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ABSTRACT: The ability to assemble artificial systems that mimic aspects of natural light-

harvesting functions is fascinating and attractive for materials design. Given the complexity of 

such a system, a simple design pathway is desirable. Here, we argue that associative phase 

separation of oppositely charged conjugated polyelectrolytes (CPEs) can provide such a path in 

an environmentally benign medium: water. We find that complexation between an exciton-donor 

and acceptor CPE leads to formation of a complex fluid. We interrogate exciton transfer from the 

donor to the acceptor CPE within the complex fluid and find that transfer is highly efficient. We 

also find that excess molecular ions can tune the modulus of the inter-CPE complex fluid. Even 

at high ion concentrations, CPEs remain complexed with significantly delocalized electronic 

wavefunctions. Our work lays the rational foundation for complex, tunable aqueous light-

harvesting systems via the intrinsic thermodynamics of associative phase separation. 

 

I. INTRODUCTION 

There is a major need to construct artificial light-harvesting systems capable of efficiently 

converting solar energy to electrical or chemical potential energy. Such a system should mimic 

the natural photosynthetic process by effectively capturing, transferring, and storing photon 

energy. Among the materials synthesized for such efforts, organic semiconductors possess the 
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advantages of being light-weight, highly tunable, and inexpensive to process. Major efforts have 

been undertaken to make new materials for organic photovoltaic devices.1–5,6–9 Recently, much 

work has gone into the use of self-assembly to form components of light-harvesting systems, like 

electronic energy-transfer antennae.10–15,16,17 Here the self-assembled components are arranged 

through non-covalent interactions to directionally guide the transport of electronic excited states 

(excitons) mimicking exciton transport in photosynthetic organisms. 

Organic semiconductor materials are often processed in organic solvents, whether to form a 

thin film or a solvated assembly. In contrast, self-assembly of light-harvesting systems in water 

allows for the construction and processing of these materials in an environmentally benign way. 

Forming an aqueous system capable of multiple critical light-harvesting functions is a grand 

challenge. Such a system must incorporate efficient light absorption, directional exciton transfer, 

formation of an artificial electron/hole transport chain, and eventually the capacity to perform 

chemical transformations. This demanding list of requirements suggests that simplicity of 

assembly should be pursued to keep the overall complexity tractable.  

We advance the idea that associative phase separation of polyelectrolytes holds promise to 

meet the above requirement of simplicity of assembly, while retaining significant potential to 

incorporate multiple light-harvesting functions into the overarching aqueous system. There is 

revived interest in aqueous associative phase separation of polyelectrolytes. Specifically, liquid-

liquid phase separation of inter-polyelectrolyte complexes, in which oppositely charged 

polyelectrolytes electrostatically self-assemble and partition into polyelectrolyte-rich and dilute 

phases, has been studied thoroughly to aid understanding in early cell development, drug 

delivery, catalysis, and underwater adhesives.18–25 Research efforts have largely centered on 

polyelectrolytes with saturated, or non-conjugated, backbones. However, associative phase 
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separation of conjugated polyelectrolytes (CPEs) capable of visible light absorption has received 

significantly less attention. We have recently shown that complexation of a CPE with an 

oppositely charged non-conjugated polyelectrolyte led to aqueous associative phase separation 

and formation of concentrated, CPE-rich phases.26 The photophysics within the polymer-rich 

phase were found to be strongly coupled to the ionic atmosphere. The Segalman and Chabinyc 

groups have also shown that oppositely charged systems with one conjugated and one non-

conjugated polyelectrolyte can be used to form semiconducting and conducting fluids.27,28  

In this work, we have used aqueous associative phase separation to form complex fluids 

composed of two oppositely charged CPEs which function as an exciton donor/acceptor pair. We 

find spectrally broad light absorption and highly efficient exciton transfer from the donor to the 

acceptor CPE. Additionally, the phase behavior of these complex fluids in the limit of high ionic 

strength depends strongly on whether the atomic cation K+ or small molecular cations are 

present. Using a chemical series of molecular ions, we demonstrate that the phase behavior is 

largely insensitive to the chemical structure of such ions. By probing the CPE photophysics, we 

can directly elucidate how the delocalized electronic wavefunction of the CPE evolves across the 

transition from the two-phase to the one-phase region of the phase diagram. To the best of our 

knowledge, our work is the first to demonstrate the formation of an aqueous complex fluid 

composed of an exciton donor/acceptor network capable of efficient EET.27,28,29 
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II. RESULTS 

To prepare complexes between oppositely 

charged exciton-donor and exciton-acceptor CPEs, 

the total polymer concentration was fixed, and the 

stoichiometric polyion charge ratio was held at 

1:1. The salt concentration and type were then 

varied. The chemical structures of the cationic 

donor (PFPI), the anionic acceptor (NaPCPT) 

CPEs, and the salts used in this study are shown in 

Figure 1. The color coding indicated by the circles 

will be used to distinguish between the salts in 

subsequent figures. Our choice of the CPEs was 

based on the following: (1) The photophysical 

properties of these CPEs allow them to function as 

an exciton donor/acceptor pair shown by their 

spectral overlap in Figure 1.30 We show in the 

Supporting Information that these optical 

properties change relatively little in different environments (Figures S14, S19, and S20). (2) 

They have similar linear charge densities: ~0.017 eÅ-1 for PFPI, and ~0.019 eÅ-1 for NaPCPT (e 

is the electronic charge). (3) Given the similar charge densities and the chemical structures of the 

repeat units, we expect good alignment between oppositely charged sidechain termini of the two 

CPEs. Using a chemical series of molecular ions was motivated by the fact that a CPE complex 

Figure 1: Top: Chemical structures of 

CPEs and salts: tetraethylammonium 

bromide (TEAB), 1-ethyl-1-

methylpyrrolidinium bromide (EMPB), 1-

ethyl-3-methylimidazolium bromide 

(EMIB), and 1-ethylpyridinium bromide 

(EPB). Bottom: normalized optical density 

(O.D.) and photoluminescence (PL) spectra 

of the CPEs (both 0.05 mg/ml in HPLC 

grade H2O). The yellow area indicates the 

spectral overlap between donor emission 

and acceptor absorption. 
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(CPEC) is quite hydrophobic. Thus, it is reasonable to suppose that when two CPEs complex at 

ionic charge equivalence a precipitate will likely form. Guided by our recent work with a 

polyelectrolyte complex between PFPI and an anionic non-conjugated polyelectrolyte with 

simple ions, we hypothesized that molecular ions could (i) stabilize a more fluid morphology of a 

CPEC concentrated phase, and (ii) lead to enhanced CPE-ion interactions that could manipulate 

the CPE electronic structure. The molecular ions used here are similar in size but possess varying 

geometries and degrees of unsaturation. These ions have also been investigated in stabilizing a 

liquid ‘fused-salt’ phase associated with hydrogen bromine redox flow batteries.31 By including 

both saturated and unsaturated ions, we aimed to elucidate whether π-stacking interactions 

between ions and CPE backbones are an important factor in the phase behavior and photophysics 

of CPEC solutions. 

We find that upon complexation the exciton-donor and acceptor CPEs self-assemble and 

associatively phase-separate, forming a dilute solution phase in coexistence with a concentrated 

polymer-rich phase. Cartoons in Figure 2 indicate subtle changes in phase volume and phase 

transitions as a function of salt type and concentration. Photographs of the separated 

concentrated phase are also included, showing this material has the visual appearance of a 

complex fluid that retains its shape but is easily deformable.32 
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 The advantage of two optically active polyelectrolytes is that each has its own 

spectroscopic signature, allowing us to separately interrogate the CPEs by varying the excitation 

and emission wavelengths. We took advantage of the dilute phase absorption to measure the CPE 

concentration in the concentrated phase. We first measured extinction coefficients for each CPE 

(Figure S16) and, together with estimated phase volumes and dilute-phase concentrations (Figure 

S15), calculated the amounts of both CPEs in the concentrated phase. These results are shown in 

Figure 2B. The molar monomer concentrations for both CPEs are nearly equal, showing that the 

concentrated phase contains oppositely charged CPEs at near charge equivalence. The total CPE 

 

Figure 2: (A) Cartoon representation of observed phase separation along with PL microscopy 

images (50 µm scale bars) of the CPEC with no excess salt (left) and with increasing KBr and 

organic salts. (B) concentration of each CPE in the concentrated phase of phase-separated samples 

where the abscissa is the as-prepared salt concentrations of the overall solutions. (C) %T of 

PFPI/NaPCPT with increasing as-prepared concentrations of KBr, TEAB, EMPB, EMIB, and 

EPB. The salt concentration corresponding to the transition from phase-separated to dissolved 

solution is indicated by the black dashed lined. The figure shows that, unlike KBr, all organic salts 

lead to a similar transition point.  
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concentration increases with increasing [salt] and eventually reaches an effective plateau.33 The 

highest total molar monomer concentration in the concentrated phase was found for 2.5 M KBr 

and corresponds to ~100 mM in total monomer (~33 mg/mL PFPI, ~27 mg/mL NaPCPT), 

compared to the total monomer concentration of 6 mM (2 mg/mL PFPI, 1.6 mg/mL NaPCPT) in 

the initial solution before phase separation. Thus, the concentrated phase is highly enriched 

(~17x) in both CPEs compared to the hypothetical dissolved solution.  

The observed trend of increasing CPE concentration with increasing [salt] is somewhat 

unexpected. Most experimental and computational reports on liquid complex coacervates 

describe a decrease in polymer concentration with increasing [salt]. This “self suppression” 

phenomenon is typically associated with increased electrostatic screening at high ionic strength 

and higher water content in the dense phase.33–36 However, this trend of increasing polymer 

concentration with increasing [salt] has been reported for solid complexes formed from 

hydrophobic polyelectrolytes, and was attributed to Donnan effects associated with the osmotic 

pressure of the salt ions.32 It is unclear from our data whether the observed plateau in the 

polymer concentration is indicative of a so-called open phase boundary reported for more 

hydrophobic polymers, where no critical point exists, or if the more traditional self-suppression 

regime of coacervation was merely not observed in our experiments.37 

Next, we collected photoluminescence (PL) microscopy images to visualize the phase 

microstructure. Figure 2A shows wide-field PL microscope images of bulk solutions for varying 

[salt]. Phase-separated samples were mechanically homogenized prior to acquiring the images 

for each salt type and concentration. We note that following homogenization, the complex fluid 

naturally separates from the dilute phase while retaining its original morphology. Images 

collected across the salt series are shown in Figures S1-S6. Blue regions correspond to PFPI PL 



8 
 

signal, while red regions correspond to that of NaPCPT (Figure S1). Overlaid PL images with 

pink/purple tones are indicative of PL coming from both CPEs in that area. Exposure times for 

the excitation wavelengths corresponding to each polymer were chosen to maximize image 

contrast.  

For all [KBr], the microscale morphology resembles a colloidal gel (Figure S2). At low 

salt concentrations, the CPEC morphology with KBr vs. TEAB is qualitatively similar. In stark 

contrast to KBr, in the presence of TEAB at 2.0 M, well-defined particles begin to disappear as 

the solution becomes more homogeneous (Figure S3). At 2.5 M TEAB, the solution becomes 

homogeneous and optically clear. This transition indicates that the state of the system on the 

[salt] – [CPE] phase diagram crosses from the two-phase region into the one-phase region. 

Similar phase behavior was observed for all organic ions regardless of chemical structure 

(Figures S3-S6). 

We can quantify this salt-induced dissolution transition by measuring the solution 

turbidity via % transmittance (%T) at a nonabsorptive photon wavelength. Figure 2C shows a 

comparison of %T for each salt type as a function of salt concentration. We found a low %T of 

~20-40 for samples in which phase separation occurs. This indicates formation of scattering 

particles with dimensions on the order of the wavelength of visible light, consistent with 

microscopy images. We find that this dissolution occurs between 1.5 – 2.0 M for each organic 

salt, eventually forming optically clear solutions at 2.5 M salt with %T ~ 90. It is intriguing that 

this phase transition is not observed with increasing [KBr]. The turbidity curves are remarkably 

similar for all organic ions used, showing approximately the same phase transition point. This 

observation suggests that the general hydrophobic nature of the ions is the dominant factor in the 

macroscopic phase behavior difference relative to KBr, not specific chemical interactions.  
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Although images in Figure 2 cannot be used to quantitatively compare PL intensities, we 

can do so by averaging the PL signal of each image while keeping the exposure and gain fixed 

for each filter setting. This analysis shows that the total PFPI PL signal in CPEC samples was 

strongly quenched (see Figure S12C): < 0.14 (arbitrary units) mean intensity for the CPEC 

compared to > 70 for the no-salt PFPI control and ~20 for isolated PFPI in the presence of 

organic salts (Figure S12A). Quenching of CPE PL could proceed via two mechanisms: (i) 

collapse of CPE chains into tight coils, forming non-emissive exciton trap states, or (ii) EET 

between donor and acceptor CPEs in the CPEC. In the phase-separated control PFPI solutions 

(Figure S12A), quenching of PFPI PL must occur due to aggregation effects and the formation of 

non-emissive interchain states as these samples lack NaPCPT as a possible EET acceptor. This is 

consistent with microscopy images of these control solutions shown in Figures S7-S11. 

However, the PFPI PL signal in the CPEC for all salt types is smaller by a factor of  > 143 

compared to that of the PFPI control at the same salt concentration (Figure S12C). Therefore, the 

strong quenching of PFPI PL within phase separated CPEC solutions together with the increase 

in PL from NaPCPT (Figure S12D) is much more likely due to EET from the exciton donor PFPI 

to the acceptor NaPCPT.  
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To understand the effects of increasing non-covalent interactions (i.e., electrostatic, 

hydrophobic, and π-π) across the salt series on the rheological properties of the concentrated 

phase, we performed small-amplitude oscillatory shear (SAOS) measurements. Rheology 

experiments were carried out on the concentrated phase of the CPEC both with no excess salt 

and with 1.0 M salt at a strain amplitude within the linear viscoelastic region. All samples 

displayed shear thinning and an approximately frequency-independent response in which the 

storage modulus (𝐺′) dominated over the loss modulus (𝐺′′) (Figures S17A and S17C). Similar 

yield strains of ~5% were found for each sample (Figure S17D) when conducting amplitude 

sweeps. The properties of the concentrated phase are 

consistent with known properties of yield stress fluids.38,39 

The flow point, which we define as the crossover 

frequency after which 𝐺′′ dominates, was found to 

decrease from 50% for the no-salt CPEC (Figure 3A and 

S17B) to 31% in the presence of all salts.40 This suggests 

a weakening of the total interchain interaction strength 

within the CPEC with increasing [salt] regardless of salt 

type.  

To quantify the relative magnitudes of the two 

moduli, we calculated the loss tangent according to 

tan 𝛿 = 𝐺′′ 𝐺′⁄ , where 𝛿 is the phase angle. This provides 

a measure of sample deformability, with larger tan 𝛿 

values indicating samples more easily deformed under an 

applied force. Figure 3B shows the trend of the 

 
Figure 3: Rheological response of 

the concentrated phase of 

PFPI/NaPCPT alone, and with 1.0 

M of each salt type. (A) shows the 

crossover of G′ and G′′ vs. strain for 

PFPI/NaPCPT alone and for 

samples containing KBr/TEAB. 

Magnitudes of the moduli have been 

shifted for clarity, the colors match 

the key in panel B, and the circles 

indicate flow points. (B) tan(δ) vs. 

angular frequency indicating sample 

deformability. 
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concentrated phase of the CPEC from least to most deformable is: no excess salt < KBr = TEAB 

< EMPB = EMIB < EPB.  

We now use the distinct PL signatures of the donor and the acceptor to interrogate the 

photophysics of the concentrated phase. Two questions are of direct light-harvesting relevance: 

(i) How efficient is EET between donor and acceptor 

CPEs? (ii) How does the ion type and concentration 

influence exciton motion along the acceptor CPE 

network following initial transfer of donor excitons? We 

set out to answer these questions by isolating the 

concentrated phase and performing combined steady-

state and time-resolved PL measurements.  

Figure 4A and 4B show steady-state PL spectra 

of the CPEC concentrated phase with added KBr and 

TEAB following excitation of PFPI. Within the 

complex, PFPI light emission (~ 400-600 nm) is 

completely quenched and remains so regardless of salt 

type or concentration. This drastic quenching cannot 

simply be ascribed to formation of PFPI aggregates 

within the solid state. Pure aqueous PFPI solutions in the 

absence of salt readily form hydrogels at [PFPI] ~ 10 

mg/mL, a concentration in line with that reported for 

poly(fluorene-alt-thiophene) gels.41 We find that PFPI hydrogels are emissive and not self-

quenched, as shown by the dashed curve in Figure 4A and 4B. These observations imply that the 

 

Figure 4: Steady-state PL spectra 

(excitation 375 nm) of 10 mg/mL 

PFPI hydrogel control and 

PFPI/NaPCPT complexes with 

increasing (A) [KBr] or (B) [TEAB]. 

(C) Vibronic ratio vs. [salt] for each 

salt type. 
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EET efficiency from the donor to the acceptor in the concentrated CPEC phase is nearly 100%. 

We also observe substantial emission from the acceptor CPE when exciting at the wavelength 

corresponding to maximal donor OD and minimal acceptor OD, which is also consistent with 

EET. Similar quenching is observed for the rest of the organic salts in the series (Figure S19). 

Interestingly, the PFPI PL intensity remains completely quenched even in bulk solution beyond 

the dissolution phase transition at high organic salt concentrations.  

With evidence of efficient EET occurring in the concentrated phase and in the high-salt 

dissolved state, we wanted to understand how changes in ionic environment affected emission 

from the acceptor CPE across the dissolution phase transition. Once the initial PFPI exciton 

transfers to NaPCPT, that exciton will diffuse along the NaPCPT network, the structure of which 

is encoded in the acceptor PL spectrum. The ensemble of acceptor chromophores will influence 

this exciton motion via both the microstructure of single acceptor chains as well as excitonic 

couplings between proximal chains. Thus, the measured emission spectrum will directly reflect 

these factors. Figure 4A and 4B show that the shape of the NaPCPT emission spectrum (~ 550-

750 nm) changes as a function of salt concentration. The primary change occurs in the ratio of 

the 0-0 (lowest energy) peak relative to the 0-1 vibronic peak, where the final state is 

electronically relaxed but remains vibrationally excited. The 0-0/0-1 PL intensity ratio carries 

particular significance for conjugated polymers, as it reflects the interplay between intrachain 

(through-bond) and interchain (through-space) electronic couplings.  

Specifically, it is the ratio of the square of the transition dipole moments for the 0-0 and 

0-1 transitions that encodes information about such couplings.42,43  For further analysis, we first 

transformed PL spectra to energy space.44 We then divided out the ν3 (ν – photon frequency) 

dependence of the emission intensity to obtain the quantity that is proportional to the square of 
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the transition dipole moment, assuming a frequency-independent refractive index over the 

emission energy range. Finally, the baseline-corrected vibronic progression was fit using a sum 

of Gaussians: 

𝐼(𝐸) ∝ ∑ 𝑎𝑣𝑒
−(𝐸−𝐸0+𝑣ℏ𝜔)

2/𝜎𝑣
23

𝑣=0   (1) 

where 𝐼 is the modified intensity, 𝐸 is the photon energy, 𝐸0 is the origin of the purely electronic 

(0-0) transition, the 𝑎𝑣 are Gaussian amplitudes, 𝑣 is the vibrational quantum number, 𝜔 is the 

angular frequency of the aromatic stretching mode that predominantly couples to the electronic 

transition, and the 𝜎𝑣 are Gaussian widths. Fits for all salt types and concentrations were of 

excellent quality. The 0-0/0-1 peak amplitude ratios, 𝐼00 𝐼01⁄ , extracted from the fits as a function 

of salt concentration are shown in Figure 4C. For three of the four organic salts (EMPB, EMIB, 

EPB), the ratio depends weakly on salt concentration between 0.5 and 1.5 M. At salt 

concentrations ≥ 2.0 M, 𝐼00 𝐼01⁄  increases by ~60%. At 2.5 M the ratio is approximately the same 

for the four organic salts. In contrast, KBr did not give rise to the large change at 2.0 M, instead 

showing a slow rise with concentration above 0.5 M.  
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The dynamics of light emission can reveal 

additional information about the acceptor chain 

microstructure and its evolution with salt. We thus 

measured time-resolved PL (TRPL) decays of the 

concentrated complex fluid phase and dissolved 

solutions. We excited samples at λex = 375 nm at the 

peak of the PFPI absorption band and detected 

emission from the acceptor CPE at λem = 600 nm. 

Figure 5A shows NaPCPT TRPL decays as a function 

of [KBr]. Decays are biexponential, are dominated by 

the short lifetime component 𝜏1, and become slightly 

longer with increasing salt concentration. Figure 5B 

show the corresponding decays as a function of 

[TEAB]. A similarly mild lengthening of the decay is 

seen for TEAB as for KBr up to 1.5 M. However, at 

[TEAB] > 1.5 M, which is the onset of the dissolution 

transition, the decay is seen to lengthen substantially in strong contrast to KBr.  

We find the same qualitative trend holds for most organic ions, as captured by plotting the 

average PL lifetime 〈𝜏〉 as a function of salt type and concentration in Figure 5C. Decays for 

other salts are shown in the Supporting Information (Figure S21). The average lifetime of the 

NaPCPT within the CPEC without added salt was found to lengthen compared to the acceptor at 

the same concentration (1.6 mg/mL) in its native state in aqueous solution (0.14 ns). Average 

lifetimes associated with the concentrated phase for each [KBr] are comparable to that of the 

 

Figure 5: Time-resolved PL decay 

curves (λex = 375 nm, λem = 600 nm) of 

PFPI/PCPT complex with increasing 

(A) [KBr], (B) [TEAB]. (C) average 

excited-state lifetimes (<τ>) vs. salt 

concentration for each salt type.  
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PFPI/NaPCPT complex without added salt and remain sub-0.25 ns regardless of [KBr]. 

Lifetimes for TEAB, EMPB, and EMIB at low salt concentrations were found to be comparable 

to the PFPI/NaPCPT control. In contrast to KBr, this was followed by a significant increase in 

lifetime for the high-salt samples (1.5 – 2.5 M). The largest increase was seen for 2.5 M TEAB 

with an average lifetime of ~0.6 ns – a 200% increase from the mean concentrated-phase lifetime 

of the PFPI/NaPCPT control. This large increase in 〈𝜏〉 is largely associated with an increase in 

the amplitude of the long-lifetime component 𝜏2, which falls in the range between ~1 and ~1.5 ns 

depending on the salt (Figure S24). The amplitude for the long-lifetime component, though 

relatively small, increases by approximately two orders of magnitude for most organic ions 

between 1.5 and 2.5 M. Samples containing EPB are notable outliers from the other organic salts 

by exhibiting on-average shorter lifetimes than the complex without added salt. This ~40% 

decrease in 〈𝜏〉 is consistent with the decrease in PL 

intensity of the bulk solution shown in Figure S12. 

Similar trends are seen for TRPL measurements 

where the acceptor CPE is excited near its OD peak 

(λex = 500 nm, λem = 600 nm), shown in Figure S22.  

Time-dependent PL anisotropy can inform 

on the nature of the emitting state(s). We excited 

the acceptor CPE with vertically polarized light (λex 

= 500 nm) and measured the time-dependent 

emission intensity in the vertical (IVV) and 

horizontal (IVH) planes (λem = 600 nm) to probe the 

exciton dynamics of the emitting states and to 

 

Figure 6: TR-PL Anisotropy as a function 

of time of (A) 0.5 M samples and (B) 2.5 

M samples containing each salt type. 
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calculate the anisotropy function (Equation S1). Figure 6A shows normalized anisotropy decays 

for the concentrated phase prepared at 0.5 M salt for each salt type compared to the no-salt 

control. The anisotropy of the CPEC without any added salt was found to decay completely by 4 

ns, with a majority of the exciton polarization decaying by 2 ns. Similar results were found for 

all salt types at 0.5 M. This finding is consistent with little to no change in the exciton lifetime 

and overall PL intensity found for these samples when compared to the complex on its own. In 

contrast, 2.5-M salt samples (Figure 6B) containing TEAB, EMPB, and EMIB give rise to a 

relatively long-lived anisotropy compared to 0.5-M samples. Concentrated phases prepared with 

2.5 M KBr and 2.5 M EPB gave decays that were qualitatively similar to their 0.5 M 

counterparts.  

 The fact that PFPI PL remains quenched in the one-phase region at organic salt 

concentrations > 2.0 M suggests the two CPEs dissolve as a complex. If the two CPEs are 

spatially separated, it is unlikely that collisions in the highly screened solution would occur at a 

sufficiently large rate to quench all donor PL. If the two CPEs instead dissolve as a bound 

complex, one would expect to be able to observe nanoscale microstructural features consistent 

with such a complex. To test this hypothesis, we performed solution small-angle X-ray scattering 

(SAXS) measurements in the high-salt limit for all organic salts. Figure 7A shows reduced 
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SAXS intensities as a 

function of the scattering 

vector length Q. It is clear 

from the appearance of two 

Guinier-like plateau regions 

that the solution displays 

hierarchical structure on the 

nanoscale. SAXS curves for 

all organic salts are 

qualitatively similar. This 

implies that the solution 

nanostructure is largely 

independent of the molecular 

structure of the small ions.  

To determine the correlation lengths present in the dissolved solutions, we fit the 

scattering curves using the indirect Fourier transform. This allows determination of the particle 

form factor and calculation of the pair-distance distribution functions (PDDFs) of the scattering 

inhomogeneities in a model-independent manner. Fits are displayed in Figure 7A as solid lines, 

showing that all fits are of excellent quality. Figure 7B shows PDDFs for all one-phase solutions 

at 2.5 M salt. There are two primary peaks that stand out at ~2.5 nm and ~6 nm.  

Are these correlation distances consistent with what may be expected for a dissolved 

CPEC? We attempted to answer this question by calculating a few relevant distances for the two 

CPEs in question, which are shown in Figure 7C. In the CPEC, we expect that on average the 

Figure 7: SAXS data for fully dissolved 2.5-M samples with 

molecular ions. (A) Reduced scattering intensity vs. scattering 

vector length Q. (B) Pair distance distribution functions (PDDF) 

obtained via the indirect Fourier transform. (C) Chemical structures 

of CPE repeat units with two highlighted length scales along the 

backbone and sidechain directions. 
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two CPEs are separated through a distance roughly equal to the sum of the sidechain lengths. We 

find the calculated distance corresponding to the sum of the sidechains is in good agreement with 

the lower correlation distance of 2.5 nm. The 6-nm correlation length is significantly larger than 

the length of the repeat unit for either CPE. In fact, this length corresponds to approximately 6 

repeat units. Thus, we propose that the 6-nm correlation length corresponds to a region over 

which the average CPE chain is relatively straight, corresponding to a local ladder-like 

conformation.45 Taken together, we believe the PDDFs are consistent with a physical picture of 

dissolved CPECs with on-average locally straight conformations. Such a conformation is in turn 

consistent with the relatively large vibronic ratio seen in NaPCPT PL spectra and the increase in 

〈𝜏〉 at this salt concentration.  

It is helpful to distinguish our CPEC SAXS results in the one-phase region with that of a 

complex between nonconjugated hydrophobic polyelectrolytes. We believe the best basis for this 

comparison is through the recent work by Meng, et al.,32 which used polycations and polyanions 

with sidechains terminated with trimethylammonium styrene or sulfonate styrene groups, 

respectively. Therein it was also concluded that ladder-like polyelectrolyte complexes were 

dissolved in high-salt NaBr solutions. Interestingly, their SAXS curves did not display such two 

pronounced Guiner-like plateaus. It is likely that the structure of our dissolved CPECs at high 

ionic strengths differ significantly from that of the styrene-based hydrophobic polyelectrolytes 

reported by Meng, et al. 

 

III. DISCUSSION 
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We first summarize our primary results: (1) CPEC dissolution was observed with all organic 

salts at a similar phase-transition point. This transition was not observed with KBr over the same 

concentration range. (2) Mechanical properties of the concentrated complex fluid phase are 

dependent on the geometry of molecular ions present but display similarities within a given 

geometric class. (3) We find strong evidence of efficient EET between the exciton donor and 

acceptor CPEs in both the concentrated complex-fluid phase and in the one-phase fully dissolved 

solution. (4) The backbone of the acceptor CPE becomes more extended as the dissolution phase 

transition is approached and crossed, and the microstructure of the dissolved state is a locally 

extended ladder-like complex. 

The fact that the concentrated phase is a shear-thinning complex fluid capable of highly 

efficient EET has light-harvesting implications. This implies that such a phase may be easily 

deposited on, e.g., an electrode surface as a paste, or 3D-printed into a desired form, for 

incorporation into an overarching light-harvesting system. The efficient EET provides a direct 

pathway towards panchromatic light absorption. While EET from the donor to the acceptor 

remains efficient for all concentrated phases, the change in the radiative relaxation of the 

acceptor with increasing salt concentration is also intriguing. First, the increasing 0-0/0-1 PL 

intensity ratio of the acceptor is correlated with an increase in the exciton coherence number or, 

consistently, the inverse participation ratio of the excitonic wavefunction.42,43,46 In conjunction, 

we observe an increase in the average PL lifetime and the decay time of the TRPL anisotropy. 

Therefore, we conclude that the spatial extent of the electronic wavefunction along the acceptor 

CPE backbone lengthens with increasing salt. This consideration is also important for light 

harvesting implications as such lengthening leads to more rapid intrachain exciton transport. The 

net effect is more efficient sampling of the underlying excitonic network during the excited-state 
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lifetime. When supplied with a photoinduced electron acceptor, CPE excitons that efficiently 

sample the underlying network will be able to find an interface to dissociate into spatially 

separated electron-hole pairs, thus storing photon energy as electrochemical energy. To this end, 

we previously showed that the quintessential electron acceptor, a C70 derivative, with negligible 

aqueous solubility may be readily incorporated into the aqueous CPE-based concentrated 

phase.26 Therefore, we hypothesize that the yield of electron/hole pairs in such a complex fluid 

system could be tuned by varying the excess salt concentration.  

The facts that (i) the dissolution phase-transition was observed for all molecular ions but not 

KBr, and (ii) that the concentration corresponding to this transition was independent of 

molecular ion structure are compelling. These are correlated with the observations that the 

average PL lifetime of the acceptor CPE depended relatively weakly on molecular ion type, and 

that the CPEC structure in the dissolved solution was largely independent of ion type. Thus, 

there is a kind of universality to the microstructural state of the CPEC in the presence of 

molecular ions chosen in this study. This is interesting because the chemical structures of the 

molecular ions are quite different. We propose this is due to the van der Waals and hydrophobic 

interactions of the molecular ions with the hydrophobic region of the CPE sidechains within the 

CPEC. Such interactions are much weaker with the potassium cation, which is consistent with 

the inability of this ion to access the dissolution phase transition over the observed salt 

concentration range. We conclude that, from a light-harvesting perspective, ions capable of a 

combination of electrostatic, van der Waals, and hydrophobic interactions are preferred agents 

for manipulating the structure of the CPEC state.  

Though the universal influence of the molecular ions on the photophysics of the CPEC is 

evident, subtle changes in molecular ion structure can be used to finely tune the mechanical 
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properties of the condensed complex-fluid phase. We found that the ordering of the loss tangent 

for the different salts reflected this fact. Close inspection of the molecular structures of these 

cations indicates the following trend: the largest, most unsaturated and highly polarizable ion 

EPB led to the largest plasticization of the concentrated phase. EMIB and EMPB are less 

effective plasticizers than EPB, but they have equal effectiveness at disrupting CPEC chain 

interactions. This is likely because they are similar in structure, largely differing in the degree of 

unsaturation of the five-membered ring. TEAB and KBr have smaller loss tangents, but the two 

values are nearly identical. Though surprising, on the length scale of a chromophore (~5-10 

repeat units) K+ is spherically symmetric and so is TEAB. Additionally, the radius of TEA+ (with 

very few hydrating water molecules) is approximately equal to the hydration radius of K+.47 

Thus, one interpretation of the loss tangent ordering is that anisotropic molecular ions are more 

effective at increasing the loss modulus relative to the storage modulus than spherical or quasi-

spherical ions. But why then was EPB not grouped together with EMIB and EMPB? We 

speculate that the relatively large size and the six-membered ring of EPB allow it to interact with 

each CPE through the largest extent of van der Waals and hydrophobic interactions possible 

within this salt series. However, we are unable to rule out higher-order effects such as specific 

arrangements conducive to cation-π or cation-backbone interactions, which may be enhanced 

with the pyridinium core.48 

 Interestingly, the CPEC photophysics in the presence of EPB contrasts all other 

molecular ions due to the significantly quenched NaPCPT PL. This was the case for both isolated 

control NaPCPT measurements and within the CPEC, but not for isolated PFPI solutions. We 

believe that EPB is acting as a photoinduced electron acceptor with respect to NaPCPT. This 

view is consistent with prior investigations of pyridinium-based ions.49,50 In Table S1 we have 
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listed the available energy levels obtained with a combination of cyclic voltammetry and 

photoemission measurements along with density functional theory calculations for polymers with 

identical backbones to PFPI and NaPCPT, as well as the pyridinium cation. The totality of the 

data shows that EPB cannot act as a photoinduced hole acceptor given the large energy barrier 

for hole transfer from either CPE to EPB. On the other hand, the LUMO energies of the two 

polymers are relatively close to EPB. It is thus quite likely that the local energy levels of either 

CPE or EPB may fluctuate under the influence of local electric fluctuations due to the motion of 

the ionic atmosphere. We speculate that the preferrential quenching of NaPCPT excitons by EPB 

is due to the attraction between the anionic polymer sidechains and the molecular cation. 

The broader implication of the obove observation is significant: that the same small ions that 

manipulate the mechanical properties of the concentrated phase can also electronically interact 

with CPEC excitons. Thus, one can imagine judiciously choosing small ions to both dictate the 

phase behavior and to act as charge shuttles in an overarching light-harvesting system based on a 

CPEC complex fluid. Within this interpretation, the following question arises. Why did 〈𝜏〉 for 

NaPCPT remain effectively unchanged as [EPB] increased from 1 to 2.5 M? If we assume 

random collisional quenching, a 250% increase in [EPB] should correlate with a further decrease 

in 〈𝜏〉. We speculate that the reason for this apparent discrepancy is that the CPEC periphery is 

enveloped in a kind of shell composed of condensed EPB ions. The structure of this ionic shell 

remains approximately constant even as more EPB is dissolved in solution, leading to a nearly 

constant rate of photoinduced electron (or hole) transfer from NaPCPT to EPB. It is possible that 

such CPEC-EPB interactions are related to the fact that EPB led to the largest plasticization of 

the complex fluid. 
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IV. CONCLUSION 

For the first time, we have shown that CPECs are capable of associatively phase separating 

into a dense complex fluid phase capable of highly efficient EET. We have also shown that 

molecular ions capable of electrostatic and hydrophobic interactions are a superior choice when 

manipulating the phase behavior of CPECs through increased sidechain solubility. This was 

evident by the fact that molecular ions at high ionic strength led to a phase transition to a fully 

dissolved solution that was not observed at high concentrations of KBr. We showed that this 

phase transition led to an extension of the CPEC into a ladder-like conformation, leading to an 

increase in exciton lifetime of the acceptor CPE. We also found that judicious choice of ion 

geometry can help to mechanically tune the moduli of complex CPEC fluid. We believe that a 

better understanding of the specific influence of ion geometry on the phase behavior will be 

achieved with molecular dynamics simulations. However, there will likely be a need to account 

for explicit solvent as well as the many-body hydrophobic, π-π, and cation-π interactions.  

We believe this work has laid the rational foundation for using associative phase separation 

of CPEs as a relatively simple pathway towards complex, aqueous light-harvesting systems with 

substantial excitonic connectivity. With further manipulation of CPE sidechains and ion 

structure, as well as incorporation of photoinduced electron acceptors, we believe a truly 

panchromatic light-harvesting system capable of forming long-lived electron-hole pairs is 

possible. Such a system could function as a compartment of a larger meso- or micro-scale 

system, or as a standalone modular light-harvesting platform with the ability to sustain diffusion 

of molecular species through its interior.     
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