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ABSTRACT. A computational study rationalizes the different phosphorescence colors of two 

highly emitting crystal polymorphs of a dinuclear Re(I) complex, Re2(μ-Cl)2(CO)6(μ-4,5-

(Me3Si)2pyridazine). The electrostatic interactions between the charge distributions on 

neighboring molecules inside the crystal are responsible for the different stabilization of the 

emitting triplet state, because of the different molecular packing. These self-consistent effects play 

a major role on the phosphorescence of crystals made of polar and polarizable molecular units, 
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offering a powerful handle to tune the luminescence wavelength in the solid state through 

supramolecular engineering.

INTRODUCTION

Optical properties of molecular assemblies and crystals are often rationalized invoking the so-

called exciton approximation, which describes interacting molecules in terms of electrostatic 

interactions between their transition dipole moments.1–10 The strength of excitonic interactions 

depends on the magnitude of the transition dipoles, but also on their mutual orientation, so that a 

different arrangement of the monomeric units can explain different spectral properties, in an effect 

known as crystallochromism.9,10 The exciton model is well suited to rationalize recurrent features 

of aggregates, like the splitting or shift of the absorption band with respect to the isolated (solvated) 

monomer, as well as the fluorescence quenching or amplification.11 Recently, the exciton model 

has been extended to account for intermolecular charge-transfer interactions, leading to fairly 
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3

complex Hamiltonians as required to explain the appearance of additional bands not addressed in 

the standard exciton picture.12–15 

In any case, for spin-forbidden singlet-to-triplet transitions, transition dipole moments vanish, 

so that the exciton picture would predict vanishing interactions as well. On these grounds, 

phosphorescence is expected to be unaffected by aggregation, ruling out the possibility of 

supramolecular engineering of phosphorescent materials.

The exciton model leads in general to an accurate description of optical spectra of aggregates 

and crystals of nonpolar and hardly polarizable chromophores,3,4,16 but a very different scenario 

occurs for polar and polarizable dyes.13,17–20 Indeed, the quite large permanent dipole moments of 

polar chromophores, either in the ground and/or in the excited states, strongly interact via 

electrostatic forces which are comparable with, if not larger than, their typical excitation energies, 

bringing about additional effects. 

In the aggregate, a polarizable molecule readjusts its polarity in response to the local electrostatic 

field created by the neighbouring molecules in a feedback mechanism, a phenomenon known as 

mean-field effect.18,19 Mean-field effects set the basis for the nonadditive behavior observed in 
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aggregates of polar and largely polarizable dyes, and add up to the effects due to excitonic 

coupling.3,4,9,10,17,21–24 

Mean-field effects in aggregates of (multi)polar dyes have been extensively investigated with 

the help of theoretical models, and validated against experimental data. Their appropriate 

description was crucial to explain intriguing phenomena like bistability24 and multielectron 

transfer,20 the amplification of nonlinear optical responses,21,22 and also to rationalize the 

unexpected fluorescence quenching of J-type aggregates of some quadrupolar dyes.25,26 

Since mean-field effects arise from electrostatic interaction between the charge distributions of 

the dyes, they can be observed also in the absence of excitonic coupling. This opens an interesting 

scenario concerning phosphorescence. Indeed, these effects, which are also dependent on the 

supramolecular arrangement of the aggregate, could promote a stabilization/destabilization of the 

electronic states of the interacting dyes, shifting their emission energy and thus allowing to tune 

the phosphorescence spectral window through molecular packing.

In this context, dinuclear rhenium(I) complex 1 (Figure 1)27,28 provides an interesting case study. 

With two Re(I) atoms bridged by a pyridazine ligand, 1 is a member of the class of Re2(μ-

X)2(CO)6(μ-1,2-diazine) (X=halogen) complexes, many of them displaying intense 
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phosphorescent emission from triplet metal-to-ligand charge transfer (3MLCT) states.29–31 

Members of this family have found applications as dopants of the emitting layer in OLED 

devices,32 as probes for cell imaging in biological applications,33 and as sensitizers for Dye 

Sensitized Solar Cells (DSSCs).34 The interest in 1 is motivated by the concurrence of different 

interesting properties, such as the high emission quantum yield (> 0.5) in the solid state and the 

formation of two well-characterized concomitant polymorphs: Y, monoclinic, with half a molecule 

in the unit cell, and O, orthorhombic, with two molecules in the unit cell. The two polymorphs 

could be selectively obtained acting on the crystallization rate, and undergo a clean single-crystal-

to-single-crystal transition at 443 K.27

Figure 1. Molecular structure of dinuclear rhenium(I) complex 1, Re2(μ-Cl)2(CO)6(μ-4,5-

(Me3Si)2pyridazine).
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Interestingly, the two polymorphs of 1 are characterized by markedly different spectroscopic 

signatures. Concerning absorption, the maximum of O is almost coincident with the absorption of 

the solvated monomer in a nonpolar solvent, while the maximum of Y is displaced to higher energy 

(by 0.2 eV). In emission, both polymorphs exhibit higher luminescence with respect to the solvated 

dye, a phenomenon known as aggregation induced emission (AIE)35–37 and explained as a 

consequence of the restriction of the roto-vibrational motion of the SiMe3 groups occurring in the 

solid state.27 The phosphorescence spectrum of the two polymorphs is shifted to higher energy 

compared to the solvated molecule, but with different absolute shift, amounting to ~0.15 eV and 

~0.3 eV for O and Y respectively (with reference to toluene solution), which correspond to clearly 

distinguishable emission colors. 

The absorption properties of the crystals were rationalized on the basis of the standard exciton 

model,28 thus excluding an effective role of intermolecular charge-transfer interactions. However, 

the different emission energy of Y and O claims for a different origin, since excitonic effects are 

negligible for forbidden transitions. Given the polar/polarizable nature of the complex, we 

envisage that mean-field effects may play an important role on phosphorescence of the crystals. 
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Herein, we report a detailed computational investigation of 1, unravelling the role of mean-field 

effects on the luminescence color of its polymorphs. The first part of this work concerns the 

TDDFT description of the complex in solution, with emphasis on the nature of the triplet states 

involved in phosphorescence. Then we will present a mean-field model for the molecules inside 

the crystal, towards the rationalization of experimental spectroscopic data. The study of 1 is not 

only significant in view of the peculiarity of the complex, but also highlights, with the help of 

computational tools, the importance of mean-field effects on the phosphorescence of polar and 

polarizable systems.

COMPUTATIONAL DETAILS

All (TD)DFT calculations were performed with the Gaussian16 package.38 The hybrid 

functional M062X39 and the long-range corrected CAM-B3LYP functional40 were chosen for the 

calculations on the solvated dye. Stuttgart-Dresden effective core potentials (ECPs)41 along with 

the corresponding basis set were adopted for the Re atoms, while the 6-31G(d,p) basis set was 

employed for the remaining elements. Stationary points located by the geometry optimizations 

were confirmed by frequency analysis. TDDFT calculations were run on the ground-state 

Page 7 of 35

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8

optimized geometry, at the same level of theory and with the same basis set, addressing the 15 

lowest-energy electronic states. The solvent was introduced according to the polarizable 

continuum model (PCM) approach using either the linear response (LR) approach or a state 

specific approach (External Iteration, EI).42 Transition energies were computed with linear 

response solvation and state-specific solvation.43 The Tamm-Dancoff approximation (TDA) was 

imposed in TDDFT calculations on triplet states.44

To mimic mean-field effects in the crystal, we focused on model aggregates containing a limited 

number of molecules. TDDFT calculations were run in gas phase on one molecule in the aggregate 

surrounded by the equilibrium ESP charge distribution of the remaining molecules.45,46 The 

equilibrated ESP charge distribution was obtained by an iterative DFT calculation, starting from 

the ESP charges in gas phase as the initial guess. In each step, the charge distribution was updated 

with the newly calculated charges, and the cycle was repeated until the difference between the 

charges obtained in two subsequent steps was less than the predetermined threshold (<2% for all 

atoms). For the O polymorph, only one of the two molecules in the unit cell was considered at a 

time, replacing the other molecule with its charge distribution. The geometry of the molecules and 

the structure of the two polymorphs adopted in the calculations were extracted from 
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crystallographic data.27 (TD)DFT calculations on the aggregates were performed with CAM-

B3LYP functional and the same basis set as for calculations relevant to solutions. 

RESULTS

Modelling the solvated chromophore. Spectroscopic properties of 1 in solution can be found in 

literature.27 Absorption spectra show a broad and featureless band around 400 nm (~3 eV), 

assigned to a 1MLCT transition. Absorption is sensitive to solvent polarity: the band maximum 

shifts to the blue as the solvent polarity increases (by ~0.3 eV from toluene to acetonitrile), 

indicating that the ground state is more polar than the CT excited state. Compound 1 is weakly 

phosphorescent in solution (quantum yield < 0.06), with a broad spectrum in the orange spectral 

region and a monoexponential decay, with a microsecond lifetime.

TDDFT calculations on 1 were run in dichloromethane, a mildly polar solvent, and in 

acetonitrile, a highly polar solvent.  Excitation energies of 1 in dichloromethane, computed with 

the CAM-B3LYP functional on the ground-state optimized geometry, are collected in Table 1. 

Table 1. TDDFT data of 1 in dichloromethane obtained with CAM-B3LYP functional: transition 

energies and wavelengths, oscillator strengths f, components of the transition dipole moment , 𝜇𝑥
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10

 and  (with reference to the Cartesian axes in Figure 1), and main character of the transitions. 𝜇𝑦 𝜇𝑧

All quantities are obtained with LR-PCM, energies and wavelength in parenthesis refer to EI -

PCM. 

Transition Energy 

(eV)

Wavelength 

(nm)

f  (D)𝝁𝒙  (D)𝝁𝒚  (D)𝝁𝒛 Type (> 20%)

𝑆0→𝑆1 3.62 

(3.83)

342 (324) 0.000 0.003 - - H → L (94%)

𝑆0→𝑆2 3.76 

(4.00)

330 (310) 0.150 - -3.243 -0.011 H-1 → L (93%)

𝑆0→𝑆3 3.79 

(3.97)

327 (312) 0.006 - -0.004 -0.644 H-2 → L (94%)

𝑆0→𝑆4 3.97 

(4.25)

312 (292) 0.376 4.997 - - H-3 → L (83%)

𝑆0→𝑆5 3.99 

(4.21)

310 (295) 0.003 - -0.006 -0.475 H-4 → L (59%)

H → L+2 (23%)

𝑆0→𝑇1 3.43 

(3.64)

361  (340) - - - - H-1 → L (73%)

𝑆0→𝑇2 3.57 

(3.78)

347 (328) - - - - H → L (71%)

𝑆0→𝑇3 3.57 

(3.75)

347 (330) - - - - H-3 → L (60%)
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The lowest-energy transition, , is forbidden, while the two transitions contributing to 𝑆0→𝑆1

absorption are  at λ = 330 nm and  at λ = 312 nm. While the estimated transition 𝑆0→𝑆2 𝑆0→𝑆4

energies are somewhat overestimated, we ascribe the broad experimental absorption band 

observed at λ ≈ 384 nm to the contribution of both  and  transitions. The two 𝑆0→𝑆2 𝑆0→𝑆4

transitions have different polarization: the  transition is polarized mainly along y, i.e. the 𝑆0→𝑆2

direction connecting the Re atoms (see Figure 1), the  is polarized along a perpendicular 𝑆0→𝑆4

direction, specifically along the molecular C2 axis.

Figure 2. Sketch of the vertical electronic transitions of 1 and corresponding NTOs (isovalue 0.02) 

computed at CAM-B3LYP/6-31G(d,p) level in dichloromethane (energies are on scale). The states 
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in bold are involved in absorption/phosphorescence; energies of the relevant transitions and 

oscillator strengths are reported on the arrows. Contribution of each NTO to the total excitations 

is given in brackets.

The inspection of the natural transition orbitals (NTOs)47 in Figure 2 suggests that the lowest-

energy transitions of 1 have a clear CT character, and involve a charge migration from the region 

containing the metal centers and the ancillary ligands (CO and Cl-) to the pyridazine ring. Indeed, 

all excitations occur from one of the higher energy occupied orbitals (HOMOs) to the lowest 

unoccupied orbital (LUMO), which extends over the aromatic ligand. According to our 

calculations, 1 is highly polar in the ground state. Its permanent dipole moment, aligned with the 

C2 molecular axis, amounts to 17.05 D. The dipole moment decreases to 5.622 and 8.911 D after 

vertical excitation to  and , respectively, explaining the observed negative solvatochromic 𝑆2 𝑆4

shift in absorption. 

Results of the calculations in acetonitrile are provided in Table S1. Also in this solvent, only two 

electronic transitions show sizeable oscillator strength,  and . As in dichloromethane, 𝑆0→𝑆2 𝑆0→𝑆4

these transitions are polarized along mutually perpendicular directions and have a clear CT 

character (see NTOs in Figure S1). Compared to dichloromethane, the two transitions are blue-
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shifted by ~0.08 eV and 0.04 eV respectively (0.2 and 0.1 eV according to EI-PCM), comparing 

well with the experimental shift of ~0.2 eV observed between these two solvents. TDDFT 

calculations in dichloromethane were also performed with M062X functional (Table S2, Figure 

S2) obtaining similar results. 

Phosphorescence emission is expected to occur from the lowest-energy triplet state, at its 

equilibrium geometry. According to the NTOs in Figure 2, the  transition has the same 𝑆0→𝑇1

nature as the lowest optically allowed excitation, , while the brightest state in absorption,  𝑆0→𝑆2

, has a similar nature as . To unambiguously identify the triplet state participating to 𝑆4 𝑇3

phosphorescence, we relaxed the geometry of both states in solution. Even if the energy difference 

is moderate (< 0.35 eV, Table S3),  lies below  at their respective equilibrium geometry, 𝑇1 𝑇3

unambiguously identifying  as the phosphorescent state of 1. This result was confirmed by 𝑇1

calculations with M063X functional on the two triplet states possessing the same character of the 

optically allowed transitions in absorption (  and , Table S3).𝑇1 𝑇2

The geometry of 1 at the  minimum is distorted with respect to the ground state geometry 𝑇1

(Figure S3). While the equilibrium geometry of the ground state ( ) is planar, a sizeable deviation 𝑆0

from planarity is observed in . For instance, while in  the Re atoms lie on the same plane as 𝑇1 𝑆0
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the pyridazine ring, they are tilted out of plane in . The pyridazine ring itself loses its planarity, 𝑇1

affecting the relative positions of the Si atoms as well. These structural modifications can be 

appreciated considering the variations of representative dihedral angles reported in Table S4.

The  transition in dichloromethane is predicted at 1.70 eV (731 nm) with the EI-PCM 𝑆0←𝑇1

solvation method and CAM-B3LYP functional. This transition implies an increase of the 

permanent dipole moment from 9.27 D (at  equilibrium) to 15.04 D after de-excitation. NTOs 𝑇1

relevant to phosphorescence are reported in Figure S4.

Modelling of the crystal polymorphs. From the crystallographic point of view, the two 

polymorphs of 1 can be conveniently described as layered structures.27,28 In Y, the molecules have 

the same orientation inside each layer, defined by the plane containing the pyridazine rings, and 

different layers are stacked alternating the direction of the molecular dipoles. In O, the 

chromophores are organized in a zig-zag motif inside each layer, with a tilt angle of about 70° 

between the pyridazine and the layer’s plane, and the direction of the macroscopic polarity 

alternates every two layers. However, the inter-layer distance is small (~5-6 Å) and of the same 
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order of magnitude as the intra-layer distance, so that the structure of both polymorphs must be 

considered as three-dimensional.

It follows that the full TDDFT treatment of the polymorphs of 1 is computationally unfeasible. 

However, a different and computationally affordable strategy can be pursued, which allows to 

single out and quantify the contribution of mean-field effects on the spectroscopic properties of 

the two polymorphs. Specifically, we restrict explicit TDDFT calculations on just one molecule 

that however experiences the electrostatic field generated by the equilibrium charge distribution 

of the neighboring ones, as to mimic the environment felt by the molecule in the crystal. In this 

way, only electrostatic interactions are accounted for in the calculations. 

The electrostatic interactions decrease with distance, so that only a subset of molecules close to 

the target molecule are needed. To start with, we selected two representative clusters for Y and O, 

depicted in Figure 3, containing 21 and 36 molecules, respectively. These are the smallest 

structures accounting for nearest neighbor interactions. For polymorph O, the two molecules 

occupying different positions in the unit cell were separately considered in the calculation.
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Figure 3. The two representative clusters for polymorphs Y and O discussed in the text, obtained 

surrounding the molecule(s) in the unit cell by its nearest neighbors for a total of 12 molecules for 

Y and 36 molecules for O. The molecules in dark blue/red are those explicitly considered in the 

TDDFT calculations, the remaining ones being replaced by their atomic charge distribution.

A self-consistent approach was followed to estimate the equilibrium charge distribution of the 

chromophore. ESP charges obtained for a molecule in gas phase and in the two representative 

clusters are resumed in Table 2. For discussion purposes, the chromophore is nominally partitioned 

in three regions: two regions are constituted by a metal center and its ancillary ligands CO and Cl- 

(Re(CO)3Cl) and one coincides with the pyridazine ligand ((Me3Si)2pyridazine). A charge 

separation occurs in the ground state, where the Re(CO)3Cl groups bear a similar negative charge, 

indicating that they act as electron withdrawing moieties with respect to the pyridazine ligand. The 

charge distribution changes moving from the isolated molecule in gas phase to the crystal, where 
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the charge separation increases by 25% for both polymorphs. Moreover, the charge distribution of 

the non-equivalent molecules of O is different, reflecting their different environment. 

Table 2. Cumulative ESP atomic charges on selected fragments of 1 in gas phase (crystallographic 

geometry) and surrounded by the charge distribution of nearest-neighbors in the two representative 

clusters for Y and O (21 molecules for Y and 36 for O, as in Figure 3). The two values reported 

for the O polymorph were calculated for the two molecules in the unit cell. Calculations were 

performed at CAM-B3LYP/6-31G(d,p) level of theory.

Y O

Fragment Gas phase Crystal Gas phase Crystal

Re(CO)3Cl -0.255 -0.319 -0.283/-0.246 -0.375/-0.272

Re(CO)3Cl -0.256 -0.326 -0.261/-0.278 -0.231/-0.294

(Me3Si)2pyridazine 0.511 0.645 0.545/0.524 0.606/0.566

Frontier molecular orbitals (FMOs) of 1 calculated in gas phase and in a 21-molecule cluster 

(crystallographic geometry of Y) are shown in Figure 4 (FMOs relevant to polymorph O can be 

found in the Supporting Information, Figure S5). While occupied orbitals are localized on the Re 
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atoms and the carbonyl ligands, LUMO and LUMO+1 extend mainly over the region of 

pyridazine. Orbital shapes are basically unaffected by electrostatic interactions, and only a 

stabilization of the occupied orbitals is observed in the crystal.  

Figure 4. Frontier molecular orbitals (FMOs, isovalue 0.02) relevant to the Y polymorph. Left: 

FMOs of the monomer in gas phase; right: FMOs of a molecule surrounded by the charge 

distribution of 20 molecules of the crystal lattice. Orbital energies (in eV) are reported in brackets.

To simulate phosphorescence spectra, TDDFT calculations were performed at the same level of 

theory. We will only address triplet transitions, where excitonic effects are negligible, while singlet 

transitions were already addressed in ref 28. TDDFT data relevant to the lowest-energy triplet 

transition are listed in Table 3 (TDDFT data on higher energy transitions can be found in Table 
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S5). In the exciton picture, i.e. neglecting mean-field contributions, identical transition energies 

are expected for the monomer and the two polymorphs, since the transitions are spin-forbidden 

and hence have negligible transition dipole moments. However, in the crystal, the excitation 

energies relevant to the vertical  processes are shifted to higher energy compared to the gas-𝑆0→𝑇𝑛

phase values, the magnitude of the shift depending on the crystal packing. Specifically, the vertical 

 excitation is blue-shifted by ~0.6 eV for the Y polymorph, and by only 0.2 eV for the O 𝑆0→𝑇1

polymorph. For both polymorphs, the main contribution comes from the H → L process, with a 

minor contribution from H-1 → L for polymorph O. Indeed, this transition implies charge 

migration from the region of the Re atoms towards the pyridazine ring, with a similar CT character 

as in solution.

Table 3. TDDFT data on the  transition of 1 in gas phase and surrounded by the charge 𝑆0→𝑇1

distribution of the nearest-neighbor molecules as depicted in Figure 3. Calculations were 

performed in gas phase at CAM-B3LYP/6-31G(d,p) level of theory. The two values given for the 

O polymorph were obtained for the two molecules occupying non-equivalent positions in the unit 

cell. 
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Y O

Transition Energy 

(eV)

Type Energy 

(eV)

Type Difference

Y-O

𝑆0→𝑇1 2.80 H → L (92%) 2.82/2.71 H-1 → L 

(34/37%)

H → L (56/54%)

-Gas 

phase 

(calc.)

*𝑆0→𝑇1 1.97 H → L (89%) 1.97/1.97 H → L (89%) -

𝑆0→𝑇1 3.43 H → L (66%) 3.04/2.88 H-1 → L 

(45/27%)

H → L (41/59%)

-Crystal 

(calc.)

*𝑆0→𝑇1 2.20 H → L (81%) 1.97/2.03 H → L (90/89%) 0.20**

Crystal 

(exp.)

- 2.32 - 2.17 - 0.15

*calculated on the  equilibrium geometry. **for the O polymorph the average between the 𝑇1

two values has been considered.

To compare with experimental phosphorescence energies, the geometry of the  state was 𝑇1

relaxed both in gas phase and in the presence of the charge distribution of the surrounding 

molecules. The phosphorescence energy, obtained as the energy of the  process calculated 𝑆0→𝑇1

at the  equilibrium geometry, amounts to 1.97 eV for the isolated molecule in gas phase, but is 𝑇1

markedly affected by the electrostatic field of the cluster. Again, the magnitude of the spectral shift 

depends on the packing: emission of Y is blue-shifted by ~0.2 eV compared to gas phase, while 

emission of O is slightly blue shifted by ~0.06 eV.
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Noticeably, the difference between the calculated emission energies of the two polymorphs 

amounts to 0.2 eV, in good agreement with the experimental value (0.15 eV), confirming that the 

electrostatic effects experienced in the crystal, which are dependent upon the molecular packing, 

are responsible for the different emission colors of the two polymorphs of 1. 

To check for the effect of the dimension chosen for the sample aggregate on the predicted 

properties, we also included more molecules in the mean-field calculations. Aggregates containing 

up to 333 molecules for Y and 280 molecules for O were considered (Figure S6). ESP charges, 

summarized in Table S6 and S7, are marginally affected by the size of the aggregate. As expected 

from the rapid decrease of electrostatic interactions over distance, the nearest-neighboring 

molecules are those giving the largest mean-field contributions. The phosphorescence energy of 

polymorph Y (Table S8) is independent of the dimension of the aggregate, while phosphorescence 

of O increases to ~2.1 eV from 36 to 150 molecules while is not affected by a further increase of 

the aggregate’s size, giving an estimated eV between the two polymorphs.Δ𝐸 ≈ 0.1 
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CONCLUSIONS

Polar and polarizable molecules are highly sensitive to the environment. In a crystal (or 

aggregate), each molecule modifies its charge distribution in response to the electric field 

generated by the neighboring molecules in a feedback mechanism that can affect the spectroscopy 

of the ensemble. These effects, also called mean-field effects, are a fundamental component of the 

collective and cooperative behavior of polar and polarizable chromophores, in addition to the well-

known excitonic coupling effects. Unlike excitonic effects, which are effective on absorption and 

fluorescence, electrostatic (mean-field) interactions are also of concern in phosphorescence, where 

the excitonic coupling, related to the interactions between transition dipole moments, is vanishing. 

These effects can be responsible for quite impressive modifications of the phosphorescence energy 

of crystals and aggregates, not only relative to the isolated (solvated) molecule, but also strongly 

dependent on molecular packing, leading to polymorphs with different emission colors.

Dinuclear Re(I) complex 1, showing two highly phosphorescent crystal polymorphs with 

different emission color, represents an instructive case study in this respect. (TD)DFT calculations 

run on a molecule experiencing, in a self-consistent way, the electrostatic field generated by the 
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charge distribution on surrounding molecules accurately account for the different emission 

energies of the two polymorphs, pointing out its mean-field origin. 

These findings are useful in a broader perspective. From the theoretical point of view, we 

demonstrated that the appropriate description of mean-field effects is crucial for the 

comprehensive understanding of cooperative effects in aggregates, in order to relate their 

supramolecular structure and their optical properties, demonstrating once again that the exciton 

model is not reliable for aggregates and crystals of polar and polarizable dyes.

Moreover, the observation of large effects of electrostatic intermolecular interactions on 

phosphorescence energies implies the possibility to exploit supramolecular and crystal engineering 

as a tool to tailor the emission properties of molecular materials made of polarizable dyes, and to 

obtain different luminescence colors from the same building blocks through the modification of 

their spatial arrangement. This strategy works not just in molecular crystals and films, but also in 

nanoparticles and multichromophoric systems. For this reason, CT phosphorescent dyes may 

attract further interest in the future, especially when combined with the possibility of switching 

between two or more (meta)stable phases through soft external perturbations, e.g. pressure or heat.

Page 23 of 35

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



24

ASSOCIATED CONTENT

Supporting Information. TDDFT data for 1 in acetonitrile (CAM-B3LYP) and in dichloromethane 

(M062X); energies of the relaxed triplet states; comparison between ground and excited state 

geometry; NTOs for the  transition; FMOs for the O polymorph; TDDFT data of the lowest-𝑆0→𝑇1

energy triplet transitions of Y and O; ESP atomic charges and emission energy of aggregates with 

a different number of molecules.  

AUTHOR INFORMATION

Corresponding Author

* francesca.terenziani@unipr.it

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval 

to the final version of the manuscript. 

Funding Sources

Page 24 of 35

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



25

This project received funding from the European Union Horizon 2020 research and innovation 

programme under Grant Agreement No. 812872 (TADFlife).

ACKNOWLEDGMENT

This project received funding from the European Union Horizon 2020 research and innovation 

programme under Grant Agreement No. 812872 (TADFlife) and benefited from the equipment 

and support of the COMP-HUB Initiative, funded by the “Departments of Excellence” program of 

the Italian Ministry for Education, University and Research (MIUR, 2018-2022), and from the 

HPC (High Performance Computing) facility of the University of Parma, Italy. We are grateful to 

Gabriele D’Avino for useful discussions.

REFERENCES

(1) Davidov, A. S. Theory of Molecular Excitons; Plenum Press: New York, 1971.

(2) Agranovich, V. M.; Galanin, M. V. Electronic Excitation Energy Transfer in Condensed 

Matter; North-Holland: Amsterdam, 1982.

(3) Spano, F. C. The Spectral Signatures of Frenkel Polarons in H- And J-Aggregates. Acc. 

Chem. Res. 2010, 43 (3), 429–439. 

(4) Hestand, N. J.; Spano, F. C. Expanded Theory of H- and J-Molecular Aggregates: The 

Page 25 of 35

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



26

Effects of Vibronic Coupling and Intermolecular Charge Transfer. Chem. Rev. 2018, 118, 

7069–7163. 

(5) Liess, A.; Lv, A.; Arjona-Esteban, A.; Bialas, D.; Krause, A. M.; Stepanenko, V.; Stolte, 

M.; Würthner, F. Exciton Coupling of Merocyanine Dyes from H- to J-Type in the Solid 

State by Crystal Engineering. Nano Lett. 2017, 17 (3), 1719–1726. 

(6) Bialas, D.; Zitzler-Kunkel, A.; Kirchner, E.; Schmidt, D.; Würthner, F. Structural and 

Quantum Chemical Analysis of Exciton Coupling in Homo-and Heteroaggregate Stacks of 

Merocyanines. Nat. Commun. 2016, 7, 12949. 

(7) Würthner, F. Dipole-Dipole Interaction Driven Self-Assembly of Merocyanine Dyes: From 

Dimers to Nanoscale Objects and Supramolecular Materials. Acc. Chem. Res. 2016, 49 (5), 

868–876. 

(8) Würthner, F.; Kaiser, T. E.; Saha-Möller, C. R. J-Aggregates: From Serendipitous 

Discovery to Supramolecular Engineering of Functional Dye Materials. Angew. Chemie - 

Int. Ed. 2011, 50 (15), 3376–3410. 

(9) Yagai, S.; Seki, T.; Karatsu, T.; Kitamura, A.; Würthner, F. Transformation from H- to J-

Aggregated Perylene Bisimide Dyes by Complexation with Cyanurates. Angew. Chemie - 

Page 26 of 35

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



27

Int. Ed. 2008, 47 (18), 3367–3371. 

(10) Kaiser, T. E.; Scheblykin, I. G.; Thomsson, D.; Würthner, F. Temperature-Dependent 

Exciton Dynamics in J-Aggregates-When Disorder Plays a Role. J. Phys. Chem. B 2009, 

113 (48), 15836–15842. 

(11) Knoester, J. Optical Properties of Molecular Aggregates. In Organic Nanostructures: 

Science and Applications; IOS Press: Amsterdam, 2002.

(12) Hestand, N. J.; Zheng, C.; Penmetcha, A. R.; Cona, B.; Cody, J. A.; Spano, F. C.; Collison, 

C. J. Confirmation of the Origins of Panchromatic Spectra in Squaraine Thin Films Targeted 

for Organic Photovoltaic Devices. J. Phys. Chem. C 2015, 119 (33), 18964–18974. 

(13) Zhong, C.; Bialas, D.; Spano, F. C. Unusual Non-Kasha Photophysical Behavior of 

Aggregates of Push-Pull Donor-Acceptor Chromophores. J. Phys. Chem. C 2020, 124 (3), 

2146–2159. 

(14) Chang, X.; Balooch Qarai, M.; Spano, F. C. HJ-Aggregates of Donor-Acceptor-Donor 

Oligomers and Polymers. J. Chem. Phys. 2021, 155 (3), 034905. 

(15) Bialas, D.; Kirchner, E.; Röhr, M. I. S.; Würthner, F. Perspectives in Dye Chemistry: A 

Rational Approach toward Functional Materials by Understanding the Aggregate State. J. 

Page 27 of 35

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



28

Am. Chem. Soc. 2021, 143 (12), 4500–4518. 

(16) Anzola, M.; Di Maiolo, F.; Painelli, A. Optical Spectra of Molecular Aggregates and 

Crystals: Testing Approximation Schemes. Phys. Chem. Chem. Phys. 2019, 21 (36), 

19816–19824. 

(17) Anzola, M.; Painelli, A. Aggregates of Polar Dyes: Beyond the Exciton Model. Phys. Chem. 

Chem. Phys. 2021, 23 (14), 8282–8291. 

(18) Terenziani, F.; Painelli, A. Supramolecular Interactions in Clusters of Polar and Polarizable 

Molecules. Phys. Rev. B 2003, 68 (16), 165405–165413. 

(19) Terenziani, F.; Painelli, A. Collective and Cooperative Phenomena in Molecular Materials: 

Dimers of Polar Chromophores. J. Lumin. 2005, 112 (1), 474–478. 

(20) Painelli, A.; Terenziani, F. Multielectron Transfer in Clusters of Polar-Polarizable 

Chromophores. J. Am. Chem. Soc. 2003, 125 (19), 5624–5625. 

(21) D’Avino, G.; Terenziani, F.; Painelli, A. Aggregates of Quadrupolar Dyes: Giant Two-

Photon Absorption from Biexciton States. J. Phys. Chem. B 2006, 110 (51), 25590–25592. 

(22) Sanyal, S.; Sissa, C.; Terenziani, F.; Pati, S. K.; Painelli, A. Superlinear Amplification of 

the First Hyperpolarizability of Linear Aggregates of Dans Molecules. Phys. Chem. Chem. 

Page 28 of 35

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



29

Phys. 2017, 19 (36), 24979–24984. 

(23) Terenziani, F.; D’Avino, G.; Painelli, A. Multichromophores for Nonlinear Optics: 

Designing the Material Properties by Electrostatic Interactions. ChemPhysChem 2007, 8 

(17), 2433–2444. 

(24) D’Avino, G.; Grisanti, L.; Guasch, J.; Ratera, I.; Veciana, J.; Painelli, A. Bistability in Fc-

PTM Crystals: The Role of Intermodular Electrostatic Interactions. J. Am. Chem. Soc. 

2008, 130 (36), 12064–12072. 

(25) Sanyal, S.; Painelli, A.; Pati, S. K.; Terenziani, F.; Sissa, C. Aggregates of Quadrupolar 

Dyes for Two-Photon Absorption: The Role of Intermolecular Interactions. Phys. Chem. 

Chem. Phys. 2016, 18 (40), 28198–28208. 

(26) Bardi, B.; Dall’Agnese, C.; Moineau-Chane Ching, K. I.; Painelli, A.; Terenziani, F. 

Spectroscopic Investigation and Theoretical Modeling of Benzothiadiazole-Based Charge-

Transfer Chromophores: From Solution to Nanoaggregates. J. Phys. Chem. C 2017, 121, 

17466–17478. 

(27) Quartapelle Procopio, E.; Mauro, M.; Panigati, M.; Donghi, D.; Mercandelli, P.; Sironi, A.; 

D’Alfonso, G.; De Cola, L. Highly Emitting Concomitant Polymorphic Crystals of a 

Page 29 of 35

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



30

Dinuclear Rhenium Complex. J. Am. Chem. Soc. 2010, 132 (41), 14397–14399. 

(28) Tavazzi, S.; Silvestri, L.; Spearman, P.; Borghesi, A.; Mercandelli, P.; Panigati, M.; 

D’Alfonso, G.; Sironi, A.; De Cola, L. Role of Molecular Packing on the Absorption 

Properties of the Two Polymorphs of [Re 2(μ-Cl) 2(CO)6(4,5-(Me 3Si) 2pyridazine)]. 

Cryst. Growth Des. 2012, 12 (2), 742–749. 

(29) Donghi, D.; D’Alfonso, G.; Mauro, M.; Panigati, M.; Mercandelli, P.; Sironi, A.; Mussini, 

P.; D’Alfonso, L. A New Class of Luminescent Tricarbonyl Rhenium(I) Complexes 

Containing Bridging 1,2-Diazine Ligands: Electrochemical, Photophysical, and 

Computational Characterization. Inorg. Chem. 2008, 47 (10), 4243–4255. 

(30) Mauro, M.; Procopio, E. Q.; Sun, Y.; Chien, C. H.; Donghi, D.; Panigati, M.; Mercandelli, 

P.; Mussini, P.; D’Alfonso, G.; De Cola, L. Highly Emitting Neutral Dinuclear Rhenium 

Complexes as Phosphorescent Dopants for Electroluminescent Devices. Adv. Funct. Mater. 

2009, 19 (16), 2607–2614. 

(31) Panigati, M.; Mauro, M.; Donghi, D.; Mercandelli, P.; Mussini, P.; De Cola, L.; D’Alfonso, 

G. Luminescent Dinuclear Rhenium(I) Complexes Containing Bridging 1,2-Diazine 

Ligands: Photophysical Properties and Application. Coord. Chem. Rev. 2012, 256 (15–16), 

Page 30 of 35

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



31

1621–1643. 

(32) Mauro, M.; Yang, C. H.; Shin, C. Y.; Panigati, M.; Chang, C. H.; D’Alfonso, G.; De Cola, 

L. Phosphorescent Organic Light-Emitting Diodes with Outstanding External Quantum 

Efficiency Using Dinuclear Rhenium Complexes as Dopants. Adv. Mater. 2012, 24 (15), 

2054–2058. 

(33) Palmioli, A.; Aliprandi, A.; Septiadi, D.; Mauro, M.; Bernardi, A.; De Cola, L.; Panigati, 

M. Glyco-Functionalized Dinuclear Rhenium(i) Complexes for Cell Imaging. Org. Biomol. 

Chem. 2017, 15 (7), 1686–1699. 

(34) Veronese, L.; Quartapelle Procopio, E.; Moehl, T.; Panigati, M.; Nonomura, K.; Hagfeldt, 

A. Triarylamine-Based Hydrido-Carboxylate Rhenium(i) Complexes as Photosensitizers 

for Dye-Sensitized Solar Cells. Phys. Chem. Chem. Phys. 2019, 21 (14), 7534–7543. 

(35) Hong, Y.; Lam, J. W. Y.; Tang, B. Z. Aggregation-Induced Emission: Phenomenon, 

Mechanism and Applications. Chem. Commun. 2009, 4332–4353. 

(36) Zhao, Z.; Chen, S.; Shen, X.; Mahtab, F.; Yu, Y.; Lu, P.; Lam, J. W. Y.; Kwok, H. S.; Tang, 

B. Z. Aggregation-Induced Emission, Self-Assembly, and Electroluminescence of 4,4′-

Bis(1,2,2-Triphenylvinyl)Biphenyl. Chem. Commun. 2010, 46 (5), 686–688. 

Page 31 of 35

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



32

(37) Tong, H.; Hong, Y.; Dong, Y.; Ren, Y.; Haussie, M.; Lam, J. W. Y.; Wong, K. S.; Tang, B. 

Z. Color-Tunable, Aggregation-Induced Emission of a Butterfly-Shaped Molecule 

Comprising a Pyran Skeleton and Two Cholesteryl Wings. J. Phys. Chem. B 2007, 111 (8), 

2000–2007. 

(38) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. 

R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; 

Marenich, A. V.; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; 

Ortiz, J. V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.; Lipparini, 

F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, 

V. G.; Gao, J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, 

R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; 

Throssell, K.; Montgomery, J. A., Jr. Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J. J.; 

Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.; Keith, T. A.; Kobayashi, R.; Normand, J. 

Raghavachari, K.; Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; 

Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin, R. L.; 

Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J. Gaussian 16, Revision B.01. 

Page 32 of 35

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



33

Gaussian, Inc., Wallingford CT 2016.

(39) Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals for Main Group 

Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited States, and 

Transition Elements: Two New Functionals and Systematic Testing of Four M06-Class 

Functionals and 12 Other Function. Theor. Chem. Acc. 2008, 120 (1–3), 215–241. 

(40) Yanai, T.; Tew, D. P.; Handy, N. C. A New Hybrid Exchange-Correlation Functional Using 

the Coulomb-Attenuating Method (CAM-B3LYP). Chem. Phys. Lett. 2004, 393, 51–57. 

(41) Andrae, D.; Häußermann, U.; Dolg, M.; Stoll, H.; Preuß, H. Energy-Adjusted Ab Initio 

Pseudopotentials for the Second and Third Row Transition Elements. Theor. Chim. Acta 

1990, 77 (2), 123–141. 

(42) Tomasi, J.; Mennucci, B.; Cammi, R. Quantum Mechanical Continuum Solvation Models. 

Chem. Rev. 2005, 8 (105), 2999–3094.

(43) Improta, R.; Scalmani, G.; Frisch, M. J.; Barone, V. Toward Effective and Reliable 

Fluorescence Energies in Solution by a New State Specific Polarizable Continuum Model 

Time Dependent Density Functional Theory Approach. J. Chem. Phys. 2007, 127, 074504. 

(44) Hirata, S.; Head-Gordon, M. Time-Dependent Density Functional Theory within the 

Page 33 of 35

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



34

Tamm–Dancoff Approximation. Chem Phys Lett 1999, 314 (3), 291–299.

(45) Singh, U. C.; Kollman, P. A. An Approach to Computing Electrostatic Charges for 

Molecules. J. Comput. Chem. 1984, 5 (2), 129–145. 

(46) Besler, B. H.; Merz, K. M.; Kollman, P. A. Atomic Charges Derived from Semiempirical 

Methods. J. Comput. Chem. 1990, 11 (4), 431–439. 

(47) Martin, R. L. Natural Transition Orbitals. J Chem Phys 2003, 118 (11), 4775–4777. 

Page 34 of 35

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



35

For table of contents only

Page 35 of 35

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


