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Abstract: Conjugated aromatic macrocycles are attractive due
to their unique photophysical and optoelectronic properties. In
particular, the cyclic radially oriented p-system of cyclopar-
aphenylenes (CPPs) gives rise to photophysical properties
unlike any other small molecule or carbon nanomaterial. CPPs
have tunable emission, possess large extinction coefficients,
wide effective Stokes shifts, and high quantum yields. However,
accessing bright CPPs with emissions beyond 500 nm remains
difficult. Herein, we present a novel and bright orange-emitting
CPP-based fluorophore showing a dramatic 105 nm red-shift
in emission and striking 237 nm effective Stokes shift while
retaining a large quantum yield of 0.59. We postulate, and
experimentally and theoretically support, that the quantum
yield remains large due to the lack of intramolecular charge
transfer.

Conjugated aromatic macrocycles have numerous benefits
over their acyclic counterparts such as increased charge
transport, maximized excimer emission, enhanced solubility
and ability to complex guests in their cavity to create sensors
or switches.[1–6] Cycloparaphenylenes (CPPs), or carbon nano-
hoops, are cyclic para-linked phenylenes with optoelectronic
properties unlike any other small molecule or carbon nano-
material (CNM).[7–12] Since their initial synthesis, these unique
molecules have generated extensive interest for use as carbon
nanomaterial building blocks,[13, 14] organic electronic compo-
nents,[15–17] novel solution- and solid-state fluorophores,[18–21]

as well as polymers with novel electronic properties[22] or
polymer additives.[23] Unlike other CNMs, such as carbon
nanotubes (CNTs), CPPs are synthesized bottom-up via
classical organic chemistry methods. This controlled, modular
synthesis allows for easy and selective scaffold functionaliza-
tion unattainable with other CNMs.[24–26] Additionally, their
curved architecture impedes the p–p stacking observed in
their linear counterparts and enhances CPP solubility.[27,28]

Finally, most CPPs are brighter than similar emitting small-
molecule fluorophores, they retain their fluorescent proper-
ties in aqueous media, have minimal cytotoxicity and are cell
permeable making them attractive as novel biological fluo-
rophores.[7, 18,29, 30]

However, bright CPPs with emissions beyond 500 nm
have yet to be realized. CPP fluorescence red-shifts as the size
of the nanohoop decreases, however, decreasing size leads to
a dramatic decrease in quantum yield due to strain and
orbital-symmetry rules.[31] For example, [10]CPP has a quan-
tum yield of 0.46 or 0.65 (depending on the report), compared
to 0.007 for [7]CPP (Figure 1).[32–34] Therefore, decreasing the
size trades brightness for a red-shift in emission. Alterna-
tively, one of the most successful approaches to influence the
HOMO and LUMO energies (that is, tune the fluorescence)
is incorporation of electron-donor and -acceptor units.[35–37]

Simultaneously, Jasti and Itami reported different donor–
acceptor CPPs with electron-acceptor units ([10]CPTcaq and
aza[8]CPP, Figure 1).[38, 39] However, these molecules remain
afflicted with low quantum yields.

Herein, we present the first CPP where the quantum yield
is not sacrificed for red-shifting the emission. BT[10]CPP
(Figure 1), a [10]CPP analogue containing a single benzo-
thiadiazole (BT) moiety, was synthesized and characterized.
The inclusion of a BT unit into the CPP backbone dramat-
ically red-shifts the [10]CPP emission profile by over 100 nm.
The absorbance maximum of BT[10]CPP is virtually identical
to the parent [10]CPP, resulting in a remarkable increase in
the effective Stokes shift (difference between the dominant
absorption and emission maxima). Remarkably, the BT-
[10]CPP quantum yield is essentially unaffected. We inves-
tigate this phenomenon experimentally and computationally
to gain an understanding of this outcome. Through this work,
we establish BT[10]CPP as the brightest orange nanohoop in
this rapidly growing class of molecules.

Figure 1. [10]CPP, the furthest-red-emitting nanohoops, and the novel
BT[10]CPP.
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The strongly withdrawing BT moiety is well established to
effectively red-shift the emission of conjugated polymers.[40–42]

Thus, we set out to determine if the nanohoop emission could
be tuned through BT moiety incorporation. The BT unit was
incorporated into a [10]CPP scaffold via Suzuki macrocycli-
zation of 1 and 4,7-dibromobenzo[c]-1,2,5-thiadiazole to yield
macrocycle 2 a (Scheme 1). Triethylsilyl deprotection and
mild reductive aromatization[43] afforded BT[10]CPP. A linear
BT incorporated control, 3, was synthesized for photophysical
comparison through Suzuki coupling of 4,7-dibromobenzo[c]-
1,2,5-thiadiazole and 4-methylphenylboronic acid pinacol
ester. Synthesis of a smaller BT[8]CPP was also attempted.
Macrocycle 4 was successfully synthesized in a similar fashion
as 2a, however, decomposition of 4 was observed. Addition-
ally, multiple attempts to access the final BT[8]CPP through
reductive aromatization were unsuccessful. We note that
when H2SnCl4 solution was added to 4 a deep red color was
observed, which quickly changed to orange. This color change
may indicate formation of the desired BT[8]CPP, followed by
rapid decomposition. We suspect that the instability of this
molecule is the result of a high degree of strain in the smaller
CPP (discussed below). BT[10]CPP and 3 were character-
ization by NMR (1H and 13C), IR, and mass spectrometry, and
further analyzed by UV/Vis, fluorescence, and cyclic voltam-
metry.

We suspected that the instability of BT[8]CPP was the
result of a high degree of strain in the smaller CPP. To
quantify the strain energy in BT[10]CPP and BT[8]CPP,
a strain analysis program (StrainViz) recently developed by
our group was employed.[44] The total strain of each BT-
containing CPP is almost identical to the analogous [n]CPP
(Figure S13). [10]CPP has a total strain of 57.4 kcalmol�1 vs.
55.6 kcal mol�1 for BT[10]CPP. [8]CPP has a total strain of
70.5 kcal mol�1 vs. 70.2 kcal mol�1 for BT[8]CPP. Notably,
there is 58% more strain per phenylene in BT[8]CPP
(8.77 kcal mol�1) vs. BT[10]CPP (5.56 kcal mol�1). The signifi-

cant (3.2 kcal mol�1) increase in strain on the BT moiety of
BT[8]CPP likely causes the observed decomposition. When
compared to a typical CPP phenylene unit, the BTunit should
have more diene character, and thus the increased reactivity
maybe another example of the effect of CPP ring size on
strain-promoted reactions.[45–47]

We next characterized the photophysical properties of
BT[10]CPP to determine the consequences of incorporating
a BTunit into the [10]CPP scaffold. The maximum absorption
of BT[10]CPP was observed at 334 nm (Figure 2a), exhibiting
a minor 4 nm blue-shift compared to the parent [10]CPP.[48] A
similar small blue-shift in absorption is observed in other
symmetry broken nanohoops.[29,39] The extinction coefficient
at the 334 nm absorbance maximum of BT[10]CPP (5.4 �
104

m
�1 cm�1) was an order of magnitude higher than that of

3 (7.6 � 103
m
�1 cm�1), but lower than [10]CPP (1.3 �

105
m
�1 cm�1).[32] The lower extinction coefficient relative to

[10]CPP is unsurprising as it has been observed in the
m[n]CPPs, which also possess broken symmetry. Additionally,
the broken symmetry of BT[10]CPP results in a second
absorption band at 445 nm (Figure 2a), which correlates to
a HOMO!LUMO transition (Figure S8, Supporting Infor-
mation) that is forbidden in the centrosymmetric all-hydro-
carbon CPPs.[29, 31] The extinction coefficient of this second
transition at 445 nm was found to be 8.6 � 103

m
�1 cm�1, far

lower than the absorbance maximum at 334 nm. Time-
dependent density-functional theory (TD-DFT) assigned
the UV/Vis absorption bands. The calculations show the
HOMO!LUMO absorption band is at 445 nm. The major
absorption transition at 334 nm has contributions from the
HOMO!LUMO + 2, HOMO�4!LUMO and
HOMO�4!LUMO (Figure S8).

In contrast to the relatively minor alterations in absorb-
ance, BT unit insertion markedly affected the emission
properties. BT[10]CPP emission maximum resides at
571 nm (Figure 2a), representing a remarkable 105 nm red-

Scheme 1. Synthesis of BT[10]CPP, linear BT system 3, and attempted
synthesis of BT[8]CPP.

Figure 2. a) Experimental absorbance (solid line) and emission
(dashed line) of BT[10]CPP and comparison to [10]CPP and 3 in
dichloromethane. b) BT[10]CPP�C60 space-filling model and c) BT-
[10]CPP fluorescence quenching by C60.
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shift in emission vs. [10]CPP (466 nm).[48] As a result of this
red-shifted emission, BT[10]CPP exhibits a greatly increased
effective Stokes shift (237 nm, 12 427 cm�1) compared to
[10]CPP (128 nm, 7953 cm�1). Despite this, BT[10]CPP has
a quantum yield of 0.59, within the range of reported values of
[10]CPP (0.46[49] and 0.65[33]) and close to 3 (0.63). This was
surprising considering other red-shifted nanohoops with
electron accepting moieties have resulted in poor quantum
yields. For example, [10]CPTcaq has a quantum yield of 0.05
and aza[8]CPP is almost non-emissive.[38, 39] Thus, BT[10]CPP
currently represents the brightest orange nanohoop fluoro-
phore. To deconvolute the BT moiety contributions to the
BT[10]CPP photophysical properties, we also compared to
control compound 3. Fluorescence spectroscopy of 3 revealed
an emission maximum at 505 nm, 66 nm less than that of
BT[10]CPP. This suggests the curved nanohoop backbone
contributes significantly to the observed emission of BT-
[10]CPP.

One interesting property of [10]CPP is its ability to host
C60 with a high binding constant. A unique shape comple-
mentary host-guest interaction is formed where the intense
fluorescence of [10]CPP is completely quenched by C60

binding.[50] We explored the host-guest properties of BT-
[10]CPP with C60 by fluorescence-quenching experiments
(Figure 2b,c). Although the fluorescence properties of the
new [10]CPP-derivative have been drastically altered, the
binding constant (ka) for BT[10]CPP remains high at (2.06�
0.08) � 106 L�1 mol. This work and others suggest that a wide
variety of fullerene hosts can be designed from the basic
[10]CPP scaffold.[16]

To further explore the novel photophysical properties of
BT[10]CPP, time-dependent density-functional theory (TD-
DFT) calculations were performed (using Gaussian09 and the
CAM-B3LYP/6-31G* method with dichloromethane as the
solvent) to analyze its electronic structure and absorption
transition. The calculated frontier molecular orbitals of
BT[10]CPP, [10]CPP, and [10]CPTcaq are shown in Figure 3.
S1’ is the lowest-lying excited state exhibited in CPPs, which
shows exciton localization over seven phenylenes.[31] Both the
S1’ (�1.92 ev) and HOMO (�6.53 eV) energies of BT[10]CPP
were lower than those of [10]CPP (�1.14 and �6.47 eV,
respectively). The significantly smaller S1’!S0 gap exhibited
by BT[10]CPP determined by our calculations corroborates
with the observed red-shifting in fluorescence. Interestingly,
the HOMOs of both [10]CPP and BT[10]CPP are delocalized
evenly around the hoop. However, the S1’ (and LUMO) of
BT[10]CPP is localized on the benzothiadiazole moiety. The
resulting HOMO–LUMO orbital separation results in an
allowed HOMO!LUMO transition, which is observed at
445 nm in the UV/Vis spectrum of BT[10]CPP. The frontier
molecular orbitals provide insight into the difference in the
quantum yields of BT[10]CPP and [10]CPTcaq.

As mentioned previously, a particularly anomalous dis-
covery is the high quantum yield of BT[10]CPP despite
a dramatically red-shifted emission. Based on experimental
results and theoretical studies, we hypothesize that the high
quantum yield is due to a lack of intramolecular charge
transfer (ICT). Unlike [10]CPP and BT[10]CPP, the HOMO
of [10]CPTcaq is localized on the phenylene backbone. The

resultant HOMO and S1’ orbital separation indicates the
[10]CPTcaq is a donor–acceptor molecule whereas BT-
[10]CPP and [10]CPP are not. Many donor–acceptor mole-
cules exhibit ICT, which can decrease quantum yield.[51]

Excited state TD-DFT calculations were used to analyze
the fluorescence transitions of [10]CPP, BT[10]CPP, and
[10]CPTcaq. The major fluorescence contribution of the S1’!
S0 transition for BT[10]CPP and [10]CPP is dominated by
LUMO!HOMO contributions (Figures S10,S11). On the
contrary, in [10]CPTcaq the major contribution is not from
the LUMO!HOMO, but a mix of LUMO!HOMO,
LUMO!HOMO�2 and LUMO!HOMO�1 contributions
(Figure S12). This suggests that BT[10]CPP and [10]CPP
fluoresce through a different mechanism than [10]CPTcaq.
This is supported experimentally with fluorescence lifetime
analysis. The fluorescence lifetime of BT[10]CPP shows
monoexponential decay with a lifetime of 7.4 ns, similar to
[10]CPP (6.6 ns),[49] indicating fluorescence through a similar
mechanism. Finally, solvatochromism studies show ICT as
a fluorescence emission pathway in [10]CPTcaq.[39] Charge-
transfer emissions undergo strong red-shifting with an
increase of solvent polarity.[52, 53] In contrast, BT[10]CPP
does not show solvatochromism (Figure S1), indicating no
ICT. With the experimental and theoretical evidence given, it
is concluded that the absence of ICT in this nanohoop retains
the quantum yield.

In summary, we show the incorporation of a BT unit into
the [10]CPP backbone allows a marked red-shifting of
emission while retaining the high quantum yield of the
parent CPP, resulting in the brightest orange-emitting nano-
hoop synthesized to date. Theoretical calculations and
experimental results elucidate that BT[10]CPP does not
undergo ICT, rather it is more electronically similar to the
parent [10]CPP. Given that the donor–acceptor nanohoops

Figure 3. HOMO and S1’ of [10]CPP, BT[10]CPP, and [10]CPTacq
calculated at CAM-B3LYP/6-31G* with dichloromethane as the solvent.

Angewandte
ChemieCommunications

3Angew. Chem. Int. Ed. 2020, 59, 1 – 6 � 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

These are not the final page numbers! � �

http://www.angewandte.org


synthesized experience both ICT and a severe drop in
quantum yield, we conclude that retaining the electronic
structure of the parent CPP is critical in designing bright red-
emitting nanohoops. Understanding and controlling these
competing photophysical pathways is important for designing
bright emitting nanohoops with a variety of emission wave-
length. We anticipate these nanohoops will be especially
useful as biological fluorophores and further studies will be
reported in due time.
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Synthesis, Characterization, and
Computational Investigation of Bright
Orange-Emitting Benzothiadiazole
[10]Cycloparaphenylene

Moving towards the red : For the first
time, the fluorescence of a cycloparaphe-
nylene was dramatically red-shifted with-
out sacrificing quantum yield. This novel
cycloparaphenylene has a strong absorp-
tion, high quantum yield and shows host–
guest complexation with C60. Experimen-
tal and computational investigations
explain its superior fluorescence proper-
ties compared to other red-shifted nano-
hoops.
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