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ABSTRACT 

Fluorophores are powerful tools for the study of chemistry, biology and physics. However, 

fluorescence is severely impaired when concentrations climb above 5 M as a result of effects like 

self-absorption and chromatic shifts in the emitted light. Herein, we report the creation of a charge-

transfer (CT) fluorophore and the discovery that its emission color seen at low concentrations is 

unchanged even at 5 mM, some three orders of magnitude beyond typical limits. The fluorophore 

is composed of a triphenylamine-substituted cyanostar macrocycle, and it exhibits a remarkable 

Stokes shift of 15,000 cm−1 to generate emission at 633 nm. Crucial to the performance of this 

fluorophore is observation that its emission spectrum shows near-zero overlap with the absorption 

band at 325 nm. We propose that reducing the spectral overlap to zero is a key to achieving full 

fluorescence across all concentrations. The triphenylamine donor and five cyanostilbene acceptor 

units of the macrocycle generate an emissive CT state. Unlike closely related donor-acceptor 

control compounds showing dual emission, the cyanostar framework inhibited emission from the 

second state to create a zero-overlap fluorophore. We demonstrated use of emission spectroscopy 

for characterization of host-guest complexation at millimolar concentrations, which are typically 

the exclusive domain of NMR spectroscopy. The binding of the PF6
− anion generates a 2:1 

sandwich complex with blue-shifted emission. Distinct from twisted intramolecular charge-

transfer (TICT) states, experiment-supported density functional theory shows a 67º twist inside an 

acceptor unit in the CT state instead of between the donor and acceptor; it is TICT-like. Inspired 

by the findings we uncovered similar concentration-independent behavior from a control 

compound strongly suggesting this behavior may be latent to other large Stokes-shift fluorophores. 

We discuss strategies capable of generating zero-overlap fluorophores to enable accurate 

fluorescence characterization of processes across all practical concentrations.  
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INTRODUCTION 

Light-emitting fluorophores are essential to applications in lasing,1 solar concentrators,2 

bio-imaging,3-4 biomedical applications,5,6 and information coding7-8 as well as fundamental 

studies in photochemistry9-11 and supramolecular chemistry.12-15 However, every quantitative use 

of fluorescence has the same practical limitation that it must be performed at micromolar (M) 

concentrations.13, 16-17 This limit arises largely from an overlap between the absorption and 

emission spectra historically characterized by energy differences between absorption and emission 

maxima, so-called Stokes shift.18 For example, rhodamine 3B perchlorate has a small Stokes shift 

of 710 cm–1 (Figure 1a). Nevertheless, we see a large spectral overlap (red) responsible for self-

quenching by reabsorption of the emitted light19 and red-shifted emission, known as a secondary 

inner filter effect.20 Increasing Stokes shifts has been proposed as a solution to these problems.21 

Some structural characteristics that confer large Stokes shifts are nonsymmetric structures,22 

excited-state proton transfer,23-24 exciplexes,25 and charge transfer (CT).26-28 Large Stokes shifts 

exceeding 8,000 cm–1 for organic27, 29-32 and inorganic33-35 fluorophores have been seen. Use of 

Förster resonance energy transfer (FRET) is another approach.36 However, residual overlaps 

remain problematic32 inhibiting use of fluorophores for studying concentration-driven processes, 

like supramolecular polymerization,37 self-reporting polymer micelles,38 imaging,39-40 information 

processing,41 sensing,42 and solar concentrators.43-44 Other problems stemming from aggregate45-

47 or excimer48-51 formation also produce emission spectra that change with concentration. Thus, 

there is a critical need for new strategies to address these challenges. We report the discovery of a 

fluorescent CT macrocycle composed of a triphenylamine (TPA)-substituted cyanostar, called 

cyanozero (C-Zero, Figure 1b), that solves these problems and leads to new strategies for 

achieving high-concentration fluorescence by creating zero-overlap fluorophores. 
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Figure 1. Absorption and emission bands in dichloromethane of (a) traditional fluorophores like 

rhodamine 3B perchlorate with small Stokes shift and large band overlap. (b) Novel cyanostar-

triphenylamine (TPA) fluorophore, called cyanozero (C-Zero) with a massive Stokes shift and 

zero overlap (dichloromethane). Red region highlights overlap between absorption and emission 

bands. J(λ) is the spectral overlap integral. 

Large Stokes-shift compounds are a good first step to creating zero-overlap fluorophores. 

Donor-acceptor compounds are exemplary. One problem, however, is that some of them can show 

dual emission upon photoexcitation. This behavior is often assigned to a twisted intramolecular 

charge-transfer (TICT)31, 52-53 state and its variants.32 For example, Ma and co-workers27 para-

linked a TPA donor to an -cyanostilbene acceptor (p-aryl-TPA, Figure 2) that displays a long 
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wavelength intramolecular CT emission at a phenomenal Stokes shift of 9,700 cm–1. However, it 

also showed dual emission involving a second state, typically called the locally excited (LE) state 

emitting at a shorter wavelength to define a smaller Stokes shift of 3,900 cm–1. The dependence of 

the relative intensities of dual emission from the local and CT states on temperature, solvent 

polarity and excitation wavelength offers some chance for control.52-54 Nevertheless, overlap from 

LE state often remains and strategies to generate zero-overlap fluorophores are outstanding.  

  

Figure 2. Dual-emission control compounds  

The residual spectral overlap (Figure 1, red region) can be defined in a few ways. One way 

is to use the spectral overlap integral used in the calculation of FRET efficiencies, J(λ).55 The 

overlap region can also be defined by the difference in energy between the tail ends of the 

absorption and emission bands when they drop to zero intensity; for rhodamine 3B it extends from 

531 to 600 nm. We wish to consider ways to eliminate this 69-nm overlap to enable the monitoring 

of chemical, biological and physical processes at any concentration of interest.  

Towards applications of fluorescence in supramolecular chemistry, use of macrocyclic 

receptors are ideal. They often have strong binding properties, which can be leveraged for sensing 

applications56-57 and for creation of hierarchical assemblies like supramolecular polymers,58 and 

interlocked molecules.59 A common strategy to introduce emission involves attachment of a 
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fluorophore, e.g., BODIPY60-61 or naphthalene monoamide.60 Yet the spectral overlap remains and 

with it limitations for use at lower concentrations. Strategies to monitor molecular recognition by 

fluorescence at high concentrations remain outstanding. 

We report the serendipitous discovery of a zero-overlap fluorophore in the form of a 

macrocycle, C-Zero (Figure 1b), which is a perfect candidate for the fluorescence monitoring of 

molecular assembly at any concentration. Our interest is driven by the need to complement the 

structural information acquired by NMR spectroscopy with fluorescence at the high concentrations 

needed to form host-guest complexes neatly at their equivalence points. To this end, we faithfully 

follow host-guest binding59 at a previously inaccessible concentration using fluorescence 

spectroscopy for the first time since the inception of supramolecular chemistry over 50 years 

ago.62-63 C-Zero is based on the anion-binding cyanostar59 that is monosubstituted by the well-

known triphenylamine donor moiety to produce emission from a CT state. We describe the creation 

of C-Zero after the opportune emergence of visible emission seen during synthetic elaboration of 

the macrocycle. We provide the key test of zero spectral overlap by showing that the emission 

wavelength (633 nm) does not change with the concentration of the macrocycle from 5 μM up to 

its solubility limit of 6 mM. The optical properties of control compounds (Figure 2), despite their 

dual emission, helped understand the origin of the emission properties. Remarkably, emission from 

the LE state is completely absent in C-Zero,64 which effectively removes all spectral overlap. Our 

findings show that elimination of local emission from this fluorophore is a viable strategy for the 

design of zero-overlap fluorophores. The absence of aggregation phenomena is also key to 

producing this behavior. Looking beyond this result, we show one large Stokes-shift fluorophore 

that can also be used across concentrations despite its dual emission and believe there may be 

many more zero-overlap fluorophores in existence. 
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RESULTS AND DISCUSSIONS 

Synthetic Discovery of the Fluorescent Cyanostar Macrocycle. In the course of exploring the 

post-synthetic modification of cyanostar building blocks (Figure 3a), we discovered that 

functionalization with amine groups produces visible fluorescence (Figure 3b). Starting with the 

mono iodo-substituted cyanostar (CS-I),65 cross coupling with the corresponding boronic acid 

under Suzuki-Miyauara conditions66 generated the Boc-protected amino-derivative CS-NHBoc 

and the emergence of a sky-blue emission color using UV illumination. Acidic deprotection of the 

Boc-group yielded the amino-substituted cyanostar CS-NH2 and a significant change in emission 

color to chartreuse yellow. No prior examples of substituted cyanostars had displayed the turn-on 

of visible emission, which includes macrocycles substituted with either phenyl67 or π-extended 

ethynylphenyl groups.65 We reasoned, therefore, that the emission originated from the introduction 

of the amino group and was associated with its electron donor properties. Motivated by this 

rationale, we functionalized  the iodocyanostar with a well-known68 strong triphenylamine donor 

to make C-Zero. The usual Suzuki cross-coupling between monoboronic acid derivative of 

triphenylamine and CS-I provided cyanostar C-Zero, which was fully characterized by 1H (Figure 

3c) and 13C NMR spectroscopy, and by high resolution electrospray ionization mass spectrometry. 

Solutions of each amino-substituted macrocycles are colorless (Figure 3b) suggesting a 

sizable Stokes shift to the visible glow seen under UV irradiation. To our surprise, C-Zero shows 

one of the largest Stokes shifts known with 308 nm (15,000 cm−1) between absorption (325 nm) 

and emission (633 nm, ϕ = 0.04, CH2Cl2; Table 1). Such a large Stokes shift is unprecedented 

when compared with prior reports of extraordinarily large Stokes-shifted fluorophores for either 

organic27, 29-32 or inorganic compounds.33-35 We also observe that C-Zero has negligible 

photobleaching under ambient light (Supporting Information). However, the most unique property 
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of C-Zero is that its absorption and emission bands have zero overlap (Figure 1b), which is a rare 

feature of fluorophoric compounds. For this reason, we undertook an investigation of the origin of 

the effect and took the opportunity to demonstrate its use in the characterization of host-guest 

recognition at concentrations normally considered too high to be accurate. 

 

 

Figure 3. Design evolution and discovery of fluorescent cyanostar macrocycles: (a) Synthesis of 

CS-NHBoc, CS-NH2, and C-Zero. (b) Solutions of cyanostar derivatives at 5 µM concentrations 
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in dichloromethane at room temperature under ambient and UV light (λexc = 365 nm). (c) Partial 

1H NMR spectrum of C-Zero (0.5 mM / CDCl3 / 600 MHz / 298 K) # = chloroform. 

Table 1. Photophysical properties of C-Zero (5 μM, CH2Cl2)a 

 abs,max  

(nm) 

ε  

(M−1 cm−1) 

em,max  

(nm) 

Stokes 
shift 

(cm−1) 

τ  

(μs) 

Φ Brightness 

C-Zero 325 145,000 633 15,000 13 0.04 5.8 
a exc = 310 nm for emission and exc = 375 nm for lifetime measurement; brightness = extinction 
coefficient (ε)  fluorescence quantum yield (Φ)69 

 

Figure 4. (a) Normalized emission spectra of C-Zero (CH2Cl2) and (b) emission maxima as a 

function of concentration (5, 20, 50, 98 and 192 µM, 0.46, 0.65, 0.83, 1.0, 1.2 mM; λexc = 310 nm). 

(c) Emission spectra of rhodamine 3B perchlorate (CH2Cl2) and (d) emission maxima as a function 

of concentration (5, 20, 50, 98 and 192 µM, 0.46, 0.65, 0.83, 1.0, 1.2 and 1.4 mM; λexc = 500 nm. 

Compounds with zero overlap between absorption and emission promise no secondary 

inner filter effects and hence their emission wavelength should be concentration independent. 

500 600 700 800
0.0

0.5

1.0

/ nm

I F
l

633

0 1 2 3 4 5 6

650

640

630

620
 m

a
x 

/ n
m

c / mM

500 600 700 800
0.0

0.5

1.0

I F
l

 / nm

(a) (b)

(c) (d)

Zero overlap =
Zero change in 

wavelength

0 1 2 3 4 5 6

610

600

590

580

 m
a

x 
/ n

m

c / mM



10 
 

Despite the simplicity of this idea, and to the best of knowledge, it has not been tested. This idea 

also requires no aggregation or excimer formation at elevated concentrations. Thus, prior to testing 

this principle, we verified that this macrocycle did not show any ground-state aggregation from 

1 to 222 µM (CH2Cl2; Supporting Information) based on the linearity of absorbance.  

 

Figure 5. Zoomed-in view of the overlap region between the normalized absorption (blue trace) 

and emission spectra (red trace) of C-Zero. 

Consistent with this promise, emission from C-Zero does not deviate from 633 nm when 

examined at low concentrations, such as 5 µM, up to its solubility limit of 6 mM (Figure 4a and b; 

CH2Cl2). We used a 90º sampling geometry for these measurements. As concentration increases, 

the excitation photons would be absorbed more and more effectively, and would therefore fail to 

penetrate far into the 1-cm cuvette. However, the emitted light has no overlap with the absorption, 

and it will therefore pass through the concentrated solution unimpeded by self-absorption. For this 

reason, we recorded an accurate measure of the emission wavelength as a function of concentration. 

On the basis of this rationale, there is no need to record the spectra using the front-face geometry 

favored when recording fluorescence properties at elevated concentrations. Given this preference, 

however, we repeated the measurement using front-face geometries and confirmed that emission 
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wavelength is invariant (5 and 192 µM; Supporting Information). This behavior is in sharp contrast 

to what is generally observed for common fluorophores. For example, the emission band of 

rhodamine 3B recorded under the same 90º geometry displays a significant 30-nm red shift with 

increasing concentrations (Figure 4c and 4d).  

 

Figure 6. (a) Absorption and emission spectra (λexc = 310 nm) of C-Zero (5 µM) in different 

solvents. (b) Images of solutions of C-Zero (5 µM) in different solvents under ambient and UV 

light (365 nm). (c) Lippert-Mataga plot of emission energy (𝜈̅max / cm−1) for C-Zero versus solvent 

orientation polarizabilities (Δf′). (d) Proposed model for formation of CT excited state C-Zero. 
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There is a small but negligible degree of spectral overlap for C-Zero (Figure 5). The 

concentration-independent emission wavelength, however, indicates that this overlap is 

inconsequential up to 5 mM. Thus, we can define an operational limit for generation of zero-

overlap fluorophores. At the point of overlap of the normalized absorption and emission spectra 

of C-Zero (446 nm), the absorption and emission spectra reach 0.0034 of their maximum 

intensities. Rhodamine B perchlorate has substantial overlap (2,200 cm–1) at these same thresholds. 

C-Zero Emits from a Charge-transfer Excited State. The 633-nm emission band of C-Zero 

shows no fine structure and does not mirror the absorption band. The absorption band of C-Zero 

closely matches the parent cyanostar (Figure S7). The full width at half maximum of the emission 

band is broad (4100 cm−1) relative to rhodamine 3B (900 cm–1). Broad and featureless fluorescence 

is common to intramolecular CT states70 or excited-state proton transfer71 and attributed to high 

degrees of inhomogeneous line broadening72 associated with charge redistributions as well as 

longer lifetimes. Since there is no obvious labile proton, we assume that C-Zero emits from an 

intramolecular CT state. Consistent with this CT character, the fluorescence red-shifts with 

increasing solvent polarity (Figure 6a and 6b) up to dichloromethane; C-Zero has poor solubility 

in more polar solvents like N,N-dimethylformamide and dimethylsulfoxide, and these solvents 

were omitted to avoid complications from precipitation. Quantitative analysis of the 

solvatochromism using the Lippert-Mataga method73 supports a large 20-Debye dipole in the 

emissive excited state. We assign this CT state to involving formal oxidation of the TPA and 

formal reduction of the cyanostar (CS), thus, [CS−-TPA+]* (Figure 6c). An alternative assignment 

for the long wavelength emission is excimer formation, which is favored at higher 

concentrations74-77 and expected to alter lifetimes. In our tests, however, the emission lifetime of 

C-Zero and is invariant with concentration from 5 mM to 5 mM. 
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Based on these assessments, and the similarity to the analogous CT fluorophore based on 

p-aryl-TPA (Figure 2), we propose an intramolecular CT model (Figure 6d). Another assignment 

could be derived from a TICT model.52, 64, 78 To test for the impact of bond twisting on the CT 

excited state, we measured the emission spectra of C-Zero in solvents with similar dielectric 

constants but different viscosities: toluene (ε = 2.4, η = 0.59 cP) and 1,4-dioxane (ε = 2.2, η = 1.44 

cP). We observed a decrease in emission intensity with increasing viscosity consistent with the 

importance of twisting in the excited state. Examples of TICT fluorophores52-53 and the IUPAC 

definition prescribe that the donor and acceptor moieties of a molecule are co-planar in the ground 

state and twisted in the excited state about one of the intervening single bonds to produce orbitally 

decoupled π-systems. The ground state co-planarity is a less stringent criterion,79-81 but twisting 

between donor and acceptor systems appears to be a critical feature.  

Computational models suggest the photodriven structural changes of C-Zero do not match 

classical TICT compounds. Geometry-optimized structures obtained using density functional 

theory (DFT) show donor and acceptor are pre-twisted by 37º in the ground state (Figure 7a). 

Using time-dependent DFT (TD-DFT), we see that this coordinate does not change upon formation 

of an excited state. The ground state geometry also shows the macrocycle to be relatively planar, 

with average torsions of 0º. TD-DFT shows the excited state has one out of the possible five cyano-

olefin bonds with substantial twisting (+67º), with the other four close to their near-zero initial 

torsions (Figure 7). Unlike the IUPAC definition of TICT, there is no change in the bond that 

separates the donor from acceptor. Instead, only the acceptor moiety undergoes an internal twist. 

There exist planarized intramolecular charge transfer (PLICT) and planarized and twisted 

intramolecular charge transfer (PLATICT) fluorophores,32 which can be obtained based on 

different combinations of twist angles among donors and acceptors. While the CT characteristics 
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of C-Zero do not fall neatly into any of the boxes, all of the experimental definitions support the 

influence of intramolecular twisting on the observed CT state of C-Zero. Therefore, the best 

classification of our CT excited states is TICT-like. 

 

Figure 7. Calculated (a) ground state geometry of C-Zero (CAM-B3LYP/6-31+G(d) using a 

CPCM solvation model for CH2Cl2) and (b) CT excited-state geometry using TD-DFT (TD-CAM-

B3LYP/6-31+G(d), CPCM solvation model for CH2Cl2). Corresponding calculations for the 

ground-state (c) and excited-state geometries (d) of 2:1 sandwich complex. 
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Furthermore, the emission from C-Zero does not appear to follow the conventional64 

characteristics of dual-emission fluorophores. Excitation using shorter and longer wavelengths 

usually corresponds to preferential emission from the local excitation82-83 and lower-energy CT 

bands, respectively. While this wavelength dependence can unmask dual emission, C-Zero only 

shows one band using 300 to 425 nm excitation (Supporting Information). In TICT compounds, 

those with pre-twisted ground states tend to suppress the LE state; yet this character does not help 

explain the observations suggesting that the LE state is inactive in C-Zero and that it more closely 

resembles other types of CT fluorophores.84-86  

It is not immediately obvious why C-Zero does not exhibit dual emission from both the 

LE and CT state as is seen in the control compound m-aryl-TPA (vide infra). One rationalization 

is that, even if a LE state is formed, relaxation might be dominated by non-radiative processes, i.e., 

its lifetime is too short19 (<< ns). To test this idea, we measured the emission properties of the 

parent cyanostar. Consistently, while we see emission at 425 nm, its quantum yield is too low to 

be measured, i.e., <0.0001. This behavior is consistent with the cyanostar macrocycle’s unusually 

high degree of conformational flexibility with over 300 low-energy conformers.87 While consistent, 

this behavior fails to explain why emission from this local state is not observed. 

A second hypothesis for sole emission from the CT state stems from the presence of five 

cyanostilbene acceptors that may increase the probability of electron transfer from the 

triphenylamine to the macrocycle relative to just one acceptor in m-aryl-TPA. Photo-driven 

electron transfer from a donor to multiple acceptors is faster than to just a single acceptor.88-91 As 

a consequence, the LE state might never be populated (Figure 6d). Consistently, the TD-DFT 

reveals a family of CT states close in energy. In either case, the unique properties of this 

intramolecular CT system appear to stem from the cyanostar. 
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Emission Spectra of Control Compounds Show Dual Emission. We selected and prepared 

suitable control compounds to help diagnose the structural origin of the single emission (Figure 6). 

We used TPA, phenyl-TPA, alkyl-TPA and m-aryl-TPA on account of the fact that they 

represent donor-acceptor fragments of C-Zero. The m-aryl-TPA is a meta-substituted isomer of 

the para-substituted dual-emission compound studied previously for its mechanochromic 

properties in the solid state.27 Compounds TPA and phenyl-TPA show two emission peaks when 

excited at appropriate excitation wavelengths (Supporting Information). Based on TD-DFT studies, 

the longer wavelength emission is assigned to a triplet state consistent with an earlier report.92  

 

Figure 8. (a) Absorption and emission spectra of m-aryl-TPA (5 µM, room temperature, λex = 

340 nm) in different solvents. (b) Assumed energy-state model for the control compounds. 

The optical spectra of m-aryl-TPA are solvent-dependent and the compound shows dual 

emission (Figure 8). Solvatochromism of the CT band indicate an excited state dipole moment of 

14.5 ± 1.5 D. Excimer emission was excluded on the basis of the unchanged lifetime (~13 ns) from 

5 M to 5 mM (CH2Cl2). Variable-concentration absorption spectra of m-aryl-TPA showed a 

linear response of absorbance with increasing concentrations (50 μM to 5 mM), which suggests 

no self-aggregation in the ground state (Supporting Information). We also see that this control 

compound has a large Stokes shift (14,100 cm−1, CH2Cl2) similar to C-Zero. This result indicates 
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that a single cyanostilbene is all that is needed for the large Stokes shift. This finding is consistent 

with the twisting of just a single cyano-olefin seen in the geometry of the CT state of C-Zero 

(Figure 7). TD-DFT on m-aryl-TPA also shows this bond is twisted albeit to a greater degree, 92º, 

in the CT state and that it displays two emissive states. Once again, we return to the finding that 

the absence of the LE state in C-Zero requires the macrocyclic framework. 

 

Figure 9. (a) Calculated HOMO (solid) and LUMO (mesh) surfaces of fluorophores and their 

energy levels (CAM-B3LYP/6-31+G(d) using a CPCM solvation model for CH2Cl2). (b) SOMOs 

for the CT states of C-Zero and 2:1 complex computed using TD-DFT. 

Electronic Characterization of the Charge-transfer State. Compounds with CT excited states, 

forming as a consequence of photoinduced electron transfer, are often compared93-94 to the one-
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electron redox products formed by Faradaic electron transfer of the donor and acceptor 

components. Here, an analogy is made between the configuration of the excited state [CS–-TPA+]* 

and that of reduced cyanostar, CS–, and oxidized triphenylamine, TPA+. The TPA oxidation 

occurs at +1.05 V vs. ferrocene (Fc) oxidation to ferrocenium (Fc+) (Supporting Information). The 

cyanostar reduction95 is estimated at −1.94 V vs. Fc/Fc+ in CH2Cl2. The difference is about ~3.0 

V, which is equivalent to 415 nm (~24,000 cm−1). Neither the absorption maximum (325 nm) nor 

emission maximum (633 nm) of C-Zero matches this energy gap. The E0–0 value is a parameter 

commonly used for comparison to the CT energies.96 This value is defined as midway between 

absorption and emission bands for mirror-image spectra. When not mirror images, the E0–0 value 

is calculated by the intersection of reduced and normalized optical spectra.97 Based on this 

approach, the E0–0 of C-Zero is 471 nm (2.6 eV), which is closer to the 3.0-V gap between redox 

processes and consistent with the CT assignment [CS–-TPA+]*.  

DFT computations (Figure 9) verify our assumption that TPA and cyanostar act as donor 

and acceptor, respectively. The HOMO is localized on TPA with the LUMO delocalized across 

the cyanostilbenes. The HOMOs remain unchanged across the control compounds. The LUMOs, 

however, become increasingly stabilized and extended as the acceptor system is spatially enlarged, 

culminating in full delocalization around cyanostar. Interestingly, this orbital becomes localized 

in the CT excited state (Figure 9b), represented here as the second singly occupied molecular 

orbital (SOMO2). In each member of the family of CT excited states observed by TD-DFT, we 

see a localized twisting. Each member has the distortion localized at just one of the five different 

olefin sites around the macrocycle. 
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Fluorescence Responses of C-Zero to Anion Binding. We investigated how anion recognition 

at high concentrations changes the emission of C-Zero. We expected, and found C-Zero to display 

similar anion-binding properties as cyanostar. Specifically, 1H NMR titration of C-Zero (0.5 mM, 

CD2Cl2) with tetra-n-butylammonium (TBA+) PF6
– shows formation of a 2:1 sandwich complex 

(Supporting Information).59 Accurate binding constants were obtained from titrations conducted 

at low concentrations (1 and 5 µM, CH2Cl2) as monitored using UV-Vis spectroscopy and 

subjected to equilibrium-restricted factor analysis as implemented using Sivvu98 (Supporting 

Information). We determined all the binding constants based on the following equilibria: 

   C-Zero   +   PF6
−   ⇌   (C-Zero)•PF6  (K1) 

2 C-Zero   +   PF6
−   ⇌   (C-Zero)2•PF6   (β2) 

The PF6
– binding affinities of C-Zero, log K1 = 5.6 ± 0.2 and log β2 = 12 ± 0.5 correspond to the 

parent cyanostar,59 log K1 = 5.6 and log β2 = 12.5 recorded in 40% MeOH/CH2Cl2.  

Formation of a 2:1 sandwich complex has multiple mechanisms for altering the optical 

properties of C-Zero. Addition of anions introduces interactions with the acceptor portions of the 

macrocycle, drives π-stacking of two cyanostar macrocycles,58-59, 65, 87, 95, 99-114 and brings two 

triphenylamine units closer together. Consistently, we observed a visual change in color from 

orange to yellow upon addition of anion (Figure 10a). We see an 11-nm blue shift in the emission 

upon addition of 10 equivalents of anion to C-Zero (5 μM).  

 Given that the emission maximum of C-Zero does not change with concentration, we have 

the first opportunity to study the change in emission upon guest complexation at millimolar (mM) 

concentrations unfettered by distortions in the emission’s color. These concentrations are several 

orders of magnitude above all previously studied systems.13, 16-17 To better understand the change 
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in fluorescence of C-Zero upon the addition of PF6
− anion, we correlated the emission response 

to an 1H NMR titration at 0.5 mM (Figure 10b). The NMR titration showed the predictable curve 

shape with saturation at 0.5 eq (Figure 10d). Surprisingly, fluorescence showed a different 

response (Figure 10c; red trace). Instead it showed a turning point at 0.2 equiv. before settling into 

a plateau at 5 equiv. of added salt. This is a significant deviation from the typical titration curve. 

 

Figure 10. Titration of C-Zero (0.5 mM, dichloromethane) with TBAPF6: (a) Emission spectra 

with 0–0.5 equiv. of TBAPF6. Images show solutions of C-Zero with 0.5 equiv. of TBAPF6 under 

UV-light (365 nm). (b) 1H-NMR titration buffered with tetrabutylammonium tetraphenylborate 
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(TBABPh4) salt (25 mM). (c) Titrations showing normalized emission maxima with and without 

TBABPh4 buffer. (d) Plot of chemical shifts of proton Hg with increasing equivalents of TBAPF6.  

Given that fluorescence titrations are never performed at concentrations above ~5 μM, we 

investigated the possible sources of the deviations in the titration curve. We ultimately attributed 

this behavior to the high sensitivity of the emissive CT state to its environment, often seen in its 

solvatochromism (Figure 6). In the titrations, we considered adventitious water and the increases 

in ionic strength with added salt that lead to changes in solution quality. The ionic strength changes 

substantially from 1  10−5 M to 250  10−5 M with 0.2 to 5 equiv. of salt. 

An excess of the non-binding anion tetraphenylborate (BPh4
–) as the TBA+ salt was added 

as a spectrochemical buffer115 to ensure fluorescence is less sensitive to changes in ionic strength 

and adventitious water. We repeated the NMR (Figure 10b) and emission (Figure 10a) titrations 

using water-saturated solvents in the presence of an excess of TBABPh4 (50 equivalents; 25 mM). 

The corresponding ionic strength change is more modest ranging from 25.0  10–3 M to 27.5  10–

3 M with 0–5 equiv. of TBAPF6. The emission maximum wavelength shows the return of a more 

typical titration curve that now saturates with 0.5 equiv. of added anion (Figure 10c, blue trace). 

The 1H-NMR titration corroborates this result (Figure 10d) and formation of a high-fidelity 2:1 

complex. To the best of our knowledge, this is the first example of fluorophore self-assembly 

accurately observed by the fluorescence emission spectroscopy at such high concentrations. 

It is interesting, however, that the buffered titrations monitored by different spectroscopies 

generate a small deviation from curves expected for direct formation of the 2:1 species. The 

fluorescence shows an elevated change in the titration curve’s response midway across the 0 – 0.5 

equiv. portion. It appears as if these deviations, which dominated in the unbuffered titrations, are 
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retained to a modest degree even with water saturation and salt buffering. Buffering the ionic 

strength is an important issue when determining binding constants at high host concentrations. We 

do not believe this issue had a large impact the measurements we made at low host concentrations 

(1 – 5 M). In those cases, ionic strength ([host] = 5 μM) changes from 0 to 0.025  10−3 M upon 

addition of 5 equivalents of TBAPF6. Overall, it appears that water saturation and ionic strength 

buffering made C-Zero fluorescence less sensitive to changes in the solution quality allowing the 

changes in emission to better reflect the equilibria associated with anion binding.  

The blue shift in emission upon formation of the 2:1 complex can be rationalized a number 

of ways. We undertook calculations to help us understand the shift. DFT calculations indicate the 

syn geometry featuring two contacting TPA moieties is favored by a substantial 7 kcal mol−1 

(Figure 10b). Analysis of the structure reveals five additional CH•••π interactions between the TPA 

groups. We note that, despite expectations for enhanced rigidity of the macrocycle in the complex, 

the extent of bond twisting seen by TD-DFT in the CT state to have the same 67º torsion angle in 

the single cyano-olefin as seen in the monomolecular species (Figure 7d). Calculations also show 

a blue shift in the transition energy from 1.7 to 1.6 eV consistent with experiment. Thus, one option 

is that the PF6
− anion could destabilize the electron in the acceptor orbital. Alternatively, the syn 

geometry would produce H-type exciton coupling116 consistent with the blue shift. 

Design Strategies for Zero-overlap Fluorophores Interestingly, the reported cyanostilbene 

fluorophore27 p-aryl-TPA might display zero overlap between its absorption and emission spectra 

in dichloromethane. After digitizing the spectra, we see a small 50 nm overlap (2,050 cm−1) (Figure 

11a), which suggests concentration-invariant emission spectra might be possible. 

Our findings also raise the opportunity to consider a number of strategies to create zero-

overlap fluorophores. First, is to recognize that zero-overlap fluorophores may already exist, such 
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as p-aryl-TPA.27 In the cases that qualify, they need to be tested to show that their emission 

wavelengths do not change with concentration and then deployed in the study of concentration-

driven processes.  

 

Figure 11. (a) Normalized absorption and emission spectra of p-aryl-TPA showing the overlap 

region; data digitized from Ma et al.27 (b) Normalized emission spectra of m-aryl-TPA recorded 

as a function of increasing concentration (CH2Cl2, λexc = 340 nm).  

A possible example of a latent zero-overlap fluorophore is m-aryl-TPA. It has a large 

Stokes shift (Figure 8) to its CT emission but a modest one to the local emission. This example 

enables us to point a second approach that relies on use of external conditions to extend the Stokes 

shifts. Use of polar solvents will redshift the CT emission and longer excitation wavelengths are 

known to disfavor the local emission. In the case of m-aryl-TPA, use of dichloromethane and 340 

nm excitation favors CT emission. However, the LE state and its sizeable 65 nm (4200 cm−1) 

spectral overlap remain. Nevertheless, we reasoned that while the LE emission would suffer from 

self-absorption, the CT emission would not. Satisfyingly, the CT emission does not deviate from 

602 nm when concentration is raised from 5 M to 5 mM. Across the same concentration, the LE 
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peak decreases as expected. This finding suggests that smaller and more modular fluorophores 

might be useful for broader use in evaluating phenomena at high concentrations.  

A third approach, and one realized with C-Zero, starts with identifying dual emission 

fluorophores and leveraging ways to inhibit the local emission. For example, p-aryl-TPA 

appears27 to have the characteristics of a zero-overlap fluorophores in dichloromethane. Other 

strategies may be accessed by exploiting contemporary ways to increase the Stokes shifts.22, 24, 26 

Finally, use of FRET pairs117-118 and excimer formation25, 119 may also prove fruitful. 

 

CONCLUSION 

We report on the serendipitous discovery of a fluorescent cyanostar macrocycle with zero 

overlap between its absorption and emission spectra leading to concentration-independent 

fluorescence band maxima. We find that the emphasis on obtaining fluorophores with large Stokes 

shifts is incomplete. Rather, we showcase the benefit of having a fluorophore with zero spectral 

overlap between its absorption and emission bands. Apart from having a massive Stokes shift 

(15,000 cm−1), the most important optical property of the C-Zero macrocycle appears to be the 

zero spectral overlap. The key structural characteristic of C-Zero is the macrocyclic framework 

that delivers an intrinsically low quantum yield of local emission and/or enhanced rates of 

formation of the CT state. Studies on the m-aryl-TPA control compound verified that having a 

cyanostilbene-triphenlyamine unit as its core also appears to assist with inhibiting aggregation in 

good solvents, inhibiting excimer formation, and producing a large Stokes shift from an internally 

twisted cyanostilbene. The unique characteristics of the C-Zero macrocycle enabled us to study 

anion recognition at millimolar (mM) concentrations for the first time by fluorescence 
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spectroscopy. We also implemented the concepts governing zero-overlap fluorophores to reveal 

that the control compound, m-aryl-TPA, displays some degree of concentration-invariant 

emission from its CT state. We believe that the creation of zero-overlap fluorophores offers a new, 

powerful, and complementary approach to observing chemical processes at high concentrations 

using fluorescence spectroscopy.  
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