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Abstract: Manipulating the electronic structure of organic functional materials by through-space

conjugation (TSC) to achieve high photophysical performances has been a longstanding research

focus. Although the working mechanisms of TSC have been demonstrated, the fundamental roles

of the intrinsic molecular skeleton and extrinsic aggregates remain unclear. Herein, four

trinaphthylmethanol (TNMOH) isomers and four trinaphthylmethane (TNM) isomers with varying

connecting sites of naphthalene were synthesized, and their photophysical properties were

systematically investigated. The strength of TSC gradually enhanced from 222-TNM to 111-TNM

with the increased number of 1-naphthalene units, resulting in long-wavelength

clusteroluminescence with an absolute quantum yield of 57% of 111-TNM. Experimental and

theoretical results revealed that the inherent attribute of robust intramolecular interactions within

individual molecules is fundamental for ultra-strong TSC, and intermolecular interactions play an

auxiliary role in fortifying and stabilizing intramolecular interactions. This work demonstrates the

intrinsic and extrinsic factors of manipulating TSC and provides a reliable strategy for

constructing nonconjugated luminogens with efficient clusteroluminescence.
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Introduction
The electronic structure of matter has a profound impact on its properties.1-3 For example,

electronic-structure modifications can significantly influence various characteristics, such as

catalytic activity,4 conductivity,5 optical properties,6,7 and reaction reactivity.8 Therefore,

manipulating the electronic structure of materials to achieve high performance has been a

longstanding research focus. Generally, the prerequisite for controlling the electronic structure lies

in the ability of electrons to undergo delocalization within the molecular framework.9,10 This

delocalization can be achieved through two main approaches: through-bond conjugation (TBC)

and through-space conjugation (TSC).11-13 During the past several decades, TBC-based theories

have been applied successfully to regulate the electronic structure of traditionally conjugated

molecules, leading to the superior performance of many organic functional materials.14-16 However,

the specific processes and mechanisms by which TSC influences the electronic structure and

subsequently affects material properties remain elusive.

Usually, extended conjugation of organic molecules is the cornerstone to achieve efficient

luminescence with visible or near-infrared emission. Nevertheless, some natural nonconjugated

materials without aromatic rings or large π-conjugated structures, such as starch, cellulose, and

peptides, can also emit visible light.17-20 These materials do not exhibit luminescence in the

isolated state but display intriguingly visible light known as clusteroluminescence (CL) in the

aggregate state.19,21,22 Previous reports have suggested the significant role of TSC in promoting

CL,23-26 but there is still a lack of in-depth and systematic research on the relationship among

electronic structure, aggregate structure, and properties based on TSC, presenting challenges in the

precise control of emission color and efficiency of materials with CL property. Fortunately,

multiaryl-substituted alkanes (MAAs) with well-defined structural conformation and high purity

compared to polymers offer an excellent platform for studying TSC.27 Previous studies have

already reported the structure-property relationship of TSC in some MAAs, such as

diphenylmethane,28 triphenylmethane,25 and tetraphenylethane.24 However, the efficiency of TSC

in these systems is still low and shows unstable characteristics, exhibiting difficulties in promoting

ultra-strong TSC. Specifically, it has been reported that the flexibility of aggregate exerted a

significant influence on TSC, but the mechanisms and contributions from intrinsic and extrinsic

factors were ambiguous.29-31 Therefore, in-depth research on regulating the rigidity and flexibility

of aggregate to achieve ultra-strong TSC and investigating the underlying reasons behind them are

essential.

In this work, four trinaphthylmethanol (TNMOH) isomers and four trinaphthylmethane

(TNM) isomers have been successfully synthesized and satisfactorily characterized (Fig. 1 and

Supplementary Figs. S1-20), and their photophysical properties were systematically studied. They

all show typical intrinsic short-wavelength emission from naphthalene in dilute solution and

another long-wavelength emission from TSC in the aggregate state. Compared to TNMOH

isomers, TNM isomers exhibit stronger TSC which is further strengthened from 222-TNM to

https://doi.org/10.26434/chemrxiv-2023-pj5cn ORCID: https://orcid.org/0009-0009-3422-556X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-pj5cn
https://orcid.org/0009-0009-3422-556X
https://creativecommons.org/licenses/by-nc-nd/4.0/


111-TNM with the increased number of 1-naphthalene units. Remarkably, solid-state 111-TNM

displays ultra-stable and highly efficient TSC, resulting in the TSC-dominant emission with an

absolute luminescence quantum yield (Φsolid) of 57%. Experimental results and theoretical

calculations demonstrate that 111-TNM displays maximum rigidity of intrinsic molecular skeleton

but the highest degree of flexibility of aggregate due to weak intermolecular interactions. This

result suggests that strong intramolecular interactions predominantly account for the ultra-strong

TSC behavior. In addition, the flexibility of aggregate is governed by intermolecular interactions,

rather than the intrinsic characteristics of individual molecule. This work not only leads to a

deeper understanding of the properties of aggregate but also provides a reliable strategy for

constructing ultra-strong TSC materials.

Fig. 1 Synthesis and single-crystal structures of TNMOH and TNM isomers. a) Synthesis

procedures, reagents, and conditions: (i) n-BuLi, THF, -78℃ to room temperature (rt); (ii) InCl3,

HSiClMe2, CH2Cl2, rt, 15 min. Chemical structures and single-crystal structures of b) TNMOH

isomers and c) TNM isomers.

Results
Photophysical properties of TNMOH. The photophysical properties of four TNMOH isomers

with three isolated naphthyl rings were first studied. All four isomers exhibit typical absorption

peaks from naphthyl rings located at about 280 nm in pure acetonitrile (ACN) solution

(Supplementary Fig. S21). Adding water to the solution causes the formation of aggregates,

resulting in a slight redshift of absorption. Subsequently, the photoluminescence (PL) performance

of TNMOH isomers in ACN/water mixtures was investigated. 222-TNMOH only exhibits an

emission peak at 339 nm in pure ACN solution, corresponding to the intrinsic emission from the

naphthalene ring (Fig. 2a).32 Its intensity gradually increases with the increased water fraction (fw),

which reaches its maximum at fw = 70% due to the enhanced polarity of the solution.24,33 Further

increasing fw leads to the formation of aggregates, resulting in a decrease of the original peak at

339 nm and the appearance of a broad peak at 400 nm. According to previous work, this emerging

new long-wavelength emission can be attributed to the formation of intramolecular weak TSC
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among isolated naphthalene rings.24,25 The other three TNMOH isomers display similar properties

to 222-TNMOH (Fig. 2b-d). Interestingly, a linear relationship between relative PL intensity (I/I0)

and fw is observed before the formation of aggregates (Fig. 2e), which indicates that the increase in

solvent polarity is directly proportional to the enhancement of fluorescence intensity.34

Furthermore, in this stage (before the formation of aggregates), the rate of PL intensity

enhancement follows the order of 222-TNMOH > 122-TNMOH > 112-TNMOH > 111-TNMOH.

It is speculated that the flexible conformation of 222-TNMOH has the strongest interaction with

the solvent molecules, while the most crowded structure of 111-TNMOH shows the weakest

interaction with its surrounding solvent molecules, resulting in their different responsiveness to

solvent polarity. In the solid state, all TNMOH isomers exhibit a distinct emission peak with a

board shoulder around 331-520 nm (Fig. 2f), which corresponds to the emission from the

naphthalene ring and a subtle presence of TSC formed among isolated naphthalene rings. However,

it is noteworthy that the formed TSC is comparatively weak in both aggregate and solid states, so

no pronounced emission peak from TSC is observed.

Fig. 2 Photophysical properties of TNMOH isomers. Photoluminescence (PL) spectra of a)

222-TNMOH, b) 122-TNMOH, c) 112-TNMOH, and d) 111-TNMOH in ACN/water mixtures

with different water fractions (fw). Concentration = 10 μM. e) Plots of relative PL intensity (I/I0)

versus different fw at the emission wavelength of 339 nm. I0 = PL intensity at fw = 0%. f) PL

spectra of TNMOH isomers in the solid state.

Photophysical properties of TNM. Similar to TNMOH isomers, all four TNM isomers display

the typical absorption peaks from three isolated naphthyl rings at around 280 nm (Fig. 3a-d and

Supplementary Fig. 21). In pure ACN solution, they all exhibit an emission peak solely at 339 nm
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(Fig. 3e-h). With the increased fw in ACN/water mixtures, the PL intensity of the intrinsic peak

gradually enhances, reaching its maximum at fw = 60%. However, after the formation of

aggregates at fw  70%, their PL properties are different from TNMOH isomers and could be

divided into two types: (i) For 222-TNM and 122-TNM, a weak shoulder peak extending to 500

nm is observed, indicating the presence of weak and unstable TSC according to previous report

(Fig. 3e-f).25 (ii) Conversely, 112-TNM and 111-TNM show a strong and broad emission peak

within the visible-light range (Fig. 3g-h). At fw = 90%, the peak intensity of 112-TNM at 384 nm

is 25 times higher than that in pure ACN solution (Fig. 3k), and the peak intensity of 111-TNM at

395 nm reaches 41 times higher (Fig. 3l). These results indicate that aggregates of 112-TNM and

111-TNM are able to produce ultra-strong TSC. Meanwhile, it is noteworthy that the

aggregation-induced TSC emission in 112-TNM and 111-TNM is different from the reported

excimer emission (broad peak) in π-conjugated planar chromophores. These TSC emission peaks

exhibit fine structures, suggesting stronger interaction of intramolecular TSC than the general

intermolecular π-π interaction.

The different strengths of TSC of these four TNM isomers inspired us to explore the PL

properties of their solid-state samples. Interestingly, only the intrinsic emission peak at 339 nm

from the naphthalene moiety is observed in 222-TNM, and no long-wavelength peak is detected

(Fig. 3m). For 122-TNM, a long-wavelength peak appears at 375 nm, but its intensity is weaker

than the intrinsic peak at 343 nm (Fig. 3n). However, the long-wavelength emission becomes

dominant in 112-TNM and 111-TNM, which located at 380 nm and 393 nm with deep purple color,

respectively (Fig. 3o-p and Supplementary Figs. S24-25). Notably, the emission peak of TSC is

significantly stronger than that of the intrinsic peak at 340 nm from the naphthalene moiety. These

findings indicate that the strength of TSC is gradually enhanced with the increasing number of

1-naphthalene units, and 111-TNM reaches the maximum, demonstrating the crucial role of

1-naphthalene in generating intramolecular TSC.

To verify the fundamental feature and modulation of TSC, different experimental conditions

were further implemented. First, increasing the concentration of mixtures can significantly

promote the formation of aggregates for all TNM isomers. As expected, the long-wavelength

emission from TSC is also enhanced (Supplementary Figs. S26-29). Significantly, the intensity

ratio of the maximum TSC peak to the maximum intrinsic emission from naphthalene is gradually

increased with the increase of concentration. For example, in 111-TNM, these two peaks almost

have the same intensity at c = 100 μM (Supplementary Figs. S29). On the other hand, reducing the

polarity of the favorable solvent notably diminishes the stability of TSC (Supplementary Figs.

S30-33). For instance, 111-TNM only displays the long-wavelength emission in THF/water

mixtures with fw = 90%. These results suggest that high concentration and increased polarity of the

favorable solvent facilitate the formation of aggregates, leading to restricted intramolecular

motions and the establishment of stable TSC. As a comparison, increasing the concentration of

111-TNMOH fails to induce strong TSC (Supplementary Fig. S34). Thereby, it is believed that the
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presence of robust TSC in the aggregate state is the inherent property of molecule, while external

conditions also play an essential role in adjusting its strength.

Fig. 3 Photophysical properties of TNM isomers. Absorption spectra of a) 222-TNM, b)

122-TNM, c) 112-TNM, and d) 111-TNM in ACN/water mixtures with different water fractions

(fw). Concentration (c) = 10 μM. Photoluminescence (PL) spectra of e) 222-TNM, f) 122-TNM, g)

112-TNM, and h) 111-TNM in ACN/water mixtures with different fw, c = 10 μM. i-l) Plots of

relative PL intensity (I/I0) of different maximum emission wavelengths versus different fw. Inset:

fluorescent photo of TNM isomers in ACN/water mixtures taken under the illumination of a 254

nm UV lamp. PL spectra of solid-state m) 222-TNM, n) 122-TNM, o) 112-TNM, and p) 111-TNM

under different excitation wavelengths.
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Comparison of photophysical properties between TNMOH and TNM isomers. The

photophysical properties of TNMOH and TNM isomers were systematically summarized in Table

1. The absorption wavelengths of each pair of TNMOH and TNM are almost the same. For

example, 222-TNMOH with λabs of 277/283 nm exhibited a high degree of consistency with those

of 222-TNM with λabs of 277/282 nm. The result indicates that the introduction of a hydroxyl

group to TNM minimally affects their ground-state properties. However, their excited-state

properties of luminescence are different. Although they all show the intrinsic emission from the

naphthalene unit at 339 nm in pure ACN solution, the long-wavelength emission from ultra-strong

TSC is observed at 384 nm and 395 nm in the aggregate state of 112-TNM and 111-TNM,

respectively. In contrast, such emission is absent in 112-TNMOH and 111-TNMOH. Especially,

the emission from TSC is more obvious in the solid-state TNM isomers (except 222-TNM) but

totally disappears in the TNMOH counterparts. This observation clearly suggests that the presence

of a hydroxyl group would destroy TSC, thereby influencing the PL properties of these molecules.

Table 1. Photophysical properties of TNMOH and TNM isomers

λabs, solution: maximum absorption wavelength in ACN/water mixtures, λex: excitation wavelength in

ACN/water mixtures (Supplementary Fig. S22-23), λem, solution: maximum emission wavelength in

ACN/water mixtures, λem, solid: maximum emission wavelength in the solid state, fw: water fraction

of ACN/water mixtures, αAIE: relative PL intensity (I90/I0) at λem = 384 nm or 395 nm, I0: PL

intensity at fw = 0%, I90: PL intensity at fw = 90%, Φsolid: absolute luminescence quantum yield in

the solid state, τsolid: emission lifetime in the solid state.

The solid-state absolute luminescence quantum yields (Φsolid) of 122-TNM (61%), 112-TNM

(68%), and 111-TNM (57%) are significantly higher than 222-TNM (10%), which can be

attributed to the enhanced stability of TSC resulting from the increased number of 1-naphthalene

units. In contrast, the Φsolid of 222-TNMOH (20%), 122-TNMOH (<1%), 112-TNMOH (10%),

and 111-TNMOH (8%) are markedly low. This disparity may be attributed to the involvement of n

electrons in the oxygen atom of the hydroxyl group, leading to the theoretically forbidden (n, π*)

transition with small oscillator strength. The time-solved decay of both TNMOH and TNM

isomers revealed that all emission exhibit fluorescent characteristics (Supplementary Figs.
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S35-36). Notably, the lifetimes of the long-wavelength emission from TSC consistently surpass

the short-wavelength emission, indicating another relaxing process of excitons to the stable state

of TSC.

Single-molecule and crystalline analysis of TNM isomers. To illustrate the underlying

difference among TNM isomers and the remarkably strong TSC of 112-TNM and 111-TNM,

theoretical calculations based on single-molecule and crystalline models were performed using the

time-dependent density functional theory (TD-DFT) method. Root-mean-square deviation

(RMSD), referring to the atomic positional changes between the optimized ground and excited

states, was first utilized to evaluate the intrinsic rigidity of these compounds. As expected,

222-TNM exhibits flexible conformation and pronounced molecular motion with a large RMSD

value of 1.3362 Å (Fig. 4a) in the single-molecule state. Compared to 222-TNM, due to the

introduction of 1-naphthalene units, both 122-TNM (0.4823 Å) and 112-TNM (0.5469 Å) display

restricted intramolecular motion with reduced RMSD values. Moreover, 111-TNM exhibits an

extremely small RMSD value of 0.1909 Å, indicating the highest rigidity of molecular skeleton

among the four TNM isomers. In addition, reorganization energy (λ), serving as a quantitative

indicator of the inherent geometric alteration upon photoexcitation, can also reflect contributions

of intramolecular motions to nonradiative decay.35,36 As expected, the total λ of 222-TNM is

determined to be 6879 cm-1 with 63.36% from twisting motions of dihedral angle (Fig. 4b). In

contrast, 111-TNM exhibits the smallest λ (2176 cm-1) and the smallest proportion from motions

of dihedral angle (10.58%), supporting its rigid skeleton. Therefore, both RMSD and

reorganization analysis demonstrate the order of intrinsic rigidity of these four TNM isomers as

222-TNM < 112-TNM < 122-TNM < 111-TNM.

Since TSC was closely related to the aggregate state, the crystalline phase of TNM isomers

was subsequently examined. In the crystal structure of 222-TNM, an intriguing phenomenon is

observed that two 222-TNM molecules bound together, forming an interlocked structure with

three arms (Fig. 4c). Each naphthalene ring is almost perpendicular to an adjacent naphthalene of

the other molecule. The distances of d1 (2.645 Å) and d2 (2.776 Å) indicate the presence of strong

CH   π interactions. These interactions are also clearly visualized from the Hirshfeld surface,

where six red spots highlighted interactions between the two 222-TNM molecules (Fig. 4d).37,38

However, the distances between the other three molecules (d3-d11) and their corresponding

Hirshfeld surfaces indicate that their crystal packings are not as tight as 222-TNM. In particular,

only one strong interaction of 111-TNM with its surrounding another molecule is observed

(Supplementary Figs. S37-40). In addition, analysis of reorganization energy in the crystalline

phase supports the above results. For example, the total λ of 222-TNM decreases from 6879 cm-1

in the gas phase to 1821 cm-1 in the crystalline phase, while 111-TNM shows the smallest decrease

from 2176 cm-1 to 2076 cm-1. This substantial decrease indicates that the intermolecular

interactions strongly restrict the molecular motions of 222-TNM in the aggregate state, whereas

the motions of 111-TNM are less constrained. Besides, 122-TNM (from 2341 cm-1 to 1958 cm-1)
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and 112-TNM (from 3114 cm-1 to 2024 cm-1) exhibit a moderate λ decrease from gas phase to

crystalline phase. Therefore, the order of flexibility induced by intermolecular interactions in the

aggregate state can be summarized as follows: 222-TNM  122-TNM  112-TNM  111-TNM.

Combining single-molecule and crystalline analysis of TNM isomers, 222-TNM exhibits the

highest flexibility of the single-molecule skeleton but the highest rigidity of aggregate. On the

contrary, 111-TNM shows the most rigid skeleton but the most flexible of aggregate due to weak

intermolecular interactions. The above results suggest the independence of intrinsic rigidity of

molecular skeleton and flexibility of aggregate.

Fig. 4 Gas and crystalline phase analysis of TNM isomers. a) Overlaps of the optimized

ground-state (blue color) and excited-state (red color) geometries of TNM isomers in the gas

phase. The root-mean-square deviation (RMSD) of atomic positions was calculated to evaluate the

strength of intramolecular motions in two different states. b) Plots of reorganization energy versus
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normal mode wavenumber of TNM isomers in the gas phase. Inset: Proportions of bond length,

bond angle, and dihedral angle contributed to total reorganization energy. c) Typical dimers of

TNM isomers from their corresponding crystal-packing structures. d) Hirshfeld surfaces (mapped

over dnorm) of TNM isomers. e) Plots of reorganization energy versus normal mode wavenumber of

TNM isomers in the crystalline phase. Inset: Proportions of bond length, bond angle, and dihedral

angle contributed to total reorganization energy.

Intramolecular interactions analysis of TNM isomers. Theoretically, the ultra-strong TSC can

stem from intermolecular interactions, intramolecular interactions, or a combination of both. As

discussed above, weak intermolecular interactions of 111-TNM indicate that its ultra-strong TSC

should be attributed to intramolecular interactions rather than intermolecular ones. To prove this

speculation, the temperature-dependent PL spectra of 111-TNM in dilute solutions were

investigated, which could rule out the influence of intermolecular interactions.41 As shown in Fig.

S45a, 111-TNM only shows an intrinsic naphthalene emission at room temperature, however, a

long-wavelength emission peak resulting from TSC emerged upon reducing the temperature

(Supplementary Fig. S45). The theoretical calculation on the intermolecular interactions and

temperature-dependent PL spectra indicate that the TSC of TNM is an intrinsic characteristic

originating from intramolecular interactions among isolated naphthalene rings.

Therefore, intramolecular interactions of TNM isomers were further explored. Through-space

intramolecular interactions could be identified if the distances between atoms separated by more

than three bonds are shorter than the sum of van der Waals radii.39,40 Accordingly, two types of

intramolecular interactions are distinguished from this system, including hydron-involved

interactions (HII) and carbon-carbon interactions (CCI). Generally, the larger number of HII and

CCI correspond to the stronger intramolecular rigidification and TSC, respectively. The results

show that these intramolecular interactions are gradually strengthened from 222-TNM to

111-TNM with the increased number of 1-naphthalene units. For example, 222-TNM, 122-TNM,

112-TNM and 111-TNM show 3, 8, 12 and 16 pairs of HII. The larger paris of CCI in 112-TNM

and 111-TNM than that of 222-TNM and 122-TNM also proves the stronger TSC in 112-TNM

and 111-TNM (Fig. 5a).

The role of intermolecular interactions at aggregate state for strong TSC was further

considered. According to the core mechanism of aggregation-induced emission phenomenon,

vigorous molecular motions within dilute solutions result in the instability of intramolecular

interactions, which destroy TSC and quench emission. The establishment of stable intramolecular

interactions and TSC requires external forces. Therefore, both the formation of aggregates and the

decrease in temperature can restrict the motions of individual molecule, leading to stable

intramolecular interactions and strong TSC. Based on this conclusion, it can be inferred that stable

intramolecular interactions in room-temperature dilute solutions may be achieved by introducing

stronger steric hindrance to individual molecule, which is the focus of our future endeavors.
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Fig. 5 Intramolecular interactions of TNM isomers. a) Intramolecular interactions of TNM

isomers in the crystalline phase. nHII: number of intramolecular hydron-involved interactions. nCCI:

number of intramolecular carbon-carbon interactions. b) Frontier molecular orbitals of TNM

isomers based on the optimized excited-state geometries in crystalline phase calculated by

TD-DFT method at the B3LYP-D3/6-31G(d,p) level, Gaussian 09 program. c) Schematic plot of

the relationship between intramolecular and intermolecular interactions and the strength of TSC. d)

Schematic plot of the relationship between the aggregate flexibility and CL intensity of TNM

isomers. Inset: fluorescent photos of TNM isomers in the solid state captured under a 254 nm UV

lamp.
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Moreover, the frontier molecular orbitals and energy gap based on the optimized excited-state

geometries of TNM isomers in the crystalline phase were calculated (Fig. 5b, Supplementary Fig.

S46-48). It is obvious that electrons can delocalize between three isolated naphthalene rings,

suggesting the feature of TSC. Besides, the calculated energy gaps gradually decrease from 4.33

eV of 222-TNM to 4.19 eV of 111-TNM, closely correlated with the enhancement of TSC and

redshift of corresponding emission. According to the above results, a schematic diagram for TSC

of TNM isomer could be summarized (Fig. 5c). From 222-TNM, 122TNM to 112-TNM and

111-TNM with the increased number of 1-naphthalene units, there is a notable decrease in strength

of intermolecular interactions accompanied by a significant increase in strength of intramolecular

interactions. This progressive shift results in the gradual stabilized and amplified TSC, as

evidenced by the increased efficiency and intensity of visible emission from TSC (Fig. 5d). These

findings clearly confirm that the ultra-strong TSC originates primarily from the strengthening of

intramolecular interactions, while intermolecular interactions play a vital role in stabilizing

intramolecular interactions.

Conclusions
In this work, four TNMOH isomers and four TNM isomers with nonconjugated naphthalene rings

were synthesized to thoroughly investigate the modulation of TSC. They all show intrinsic

emission from naphthalene in dilute solution, but their photophysical properties in the aggregate

state are different. Although TNMOH isomers exhibit weak TSC due to introducing a hydroxyl

group, TNM isomers show ultra-strong TSC with efficiency CL. Significantly, the strength of TSC

gradually enhanced from 222-TNM to 111-TNM with the increased number of 1-naphthalene

units, promoting the TSC-dominant emission of 111-TNM with an impressive quantum efficiency

of 57% in the solid state. Experimental investigations and theoretical calculations elucidate that

the inherent attribute of robust intramolecular interactions within individual molecule is

fundamental for ultra-stable TSC, and intermolecular interactions play an auxiliary role in

fortifying and stabilizing intramolecular interactions. This work not only unveils the intrinsic and

extrinsic parts of manipulating TSC, but also provides a novel strategy for achieving ultra-stable

TSC and highly efficient CL. The mechanistic investigation may further help understand the

processes and mechanisms of modulating electronic structure and photophysical properties.
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