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ABSTRACT: During the past few decades, fabrication of functional rotaxane-branched dendrimers has become one of the 
most attractive yet challenging topics within supramolecular chemistry and materials science. Herein, we present the suc-
cessful fabrication of a family of new rotaxane-branched dendrimers containing up to twenty-one platinum atoms and forty-
two photosensitizer moieties through an efficient and controllable divergent approach. Notably, the photosensitization 
efficiencies of these rotaxane-branched dendrimers gradually increased with the increase of dendrimer generation. For ex-
ample, third-generation rotaxane-branched dendrimer PG3 revealed 13.3-fold higher 1O2 generation efficiency than its cor-
responding monomer AN. The enhanced 1O2 generation efficiency was attributed to the enhancement of intersystem crossing 
(ISC) through the simple and efficient incorporation of multiple heavy atoms and photosensitizer moieties on the axles and 
wheels of the rotaxane units, respectively, which has been validated by UV-visible and fluorescence techniques, time-depend-
ent density functional theory calculations, photolysis model reactions, and the apparent activation energy calculations. There-
fore, we develop a new promising platform of rotaxane-branched dendrimers for the preparation of effective photosensitizers. 

INTRODUCTION 

In recent decades, the increasing attention has been paid 
to the design and synthesis of diverse mechanically 
interlocked molecules (MIMs) because of their impressive 
topologies and unique dynamic features,1 which have 
enabled them to be versatile platforms for the construction 
of molecular pumps,2 molecular elevators,3 molecular 
shuttles,4 and so on.5 As a vital subset of MIMs, rotaxane-
branched dendrimers have become one of the most 
attractive topics within supramolecular chemistry and 
materials science.6 The combination of the characteristics of 
both rotaxanes and dendrimers endows the resultant 
rotaxane-branched dendrimers with well-defined 
topological structures and stimulus-responsiveness.7 More 
importantly, the well-defined topological arrangements of 
rotaxanes within the dendritic skeleton endow the resultant 
rotaxane-branched dendrimers with amplified collective 
effects.8 For instance, we have recently realized a new pro-
totype of rotaxane-branched dendrimers with the collective 
expansion-contraction motion on each branch for the mimic 
of the amplified collective molecular motions in biomolecu-
lar machines.9 

Notably, the development of highly effective 
photosensitizers has recently attracted increasing interests 
because of their widespread applications in photocatalytic 
synthetic chemistry and three-dimensional (3-D) printing.10 
According to the photosensitization process and the 
perturbation theory, the enhancement of the spin-orbit 
coupling (SOC) can give rise to an increase in the rate 
constant of  the intersystem crossing (kISC), thereby 

improving the  photosensitization efficiency of 
photosensitizers.11 Therefore, the incorporation of heavy 
atoms such as bromine, iodine, or platinum into a 
photosensitizer molecule has been one of the most popular 
approaches for improving the photosensitization efficiency 
since it can enhance the SOC of photosensitizers.12 
Considering the fact that rotaxane-branched dendrimers 
usually feature the star-shaped structures and highly 
branched topology, we envision that rotaxane-branched 
dendrimers might serve as an advantageous platform for 
the preparation of the effective photosensitizers for the 
following reasons: (i) the simple and efficient incorporation 
of multiple heavy atoms could be realized through the 
introduction of heavy atoms such as platinum(II) on the 
axles of the rotaxane units;13 (ii) the facile substitution of a 
large number of the photosensitizer moieties on the wheels 
of rotaxane units may contribute to the enhanced energy 
transition channels, which should facilitate the ISC process 
and then improve the photosensitization efficiency;9b,14 (iii) 
the spatial steric effect of rotaxane units could reduce the 
tendency of photosensitizer moieties to aggregate and 
thereby prevent aggregation-caused quenching (ACQ) 
effects.13 

Based on the above considerations as well as our ongoing 
interests in rotaxane-branched dendrimers,8,9,13 in this 
study, a series of new rotaxane-branched dendrimers PG1–  
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Figure 1. Working mechanism of photosensitizers and the 
design principle of this work. The different photosensitization 
processes of the small-molecule photosensitizer (a) and  the 
rotaxane-branched dendrimer photosensitizer (b). (c) 
Enhanced intersystem crossing of rotaxane-branched 
dendrimer. 

PG3 containing multiple platinum atoms as the heavy atoms 
and alkoxy-substituted anthracene units as the 
photosensitizer moieties  have been successfully 
constructed through an efficient and controllable divergent 
approach. It should be noted that, within the resultant third-
generation rotaxane-branched dendrimer PG3, twenty-one 
platinum atoms and forty-two alkoxy-substituted 
anthracene units were spatially distributed on the axles and 
wheels of the rotaxane units, thus resulting in the 
significantly enhanced energy transition channels from S1 to 
T1 and a remarkable heavy-atom effect (Figure 1). As 
expected, compared with their monomer AN and the 
precursor [2]rotaxane R-AN, the newly designed rotaxane-
branched dendrimers PG1–PG3 showed much higher 
photosensitization efficiency. In particular, the 
photosensitization efficiencies of these rotaxane-branched 
dendrimers gradually increased with the increase of 
dendrimer generation. Accordingly, we demonstrated for 
the first time that rotaxane-branched dendrimers could 
serve as a new promising platform for the preparation of 
effective photosensitizers. 

 

RESULTS AND DISCUSSION 

Synthesis and Characterization of Rotaxane-Branched 
Dendrimers. The key precursor [2]rotaxane R-AN 
containing 9-alkoxy-substituted anthracene was 
synthesized through multistep sequence reactions as 
shown in Schemes S1-2. Notably, by employing the 
threading-followed-by-stoppering approach, the rotaxane 
formation proceeded in a relatively high yield of 84%. 
Sequentially, starting from the precursor [2]rotaxane R-AN, 
a controllable divergent strategy was used for the synthesis 
of the targeted rotaxane-branched dendrimers 

incorporating mechanically interlocked anthracene-
containing units on each branch. As shown in Scheme 1, by 
employing the copper-catalyzed coupling reaction of the 
precursor [2]rotaxane R-AN with the core module 1,3,5-
triethynylbenzene, the first generation of the rotaxane-
branched dendrimer PG1 bearing three rotaxane units with 
six alkoxy-substituted anthracene moieties on the branches 
was successfully prepared in a good yield of 74%. The 
subsequent deprotection of PG1 with tetrabutylammonium 
fluoride trihydrate (Bu4NF·3H2O) produced the 
corresponding rotaxane-branched dendrimer intermediate 
PG1-YNE with six alkyne groups at the periphery. 
Repeating the similar coupling reaction of PG1-YNE and R-
AN gave rise to the second-generation rotaxane-branched 
dendrimer PG2 with nine rotaxane units as well as eighteen 
alkoxy-substituted anthracene moieties on the branches in 
69% yield. Following this iterative deprotection-coupling 
growth process, the third-generation rotaxane-branched 
dendrimer PG3 was obtained in a good yield of 81%. Very 
impressively, PG3 contained twenty-one rotaxane units 
with forty-two alkoxy-substituted anthracene units on the 
rotaxane branches. Notably, the efficient formation of 
platinum-acetylide bonds played significant roles in the 
high-yield and structure-controlled synthesis of the 
rotaxane-branched dendrimers PG1–PG3.15 Moreover, all 
of the resultant rotaxane-branched dendrimers were 
soluble and stable in common organic solvents, which 
enabled ready purification by means of column 
chromatography and preparative gel permeation 
chromatography (GPC). 

The rotaxane-branched dendrimers PG1–PG3 were first 
characterized by one-dimensional multinuclear (1H and 31P) 
NMR spectroscopy (Figures S23-24). As shown in the 1H 
NMR spectra of PG1–PG3, the peaks below 0.0 ppm that are 
assigned to the protons on the axles of the rotaxane units 
still remained unchanged after the formation of rotaxane-
branched dendrimers PG1–PG3, which indicated that the 
rotaxane units remained intact during the synthetic process. 
From the first to the third generation of the rotaxane-
branched dendrimers, these peaks became broader 
possibly because the rotaxane units on different branches 
were slightly nonequivalent in the high-generation 
dendrimers. In the case of 31P NMR analysis, compared with 
the peak ascribed to the PEt3 ligands around platinum 
centers in the precursor [2]rotaxane R-AN, those PEt3 
ligands in the rotaxane-branched dendrimers PG1, PG2, 
and PG3 exhibited a remarkable downfield shift of ~2.9 
ppm, respectively, which provided a direct evidence for the 
formation of platinum-acetylide bonds during the 
dendrimer growth process. 

Mass spectrometric investigation of the rotaxane-
branched dendrimers PG1–PG3 was performed by the 
matrix-assisted laser desorption/ionization time of flight 
mass spectrometry (MALDI-TOF-MS), which provided the 
further support for the existence of the desired rotaxane- 
branched dendrimers. In the MALDI-TOF-MS spectrum of 
the rotaxane-branched dendrimer PG1, the peak of m/z = 
7360.3, consistent with the theoretical values of the [PG1 + 
H]+ ion (m/z = 7,357.6), was detected (Figure S15). The 
MALDI-TOF-MS spectrum of the rotaxane-branched 
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Scheme 1. (a) Synthesis of Rotaxane-Branched Dendrimer PG1. (b) Schematic Representation of A Controllable Divergent 
Strategy for the Synthesis of Rotaxane-Branched Dendrimers PG2 and PG3. Reaction Conditions: (I) (i) Bu4NF·3H2O, THF, 
r.t., 2 h; (ii) R-AN, CuI, DCM/Et2NH, r.t., overnight, 69%; (II) (i) Bu4NF·3H2O, THF, r.t., 2 h; (ii) R-AN, 
CuI,DCM/Et2NH,r.t.,overnight, 81%.

dendrimer PG2 exhibited two charged states at m/z = 
20,856.7 and 10,437.6 corresponding to [PG2 + K]+ and 
[PG2 + K + Na]2+, respectively, which were close to their 
theoretical molecular weights (m/z = 20,854.1 and 10,438.5) 
(Figure S19). For the rotaxane-branched dendrimer PG3, 
MALDI-TOF-MS provided unsatisfactory mass data because 
of its high molecular weight (theoretical average M = 
47,781.00 Da) and low ionization efficiency. To determine 
the large, monodispersed rotaxane-branched dendrimers, 
two-dimensional (2-D) diffusion-ordered spectroscopy 
(DOSY) was also exploited to evaluate the resultant 
rotaxane-branched dendrimers PG1–PG3 (Figures S26-28). 
The observation of a distinct band in the DOSY spectrum of 
PG1, PG2, or PG3 indicated the existence of the sole species 
of rotaxane-branched dendrimers. Furthermore, a 
significant decrease in the diffusion coefficient (D) from 
(1.38 ± 0.12) × 10-9 m2 s-1 (PG1) to (1.02 ± 0.10) × 10-9 m2 s-

1 (PG2), (6.76 ± 0.15) × 10-10 m2 s-1 (PG3) was observed, 
which provided further evidence of the progressive size 
increase of the obtained rotaxane-branched dendrimers. 
Moreover, dynamic light scattering (DLS) investigations of 
rotaxane-branched dendrimers PG1–PG3 were also 

conducted to determine their sizes in solution (Figure S29). 
The average hydrodynamic sizes (Dh) for PG1, PG2, and 
PG3 were 2.2 ± 0.1 nm, 3.6 ± 0.2 nm, and 6.2 ± 0.2 nm, 
respectively, which indicated that the size progression was 
in agreement with that measured by the DOSY technique. 

With the aim of identifying the morphologies, atomic 
force microscopy (AFM) measurements of the resultant 
rotaxane-branched dendrimers PG1–PG3 were also carried 
out as well. As shown in Figure 2, when the generation of 
the dendrimers increased, the averaged height gradually 
increased from 2.1 ± 0.1 nm (PG1) to 3.4 ± 0.1 nm (PG2), 
and 5.5 ± 0.2 nm (PG3), respectively. These results also 
provided a reasonable evidence for the successful 
preparation of high-generation rotaxane-branched 
dendrimers. 

Photosensitization Efficiencies of Rotaxane-Branched 
Dendrimers. After introduction of the anthracene unit as 
the photosensitizer, we investigated the photosensitizing 
ability of the resultant rotaxane-branched dendrimers  

PG1
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Figure 2. AFM images of the rotaxane-branched dendrimers. (a) 
PG1; (b) the height range of PG1 is 2.1 ± 0.1 nm; (c) PG2; (d) 
the height range of PG2 is 3.4 ± 0.1 nm; (e) PG3; (f) the height 
range of PG3 is 5.5 ± 0.2 nm. 

PG1–PG3 as well as the precursor [2]rotaxane R-AN and 
the monomer AN. The photophysical data of all compounds 
are summarized in Table 1. At the equal anthracene unit 
concentrations (0.042 mM) in THF, all compounds 
displayed two main absorption peaks at approximately 370 
nm and 391 nm with almost the same molar absorption 
coefficient and had the similar wavelengths of maximum 
photoluminescence (PL) emission at approximately 420 nm. 
This observation indicated that the intermolecular or 
intramolecular interactions between anthracene groups 
and the aggregation of anthracene moieties did not take 
place even in the case of PG3, which contained forty-two 
anthracene units (Figures 3a-b). However, as the generation 
of the dendrimers increased, the fluorescence intensity 
decreased progressively accompanied by a decreased 
fluorescence quantum yield (Φf) from 35.3 ± 2.6% (AN) and 
17.1 ± 2.1% (R-AN) to 10.8 ± 1.3% (PG1), 8.0 ± 1.0% (PG2), 
and then to 6.7 ± 0.8% (PG3), which might be attributed to 
the gradual enhancement of the intersystem crossing (ISC) 
from AN to PG3 (Figure 3c). 

As one of the most important parameters of 
photosensitizers, the 1O2 generation efficiency (Φo) of PG1–
PG3, R-AN, and AN was evaluated by using the 
commercially available 1O2 indicator singlet oxygen sensor 
green (SOSG), which could react with the generated 1O2 to 
give green fluorescence with a maximum emission 
wavelength at 550 nm.16 Interestingly, as shown in Figure 
3d, along with the increase of dendrimer generation from 
PG1 to PG2 and then to PG3, the normalized Φo increased 
from 1.0 to 2.5 and then to 7.3. Notably, the third-generation 
rotaxane-branched dendrimer PG3 showed approximately 
7-fold higher 1O2 generation than that of the first-generation 
rotaxane-branched dendrimer PG1. Although R-AN and AN 
also had anthracene moieties, the change in fluorescence 
intensity of SOSG was negligible under the light irradiation 

of the mixture solution of SOSG and R-AN or AN for 60 min, 
which revealed the very low efficiency of 1O2 generation by 
R-AN and AN (Figures S35-36). More importantly, the 
inverse correlation between Φo and Φf indicated that 
increasing the generations of rotaxane-branched 
dendrimers was an effective way to enhance the ISC in the 
above-mentioned cases. 

Table 1. Optical and photosensitization properties of the 
resultant rotaxane-branched dendrimers PG1–PG3, the 
precursor [2]rotaxane R-AN and the  monomer AN. 

Com-
pound 

Φf (%) λabs (nm) λem (nm) Ak[a] 

1O2 nor-
malized 

yield 

AN 35.3±2.6 370, 391 419 18.1±2.4 0.5[b] 

R-AN 17.1±2.1 371, 391 420 21.5±2.2 0.6[b] 

PG1 10.8±1.3 370, 391 420 33.3±1.6 1.0 

PG2 8.0±1.0 370, 391 420 82.1±5.0 2.5 

PG3 6.7±0.8 371, 391 420 241.5±4.2 7.3 

[a] The non-linear regression fitting parameters of the 1O2 
generation rate equation. [b] The very low efficiency of R-AN 
and AN in 1O2 generation. 

 
Figure 3. Photosensitization properties of the molecules 
investigated in this work. UV-vis spectra (a), PL spectra (b), 
fluorescence quantum yield (c) and 1O2 quantum yield (d) of 
the resultant rotaxane-branched dendrimers PG1–PG3, the 
precursor [2]rotaxane R-AN and the monomer AN. 

To investigate the mechanism of the enhanced 
photosensitization efficiencies of these rotaxane-branched 
dendrimers, time-dependent density functional theory (TD-
DFT) calculations were performed on these optimized 
molecular models AN, R-ANM and PG1 in both singlet and 
triplet excited states (see computational details in the 
Section E of the SI).17 According to the perturbation theory-
based equation, both the energy gap between the singlet 
and triplet states (ΔEST) and SOC should be taken into 
consideration in studying the ISC since a reduction in ΔEST 
or increase in SOC increases the rate constant of ISC (kISC). 
As shown in Figure 4 and Table S4-5, AN, R-ANM and PG1 
exhibited nearly the same ΔEST because the π-conjugation 
length of the anthracene moieties in these compounds was 
the same. Since the AN molecule possesses two anthryl 
units, the S1 and S2 states should be nearly degenerated, that 
is similar to T1 and T2 states. Thus, the energy of the upper 
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excited states (Tn and Sn) did not move closer to the lowest 
excited states (T1/T2 and S1/S2). Analysis of the transition 
configurations of excited states and the corresponding 
molecular orbitals for AN, R-ANM and PG1 confirmed the 
significant localized excitation (LE) character on 
anthracene moieties (Figures S37, S38 and S41). This was 
also in good agreement with the measured absorption and 
fluorescence spectra. Although the introduction of multiple 
anthracene units into the rotaxane-branched dendrimers 
did not induce a decrease in ΔEST, it is noteworthy that the 
increased number of anthracene units with the increasing 
dendrimer generation resulted in the significantly 
enhanced energy transition channels from S1/S2 to T1/T2, 
which was highly beneficial for the ISC process to facilitate 
1O2 generation. For instance, unlike AN and R-ANM, which 
each possess only one transition channel from S1/S2 to 
T1/T2, three times the transition channels from S1/S2 to 
T1/T2 occurred in PG1,  thus endowing PG1 with a higher 
photosensitization capability than AN and R-ANM. 
Therefore, when the number of anthracene units are further 
increased in PG2 and PG3, the energy transition channels 
for ISC from S1/S2 to T1/T2 should increase accordingly. As 
a result, the 1O2 generation efficiencies of PG2 and PG3 
were higher than those AN, R-ANM, and PG1. 

 
Figure 4. Mechanism of the enhanced photosensitization 
efficiencies of rotaxane-branched dendrimers. Optimized 
ground-state geometries of model compounds (top) and 
calculated excited-state energy levels and possible ISC 
channels (bottom). 

Subsequently, the heavy-atom effect of platinum, which 
makes an important contribution to SOC, was also studied 
for AN, R-ANM, and PG1. For AN, the significant ISC pro-
cesses between S1/S2 and T3/T4 are competitive due to the 
simultaneous small energy gaps ΔEST (0.220 ~ 0.247 eV) 
and moderate SOC values (0.014 ~ 0.223 cm-1) compared to 
those between S1/S2 and T1/T2 (ΔEST of 1.890~1.920 eV and 
SOC of 0.014~0.099 cm-1) as shown in Table S4. The 
calculated SOC values of AN between S1/S2 and T1/T2 were 
relatively small, which is a common phenomenon observed 
in pure organic compounds. However, for R-ANM, upon in-
corporation of platinum(II) atom from one side, the ISC 
channels are significantly enhanced between S1/S2 and 
T1/T2 (ΔEST of 1.836~1.906 eV and SOC of 0.022~0.298 cm-

1), but the channels between S1/S2 and T3/T4 states are 
greatly suppressed due to the vanishing SOC values of 

0.000~0.033 cm-1. Furthermore, three times the number of 
ISC channels for PG1M occur accompanying with enhanced 
SOC values between S1/S2 and T1/T2 states (see Table S5). 
Moreover, the T1/T2 energy levels (1.65 ~ 1.69 eV) of all the 
molecules are found to be close to the excitation energy 
(1.627 eV) for the excited singlet 1O2,17c indicating the pho-
tosensitization efficiency of 1O2 should be efficient due to 
the energy-level matching principle. Collectively, the simple 
introduction of multiple anthracene moieties and platinum 
atoms on the axles and wheels of the rotaxane units, which 
resulted in the enhanced energy transition channels from 
S1/S2 to T1/T2 and the intramolecular-space heavy-atom 
effect, respectively, played important roles in improving 
both the ISC efficiency as well as the 1O2 generation 
efficiency. Moreover, because of the existence of many more 
ISC processes from singlet to triplet states, the 
corresponding nonradiative transition processes became 
increasingly competitive. Thus the fluorescence quantum 
yield was gradually reduced from AN to R-ANM and then to 
PG1–PG3. 

 
Figure 5. Photolysis of the resultant rotaxane-branched 
dendrimers PG1–PG3, the precursor [2]rotaxane R-AN and the 
monomer AN. (a) Schematic representation of photolysis of the 
rotaxane-branched dendrimer PG3. Absorbance at 391 nm (b) 
and normalized photolysis rates (c) upon irradiation at 365 nm 
for 1 h (0.042 mM, 25 °C). Absorbance at 391 nm (d) and 
normalized photolysis rates (e) upon irradiation at 365 nm for 
1 h (0.42 mM, 25 °C). (f-h) Kinetic analysis of the photolysis of 
the rotaxane-branched dendrimer PGn (n = 1, 2, 3). 
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that 9-alkoxy-substituted anthracene has the ability to trap 
1O2 and then react with it to decompose anthracene into 
anthraquinone and alkanol through photolysis reaction, 
which is useful for the detection of 1O2 by directly 
monitoring the absorption of 9-alkoxy-substituted 
anthracene.18 Thus, to further verify the enhanced 
photosensitization efficiencies of rotaxane-branched 
dendrimers with the increase of dendrimer generation, the 
photolysis of the monomer AN, the precursor [2]rotaxane 
R-AN, and the resultant rotaxane-branched dendrimers 
PG1–PG3 was investigated. As shown in Figure 5a-e, upon 
irradiation of AN (0.042 mM of anthracene unit) at 365 nm 
for 60 min, the absorption of the 9-alkoxy-substituted 
anthracene moiety in the range of 340-410 nm gradually 
decreased. Comparatively, under the same conditions, the 
irradiation of rotaxane-branched dendrimer PG1 induced a 
significant decrease in the absorption of the 9-alkoxy-
substituted anthracene moiety with a 2-fold normalized 
photodecomposition rate higher than that of AN (0.92 for 
AN). Along with the increase of  the generation of rotaxane-
branched dendrimers, the normalized  photodecomposition 
rates for R-AN, PG1, PG2, and PG3 increased from 1.00, to 
1.70, 1.94, and then to 2.45. Moreover, the concentration of 
the dendrimers had a slight impact on the 
photodecomposition process. For instance, at higher 
anthracene unit concentrations (0.42 mM), the normalized 
photodecomposition rates for AN, R-AN, PG1, PG2, and PG3 
were determined to be 0.85, 1.00, 1.75, 2.20, and 2.75, 
respectively. These results clearly indicated that the 
formation of rotaxane was beneficial to the photolysis of 
anthracene, which was significantly enhanced after the 
formation of the rotaxane-branched dendrimers. 

To probe their photolysis mechanism, the photolytic 
products of AN, R-AN, PG1, and PG2 were identified by ESI-
MS and 1H NMR techniques. For example, upon irradiation 
with AN for 60 min, the precipitate product was separated 
through filtration and confirmed as anthraquinone by ESI-
MS and 1H NMR measurements as shown in Figures S55-56. 
Moreover, the peak corresponding to the alkanol-
substituted pillararene moiety was also observed in the ESI-
MS spectrum (Figure S57). These results revealed that AN  
was decomposed into anthraquinone and alkanol-
substituted pillararene through photolysis reactions, which 
was consistent with the reported mechanism.18b In the cases 
of R-AN, PG1, and PG2, the anthraquinone product was also 
identified by ESI-MS and 1H NMR measurements. 
Furthermore, 1H NMR analysis demonstrated that the main 
skeletons of the resultant rotaxane-branched dendrimers re-
mained intact upon UV irradiation although a residue of 
unreacted 9-alkoxy-substituted anthracene at the 
periphery of the dendrimers resulted in the generation of 
asymmetric  dendrimers with some broadened signal peaks 
(Figures S58-63). By combining all the aforementioned 
results, a plausible photolysis mechanism for rotaxane-
branched dendrimers PG1–PG3 was deduced as illustrated 
in Scheme S6, where the 9-alkoxy-substituted anthracene at 
the periphery of the dendrimers reacted with 1O2 to 
decompose into anthraquinone and the main skeletons of 
the resultant rotaxane-branched dendrimers remained 
after irradiation. 

With the aim of exploring the mechanism behind the 
accelerated photolysis reaction of the rotaxane-branched 
dendrimers, the apparent activation energy  (Ea) of PG1–
PG3 was investigated since the Ea of chemical reactions 
plays a central role in the field of chemical kinetics and 
serves as an important tool for analyzing and 
understanding reaction rates.19 According to the Arrhenius 
analysis, Ea can be calculated based on the following 
equation: 

𝑙𝑛(t1/2) =
𝐸𝑎

𝑅
×
1

𝑇
+ 𝑙𝑛𝐶 + 𝑙𝑛𝐴 

where the half-life (t1/2), which is highly dependent on 
temperature, can be obtained directly from the time-
conversion curves. A, R, and T are the pre-exponential factor, 
universal gas constant and temperature, respectively. 
Therefore, from the data on half-life (t1/2) at different 
temperatures (T), the Ea values for PG1 and PG2 were 
calculated to be 69.87 kJ mol-1 and 45.19 kJ mol-1, whereas 
the Ea value for PG3 was determined to be only 7.04 kJ mol-

1 (Figure 5f-h). This result clearly exhibited that increasing 
generations of the resultant rotaxane-branched dendrimers 
greatly decreased the apparent activation energy by 62.83 
kJ mol−1, which might account for the significant 
acceleration of the photolysis reaction.  

 

CONCLUSION 

In summary, we have developed a novel platform of the 
rotaxane-branched dendrimers for the construction of 
highly effective photosensitizers. A series of new rotaxane-
branched dendrimers PG1–PG3 containing up to twenty-
one heavy atoms and forty-two photosensitizer moieties 
were prepared through an efficient and controllable 
divergent approach. Impressively, the first-, second-, and 
third-generation rotaxane-branched dendrimers PG1, PG2, 
and PG3 revealed 1.8-, 4.5-, and 13.3-fold higher 1O2 
generation efficiency than their corresponding monomer 
AN. The achievement of highly efficient 1O2 generation 
efficiencies of PG1-PG3 was atributed to the simple and 
effective introduction of numerous anthracene moieties 
and multiple heavy atoms on the axles and wheels of the 
rotaxane units. These  star-shaped, highly topologically 
branched, and mechanically interlocked rotaxane-branched 
dendrimers are a very promising platform not only for the 
preparation of effective photosensitizers but also for the 
fabrication of artificial light-harvesting systems, 
photolyzable materials, and dynamic smart materials in the 
future. 
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