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ABSTRACT: The fluorescent organic 2,5,8-tris((adamantan-1-yl) methoxy)-heptazine (HTZ-Ad) was solubilized in water by inclusion 
of adamantane groups into free β-cyclodextrins or cyclodextrin shell of glyconanoparticles. These glyconanoparticles with average 
diameters between 40 and 60 nm result from the self-assembly of polystyrene-block-β-cyclodextrin copolymer. Under UV irradia-
tion at 365 nm, the modified nanoparticles exhibit fluorescence emission in aqueous media as well as in their adsorbed state. This 
constitutes the first spectroscopic characterization of a trialkoxyheptazine in aqueous medium. The specific binding of the 
glyconanoparticles to a surface was achieved via host-guest interactions with an electrochemically generated poly(pyrrole-
adamantane) film. An interdigitated microelectrode modified with poly(pyrrole-adamantane) film and glyconanoparticles was 
incubated in HTZ-Ad resulting in a substrate with spatially controlled fluorescence. The same modified electrode was incubated 
with an aqueous suspension of glyconanoparticles previously functionalized by HTZ-Ad, resulting in a fluorescent 3D assembly.  

 
 

Introduction 

Self-assembled nano-objects are ordered molecular aggre-
gates with a wide range morphology formed by the sponta-
neous molecular organization of the constituents in solution. 
Particularly interesting are nano-objects derived from 
amphiphilic block copolymers (BCPs) due to the virtually 
unlimited combinations of hydrophobic and hydrophilic dif-
ferent blocks which allows the generation of nano-objects 
with tailored features and properties. 1,2 Their versatility as 
building blocks has attracted great attention for their poten-
tial applications in catalysis, biomaterials, biomedicine and 

others fields. Carbohydrates as hydrophilic block provide a 
route to biocompatible and bio-inspired nano-objects but 
remain relatively less explored, because of their tricky prepa-
ration which involves many synthesis steps. 3 We have in 
particular reported the synthesis of new glyconanoparticles 
which can be loaded in aqueous solvents with activated 
tetrazines via supramolecular host-guest interactions. This 
enables high fluorescence yields as well as the design of 
nanostructured arrays based on these nanoparticles.4 How-
ever, while tetrazines are a fascinating fluorophore class with 
reasonable fluorescence yields 5–8 and a high redox potential 



 

in the excited state, they also exhibit a moderate chemical 
stability towards nucleophilic reagents, which notably ham-
pers their use in long-term stable sensing devices. 9 Recently, 
P. Audebert et al. turned their interest towards a new family 
of azo-fluorophores, with characteristics resembling 
tetrazines, but with a much better chemical stability, the 
heptazines. 10 

Heptazines are a family characterized by a polycyclic aro-
matic core, a s-heptazine (tri-s-triazine) moiety consisting of 
three fused s-triazine rings. The high nitrogen to carbon ratio 
(heptazine core: C/N = 0.85) makes them strongly electron 
deficient compounds. Moreover, heptazines own a much 
larger bandgap (3-4 eV), despite a slightly lower redox reduc-
tion potential in the fundamental state. These combined 
characteristics confer to their excited state outstanding oxi-
dant properties, and make the few derivatives already pre-
pared the best purely organic photooxidants, competitive 
with eg iridium or ruthenium complexes. However, because 
of their large aromatic core, no heptazine is soluble in water 
(with one single exception)11. Furthermore, their organization 
into materials is still in infancy 12–17, mainly because of the 
scarcity of the molecules known to date of this family. 

We describe here the solubilization of our already de-
scribed fluorescent tris((adamantan-1-yl)-methoxy)-heptazine 
(HTZ-Ad), owning a blue-violine fluorescence typical of the 
trialkoxyheptazine core.18 Thanks to the formation of inclu-
sion complexes between β-cyclodextrins (βCD) and 
adamantane via host-guest interactions, the transfer of the 
fluorescent properties of HTZ-Ad to the aqueous medium was 
investigated by the modification of glyconanoparticles exhib-
iting a shell of cyclodextrin. In addition, the specific immobili-
zation of the glyconanoparticles by host-guest interactions 
was carried out on electrodes previously modified by 
electrogeneration of a polymer film: poly (pyrrole-
adamantane) (PPY-Ad). The post-functionalization of these 
glyconanoparticles immobilized on the polymer surface, by 
tris((adamantan-1-yl)-methoxy)-heptazine then leads to ma-
terials exhibiting the photophysical properties of heptazines 
with in addition a spatial addressing resulting from the 
electropolymerization process. 

Results and discussion 

2,5,8-tris((adamantan-1-yl) methoxy)-heptazine was pre-
pared in a similar way to other trialkoxyheptazines (see ex-
perimental section). Besides the low initial solubility of 
heptazine in water, the presence of three adamantane groups 
reinforces its hydrophobic character. The inclusion of 
adamantane in the hydrophobic internal cavity of β-
cyclodextrin (association constant around K = 105 mol-1 L), 19 
should mask this hydrophobic effect and facilitate the 
solubilization of HTZ-Ad in water. The solubilization of HTZ-Ad 
in water was therefore carried out with and without 
cyclodextrin, after a pretreatment of sonication and stirring 
overnight, and studied via the UV-vis absorption spectra of 
the resulting solutions (Figure 1a). HTZ-Ad showed an intense 
band around 260 nm and a weaker low-energy band around 
318 nm. Both absorption bands were previously reported in 
the same region for HTZ-Ad in CH2Cl2. 

18 The first more in-
tense band can be attributed to their large aromatic core. Its 

position varies according to the electron-rich character of the 
exchangeable groups while the low-energy band corresponds 
to a transition between a natural transition orbital located on 
the heptazine core and the LUMO.20 In the presence of ap-
proximately a 5-fold excess of βCD, the maximum intensities 
are considerably higher than that of HTZ-Ad alone. A similar 
phenomenon was observed measuring the fluorescence 
emission. All trialkoxyheptazines display a broad fluorescence 
emission band in the visible light region with a maximum 
between 408 and 412 nm in CH2Cl2 which can also be noticed 
for the HTZ-Ad in aqueous solution. The fluorescence emis-
sion was greatly enhanced in presence of an excess of β-
cyclodextrin (Figure 1b). The increased intensities of both the 
absorbance and fluorescence emission in presence of βCD 
can thus be explained by a solubilization of HTZ-Ad after its 
inclusion in βCD cavities.  

Due to their host-guest abilities, the attachment of 
cyclodextrins to inorganic nanoparticles has been developed 
over the past decade, for biomedical applications. Functional-
ized nanoparticles were thus exploited for the transport and 
release of drugs that formed inclusion complexes with 
cyclodextrin groups. 21 In particular, βCD-based 
glyconanoparticles are attractive nano-objects owing to their 
stability in aqueous medium and easy functionalization by 
inclusion in βCD cavities on the shell of the particles, as al-
ready reported for pyrene, 22,23 anthracene 24 and tetrazine 4 
derivative compounds. With the aim to transfer HTZ-Ad in 
aqueous solution, we thus prepared an aqueous 
glyconanoparticles suspension (GNPPSCD) from a polystyrene-
block-β-cyclodextrin copolymer (PS-b-βCD) by direct 
nanoprecipitation. 24 After the nanoprecipitation process, 

Figure 2. TEM images of the self-assembled a) GNPPSCD and b) 
GNPPSCD post-functionalized with the 2,5,8-tris((adamantan-1-yl) 
methoxy)-heptazine (GNPPSCD-HTZ-Ad). Inset: respective particle size 
distributions fitted by a log-normal model. 

Figure 1. a) UV-vis absorption spectra and b) Fluorescence emis-
sion spectra in water for the supernatants of HTZ-Ad in presence 
or absence of βCD (HTZ-Ad/βCD equivalent ratio: 1/5). 

 



 

spherical self-assembled nanoparticles were obtained with 
average diameters between 40 and 60 nm (Figure 2a). The 
size particle distribution was determined using ImageJ soft-
ware from GNPPSCD TEM images and fitted by a log-normal 
model. These glyconanoparticles were then post-
functionalized by the addition of the GNPPSCD suspension drop 
by drop in a smaller volume of HTZ-Ad in ethanol-water 
(70:30) v/v %. Then, after sonication and stirring overnight, 
the ethanol was removed from the resulting solution by dialy-
sis against pure water. As a result of the poor solubility of 
HTZ-Ad in water, after one day of dialysis it was possible to 
separate the unreacted HTZ-Ad in the form of a solid precipi-
tate from the rest of the nanoparticles still dispersed in the 
aqueous supernatant, which was collected and characterized. 
Figure 2b shows GNPPSCD-HTZ-Ad with average diameters be-
tween 40 and 60 nm indicating that no drastic morphological 
change occurred after the functionalization step. 

Figure 3 exhibits similar mass-weighted distributions with 
the appearance of three particle sizes for modified and un-
modified GNPs. The smallest particle size indicates a slight 
decrease in the hydrodynamic radius (Rh) from 87 nm to 84 
nm after the functionalization of GNPs. A more drastic change 
was observed for the second size distribution that correspond 
to the formation of aggregates (decrease from 312 nm to 235 
nm). This phenomenon could be due to a shrinkage of the 
nanoparticles induced by the three adamantane groups of the 
heptazines which would strengthen the links between 
elementary micelles (with small size <20nm) which constitute 
the GNPs.  (see also the Variation of the frequency G as a 
function of q2 showing the diffusive motion of the nanoparti-
cles: a) prepared from GNPPSCD and b) prepared from GNPPSCD-

HTZ-Ad (Figure S2)).  

In order to confirm the inclusion of HTZ-Ad in the βCD cavi-
ty of the GNPPSCD, fluorescence emission spectra were ac-
quired from the post-functionalized GNPPSCD aqueous suspen-
sion. Figure 4a shows almost negligible fluorescence emission 
for the GNPPSCD while a strong fluorescence emission at λem. = 
420 nm was observed for the GNPPSCD-HTZ-Ad. This drastic dif-
ference clearly corroborates the successful inclusion of 
adamantyl groups inside the cyclodextrin cavity and hence 
the attachment of HTZ-Ad to the periphery of the nanoparti-
cles. In addition, the aqueous suspensions of unmodified and 
modified particles were deposited on a glass support and 

adsorbed by simple evaporation of the solvent. Fluorescence 
microscopy images, carried out with a filter DAPI with λex. = 
340 - 380 nm and λem. = 450 - 490 nm, demonstrate no fluo-
rescence emission for GNPPSCD (Figure 4b and c). In contrast, a 
bright fluorescence emission was observed for the post-
functionalized particles GNPPSCD-HTZ-Ad that perfectly reflects 
the shape of the deposit. (Figure 4d and e). 

With the aim to confer through nanoparticles, fluorescence 

properties to conductive surfaces with little respect to their 
shape and size, the latter were modified by 
electropolymerization of a pyrrole-adamantane (Figure S3). 
The resulting film combines the advantages of the electro-
chemical addressing of polymer films with those of host-guest 
interactions with GNPPSCD. To illustrate this spatial localization 
of the nanoparticles, a microelectrode of a pair of 
interdigitated gold electrodes was modified by 
electrogeneration of a poly(pyrrole-adamantane) film fol-
lowed by immersion in GNPPSCD aqueous suspension over-
night. As previously reported for poly(pyrene-adamantane) 
and poly(pyrrole adamantane) films, the polypyrrole film is 
able to anchor the GNPPSCD via the βCD-adamantyl inclusion 
complex. 25,26 It is expected that the majority of βCD groups 
on the GNPPSCD shell are not involved in the interaction with 
the underlying film and are therefore available for post-
functionalization. Then, the resulting interdigitated gold elec-
trodes were modified either directly by HTZ-Ad or by GNPPSCD-

HTZ-Ad. Regarding HTZ-Ad approach, the electrode/PPY-
Ad/GNPPSCD substrate was immersed in a 0.66 mg mL-1 HTZ-Ad 
solution (EtOH/ Milli-Q water (70:30) v/v %) for 1 hour and 
then washed with a EtOH/Milli-Q water solution. Figure 5c 

Figure 4.  a) Fluorescence emission spectra of GNPPSCD and GNPPSCD-HTZ-Ad aqueous suspensions and the glyconanoparticles aqueous 
suspensions under UV irradiation at 365 nm (λ = 365 nm); inset. Brightfield and fluorescence images of GNPPSCD (b and c) and GNPPSCD-

HTZ-Ad (d and e) aqueous suspensions adsorbed onto a glass substrate. 

Figure 3. Auto-correlation functions and size distributions meas-
ured using dynamic light scattering for the scattering angles 
shown: a) unmodified GNPPSCD. b) modified GNPPSCD.  



 

shows that the fluorescence emission occurs only on the 
microelectrode previously coated with the polymer. This 
demonstrates the availability of βCD groups of GNPPSCD im-
mobilized on the polymer film, for a host-guest interaction 
with HTZ-Ad. This also highlights the efficiency of electro-
chemical addressing of fluorescence. A similar result of spatial 
resolution with a bright fluorescence emission localized only 
on the modified microelectrode, was obtained after immers-
ing an electrode/PPY-Ad/GNPPSCD in the GNPPSCD-HTZ-Ad aqueous 
suspension (Figure 5d). This fluorescence results from the 
interaction between βCD groups of the GNPPSCD immobilized 
on the polymer surface and the free adamantly group of HTZ-
Ad anchored on the GNPPSCD-HTZ-Ad. HTZ-Ad acts thus as a 
bridge between two nanoparticles. Moreover, it should be 
emphasized that no fluorescence was observed on an elec-
trode/PPY-Ad/GNPPSCD without the post-modification by HTZ-
Ad or GNPPSCD-HTZ-Ad (Figure 5b). In addition, no fluorescence 
was recorded with another control based on an electrode / 
PPY-Ad immersed in the HTZ-Ad solution (EtOH/ Milli-Q water 
(70:30) v/v %) for 1 hour without the incubation with GNPPSCD, 
thus confirming the importance of specific CD-adamantane 
interactions (Figure 5a). These results show the possibility to 
spatially control the immobilization of glyconanoparticles on 
surfaces coated by polymers by exploiting the inclusion prop-
erties of β-cyclodextrins and the multidirectional availability 
of the adamantane groups of HTZ-Ad. 

Conclusion 

We have demonstrated that the near insolubility of 2,5,8-
tris((adamantan-1-yl) methoxy)-heptazine in water can be 
counterbalanced in the presence of an excess of β-
cyclodextrins via the formation of inclusion complex between 
cyclodextrins and adamantane groups thus allowing the first 
spectroscopic characterization of a trialkoxyheptazine in 
aqueous medium. This nice outcome could be a future open-
ing for water splitting and possible other photocatalytic 
routes in water medium. This interaction was then explored 
for the post-functionalization of glyconanoparticles resulting 
from the self-assembly of polystyrene-block-β-cyclodextrin 

copolymer system. The obtained nanoparticles exhibited 
fluorescent properties in aqueous media as well as after their 
adsorption on a glass surface. In addition, an eco-friendly 
approach of functionalizing surfaces by heptazine has been 
illustrated by modifying conductive surfaces with a 
poly(pyrrole-adamantane) film and exploiting the host-guest 
interactions between adamantane and cyclodextrin. Fluores-
cence imaging clearly shows that the immobilized 
glyconanoparticles are able to bind in water both free 
heptazine derivative and heptazine functionalized nanoparti-
cles and hence can be used for building nanostructured fluo-
rescent materials. 

Supporting Information 

Experimental details, synthesis of heptazine derivative and 
polystyrene-block-β-cyclodextrin copolymer, preparation and 
characterization of glyconanoparticles, SEM data, 
electropolymerisation process and DLS data. 
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