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Abstract: The photothermal effect is the generation of heat
by molecules or particles upon high-energy laser irradiation,
and near-infrared absorbers such as gold nanoparticles and
organic dyes have a range of potential photothermal appli-
cations. The favourable photothermal properties of thio-
phene-functionalised croconaine dyes were recently discov-
ered. The synthesis and properties of novel croconaine ro-
taxane and pseudorotaxane architectures capable of efficient
photothermal performance in both organic and aqueous en-
vironments are reported. The versatility of this dye-encapsu-
lation strategy was demonstrated by the preparation of two

organic croconaine rotaxanes using different synthetic meth-
ods: the formation of an aqueous pseudorotaxane associa-
tion complex, and the synthesis of water-soluble, croco-
naine-doped silicated micelle nanoparticles. All of these
near-infrared-absorbing systems exhibit excellent photother-
mal behaviour, with pseudorotaxane and rotaxane formation
vital for effective aqueous heat generation. Dye encapsula-
tion provides steric protection to enhance the stability of
a water-sensitive croconaine dye, while rotaxane-doped
nanoparticles avoid detrimental band broadening caused by
chromophore coupling.

Introduction

There is increasing interest in developing methods of generat-
ing heat in nanoscale environments. The most common ap-
proach uses the photothermal effect, namely the absorption of
laser light by molecules or particles that convert this energy
into heat. Applications of nanoscale heat generation include
photothermal cancer therapy,[1] photoacoustic imaging,[2] drug
delivery,[3] tissue repair,[4] photothermal reactions,[5] and poly-
mer welding.[6]

Gold nanoparticles are often used for photothermal studies
owing to their tuneable surface plasmon resonance bands,[7]

but there are potential concerns for certain types of biological
applications owing to slow rates of diffusion and clearance in
vivo. Although organic dyes can compete with gold nanoparti-
cles on a heat generation per mass basis,[8] many near-infrared
(NIR) organic dyes suffer greatly from photobleaching. There-
fore, there is a need to develop alternative, photostable NIR
chromophores with well-characterised photothermal proper-
ties, and recent studies have included metallo-naphthalocya-
nine, porphyrin, and cyanine derivatives.[6, 9]

Recently, we discovered that thiophene-functionalised croco-
naine dyes,[10] such as the organic-solvent-soluble 1 (Figure 1),
can act as high-performance NIR photothermal agents owing
to their intense absorption around 800 nm, weak fluorescence,
extremely low singlet oxygen photosensitisation, and impor-
tantly, high chemical and photothermal stability.[8a] These col-
lective attributes compare favourably with the alternative NIR
dye systems. Furthermore, we demonstrated that anthracene-
based tetralactam macrocycle 2 can encapsulate croconaine
dye 1 to form pseudorotaxane association complex 2�1,
which exhibits a red shift in the croconaine absorbance band.
Herein, we describe detailed studies that use these building
blocks to create three new types of croconaine architectures
for photothermal heating. First, two permanently interlocked
organic croconaine rotaxanes were prepared using “stopper-
ing” and “clipping” strategies. Additionally, we report two
methods of producing water-soluble croconaine systems. One
method produced a mono-disperse pseudorotaxane associa-
tion complex, and the other croconaine-doped silicated micelle
nanoparticles. Crucially, pseudorotaxane or rotaxane formation
was required in both of these water-soluble systems to solve
dye stability or self-aggregation problems. All of the reported
croconaine derivatives exhibit impressive photothermal per-
formance and appear highly suited to various complementary
photothermal applications.
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Results and Discussion

Organic-solvent-soluble croconaine rotaxanes

The two most frequent methods of rotaxane synthesis are
stoppering and clipping.[11] Stoppering is achieved by covalent
addition of sufficiently large stopper groups to a pseudorotax-
ane assembly, while clipping is the cyclisation of a macrocycle
around a dumbbell-shaped axle. Both strategies were em-
ployed to prepare the first permanently interlocked rotaxanes
containing croconaine dyes.

To realise the stoppering strategy, the copper-catalysed
alkyne–azide cycloaddition (CuAAC), or click, reaction was uti-
lised to convert alkyne-functionalised pseudorotaxane 2�1
into permanently interlocked rotaxane 3 (Figure 2; Supporting
Information, Scheme S1). The product was isolated in 84 %
yield, and full characterisation of 3 was achieved using NMR,
mass spectrometry, and photophysical methods (see below
and the Supporting Information). Unlike pseudorotaxane 2�1,
which rapidly dissociates in polar organic solvents at room
temperature, rotaxane 3 is completely stable in acetone, dem-
onstrating that the terminal 3,5-tert-butylbenzene stopper
groups have sufficient steric size to prevent dethreading (Sup-
porting Information, Figure S45).

The alternative clipping approach employed tetra-substitut-
ed croconaine dye 4 as a dumbbell-shaped axle. Ten molar
equivalents of 5-tert-butylisophthaloyl dichloride and 9,10-bi-
s(aminomethyl)anthracene were reacted under high-dilution

conditions in the presence of one equivalent of dye 4, afford-
ing target rotaxane 5 in 81 % yield (Supporting Information,
Scheme S2). The permanently interlocked structure of rotaxane
5 was again confirmed by its stability in polar organic solvents
(Supporting Information, Figure S45).

Thiophene–croconaine derivatives exhibit conformational
isomerism owing to their unsymmetrical structures (Figure 3 a).
The isomers are in slow exchange on the NMR timescale; for
example, four signals are observed for both thiophene protons
2 in the 1H NMR spectrum of dye 1 (Figure 3 b), with integra-
tion indicating two major isomers (trans and cis) and one
minor (cis).[8a] The same conformational behaviour is observed
for croconaine rotaxanes 3 and 5 (Figure 3 a), as indicated by
the peaks corresponding to isophthalamide protons b in rotax-
ane 3 (Figure 3 c). The unsymmetrical croconaine de-symmetr-
ises the two isophthalamide groups of the surrounding macro-
cycle, and six signals for protons b are observed corresponding

Figure 1. Previously reported croconaine dye 1, macrocycle 2, and pseudor-
otaxane 2�1.[8a]

Figure 2. Stoppered croconaine rotaxane 3, tetraalkyne dye 4, and clipped
rotaxane 5.
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to the two major and one minor croconaine conformational
isomers. Similar splitting is present for protons c (Supporting
Information, Figure S37), and is also observed in the spectrum
for rotaxane 5 (Supporting Information, Figure S40).[12]

Assignment of the 1H NMR spectra of rotaxanes 3 and 5 was
aided by 2D 1H–1H COSY and ROESY NMR (Supporting Informa-
tion), and diagnostic 1H NMR shifts corresponding to rotaxane
formation were observed for both systems (Figure 4; Support-
ing Information, Figure S18). Specifically, hydrogen bonding
between the croconaine core and isophthalamide motifs pro-
duced downfield shifts in macrocycle proton signals c and d,
while aromatic shielding induces upfield shifts in dye protons 1
and 2 and macrocycle protons e, f, and g.

The photophysical properties of dyes 1 and 4 and rotaxanes
3 and 5 are listed in Table 1. Upon rotaxane formation, a red-
shift in the croconaine absorbance band of approximately
30 nm is observed with a concomitant reduction in molar ab-
sorptivity (Figure 5 a; Supporting Information, Figure S44a).
Previously, similar bathochromic shifts were observed for relat-
ed squaraine rotaxane derivatives[13] and exploited for activat-
ed photothermal heating using croconaine pseudorotaxane

2�1.[8a] Along with these absorption perturbations, comparison
of quantum yields indicates that dye encapsulation has a mod-
erate quenching effect on the already weak croconaine fluores-
cence emission (Ff values in Table 1, fluorescence spectra
shown in Figure 5 b and the Supporting Information, Fig-
ure S44b). Anthracene emission in rotaxanes 3 and 5 is also
quenched in comparison with macrocycle 2. This is consistent
with energy transfer to the encapsulated croconaine compo-
nent,[14] although other quenching processes are possible.

Laser-induced heat generation experiments were undertaken
to determine whether the favourable photothermal behaviour
of croconaine dye 1 was affected by macrocycle encapsulation.
Two fundamental questions were addressed. Firstly, while our
previous study confirmed that photothermal output is related
to optical density and the Beer–Lambert law,[8a] it was impor-
tant to determine the sensitivity of the bulk heating response
to quenching of croconaine fluorescence emission upon en-
capsulation of dye 1 within rotaxane 3 (Ff = 0.06 and 0.02 re-
spectively). Secondly, as the photothermal effect has been
shown to promote bond dissociation events,[3a, 5] we were not

Figure 3. a) Conformational isomers of thiophene–croconaine dyes, such as
1 and 4, and thiophene-croconaine rotaxanes, such as 3 and 5. b) Region of
the 1H NMR spectrum (CDCl3, 600 MHz, 295 K) of croconaine dye 1 corre-
sponding to thiophene protons 2 and c) region of the 1H NMR spectrum
(CDCl3, 600 MHz, 295 K) of croconaine rotaxane 3 corresponding to macrocy-
cle protons b. See Figures 1 and 2 for atom labels.

Figure 4. Diagnostic region of the 1H NMR spectra (CDCl3, 600 MHz, 295 K)
of a) croconaine dye 1, b) croconaine rotaxane 3, and c) macrocycle 2.

Table 1. Photophysical data for croconaine dyes 1 and 4, croconaine ro-
taxanes 3 and 5, and macrocycle 2 (CHCl3, 5.0 mm).

labs,max

[nm]
e

[L mol�1 cm�1]
lex,max

[nm]
lem,max

[nm]
Ff

[a]

lex =

750 nm

Ff
[b]

lex =

350 nm

Dye 1 795 2.9 � 105 764 811 0.06 –
Dye 4 795 3.1 � 105 764 810 0.08 –
Rotaxane 3 824 1.8 � 105 764 837 0.02 0.03
Rotaxane 5 825 1.4 � 105 764 837 0.02 0.09
Macrocycle 2 – – – – – 0.77

[a] Relative to indocyanine green in EtOH (Ff = 0.13).[15] [b] Relative to
9,10-diphenylanthracene in cyclohexane (Ff = 0.93).[16]
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sure if laser-induced heating would lead to dethreading of
pseudorotaxane 2�1.

To ascertain the effect of rotaxane formation on photother-
mal heat generation beyond the reduction in molar absorptivi-
ty seen in Figure 5 a, the optical densities of different CHCl3 sol-
utions of dye 1 and rotaxane 3 were matched at 808 nm (Fig-
ure 6 a). The solutions were irradiated for 20 min with 250 mW
coherent light from an 808 nm laser diode, and the solution
temperature was monitored using a thermocouple (Figure 6 b).
The lack of a significant difference between the heat genera-
tion profiles (Supporting Information, Table S3) indicates that
the modest fluorescence quenching upon encapsulation does
not appear to affect the photothermal efficiency of the croco-
naine chromophore. In other words, if optical densities are
matched then the bulk photothermal output is identical for
croconaine dye 1 and rotaxane 3.

The stability of pseudorotaxane 2�1 was investigated by ir-
radiating separate 5.0 mm solutions of 2�1 and 3 for 20 min
with 250 mW, 820 nm coherent light from a tunable Ti :sap-
phire laser. The absorbance values of 2�1 and 3 were identical
at this wavelength and no significant difference in the average
temperature changes were observed: DT = 6.9�0.3 8C for 2�1,
and 6.7�0.2 8C for 3 (Figure S49). Furthermore, the absorption
spectra of the solutions did not change upon laser irradiation
(Supporting Information, Figure S50).[17] We conclude that or-
ganic-solvent-soluble croconaine pseudorotaxane 2�1 does

not dissociate to any significant extent under photothermal
heating.

Water-soluble croconaine pseudorotaxane

To achieve aqueous photothermal heating, a water-soluble an-
alogue of pseudorotaxane 2�1 was produced by encapsulat-
ing bis(guanidinium) croconaine dye 6 inside water-soluble
macrocycle 7[18] (Figure 7). Rapid association driven largely by
the hydrophobic effect occurred upon addition of five molar
equivalents of macrocycle 7 to dye 6, signalled by the charac-
teristic 30 nm red shift in croconaine absorbance (Figure 8 a).
Furthermore, while bis(guanidinium) dye 6 is unstable in water,
with a 40 % reduction in the croconaine absorbance band ob-
served over 4 h (Figure 8 b), pseudorotaxane 7�6 exhibits no
instability.[19] Steric shielding of the croconaine core within the
surrounding macrocycle is responsible for this protection
effect.[13, 20] The combination of rapid association and steric pro-
tection of the encapsulated croconaine supports the feasibility
of future efforts to trigger pseudorotaxane formation for acti-
vated photothermal heat generation in water.

Figure 5. Comparative a) absorption spectra and b) fluorescence spectra for
croconaine dye 1 and rotaxane 3 (CHCl3, 5.0 mm, lex = 765 nm).

Figure 6. a) Absorption spectra for solutions of croconaine dye 1 and rotax-
ane 3 at different concentrations (CHCl3), and b) the corresponding tempera-
ture change profiles observed during laser irradiation (808 nm, 250 mW).
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The photothermal behaviour of water-soluble assembly 7�6
was investigated by exposing a solution to four cycles of laser
irradiation (250 mW, 820 nm), and subsequent cooling
(Figure 9). Importantly, the reproducibility of the heating re-
sponse, and the lack of changes in the corresponding absorp-
tion spectrum (Supporting Information, Figure S52), demon-
strates that 7�6 is an effective system for aqueous heat gener-
ation, and that unstable bis(guanidinium) dye 6 remains
strongly encapsulated by the protective macrocycle 7 during
laser-induced heating.

Water-soluble croconaine-doped nanoparticles

Croconaine-doped silicated micelle nanoparticles were synthes-
ised by a known procedure that first encapsulates hydrophobic
dyes within Pluronic micelle cores, and then forms permanent
nanoparticles by silica deposition (Scheme 1).[21] The surface
polyethylene glycol (PEG) chains impart excellent water solubil-
ity and biocompatibility. Croconaine dye 1, rotaxane 3
(Figure 1), and dumbbell-shaped axle 8 (Figure 10) were used
as dopants, and the resulting nanoparticles were characterised
using DLS and absorption spectroscopy.

In agreement with previous reports using this method,[21]

the synthesised nanoparticles had narrow size distributions

with mean sizes around 15 nm (Figure 11 a; Supporting Infor-
mation, Table S1). While the relative absorption spectra reveal
that axle 8 and rotaxane 3 were efficiently encapsulated (Fig-
ure 11 b), only a very minor croconaine absorbance band was
observed for the nanoparticles doped with dye 1. Correspond-
ing loading percentages of less than 5 % for dye 1, 40–50 % for
axle 8, and 50–60 % for rotaxane 3 were estimated. It is sup-
posed that the increased hydrophobicity of 8 and 3 increased
the extent of dye encapsulation within the Pluronic micelle

Figure 7. Water-soluble bis(guanidinium) croconaine dye 6, macrocycle 7,
and pseudorotaxane 7�6.

Figure 8. a) Absorption spectra of bis(guanidinium) croconaine dye 6 and
pseudorotaxane 7�6 (H2O, 5 mm), and b) changes in relative absorbance for
6 (784 nm) and 7�6 (818 nm) over 4 h (n = 3, error bars correspond to stan-
dard errors). Note: 7�6 was formed in situ from dye 6 and 5.0 equivalents
of macrocycle 7.

Figure 9. Temperature change profile observed for a solution of bis(guanidi-
nium) croconaine pseudorotaxane 7�6 (H2O, 5.0 mm) upon cycles of laser ir-
radiation (250 mW, 820 nm, indicated by the bars at top) and subsequent
cooling to room temperature.
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cores during nanoparticle synthesis. Furthermore, the absorb-
ance band for the nanoparticles doped with axle 8 was severe-
ly broadened owing to croconaine self-aggregation, while the
rotaxane-containing nanoparticles exhibited a relatively sharp
absorbance. This is attributed to the steric separation that is
enforced by the surrounding rotaxane macrocycle, which pre-
vents electronic coupling of the encapsulated croconaine.
Narrow and intense NIR absorption bands are needed for
eventual applications that require maximum photothermal
heating or selective band irradiation.

The photothermal behaviour of the axle and rotaxane-con-
taining nanoparticle systems were compared by irradiating
separate dispersions for 20 min using either an 808 or 830 nm
laser diode (250 mW) with the resulting temperature change
profiles shown in Figure 12. As expected, the amount of heat
generation corresponds to the relative absorbance values of
the nanoparticles at the appropriate laser wavelength (Fig-
ure 11 b). Moreover, no significant changes in either the ab-
sorption spectra or DLS measurements were observed after
laser irradiation (Supporting Information, Figures S53 and S54).
Thus, croconaine-doped silicated micelle nanoparticles are ef-
fective water-soluble photothermal systems as they remain
highly stable under laser irradiation.

Conclusion

The first permanently interlocked croconaine rotaxanes were
successfully prepared in high yields using stoppering and clip-
ping synthetic strategies. The stoppering approach utilised the
previously reported pseudorotaxane association complex, 2�1,
while the clipping method relied on a four-component macro-
cyclisation around a templating croconaine axle. The use of
the croconaine motif as the hydrogen bond acceptor in

Scheme 1. Synthesis of dye-doped Pluronic micelles and the corresponding
silicated nanoparticles. TEOS = tetraethyl orthosilicate, DEDMS = diethoxydi-
methylsilane.

Figure 10. Dumbbell-shaped croconaine axle 8.

Figure 11. a) Dynamic light scattering (DLS) measurements and b) relative
absorption spectra for solutions of silicated micelle nanoparticles (SiNPs)
doped with croconaine dye 1, axle 8, or rotaxane 3 (H2O). Relative absorb-
ance values at the laser wavelengths (808 and 830 nm) are marked with
black circles.

Figure 12. Temperature change profiles observed upon laser irradiation
(250 mW, 808 or 830 nm) of solutions of silicated micelle nanoparticles
(SiNPs) doped with croconaine axle 8 or rotaxane 3 (H2O, 1.0 mL).
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a Leigh-type clipping strategy further demonstrates the syn-
thetic versatility of this approach.[22]

At the same optical density, croconaine dye, pseudorotax-
ane, and rotaxane samples produce the same amount of heat
under laser irradiation. Photothermal studies of organic and
aqueous pseudorotaxanes found no evidence for laser-induced
dethreading, and the encapsulation of a water-sensitive croco-
naine dye within a protective macrocycle produced a stable
chromophore with a durable photothermal response. The fact
that croconaine pseudorotaxanes act as robust photothermal
agents that form very rapidly in water is a significant finding
and supports the feasibility of future molecular designs that
achieve activated photothermal heating by pseudorotaxane as-
sembly strategies.

Along with molecular-scale systems, the hydrophobic cores
of water-soluble silicated micelles were readily doped with
croconaine derivatives to yield nanoparticle-scale photother-
mal agents with intense NIR absorptions. Axle-doped nanopar-
ticles display band broadening owing to croconaine self-aggre-
gation, whereas rotaxane-containing nanoparticles do not ex-
hibit this property and thus have higher absorbance and pho-
tothermal effect. Dye encapsulation within rotaxane architec-
tures is likely to be a general strategy for preventing any band
broadening due to chromophore self-aggregation within dye-
doped nanoparticles and, to the best of our knowledge, this
study is the first demonstration of this approach.

Experimental Section

General considerations

NMR spectra were recorded on a Bruker AVANCE III HD 400, Bruker
AVANCE III HD 500, and Varian DirectDrive 600 spectrometers at
295 K. High-resolution electrospray ionisation (ESI) mass spectrom-
etry (MS) was performed using a Bruker micrOTOF II spectrometer.
Commercially available solvents and chemicals were used without
further purification unless otherwise stated. Water was de-ionised
and microfiltered. CuITBTA Br was synthesised from CuBr and
TBTA,[23] and stored in a desiccator prior to use. Compounds 1,[8a]

2,[24] 2�1,[8a] 7,[18] 9,10-bis(aminomethyl)anthracene,[24] and 5-tert-
butylisophthalic dichloride[25] were synthesised using previously re-
ported procedures. The syntheses of compounds 4, 6, and 8 are
given in the Supporting Information.

Croconaine rotaxane 3

Croconaine pseudorotaxane 2�1 (17 mg, 0.012 mmol), 1-(azido-
methyl)-3,5-di-tert-butylbenzene (S3 ;[26] 9.1 mg, 0.037 mmol),
CuITBTA Br (2.5 mg, 30 mol %), and DIPEA (5 mL, 0.029 mmol) were
dissolved in CHCl3 (3 mL) and stirred at room temperature for 24 h.
The solvent was then removed in vacuo and the resulting residue
purified by gradient silica gel column chromatography using 5–
20 % acetone/CH2Cl2 to elute the product as a black solid (20 mg,
0.010 mmol, 84 %). 1H NMR (600 MHz, CDCl3): d = 9.23–9.59 (2 H, m,
Hc), 8.45–8.56 (4 H, m, Hb), 7.64–8.27 (12 H, m, Hd and Hf), 7.60–7.62
(2 H, m, H8), 7.44–7.67 (2 H, m, H1), 7.40–7.41 (2 H, m, H11), 7.12–7.14
(4 H, m, H10), 6.69–7.07 (8 H, m, Hg), 5.76–5.84 (2 H, m, H2), 5.51–5.54
(4 H, m, H9), 5.17–5.27 (8 H, m, He), 4.63–4.70 (4 H, m, H7), 3.30–3.68
(12 H, m, H3 and H5 and H6), 1.50–1.54 (18 H, m, Ha), 1.26–1.29 (36 H,
m, H12), 1.20 ppm (6 H, t, 3J = 7.2 Hz, H4); 13C NMR (151 MHz, CDCl3):

d= 184.7, 184.3, 183.4, 182.9, 182.2, 172.3, 167.2, 166.8, 166.7,
166.5, 166.0, 152.7, 152.6, 152.5, 152.3, 151.8, 144.0, 143.9, 143.9,
139.9, 133.6, 133.6, 133.4, 133.1, 133.1, 133.0, 133.0, 132.9, 132.4,
130.5, 130.4, 130.4, 130.3, 130.3, 130.2, 129.4, 129.2, 129.2, 129.1,
129.1, 129.0, 128.9, 128.9, 128.8, 128.7, 128.4, 128.1, 126.4, 126.1,
125.9, 125.7, 125.6, 125.6, 124.6, 124.5, 124.4, 124.3, 124.2, 124.1,
123.8, 123.8, 123.5, 123.1, 122.9, 122.9, 122.9, 122.8, 122.7, 122.5,
122.5, 122.4, 113.1, 112.9, 112.7, 112.4, 67.0–67.1, 64.4, 64.4, 63.5,
54.8, 53.7, 38.1, 38.1, 37.8, 37.6, 37.3, 35.4, 35.3, 35.3, 35.3, 35.3,
34.9, 34.8, 34.8, 31.7, 31.5, 31.4, 31.4, 31.3, 31.3, 31.3, 29.7, 29.2,
15.2, 14.1, 12.1–12.3 ppm. MS-ESI m/z 1860.9793 ([M + H]+ ,
C113H127N12O9S2, calcd 1860.9316), 1882.9510 ([M + Na]+ ,
C113H126N12NaO9S2, calcd 1882.9143). labs,max (CHCl3) 824 nm.
e (CHCl3) 1.8 � 105 L mol�1 cm�1. lem,max (CHCl3) 837 nm. Ff (CHCl3)
0.02.

Croconaine rotaxane 5

9,10-Bis(aminomethyl)anthracene[24] (71 mg, 0.30 mmol) and Et3N
(0.08 mL, 0.60 mmol) were dissolved in anhydrous CHCl3 (30 mL).
5-tert-butylisophthalic dichloride[25] (78 mg, 0.30 mmol) was dis-
solved in anhydrous CHCl3 (30 mL). Both solutions were then
added dropwise to a stirred solution of tetraalkyne croconaine dye
4 (19 mg, 0.03 mmol) in dry CHCl3 (40 mL) over 8 h and the reac-
tion mixture stirred for a further 7 h. The mixture was reduced in
vacuo before filtering through celite. The solvent was removed in
vacuo and the resulting residue purified by silica gel column chro-
matography using 2 % MeOH/CH2Cl2 to yield the product as
a black solid (36 mg, 0.024 mmol, 81 %). 1H NMR (600 MHz, CDCl3):
d = 9.25–9.70 (2 H, m, Hc), 8.44–8.57 (4 H, m, Hb), 7.38–8.32 (14 H, m,
Hd and Hf and H1), 6.77–7.14 (8 H, m, Hg), 5.55–5.67 (2 H, m, H2),
5.16–5.31 (8 H, m, He), 4.21–4.31 (8 H, m, H5), 3.52–3.85 (16 H, m, H3

and H4), 2.55–2.59 (4 H, m, H6), 1.51–1.57 ppm (18 H, m, Ha) ;
13C NMR (151 MHz, CDCl3): d= 184.2, 167.4, 167.3, 166.8, 166.7,
166.7, 166.7, 166.6, 166.6, 165.9, 153.0, 152.6, 152.6, 152.6, 152.4,
152.3, 133.4, 133.1, 133.0, 133.0, 132.8, 130.5, 130.4, 130.3, 130.3,
130.2, 130.1, 129.2, 129.2, 129.1, 129.0, 128.8, 128.7, 128.7, 128.4,
128.0, 126.6, 126.3, 126.1, 126.1, 125.8, 125.7, 125.6, 125.6, 124.5,
124.5, 124.4, 124.4, 124.1, 124.0, 124.0, 123.9, 123.6, 123.6, 122.8,
122.8, 122.1, 78.8, 78.8, 78.8, 78.8, 75.7, 75.6, 75.6, 75.6, 58.8, 58.8,
58.8, 58.7, 58.7, 38.2, 37.9, 37.8, 37.6, 37.3, 37.2, 36.8, 35.4, 35.3,
35.3, 35.3, 31.5, 31.5, 31.4, 31.4, 31.4, 31.4, 31.1, 29.7 ppm. MS-ESI
m/z 1477.5695 ([M + H]+ , C89H85N6O11S2, calcd 1477.5712). labs,max

(CHCl3) 825 nm. e (CHCl3) 1.4 � 105 L mol�1 cm�1. lem,max (CHCl3)
837 nm. Ff (CHCl3) 0.02.

General procedure for silicated micelle nanoparticles[21d]

Pluronic F127 (30 mg) and dye (1.91 mmol) were completely dis-
solved in CH2Cl2 (1 mL). The solvent was then removed in vacuo
and HCl(aq) (0.85 m, 1 mL) was added. The mixture was vigorously
stirred until all of the residue was suspended, and this was gently
stirred for a further 1 h. After this time, tetraethyl orthosilicate
(TEOS) (54 mL, 0.24 mmol) was added and the mixture stirred for
2 h, followed by addition of diethoxydimethylsilane (DEDMS)
(4.5 mL, 26.3 mmol) and stirring for 20 h. The mixture was then
transferred to dialysis tubing (Spectra/Por membrane tubing, mo-
lecular weight cut-off 12 000–14 000) and dialysed against water
(200 mL, changed twice every 24 h) for 6 days. The resulting sus-
pension was then filtered successively through 0.45 mm and
0.20 mm filters (Acrodisc Syringe Filters, Pall Corporation). The re-
sulting silicated micelle nanoparticles were characterised using dy-
namic light scattering and absorption spectroscopy.
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