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A fluorescent microporous crystalline dendrimer discriminates 
vapour molecules 
Sae Nakajima,a† Ken Albrecht,bc† Soh Kushida,ad† Eiji Nishibori,ef Takashi Kitao,gh Takashi Uemura,gh 
Kimihisa Yamamoto,gh Uwe H. F. Bunz,*d Yohei Yamamoto*af 

A self-assembled crystalline microporous dendrimer framework 
(MDF) exhibits novel turn-on and ratiometric fluorescence upon 
exposure to solvent vapours. The donor-acceptor character, 
combined with the large surface area (> 650 m2 g–1), allows the 
MDF to discriminate vapours of volatile solvents with turn-on and 
colour change of photoluminescence. 

Fluorescent probes detect vastly different analytes, including 
nerve gases, heavy metal ions, proteins, and can even monitor 
gene expression – to name a few examples.1 There are several 
types of fluorescent sensing; quenching, fluorescence turn on 
and ratiometric, in addition to specialized FRET-schemes etc.2 
In quenching and turn on, sensing is evaluated by the intensity 
change of the fluorescence at a specific fluorescence 
wavelength; detection of several analytes is difficult if one uses 
only a single probe. Therefore, for practical applications, solid-
state fluorescent sensors with fluorescence colour change are 
attractive, as they add a dimension to the discriminative power 
and allow inspection by eye. A highly porous medium with 
large surface area and nanometre size channels is favoured for 
gas and vapour sensing as the analytes can access pores and 
the interior of the medium.3 
 Here, we report a crystalline framework from a π-
conjugated dendrimer 1 with a molecular weight of 3,778 Da 

composed of an electron-accepting triazine (TAZ) core and 
electron-donating carbazole (Cz) dendrons (Figs. 1a and S1).4 
This electronic structure results in a small energy difference 
between the S1 and T1 levels (∆ES–T) in the charge-transfer (CT) 
excited state (< 0.1 eV). Most dendrimers are amorphous in 
the solid state – particularly those of higher generation.5 Our 
π-conjugated dendrimer forms crystalline fibres with quasi-
one-dimensional (1D) nanopores along its long axis. Because of 
the highly porous structure, combined with the donor-acceptor 
character, the dendrimer exhibits enhanced 
photoluminescence (PL) accompanied by colour change upon 
exposure to solvent vapours, allowing to sense and 
discriminate them. 
 The self-assembly behaviour of 1 was investigated by slow 
diffusion of poor solvents such as acetonitrile (MeCN), 
acetone, and methanol (MeOH) into a chloroform (CHCl3) 
solution of 1 with a systematic change of the initial 
concentration.6 Upon diffusion of acetonitrile vapour into the 
dilute solution of 1 in CHCl3 ([1] = 0.1 mg mL–1), a pale-yellow 
precipitate was obtained, composed of well-defined 
microspheres with a diameter range from 2 to 8 µm (Fig. 1b, 
SEM). By contrast, when the initial concentration of 1 was 
increased to 1.0 mg mL–1, diffusion of acetonitrile vapour 
resulted in the precipitation of thin fibres with widths of 
several micrometres and lengths > 100 µm (Fig. 1c). The limit 
of the initial concentration for the different morphologies is 
between 0.1 and 0.5 mg mL–1 (Fig. S2a). MeOH as a polar 
nonsolvent exclusively produced microspheres at 
concentrations up to 10 mg mL–1 (Fig. S2c). 
 As revealed by detailed self-assembly studies, microfibres 
of 1 in the CHCl3/MeCN mixed solvent is thermodynamically 
more stable than microspheres (Figs. S3 and S4). In high 
concentration condition ([1] = 1.0 mg mL–1), microfibres start 
to form at the vapour diffusion period (tVD) of ~33 h (Fig. S3b–
i). On the other hand, in the dilute condition ([1] = 0.1 mg mL–

1), microspheres start to form at tVD ~39 h, which is much later 
than the precipitation in the high concentration condition (Fig. 
S3j–q). Interestingly, when the vapour diffusion is stopped at 
tVD = 39–42 h and the resultant microsphere suspension is 
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allowed to incubate for one week, microspheres transform into 
microfibres (Fig. S3n’ and o’). On the other hand, in case that 
tVD is longer than 50 h, microsphere-to-microfibre 
transformation hardly occurs (Fig. S3p’ and q’). From the 
overall analysis on dissolution (Fig. S4a and b) and 
reprecipitation studies (Fig. S4c–g), microfibres are more stable 
than microspheres in the CHCl3/MeCN mixed solvent. However, 
microspheres form very quickly, whereas the microfibres grow 
sluggish. Therefore, once microspheres form in a dilute 
condition and the fraction of the nonsolvent increases in the 
vapour diffusion process, the kinetically trapped microsphere 
morphology preserves without transforming to microfibres.  
 1 is amorphous in its microsphere form, according to 
powder X-ray diffraction (XRD, Fig. 1d). By contrast, the fibres 
are crystalline with sharp diffraction peaks in the XRD pattern 
(Fig. 1e). Synchrotron radiation (SR) X-ray diffraction (SR-XRD) 
of a single piece of the fibre (dimensions: 300 × 30 × 15 µm3) 

reveals clear diffraction spots (Fig. S5), and the crystal is 
assigned to a triclinic (P1) system (Tables S2 and S3). However, 
the crystal is twinned with several directions on the b-c plane. 
The diffraction spots indicate a plate-like two-dimensional (2D) 
crystal with a very short correlation length, therefore the 
packing structure of 1 is difficult to solve from the single-
crystal XRD data.  
 Alternatively, the packing of 1 in the fibre is investigated by 
SR powder XRD using the direct-space strategy.7a A genetic 
algorithm (GA) solves the structure.7b Based on the reliability 
factors of the powder profiles, the most plausible packing is 
determined (Figs. 2a–c and S6). Molecules of 1 assemble into 
2D layers with quasi-1D, nanometre-sized pores along the 
direction of the a-axis, forming a microporous structure. The 
potential pore volume percentage is as large as 71.3% (pore 
volume 8,790 Å per cell volume 12,327 Å). The intermolecular 
interaction between the Cz moieties is small, and each 
molecule of 1 is almost isolated. In a macroscopic view of the 
powder samples, the fibres of 1 appear like a fabric-type 
powder due to their high porosity, a contrast to the dense 
sandy powder of the amorphous spheres of 1 (photograph in 
Fig. 1a). 
 In the differential scanning calorimetry (DSC) traces, the 
amorphous spheres of 1 show no characteristic 
endothermic/exothermic behaviour (Fig. S7a). By comparison, 
the fibres exhibit an exothermic peak at 230 °C in the first 
heating process, whereas no peak appears in the second cycle 
(Fig. S7b). An abrupt decrease in the intensity of the diffraction 
peaks of the microfibres of 1 is observed above 200 °C (Figs. 1e 
inset and S8), indicating the transition of 1 from crystalline to 
the amorphous state. As mentioned, crystalline microfibres are 
energetically preferred to amorphous microspheres in 

 
Fig. 1. (a) Molecular structure of 1 and photographs of powder 
samples of self-assembled precipitates prepared by a vapour 
diffusion of acetonitrile into CHCl3 solutions of 1 with initial 
concentrations of 0.1 (right-top) and 1.0 mg mL–1 (right-bottom). 
The weights of the powder samples in the photographs are 
20.046 mg (right-top) and 20.014 mg (right-bottom). (b, c) SEM 
micrographs of self-assembled spheres (b) and fibres (c) of 1, 
prepared by vapour diffusion of acetonitrile into CHCl3 solutions 
with initial concentrations of 0.1 and 1.0 mg mL–1, respectively. 
Insets show fluorescence micrographs of the self-assembled 
spheres (b) and fibres (c) of 1. λex = 340–390 nm. (d, e) XRD 
patterns of the self-assembled spheres (d) and fibres (e) of 1. X-
ray source: CuKα. The inset in (e) shows a plot of the peak 
intensity at 2θ = 3.19° upon heating from 30 to 270 °C. 

 
Fig. 2. (a) Proposed packing structure of 1 in the self-assembled 
fibres. The quasi-1D micropores penetrate through the long axis 
of the fibres (a-axis direction). (b, c) Lattice structures viewed 
from b (b) and a (c) axis directions. 
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CHCl3/MeCN cosolvent. However, the DSC results indicate that, 
once the solvent is removed from the pores, the crystalline 
state becomes thermodynamically less stable than the dense 
amorphous state. 
 Fibres and spheres of 1 display contrasting PL 
characteristics. Fibres show blue PL with a maximum 
wavelength (λem) of 482 nm and a shoulder at 461 nm (Figs. 1c 
inset and S9a), matching with that of a toluene solution of 1 
(λem = 473 nm).4 The spheres display greenish PL (λem = 492 
nm, Figs. 1b inset and S9a). These spectroscopic results 
indicate that 1 experiences intermolecular π-electronic 
interactions in the spheres compared to that in the crystalline 
fibres. PL spectra are also affected by the polarity of solvent, 
due to the CT character of 1 (Fig. S9b).4,8 
 The nitrogen (N2) isotherm of the porous fibres displays a 
three-step uptake behaviour with the highest reported 
porosity of assembled dendrimers (Fig. 3a blue, SBET = 664.5 m2 
g–1). From the T-plot analysis, 99% of the adsorbed surface 
(657.8 m2 g–1) originates from the pores inside the fibres. From 
the analysis in the low-pressure region, the pore widths are 
determined as 0.78, 1.15, and 2.62 nm (Fig. 3b), matching with 
the pore size determined by XRD (Fig. 2c). The amorphous 
spheres, in contrast, display negligible gas sorption behaviour 
(Fig. 3a, green). 
 Similar to the N2 sorption profile, vapours of acetonitrile 
and MeOH display multistep sorption profiles for the fibres, 
with total uptake amounts comparable to that of N2 (Fig. 3c 
and d). Increasing sorption of acetonitrile and MeOH increases 

the red shift of λem (Figs. 3c,d inset and S10a,b), which also 
accompanies changes of the XRD patterns (Fig. S10c and d).  
 We exposed films of the porous fibres to different solvent 
vapours (Fig. 4a). Their fluorescence intensity is greatly 
enhanced (Fig. 4b, red), and the fluorescent colours change 
(Fig. 4a and c). The PL colour shift follows the strength of the 
solvent polarity; the CT excited state is stabilized by the 
adsorption of polar solvents. The turn-on may be caused by 
the suppression of energy transfer from the triplet excited 
state of 1 to the triplet oxygen in the dry pores. Purging the 
fibres with argon suppresses the enhancement of the 
fluorescence intensity, supporting this hypothesis (Fig. 4b, 
blue). The PL change is reversible for the fibre (Figs. 4d and 

 
Fig. 3. (a) N2 sorption isotherms at 77.3 K for self-assembled fibres 
(blue) and spheres (green) of 1. (b) Plot of differential pore 
volume versus pore width for self-assembled fibres of 1. The inset 
shows the N2 sorption isotherm at the low-pressure region. The 
saturated vapour pressures (P0) of N2 at 77.3 K is 101.3 kPa. (c, d) 
Gas and vapour sorption isotherms of self-assembled fibres of 1 
at 298 K for acetonitrile (c) and MeOH (d). Open and closed circles 
indicate sorption and desorption processes, respectively. 
Saturated vapour pressures (P0) of MeCN and MeOH at 298 K are 
11.8 and 17.05 kPa, respectively. Insets show plots of λem versus 
P/P0 of acetonitrile (c) and MeOH (d). 

 
Fig. 4. (a) Schematic representation of the introduction/removal 
of solvent vapours and the corresponding fluorescent microscope 
images of cast films of the porous microfibres of 1. (b) Bar graphs 
of the PL area intensity of cast films of the porous microfibres of 1 
in solvent vapour relative to that without solvent vapour. Red, in 
air; blue, in argon. (c) Normalized PL spectra of cast films of the 
porous microfibres of 1 in air (dotted curve) and in the solvent 
vapours (solid curves). The colour of the spectra corresponds with 
the colour of the description of the solvents in b). (d) Plot of the 
relative area intensity of the PL spectra of a cast film of 
microfibres of 1 with (on) and without (off) MeOH vapour 
repeatedly. (e) Time dependence of the PL intensity of the 
microfibres of 1 upon exposure to MeOH vapour.  (f, g) 
Photographs (f) and fluorescent micrographs (g) of microfibres of 
1 before (left) and after (right) penetrating TCNQ. 
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S11), but non-porous films and microspheres do not show this 
effect at all (Fig. S12). Upon exposure to vapour, the change of 
the PL intensity is complete within 2 s (Fig. 4e). In case where 
the porous fibres are exposed to the vapours of MeOH/H2O 
mixture, the PL intensity enhancement is much greater than in 
the case of the exposure to each solvent (Fig. S13). The PL 
colour shifts depending on the mixing fraction of MeOH and 
H2O. 
 Vapour of the electron-accepting 7,7,8,8-
tetracyanoquinodimethane (TCNQ) penetrates the porous 
fibres (fibres and TCNQ are combined in a glass tube, weight 
ratio, 1 : 5, sealed and heated at 150 °C for 3 h, Fig. S14a and 
b). The colour of the fibres changes from pale yellow to dark 
green, and new CT absorption bands appear in the visible 
range (Fig. S14c). The fluorescence is completely quenched 
caused by the electron transfer from carbazole to TCNQ (Fig. 
4f,g). However, their XRD pattern remains almost unchanged, 
indicating that the fibres retain their order upon filling (Fig. 
S15). According to the 1H-NMR of dissolved fibres, the ratio of 
the penetrated TCNQ to 1 increases as the amount of the 
sealed TCNQ in the glass tube increases and saturates to a 
ration of ~4/1 (Fig. S16). Heating in the open, TCNQ is removed 
from the pores, restoring the PL to the original state (Fig. S17). 
We also confirm that other molecules such as 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) and 
pyrene can be introduced into the nanochannels of the 
microfibres of 1 by the similar sublimation treatment (Figs. S18 
and S19). 
 In summary, we prepare fibres of 1 with quasi-1D 
nanopores with surface area as large as 650 m2 g–1 by non-
solvent precipitation; this is in distinct contrast to the 
amorphous microspheres where 1 is densely packed. Due to 
the highly porous structure in the donor-acceptor dendrimer 
crystal, vapours of non-solvents efficiently penetrate the 
nanochannels and turn on the fluorescence with colour 
change, depending on the polarity of the incorporated solvent 
molecules. Electron-accepting TCNQ and F4-TCNQ also 
penetrate the nanochannels, leading to dramatic colour 
change and PL quenching. This work paves the way to 
discriminate volatile gases and organic molecules, utilizing 
attractive donor-acceptor π-conjugated dendrimers. 
Discrimination and detection of nitroarenes, amines, solvents 
etc. are future directions to pursue.9 
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