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an AIE compound, although no dynamic characterization was 

provided.20 The structural similarity of 1 with compound 4 

(carbazole-phenylene-carbazole), which has very low solid-

state emission and no intramolecular rotation,21 motivated the 

development of the new compounds described here as an 

attempt to find how to balance these properties. 

In this work, we changed the rigid carbazole moiety for 

tetrahydrocarbazole (TCz), a flexible framework where one of 

the fused rings is now aliphatic. Such modification is included to 

increase the degrees of freedom in the solid-state in these 

molecules, changing the resulting motion and emissive 

properties. Therefore, we report here the synthesis, 

characterization, and solid-state dynamics of compound 2 with 

two TCz components, and compound 3 with one TCz and one 

carbazole framework surrounding a central phenylene (Figure 

1).

Compounds 2 and 3 produce isomorphous fluorescent crystals, 

with comparable good quantum yields 2 (� = 0.35) and 3 (� = 

0.33). Variable temperature solid-state NMR 13C CPMAS 

corroborates the flexibility of the TCz components. 

Interestingly, these degrees of freedom of the framework allow 

the motion of the central phenylene at room temperature, as 

confirmed by variable-temperature solid-state 2H NMR 

experiments using isotopically enriched analogues. Density 

functional theory (DFT) computations further studied the 

complex internal motion. Our findings indicate that solid-state 

emission and internal motion can coexist in the solid-state in 

these heterocyclic structures. 

Experimental  
Materials and methods

All reagents were purchased from Sigma-Aldrich and used as 

received. THF was dried before use by distillation over 

Na/benzophenone. Flash column chromatography was 

performed using silica gel Aldrich 230-400 mesh. Reactions 

were monitored by TLC on silica gel plates 60 F254 (Merck) and 

spots were detected by UV-absorption. 1H and 13C NMR spectra 

of all compounds were recorded at ambient temperature using 

Bruker Fourier300 and Jeol Eclipse 300, and they are referenced 

to CDCl3 (7.26 ppm, 77.0 ppm), as indicated. The FT-IR spectral 

data were recorded with Bruker ATR in the 450-4000 cm-1 

range. Melting points were determined by Differential Scanning 

Calorimetry. HRMS were obtained by Direct Analysis in Real 

Time (DART) in AccuTOF, JMS-T100LC. A detailed description of 

the general methods can be seen in the ESI.

Synthesis and characterization

Compound 1-d4. 0.400 g (1 eq, 1.20 mmol) of 1,4-

diiodobenzene-d4, 0.420 g (3 eq, 4.80 mmol) of indole, 0.023 g 

(0.1 eq, 0.12 mmol) of CuI, 0.016 g (0.05 eq, 0.06 mmol) of 18-

crown-6 and 0.410 g (2.5 eq, 3 mmol) of K2CO3 were placed in a 

two-neck round bottom flask with 3 mL of DMPU. The reaction 

mixture was deoxygenated with N2 and heated to 140 °C for 12 

h. The crude of the reaction was poured into saturated NH4Cl 

solution and the solid was filtered, dried, and purified by 

column chromatography using hexane/DCM (95:5) as eluent to 

give the product as a white solid (0.190 g, yield 52%, m.p. 295.4 

°C determined by DSC). 1H NMR (300 MHz, CDCl3) �: 7.77 (d, J=8 

Hz, 2H), 7.68 (d, J=8 Hz, 2H), 7.43 (d, J=3 Hz, 2H), 7.23-7.75 (m, 

4H), 6.78 (d, J=3 Hz, 2H). 13C NMR (75 MHz, CDCl3) �: 137.8, 

135.9, 129.4, 127.9, 125.0, 122.7, 121.3, 120.6, 110.4, 104.1. FT-

IR (ATR, cm-1) 6= 3055.4, 1515.4, 1466.1, 1203.5, 741.8, 714.1. 

HRMS (DART) C22H13D4N2 m/z calc= 313.16373, 

found=313.16263 diff. (ppm)= 3.51. 

Compound 2. 0.400 g (1 eq, 1.21 mmol) of 1,4-diiodobenzene, 

0.620 g (3 eq, 3.63 mmol) of 1,2,3,4-tetrahydrocarbazole, 0.023 

g (0.1 eq, 0.12 mmol) of CuI, 0.013 g (0.05 eq, 0.06 mmol) of 18-

crown-6 and 0.500 g (3 eq, 3.63 mmol) of K2CO3 were placed in 

a two-neck round bottom flask with 3 mL of DMPU. The reaction 

mixture was deoxygenated with a flux of N2 and heated to 160 

°C for 24 h. After the reaction time, the crude of the reaction 

was cooled to room temperature and poured into a saturated 

solution of NH4Cl. The solid obtained was filtered, dried and 

purified by column chromatography using Hexane/DCM (97:3) 

to obtain the product as a white solid (0.300 g, yield 60%, m.p. 

300.8 °C determined by DSC). 1H NMR (400 MHz, CDCl3) �: 7.58-

7.56 (m, 2H), 7.52 (s, 4H), 7.37-7.35 (m, 2H), 7.19-7.17 (m, 4H), 

2.85 (s, 4H), 2.72 (s,4H), 1.96 (s, 8H). 13C NMR (100 MHz, CDCl3) 

�: 137.1, 136.6, 135.7, 127.9, 127.8, 121.5, 119.8, 117.9, 111.4, 

109.8, 23.4, 23.1, 21.1. FT-IR (ATR, cm-1) 6= 3043.2, 2918.8, 

2832.5, 1513.8, 1456.5, 1370.7, 1230.4, 826.8, 740.5. HRMS 

(DART) C30H29N2 m/z calc= 417.23307, found=417.23336 diff. 

(ppm)= 0.70. 

Compound 2-d4. The same procedure for 2 was followed with 

the next quantities: 0.300 g (1 eq, 0.89 mmol) of 1,4-

diiodobenzene-d4, 0.460 g (3 eq, 2.69 mmol) of 1,2,3,4-

tetrahydrocarbazole, 0.017 g (0.1 eq, 0.09 mmol) of CuI, 0.012 

g (0.05 eq, 0.04 mmol) of 18-crown-6 and 0.370 g (3 eq, 3.63 

mmol) of K2CO3. White solid (0.21 g, yield 56%). 1H NMR (400 

MHz, CDCl3) �: 7.67-7.65 (m, 2H), 7.46-7.43 (m, 2H), 7.27-7.25 

(m, 4H), 2.93 (s, 4H), 2.79 (s,4H), 2.04 (s, 8H). 13C NMR (100 MHz, 

CDCl3) �: 137.2, 136.5, 135.8, 128.0, 127.5, 121.6, 119.9, 118.0, 

111.5, 109.9, 23.5, 23.2, 21.2. FT-IR (ATR, cm-1) 6= 3042.2, 

2919.7, 2834.4, 1461.3, 1301.3, 1228.5, 739.1, 726.1, 447.9. 

HRMS (DART) C30H25D4N2 m/z calc= 421.25818, 

found=421.25786 diff. (ppm)= 0.77.

Compound 3. 0.400 g (1 eq, 1.08 mmol) of N-(4-

Iodophenyl)carbazole, 0.370 g (2 eq, 2.16 mmol) of 1,2,3,4-

tetrahydrocarbazole, 0.020 g (0.1 eq, 0.10 mmol) of CuI, 0.014 

g (0.05 eq, 0.05 mmol) of 18-crown-6 and 0.220 g (1.5 eq, 1.62 

mmol) of K2CO3 were placed in a two-neck round bottom flask 

with 3 mL of DMPU. The reaction mixture was deoxygenated 

with N2 and heated to 160 °C for 15 h. The crude of the reaction 

was poured into saturated NH4Cl solution and the crashing solid 

was filtered, dried and purified by column chromatography 

using Hexane/DCM (95:5) as eluent to give the product as a 

white solid (0.280 g, yield 64%, m.p. 295.4 °C determined by 

DSC). 1H NMR (400 MHz, CDCl3) �: 8.22 (d, J=8 Hz, 2H), 7.75 (d, 

J=8 Hz, 2H), 7.64 (d, J=8 Hz, 3H), 7.57 (d, J=8 Hz, 2H), 7.50 (t, 2H), 

7.46-7.44 (m, 1H), 7.37 (t, 2H), 7.23-7.22 (m, 2H), 2.86 (s, 2H), 

2.76 (s, 2H), 1.98 (s, 4H). 13C NMR (100 MHz, CDCl3) �: 140.8, 

137.2, 137.0, 136.3, 135.8, 128.4, 128.0, 127.8, 126.1, 123.5, 
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Table 2. Photophysical data for compounds 1-4 in THF solution (anaphthalene and 

bphenantrene were used as a standard to determine the quantum yields) and in the solid-

state.cTaken from ref. 21

After establishing the behavior of 2 and 3 in solution and as 

aggregates, the fluorescence in the solid-state was determined. 

It is important to note that the reported fluorophores 1 and 4 

have poor solid-state emission, as indicated by their reported 

quantum yields %F = 0.04 and 0.09, respectively.21 In the case of 

1, this was ascribed to the restriction of the phenylene 

rotations, although no evidence of this lack of motion was 

provided. On the contrary, the dynamic characterization of 

compound 4 was already reported, but no motion of the 

phenylene was observed; thus, another nonradiative relaxation 

channels take place in the latter and quench the emission. 

200 (m

200 (m

f)

100 (m

100 (m

e)

a) b)

c) d)

Figure 4. Photographs of single-crystals using confocal microscopy under white light and 

UV light for compounds 2 (a, c) and 3 (b,d). Comparative normalized absorbance spectra 

(e) and emission experiments in solid-state (f) for compounds 2 and 3.

Interestingly, compounds 2 (%F = 0.35) and 3 (%F = 0.33) exhibit 

higher quantum yields than 1 and 4. Photographs of single 

crystals show the blue emission of these compounds (Figures 

4a-d). The absorption and emission spectra in the solid-state 

bear great similarity in the maximum wavelength to solution 

experiments (Figures 4e-f). Considering only the photophysical 

data in the solid state, it could be considered that compounds 2 

and 3 are more rigid than compounds 1 and 4, and if so, such 

rigidification would translate to a better solid-state emission of 

the title compounds. However, the disordered positions in the 

X-ray crystallographic data presented above suggested some of 

intramolecular motion. Therefore, dynamic characterization of 

the compounds using solid-state NMR was pursued to shed light 

on the matter.

Characterization of the molecular motion in the solid-state

Solid-state NMR 13C Cross Polarization-Magic Angle Spinning

Considering the disorder in the X-ray crystal structure, we first 

focused on determining the possible motion of the TCz 

framework. The most used techniques to explore 

intramolecular dynamics in the solid-state are: line shape 

analysis of variable temperature (VT) NMR 13C CPMAS27 and 2H 

spin echo28 spectra. To this end, deuterated analogues were 

synthesized and crystallized accordingly (Figure S7 and S8).

Variable temperature 13C experiments were carried out first to 

document the vibrational motion in the aliphatic rings of the 

tetrahydrocarbazole frameworks (Figure 5a-c). The four carbon 

atoms from the saturated portion were identified as the 

overlapped signals in between 23 and 20 ppm at room 

temperature (Figure 5c). There are two reasons for the signals 

to overlap, the first and most common is that the magnetic field 

at 125 MHz is not strong enough for the non-equivalent carbon 

signals to resolve. The second reason is that this portion could 

be experiencing rapid conformational rearrangements at 295 K, 

effectively averaging their crystallographic differences. 

The VT 13C CPMAS experiments from 363 to 220 K for 

compounds 2-d4 and 3-d4 (Figure S14) show that the intensity 

and shape of the carbon signals in the aliphatic region are 

drastically affected as the temperature is reduced. As in any 

thermally activated process, a lower temperature could �freeze� 

the intramolecular motion of the cyclohexene moiety. This 

indicates that the crystallographic disorder in the TCz is 

dynamic. Such a conformational process slows down at lower 

temperatures and in turn, increases the resolution of the 

spectrum. 

From the two title compounds, 2 shows a sharper reduction in 

signal intensity, as indicated in the I/Io plot presented in Figure 

5b. Unfortunately, a complete splitting of the signals was not 

achieved even at 220 K, the limit of the spectrometer, although 

some indications of new signals around 32 and 14 ppm are 

observed.

Solution Solid-state 

Compound
� Abs 

(nm)

� Em 

(nm)

�F � Abs 

(nm)

� Em 

(nm)

�F 

1 267 340 0.43a 300 371 0.04

2 274 365 0.13b 340 369 0.35

3 292 349 0.57a 340 372 0.33

4 292 348 0.56c 340 404 0.09
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the case of 3 (fitted Krot = 200 kHz). The NMR data, in 

combination with the fitting process, indicates that faster 

motion does occur, and that perhaps the compounds undergo 

additional structural changes at high temperatures that reduce 

the activation barriers. 

-150-5050150
kHz

-150-5050150
kHz

-150-5050150

kHz

-150-5050150
kHz

krot=100 kHz

krot=30 kHz

400 K

300 K

krot=200 kHz

krot=45 kHz

2-d4 3-d4

105 kHz

105 kHz

112 kHz

117 kHz

-150-5050150
kHz

200 K

125 kHz

-150-5050150
kHz

124 kHz

krot=10 kHz krot=10 kHz

Figure 7. Simulated (dotted line) and experimental (solid red line) 2H NMR line shapes 

for compounds 2-d4 and 3-d4, at 200, 300 and 400 K obtained from a 4-fold asymmetric 

rotational potential.

Based on the evidence presented here, it can be stated that 

compounds 1 and 4 do not show neither internal motion nor 

strong fluorescence in the solid-state. The observed changes in 

their emission going from solution (0.43 and 0.56, respectively) 

to the solid-state (0.04 and 0.09, respectively), could come from 

Q+Q interactions that quench the emission by the formation of 

excimers.31 Alternatively, twisted conformations or extremely 

fast out-of-plane vibrations may enable other non-radiative 

pathways. The studies needed to confirm these hypotheses lie 

beyond the scope of this manuscript.

In contrast, compounds 2 and 3 exhibit good solid-state 

fluorescence and motion in their structures (both in the central 

phenylene and the tetrahydrocarbazole framework), but the 

frequency of this motion does not compete with radiative 

pathways. The restricted access to a conical intersection (RACI) 

model,32 may support this statement. This model has been used 

by Blancafort and coworkers to describe that restricted 

oscillations (flapping) of phenyl rings in 

dimethyltetraphenylsilole (DMTPS) cause inaccessible conical 

intersections, thus enabling the emissive channel. 

Conclusions

In summary, we report two new crystalline fluorescent 

compounds 2 and 3 using 1,2,3,4-tetrahydrocarbazole 

components as the lattice-forming components. Their 

photophysical properties were characterized by experiments in 

solution and in the solid-state. The results were contrasted with 

previously reported 1 and 4, revealing strong differences in 

their properties. 

Solid-state NMR 13C CPMAS was used to determine that, 

opposed to 1 and 4, the frameworks in 2 and 3 experience rapid 

conformational rearrangements. Additionally, VT 2H NMR 

experiments along with DFT computations indicate that the 

central phenylenes in 2-d4 and 3-d4 undergo low frequency 

motions at room temperature with faster dynamics at high 

temperatures. In both compounds, the slightly different motion 

is governed by similar intermolecular interactions imposed by 

the isomorphic crystal array. Compounds 1 and 4 do not feature 

phenylene motion under similar conditions, although other fast 

vibrations might still occur. The results here indicate that 

heterocyclic conjugated compounds could have significant 

intramolecular motion within their crystals and coexist with 

good fluorescence in the solid-state.
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