shows fluorescence emission and excitation spectra of all compounds in glassy decalin and 

2-MeTHF solutions. Excitation spectra were collected detecting at the wavelength of maximum 

emission, and emission spectra were recorded exciting at the wavelength of maximum absorption. 

Measurements were run at 200 K in decalin and at 77 K in 2-MeTHF: at these temperatures the 

solvents are rigid matrixes. Under these conditions, the orientational motion of both solute and 

solvent molecules is precluded during the excited-state lifetime, so the solvent cannot relax after 

photoexcitation. Moreover, due to the reduced temperature, spectroscopic effects related to 

inhomogeneous broadening are reduced. Accordingly, low-temperature excitation and emission 

bands show a more resolved vibronic structure than the corresponding room-temperature spectra. 

In particular, some hint of vibronic structure is visible in the low-temperature absorption spectra in 

decalin. Nonradiative decay processes are hindered in rigid matrixes, favoring emissive channels so 

that emission is measurable also for S2 and P2 in the polar 2-MeTHF solvent at low temperature. 

Excitation spectra in 2-MeTHF are red-shifted compared to spectra at room temperature because 

the dielectric constant and refractive index of the solvent increase with decreasing temperature.(21) 

In decalin the Stokes shifts measured for all compounds are barely affected by temperature, while 

in 2-MeTHF the Stokes shifts decrease upon lowering the temperature, becoming comparable to 

those observed in decalin. This behavior is consistent with the presence of one or more low-

frequency modes that, remaining unfrozen at low temperature, relax after photoexcitation.(22) We 

account for this residual relaxation introducing a low-frequency conformational molecular mode 

that, as discussed in detail below, will also explain the observation of broader absorption than 

fluorescence bands.(23) 

 



Figure 2. Top panels: fluorescence excitation (continuous lines) and emission (dashed lines) spectra of P1 and P2 in 

undercooled decalin (200 K) and glassy 2-MeTHF (77 K). Bottom panels: the same for the corresponding spiro dimers (S1 

and S2). 

Figures 3 and 4 show spectra collected for the P2/S2 pair in glassy decalin and 2-MeTHF, respectively. 

Spectra for the P1/S1 pair, available as Supporting Information, are similar. Emission anisotropy 

spectra (left panels of both figures) are recorded as a function of the wavelength of emitted light 

upon excitation at several wavelengths (marked by arrows in the right panels). Excitation anisotropy 

spectra (right panels of Figures 3 and 4) are collected as a function of the excitation wavelength, 

measuring the intensity of the light emitted at the wavelengths marked by arrows in the left panels. 

Quite irrespective of the solvent, anisotropy spectra of P2 (top panels of Figures 3 and 4) are flat, 

with r > 0.3, not far from the limiting r = 0.4 value expected for systems with parallel absorption and 

fluorescence transition dipole moments. This behavior is typical of linear donor–acceptor 

chromophores, in which the transition dipole moments relevant to absorption and emission 

processes are almost aligned along the main molecular axis.(24) Anisotropy spectra of S2 (bottom 

panels of Figures 3 and 4) show a qualitatively different and solvent-dependent behavior. Excitation 

anisotropy spectra collected in decalin (Figure 3, bottom right panel) do not depend on the detection 

wavelength and show an almost constant value (r ∼ 0.1) in the region of the excitation band, 

increasing toward larger values just in the far red edge of the excitation band. Accordingly, emission 

anisotropy spectra are flat within the emission band, and are barely affected by the excitation 

wavelength. Overall, emission and excitation spectra of P2 and S2 in undercooled decalin are 

marginally sensitive to excitation and detection wavelengths, respectively, and r is large (>0.3) for P2 

and small (∼0.1) for S2. 

 

Figure 3. Fluorescence and fluorescence anisotropy spectra of P2 (top panels) and S2 (bottom panels) in decalin at 200 

K. Thin continuous and dashed lines refer to fluorescence anisotropy and to fluorescence spectra, respectively. Bold lines 

refer to anisotropy spectra. Left panels: emission spectra collected exciting the sample at different wavelengths (black = 

390 nm for P2 and 400 nm for S2, red = 435 nm for P2 and 445 nm for S2, cyan = 465 nm for P2 and 490 nm for S2, as 



shown by arrows in the right panels). Right panels: excitation spectra collected detecting the light at different 

wavelengths (orange = 480 nm for P2 and 503 nm for S2, green = 528 nm for P2 and 540 nm for S2, blue = 570 nm for 

P2 and 575 nm for S2, as shown by arrows in left panels). 

 

Figure 4. Fluorescence and fluorescence anisotropy spectra of P2 (top panels) and S2 (bottom panels) in 2-MeTHF at 77 

K. Continuous lines refer to fluorescence anisotropy spectra; dashed lines refer to fluorescence spectra. Left panels: 

emission spectra collected exciting the sample at different wavelengths (black = 410 nm for D2 and 420 nm for S2, red = 

445 nm for D2 and 458 nm for S2, cyan = 490 nm for D2 and 505 nm for S2, as shown by arrows in the right panels). 

Right panels: excitation spectra collected detecting the light at different wavelengths (orange = 550 nm for D2 and 580 

nm for S2, green = 600 nm for D2 and 623 nm for S2, blue = 650 nm for D2 and 720 nm for S2, as shown by arrows in 

left panels). 

Excitation anisotropy spectra of S2 in 2-MeTHF (bottom right panel of Figure 4) qualitatively differ 

from spectra collected in decalin: they show a low r (∼0.1) value in the blue side of the excitation 

band, but the anisotropy increases rapidly within the band, reaching the r = 0.4 limiting value in the 

red edge of the band. This result is independent of the detection wavelength. Accordingly, emission 

anisotropy spectra are flat within the emission band, but their values vary with the excitation 

wavelength: r is low (∼0.1) for excitation in the blue side of the absorption band but rapidly increases 

toward the limiting 0.4 value when the excitation wavelength is moved toward the red. 

Setting the Stage: Essential-States Models for Optical Spectra in Liquid Solution 

Two-State Model for the Isolated Chromophores 

The standard essential-state model for optical spectra of polar chromophores in solution accounts 

for two electronic basis states, corresponding to the two resonating structures, |DA⟩ and |D+A–⟩, 

separated by an energy gap 2η, and mixed by a matrix element −τ.(25) The coupling between 

electronic and vibrational degrees of freedom is introduced, accounting for one effective vibrational 

coordinate Q, with frequency ωv and relaxation energy εv.(25) Polar solvation is described by the 

reaction field F, with εor measuring the solvent relaxation energy. (23, 26) Finally, to account for the 



observation of broad absorption spectra and sizable Stokes shifts in nonpolar solvents, we introduce 

a slow internal coordinate, R, related to a conformational mode that modulates the hopping integral 

τ with relaxation energy εR. (22, 27) The total Hamiltonian reads  

 

 
 

where σ̂ = |DA⟩⟨D+A–| + |D+A–⟩⟨DA| and ρ̂ = |D+A–⟩⟨D+A–|. The operator ρ̂ measures the weight of 

the zwitterionic state, and is therefore proportional to the charge separation. The dipole moment 

operator is proportional to ρ̂, with μ̂ = μ0ρ̂, where μ0 = ⟨D+A–|μ̂|D+A–⟩ measures the dipole moment 

of the |D+A–⟩ state.(25) The sixth term in HP describes the harmonic oscillator associated with the 

internal coordinate Q, with P representing the conjugated momentum. Both F and R are associated 

with slow motions and will be treated as classical variables, neglecting the relevant kinetic energies. 

The last two terms in HP then describe the elastic potentials associated with the two classical 

coordinates. 

Since F and R are classical coordinates, the Hamiltonian in eq 2 becomes a function of F and R. HP(F,R) 

describes a coupled electronic and vibrational problem that is numerically solved without 

introducing additional approximations. Specifically, the (F- and R-dependent) Hamiltonian matrix 

can be written on the basis obtained as the direct product of the two electronic states (|DA⟩ and 

|D+A–⟩) times the first M eigenstates of the harmonic oscillator associated with Q. The resulting 

Hamiltonian matrix has dimensions 2M × 2M and is diagonalized to get numerically exact 

nonadiabatic (F- and R-dependent) eigenstates. In this work M = 12 proved large enough to obtain 

M-independent results. 

The nonadiabatic eigenstates resulting from the diagonalization of HP(F,R) are used to calculate 

absorption and emission spectra according to explicit expressions in ref 28, where a Gaussian line 

shape is assigned to each transition, with fixed half-width at half-maximum, Γ. The calculation is 

repeated on a grid of points in the F,R plane: solution spectra are finally obtained as Boltzmann 

averages of the contributions from the points in the grid. Specifically, absorption and fluorescence 

spectra in liquid solutions are calculated accounting for the Boltzmann distribution relevant to the 

ground state and to the fluorescent state, respectively. 

Figure 5 shows calculated absorption and fluorescence spectra for P1 and P2, to be compared with 

experimental spectra in the top panels of Figure 1. Model parameters are listed in Table 2. The two-

state model reproduces very well the solvent evolution of absorption and fluorescence spectra in 

terms of both band position and shape. Having introduced a conformational degree of freedom, we 

also reproduce the anomalously large Stokes shifts observed in the nonpolar decalin solvent, as well 

as the observation of broad, unstructured absorption bands in the same solvent. 

https://pubs.acs.org/doi/10.1021/jp206592s#fig1


 

Figure 5. Room-temperature absorption and fluorescence spectra (continuous and dotted lines, respectively) calculated 

for P1 and P2 adopting model parameters listed in Table 2. 

Table 2. Essential-State Molecular and Solvent Parameters for the P1, S1 and P2, S2 Pairs 

solvent-independent molecular parameter P1 and S1 P2 and S2 

η (eV) 1.28 (1.15)a 1.27 (1.2)a 

τ (eV) 0.9 0.84 

μ0 (D) 18.5 26 

εR (eV) 0.08 0.05 

εv (eV) 0.4 0.5 

ωv (eV) 0.19 0.17 

Γ (eV) 0.05 0.04 

Vb (eV) 0 –0.4 

solvent relaxation energies, εor (eV)      

decalin 0.02 0.02 

toluene 0.25 0.27 

2-MeTHF 0.4 0.4 

chloroform 0.7 0.7 

aParameters adopted to reproduce spectra in glassy 2-MeTHF matrixes. 
bOnly applies to S1 and S2. 

Four-State Models for Spiro Dimers 

Following a bottom-up approach,(5, 28-33) the model for spiro dimers is built based on the model 

developed for the isolated chromophores and explicitly accounting for effective electrostatic 

interchromophore interactions. The electronic Hamiltonian is then defined on the basis of the four 



electronic states, |DADA⟩, |D+A–DA⟩, |DAD+A–⟩, and |D+A–D+A–⟩, as schematically shown in the left 

panel of Figure 6. On this basis we introduce the electronic operators ρ̂1 = |D+A–DA⟩⟨D+A–DA|, ρ̂2 = 

|DAD+A–⟩⟨DAD+A–|, σ̂1 = |DADA⟩⟨D+A–DA|, and σ̂2 = |DADA⟩⟨DAD+A–|, where the 1, 2 indices mark 

operators relevant to the two chromophoric units within the spiro dimer. Similarly, two vibrational 

coordinates, Q1 and Q2, and their conjugated momenta, P1 and P2, two internal conformational 

coordinates, R1 and R2, and two orientational reaction fields, F1 and F2, are introduced, where again 

the indices refer to the two chromophores. Since the two chromophores in a spiro dimer are 

equivalent, the same model parameters, η, τ, εv, ωv, μ0, εor, and εR, apply to the two chromophores, 

so that the Hamiltonian for the spiro dimer reads 

 

where HP1 and HP2 are the Hamiltonians relevant to the two chromophores, obtained from eq 2, 

substituting all operators and coordinates with those relevant to chromophores 1 and 2, 

respectively. The last term in HS describes an effective interchromophore interaction where V 

measures the interaction energy between the two zwitterionic chromophores. In the spirit of 

bottom-up modeling, all model parameters entering HP1 and HP2 are fixed to the values obtained 

from the analysis of solution spectra of the isolated chromophores, and only the effective parameter 

V is adjusted to reproduce optical spectra of spiro dimers. As shown in the right panel of Figure 6, 

the degeneracy of the two lowest-energy excitations is removed for finite V. 

According to chemical intuition, and as recently confirmed by density functional theory (DFT) 

calculations,(19) the two chromophoric units in the spirobifluorene systems are mutually 

orthogonal. Fixing a coordinate system with the x- and y-axes parallel to the two chromophoric units, 

the dipole moment operator of spiro dimers is defined by its components: Accordingly, the two 

reaction fields, F1 and F2, coincide with the two components of the reaction field, Fx and Fy, 

respectively. 



 
Figure 6. Schematic diagram for the electronic states of spiro dimers. 

The spiro-dimer Hamiltonian in eq 3 depends on four classical coordinates Fx, Fy, R1, and R2. We 

therefore define a grid of points in the hyperspace spanned by the four coordinates, and we 

numerically diagonalize HS(Fx,Fy,R1,R2) on each point of the grid. Specifically, the Hamiltonian matrix 

is written on the basis obtained as the direct product of the four electronic basis states times the 

eigenstates of the two harmonic oscillators, Q1 and Q2, truncated to the lowest-energy M states. The 

resulting matrix of dimension 4M2 × 4M2 is diagonalized to get numerically exact eigenstates with 

large enough M to ensure convergence. M = 12 is relevant to this work. 

Absorption and fluorescence spectra are calculated on each point of the grid using equations in ref 

28. Spectra in liquid solutions are finally obtained as Boltzmann averages over the grid, based on the 

ground- and fluorescent-state energies for absorption and fluorescence spectra, respectively. 

Figure 7 shows absorption and emission spectra of the spiro-conjugated chromophores calculated 

in solvents of different polarities at room temperature, to be compared with experimental spectra 

in Figure 1. Relevant model parameters are listed in Table 2. The agreement between theory and 

experiment is very good, particularly in view of the reduced number of model parameters. The 

interchromophore interaction is negligible for S1, and small for S2, if compared with other electronic 

energies, η and τ (cf. Table 2). 

 



Figure 7. Room-temperature absorption and fluorescence spectra (continuous and dotted lines, respectively) calculated 

for S1 and S2 adopting model parameters listed in Table 2. 

Optical Spectra in Glassy Solutions: Fluorescence Excitation and Anisotropy Spectra 

Temperature explicitly enters our model through the Boltzmann distributions. However, other 

phenomena must be accounted for to describe spectra collected in frozen solution. The first and 

most important phenomenon is related to fluorescence spectra. In fact, after photoexcitation the 

rigid solvent matrix cannot relax in response to the variation of the charge distribution in the excited 

solute. Therefore, fluorescence spectra in glassy solutions must be calculated imposing the same 

distribution of reaction field as used for the calculation of absorption spectra. This explains the 

observation of smaller Stokes shifts in frozen polar solvents with respect to liquid solvents. Indeed, 

in the absence of any internal conformational degree of freedom, one would expect vanishing Stokes 

shifts in glassy solvents, quite irrespective of the solvent polarity. The second, more subtle effect is 

related to the temperature dependence of solvent properties, including density, refractive index, 

and dielectric constant. As a result, the solvent relaxation energy, εor, is in principle temperature 

dependent, and some variation of molecular parameters is also expected related to the variation of 

the solvent refractive index.(22, 26) In our analysis we try to maintain the number of adjustable 

parameters at a minimum, assuming in most cases temperature-independent model parameters. 

Exceptions to this (restrictive) rule will be explicitly mentioned. 

The calculation of optical spectra, including fluorescence and fluorescence excitation anisotropy in 

frozen solutions, has been recently addressed for polar and octupolar dyes.(24) The extension of the 

analysis to spiro dimers is nontrivial due to the presence of an internal conformational mode that, 

at variance with the reaction field, relaxes after photoexcitation. For either the isolated 

chromophores or the spiro dimers, anisotropy spectra are calculated on the points of a grid in the 

(hyper)space defined by the slow variables associated with the reaction field(s) and conformational 

mode(s). For each point of the grid I∥ and I⊥, the intensities of light emitted with parallel polarization 

and perpendicular polarization to the excitation light, are calculated as follows:(24) 

 

and Ai(λexc) measures the absorbance from the ground to the ith excited state (i runs on all exact 

nonadiabatic excited states) at the excitation wavelength λexc; Fj(λem) measures the fluorescence 

intensity from the emitting state toward the jth state (j runs on all exact nonadiabatic states with 

lower energy than the emitting state) at the wavelength λem; θij is the angle between the transition 

dipole moments relevant to the absorption process (from the ground to the ith state) and the 

fluorescence process (from the fluorescent state to the jth state). In the calculation of fluorescence 

emission anisotropy λexc is kept fixed while λem is varied, and the opposite is done for the calculation 

of fluorescence excitation anisotropy spectra. 

To clarify the picture, we make reference to Figure 6, where the relevant absorption processes are 

marked by blue arrows and the fluorescence process is marked by a red arrow. Indeed, this picture 



only shows electronic states, while the states entering eqs 5a and 5b are vibronic eigenstates 

obtained from the diagonalization of the nonadiabatic Hamiltonian. Moreover, in the purely 

electronic model described in Figure 6, the states E1 and E2 are degenerate for V = 0, while in the 

complete model slow (solvation and configurational) coordinates break the symmetry of the system, 

removing the E1–E2 degeneracy whenever Fx ≠ Fy or R1 ≠ R2, quite irrespective of V. Absorption 

spectra, and hence the absorbance entering eqs 5a and 5b, are calculated accounting for the 

transitions from the ground state toward the two first electronic excited states (E1 and E2), 

characterized by mutually orthogonal transition dipole moments (of course the calculation actually 

involves relevant vibronic states). Energy transfer enters the model imposing that after excitation 

the system relaxes downward toward the lowest-energy electronic excited state (the fluorescent 

state), as sketched in Figure 6. To be more precise, since vibrational energies are much larger than 

thermal energies, the fluorescent state corresponds to the lowest vibronic eigenstate relevant to the 

lowest electronic excited state. The fluorescence intensity in eqs 5a and 5b is therefore calculated 

starting from the fluorescent state toward all vibronic states associated with the electronic ground 

state. Indeed, for very small V (as relevant to S1) the two lowest electronic excited states are almost 

degenerate when Fx ≅ Fy and R1 ≅ R2, and we explicitly account for the relative populations of the 

two states, as governed by the Boltzmann law. However, this only marginally contributes to overall 

spectra. 

Electronic and vibrational energies are in general much larger than thermal energies, and Boltzmann 

averages are therefore irrelevant (apart from the special case when V ≅ 0, Fx ≅ Fy, and R1 ≅ R2). 

However, the energy of the vibronic states shows a continuous dependence on slow coordinates 

(treated as classical variables in our work). Thermal population of this continuum leads to 

inhomogeneous broadening effects in calculated spectra. The delicate point in the calculation is the 

definition of Boltzmann averages for I∥ and I⊥ over the points of the (hyper)space described by the 

slow coordinates, properly accounting for the relaxation of the internal conformational coordinate(s) 

(R for the chromophore, R1 and R2 for the spiro dimer) while maintaining the distribution of the 

relevant component(s) of the solvent reaction field (F for the chromophore, Fx and Fy for the spiro 

dimer) frozen at the equilibrium for the ground state. With reference to the isolated chromophore, 

the I∥ and I⊥ values calculated according to eqs 5a and 5b on each point of the (F,R) grid must be 

weighted by the probability: 

 

Where 

 

is the Boltzmann population of the (F,R) point of the grid for the ground state. The corresponding 

probability for the fluorescent state, pfs(F,R), is given by a similar equation with the (F- and R-

dependent) ground state energy, Egs(F,R), substituted by the energy of the fluorescent state, Efs(F,R). 

Finally 



 

Similar equations hold for spiro dimers, with the sums on F and R extended to the pairs of Fx and Fy 

and R1 and R2 variables. Once the averaged I∥ and I⊥ are obtained, the anisotropy is calculated 

according to eq 1. 

Fluorescence emission and excitation spectra are a byproduct of the anisotropy calculation: 

fluorescence spectra are obtained plotting I∥ + 2I⊥ vs λem for fixed λexc; fluorescence excitation spectra 

are obtained plotting the same quantity at fixed λem and varying λexc. 

Figure 8 shows calculated spectra of the P2/S2 pair in frozen decalin, adopting the same parameters 

extracted from the analysis of room-temperature spectra (cf. Table 2) and setting the temperature 

to 200 K. Analogous results are obtained for the P1/S1 pair and are reported as Supporting 

Information. P2 is modeled as a linear molecule with collinear absorption and fluorescence 

transition dipole moments, leading to r = 0.4. The observed r > 0.3 suggests a marginal 

noncollinearity of the two transition dipole moments in the actual molecular structure. For spiro 

dimers, in good agreement with experimental data, a flat anisotropy excitation spectrum with r ∼ 

0.1 is calculated within the excitation band, with a gradual increase only in the red edge of the 

spectrum. Accordingly, calculated emission anisotropy spectra are barely affected by the excitation 

wavelength. Calculated emission bands agree well with experimental data, even if calculated 

fluorescence spectra are more resolved than experimental spectra. We underline that, to minimize 

the number of adjustable parameters, we keep all model parameters fixed to the room-temperature 

estimate. Of course, better fits could be obtained accounting for variations of the vibrational 

frequency and/or relaxation energy with temperature. 

 

Figure 8. Calculated fluorescence and fluorescence anisotropy spectra of P2 (top panels) and S2 (bottom panels) in glassy 

decalin matrixes, adopting model parameters in Table 2. The same symbols and color code are adopted as in Figure 3. 



Figure 9 shows the spectra calculated for P2 and S2 in glassy 2-MeTHF matrixes (similar results for 

P1 and S1 can be found as Supporting Information). The calculations are run imposing the glass 

transition temperature of 2-MeTHF (90 K). In this case, to better reproduce the spectral position, we 

allowed for a small decrease of η with respect to the room-temperature value (cf. Table 2). This is 

consistent with the increase of the 2-MeTHF refractive index with decreasing temperature,(21) 

which stabilizes the zwitterionic state.(22, 26) As expected for a polar and almost linear dye, and in 

agreement with experimental results, anisotropy spectra of P2 are flat with a large r. Calculated 

excitation anisotropy spectra of S2 show instead a well-pronounced variation within the excitation 

band: r is low in the blue edge of the excitation band and increases rapidly toward the limiting 0.4 

value in the red side of the excitation band. Accordingly, emission anisotropy spectra show an 

important dependence on the excitation wavelength. In close agreement with experimental data, 

calculated spectra in the frozen polar solvent show a qualitatively different behavior from spectra 

calculated in the nonpolar frozen solvent (decalin): in the nonpolar solvent in fact the anisotropy 

increases only in the very far red edge of the excitation band, while in the polar solvent the increase 

is much steeper and is observed well inside the excitation band. This behavior is related to the 

solvent polarity, and in fact it is observed also for V = 0 (cf. results for S1 in the Supporting 

Information). 

 

Figure 9. Calculated fluorescence and fluorescence anisotropy spectra of P2 (top panels) and S2 (bottom panels) in glassy 

2-MeTHF matrixes, adopting model parameters in Table 2. The same symbols and color code are adopted as in Figure 4. 

The calculated anisotropy for S2 (Figures 8 and 9) shows an oscillating behavior, related to the 

different polarizations of vibronic transitions. These oscillations are most probably smoothed in 

experimental systems due to the presence of more than one coupled vibrational mode, and in any 

case their experimental observation would be hindered by noise. 

Discussion and Conclusions 



In this paper we presented a joint experimental and theoretical work on optical spectra of donor–

acceptor substituted fluorene chromophores, P1 and P2, and the corresponding spiro dimers, S1 

and S2, focusing attention on fluorescence and fluorescence anisotropy spectra. A bottom-up 

modeling approach is adopted to rationalize the dimer behavior based on essential-state models. 

Specifically, the strongly solvatochromic absorption and fluorescence spectra of chromophores P1 

and P2 are quantitatively reproduced using the standard two-state model for donor–acceptor polar 

dyes(23, 25-27) extended to account for the presence of a slow internal (conformational) degree of 

freedom,(22, 23) as needed to reproduce the observation of broad absorption spectra and of sizable 

Stokes shifts in nonpolar solvents. In the spirit of the bottom-up approach,(29-33) the information 

extracted from the analysis of solution spectra of P1 and P2 is used to build models for the spiro 

dimers S1 and S2: the spectra of the dimers are quantitatively reproduced using the same model 

parameters adopted for the isolated chromophores and adjusting a single additional parameter, V, 

that describes the effective interaction between the two moieties. Indeed, the interchromophore 

interaction is negligible in S1 (V = 0) and fairly small in S2 (V = −0.4 eV). V formally enters the model 

as an electrostatic interaction; however positive V values (repulsive electrostatic interchromophore 

interactions) are expected in the spiro geometry. The negative V value extracted for S2 from the 

analysis of experimental data therefore represents an effective interaction accounting not only for 

electrostatic forces but also for other effects, including, e.g., spiroconjugation. 

The success of essential-state models in the calculation of absorption and fluorescence spectra of 

polar chromophores and of their spiro dimers invites the investigation of other spectroscopic data. 

Fluorescence anisotropy is particularly interesting for spiro dimers because it offers detailed 

information about the relative orientation of absorption and fluorescence dipole moments, and then 

gives hints about the transfer of excitation energy between the two chromophores.(24) Indeed, 

absorption and fluorescence spectra of spiro dimers are very similar to those of corresponding 

isolated chromophores, pointing to weak intermolecular interactions. However, anisotropy spectra 

of spiro dimers are qualitatively different from those of the corresponding fluorene-substituted 

chromophores, unambiguously demonstrating that intramolecular energy transfer occurs after 

photoexcitation. Therefore, while interchromophore interactions are weak and only marginally 

affect absorption and fluorescence spectra, they are large enough to effectively induce energy 

transfer between excited states. Indeed, to appreciably alter absorption or fluorescence spectra, 

sizable interaction energies are needed compared to vertical energy gaps between excited states. By 

contrast, energy transfer involves relaxed states and may occur in the proximity of surface crossing, 

where even tiny interactions play a significant role.(34) The reduction of the fluorescence quantum 

yield in spirodimers (cf. Table 1) confirms the importance of interchromophore interactions in the 

photophysics of these systems. However, while essential-state models can be quantitative in the 

calculation of absorption, fluorescence, and anisotropy spectra, they can hardly address quantum 

yields, where a major role is played by the competition between radiative and nonradiative decay 

channels. 

Spectra of S1 and S2 in glassy solvents show an interesting and strongly solvent-dependent behavior. 

In nonpolar rigid matrixes, such as decalin, emission and excitation spectra of spiro dimers are 

independent of excitation and emission wavelengths, respectively. Fluorescence excitation 

anisotropy is basically flat within the excitation band and increases just at the far red edge of the 



band. By contrast, in the polar rigid matrix (2-MeTHF), fluorescence excitation anisotropy shows an 

important increase already within the excitation band, and excitation (emission) spectra red-shift as 

emission (excitation) wavelengths are moved toward the red. The anomalous spectroscopic behavior 

observed in rigid polar matrixes goes under the general name of “red-edge effect”. The concept of 

red-edge effect was introduced in the 1970s with reference to the dependence of emission spectra 

collected in glassy matrixes on the excitation frequency.(35) The phenomenon was ascribed to 

inhomogeneous broadening in frozen polar solvents associated with the thermal distribution of the 

orientations of the polar solvent molecules around the solute. In a rigid matrix the excitation at a 

specific wavelength results in the photoselection of a subset of molecules out of the distribution:(35) 

since the solvent relaxation is hindered (in a rigid matrix only internal molecular modes can relax), 

the emitting state is specific of photoselected molecules, causing a dependence of spectral 

properties upon excitation wavelengths. Moreover, in inhomogeneously broadened samples, 

excitation in the red edge of the absorption band photoselects the species in the sample that absorb 

at the lowest energies: in multichromophoric systems, where energy transfer becomes relevant, this 

photoselection will hinder energy transfer (homotransfer) to lower-lying states, explaining the 

observation of anisotropies rising toward the limiting 0.4 value for excitation in the red edge of the 

absorption band.(36, 37) 

The basic physics underlying red-edge effects is well understood, but only recently quantitative 

models for anisotropy spectra in polar rigid matrixes have been proposed and applied to octupolar 

charge-transfer chromophores.(24) In these highly symmetric chromophores, the two lowest 

excitations are degenerate with mutually orthogonal transition dipole moments. Red-edge effects 

are related to, and have been quantitatively modeled in terms of, the distribution of reaction fields 

in polar solvents.(24) Molecules experiencing a finite reaction field in fact experience a reduced 

symmetry leading to the splitting of the two excited states. Upon excitation in the red edge of the 

absorption band, only the lower-energy excited state is accessed and this state cannot down-transfer 

its energy, so r → 0.4. Our spiro dimers are qualitatively different from octupolar chromophores and 

show in general a distinctively different spectroscopic behavior. However, a similarity in the two 

families of compounds is recognized in the presence of two degenerate or almost degenerate 

fluorescent states, with mutually orthogonal transition dipole moments. In both families of 

compounds a finite reaction field splits the two states: red-edge effects observed for spiro dimers in 

glassy polar solvents have exactly the same physical origin as red-edge effects discussed in ref 24 for 

octupolar chromophores. 

According to the previous discussion, and as confirmed by essential-state models, the origin of red-

edge effects in the spectra of S1/S2 collected in 2-MeTHF is ascribed to exciton splitting promoted 

by finite reaction fields in polar solvent. This is supported by spectra collected in the nonpolar 

solvent, decalin, which show only a very weak red-edge effect just in the far red edge of the 

excitation band. This behavior is accounted for in our calculation assigning decalin a very small 

relaxation energy εor = 0.02 eV. The low-frequency conformational degree of freedom never plays an 

active role in the red-edge effect, because the associated coordinate is not frozen and relaxes after 

photoexcitation. 

Overall, essential-state models lead to a detailed and satisfactory description of optical spectra of 

polar chromophores, P1 and P2, and of their spiro dimers, S1 and S2, based on a minimal set of 



model parameters, rationalizing many subtle effects related to polar solvation. Essential-state 

models are very robust and were successfully applied to several systems. In particular, once 

parametrized against linear spectra, essential-state models reliably describe nonlinear optical 

spectra.(28, 33, 38, 39) Second harmonic generation was previously investigated for the systems 

discussed in this work via the EFISH technique.(19) In Table 3 we report the permanent dipole 

moment and the first hyperpolarizability calculated according to our model (details about the 

calculation of hyperpolarizability within essential-state models can be found in ref 28). Both the 

dipole moments and the hyperpolarizabilities calculated for the spiro dimers are about a factor √2 

larger than for the relevant monomeric chromophores, corresponding to the vectorial sum of the 

contributions from the two (mutually orthogonal) chromophores. This result confirms once more 

the additivity of the properties of spiro dimers, as expected in view of the very small 

interchromophore interactions. Essential-state hyperpolarizabilities are in perfect agreement with 

time-dependent DFT results,(19) but contrast experimental data.(19) 

Table 3. Permanent Dipole Moments and First Hyperpolarizabilities Calculated with Model Parameters in Table 2 2 for 

εor = 0.7 (Corresponding to Chloroform) 

  μ (D) β0
EFISHa (10–30 esu) βEFISHb (10–30 esu) 

P1 2.38 42 44 

S1 3.36 59 62 

P2 2.92 125 132 

S2 4.29 196 208 

a Static first hyperpolarizability. 
bFirst hyperpolarizability calculated at 1907 nm. 

In conclusion, we presented an extensive spectroscopic study of two substituted fluorene dyes, P1 

and P2, and of the related spiro dimers, S1 and S2, in both liquid and glassy solvents. Essential-state 

models have been developed to accurately reproduce linear absorption and fluorescence spectra 

and their complex dependence on the solvent polarity. Of particular interest in this context is the 

possibility offered by the models to quantitatively calculate fluorescence and excitation anisotropy 

spectra in rigid matrixes. Impressive red-edge effects observed for spiro dimers in glassy polar 

solvents are accurately reproduced and understood, clearly demonstrating that while 

interchromophore interactions are too small in spiro dimers to significantly alter absorption and 

fluorescence spectra, they effectively induce energy transfer between the two chromophores, in line 

with the recent observation of complex photophysical behavior of spiro-linked materials.(16-18) 

Supporting Information 

Experimental and calculated fluorescence and fluorescence anisotropy spectra of P1 and S1 in glassy 

solutions of decalin and 2-MeTHF. This material is available free of charge via the Internet at 

http://pubs.acs.org. 
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