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Abstract 

Oppositely charged, water-soluble polyelectrolytes undergo a spontaneous 

complexation and phase separation process with applications in fields spanning food 

science, origin of life studies, biomedicine, underwater adhesives, and general 

materials science. Specifically, associative phase separation leading to complex 

coacervation of oppositely charged polyelectrolytes has been extensively studied to 

understand prebiotic organization and to inform research into synthetic cell mimics. 

However, the phase behavior of conjugated polyelectrolytes (CPEs), macromolecules 



xii 
 

analogous to chromophores and light-harvesting antennae found in photosynthetic 

organelles, has been investigated only minimally. Many questions remain regarding 

controlling of CPEs phase behavior, and how the formation of dense CPE-rich phases 

influences the resultant photophysics of theses molecular semiconductors. The work 

in this thesis primarily focuses on gaining a systematic understanding of the influence 

of ionic strength on the phase behavior of CPEs. The main tools used in this inquiry 

are steady-state absorption (or optical density (OD)) and photoluminescence (PL), 

time-resolved photoluminescence (TRPL), time resolved photoluminescence 

anisotropy, fluorescence microscopy, and fluorescence lifetime imaging (FLIM). The 

major findings of this work are as follows: the concentration and identity of cations in 

solution were found to manipulate the radiative decay rate and the exciton diffusion 

dynamics highlighting the importance of the interactions of the CPE complex with 

ions differing in polarizability and size; the influence of molecular ions leads to a 

transition from a two-phase system to an optically clear single phase with increased 

lifetime and decrease depolarization rate not accessible with similar concentrations of 

atomic salts; the chemical structure of a CPE can be rationally designed to undergo 

liquid/liquid phase separation to stabilize a semiconducting coacervate microstate; the 

interaction between ethyleneglycol units and K+ ions is critical in forming the 

coacervate phase; excited state energy transfer between the donor and acceptor CPEs 

occurs within the highly electronically coupled complex coacervate droplet phase. 
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Chapter 1 
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1. Introduction 

 The importance of investing in the research and development of alternative 

energy methods is of global significance. Population increase amidst the 

technological revolution places our energy demands at an all-time high, with no 

ceiling in sight. Among the many methods currently implemented, harvesting energy 

from sunlight shows great promise to meet our energy needs in a renewable and 

sustainable way. Currently, global energy consumption is estimated to be 5.8 x 1020 

Joules per year.1,2 This amount of energy is supplied to the earth’s surface by the sun 

in just over one hour. Great effort continues to be put into harnessing that energy 

using inorganic and organic photovoltaics for direct conversion to electricity. 3–7 

Similar efforts are being undertaken to develop technologies capable of using solar 

energy to drive chemical transformations and produce fuel. One notable example 

being the production of hydrogen gas from the photochemical water splitting 

reaction.8–10 Whether the goal is to produce electricity or fuel, solar energy 

technology is a promising pathway when considering the design and development of 

new sustainable materials.      

 When designing new materials for light harvesting applications, it is 

advantageous to look to nature for inspiration. Photosynthetic cells in plants, algae, 

and some bacteria have evolved to efficiently use the energy from sunlight to produce 

fuel for the organism. Specifically, the light reactions of photosynthesis proceed via a 

cascade of elegant events on the molecular level within the thylakoid membrane. This 

complicated process can be simplified to three steps; (1) broad visible light 

absorption by conjugated light-harvesting antennae chromophores, (2) transfer of 
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energy between chromophores over a distance through space, and (3) localization of 

energy at a protein cluster reaction center where it can be used for chemical 

transformations such as oxygen evolution. These steps are represented visually in 

Figure 1.1.11 In addition to these fundamental light-harvesting steps, the 

photosynthetic chromophores are non-covalently self-assembled and the scaffolds for 

these ‘natural materials’ are soft and deformable. It is intriguing to ask questions 

about how to, from a molecular level, design a new soft material capable of 

panchromatic light absorption, energy transfer, and ultimately conversion of that 

energy to electrical or chemical potential energy. This is the overarching idea 

motivating this work, creation of a dynamic, self-assembled photosystem capable of 

energy transfer.  

 

Figure 1.1: (A) Cartoon representation of photon absorption by antenna pigment 
molecules, energy transfer, and electron transfer at a reaction center. (B) Energy 
collection and transfer events represented as an energy funnel. This simplified schematic 
is analogous to the cascade of events that happen during the light reactions within the 
membrane protein photosystem II. Figure adapted from Mirkovic et. al.11 
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 The class of molecules investigated in this work are called conjugated 

polyelectrolytes (CPEs). Like well-known chromophores, such as chlorophyll found 

in photosynthetic cells, CPEs possess alternating single and double bonds (aka π-

conjugation) along their backbones. This characteristic allows them to absorb and 

emit light in the visible to near-infrared (near-IR) region of the electromagnetic 

spectrum. Varying the chemical structure of the CPE backbone can change which 

region of visible (or near-IR) light these molecules are active in. Figure 1.2 shows the 

 

Figure 1.2: The chemical structures of common photosynthetic chromophores are shown 
in (A) and the wavelengths of light at which these chromophores absorb are shown in (C). 
Comparative CPE structures and absorbances can be seen in panel (B) and (D) 
respectively. Panels A and C were adapted from Mirkovic et. al.11 
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chemical structures of the CPEs used in this work, and the wavelengths at which they 

absorb light, alongside common photosynthetic chromophores.11 In addition to their 

light active properties, CPEs possess other attractive characteristics including their 

charged sidechains. These sidechains can be cationic or anionic and impart water 

solubility to these otherwise hydrophobic polymers. This is desirable as it allows the 

development of these materials in an aqueous, liquid state. Liquid-state materials 

have many unique properties compared to solid-state materials like deformability and 

sensitive response to external stimuli. Modification of the sidechains can impart these 

molecules with varying electrostatic interaction strengths. These charged moieties 

also allow for electrostatic interactions of the sidechains with other charged entities in 

solution. These range from polar molecules to ions and oppositely charged CPEs. 

When two oppositely charged CPEs are combined in solution they are known to 

spontaneously form complexes (CPECs) as shown in Figure 1.3.12 This spontaneous 

self-assembly results in a higher order structure with new photophysical implications. 

If the CPEs chosen for self-assembly into CPECs have light absorption and emission 

signatures with spectral overlap, this complexation brings them in sufficient spatial 

proximity to undergo electronic energy transfer (EET). When designing an artificial 

light-harvesting system, EET is a core process that must be optimized. The reader can 

find a detailed discussion of EET in section 1.1.3.  
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 Previously, 

Hollingsworth et. al. 

showed that CPEs at 

stoichiometrically charged 

matched ratios formed 

CPECs capable of broad 

visible light absorption and 

ultrafast energy transfer 

(~240 fs). This work 

showed that CPEs could 

self-assemble into non-

covalently linked artificial 

light-harvesting antennae, and that the timescale of energy transfer along the CPEC 

network was comparable to that found in natural photosynthetic systems.13 Following 

these promising results in the dilute regime, a natural next step from a materials 

perspective is to scale up the amount of material by increasing the CPE concentration. 

Increasing CPE concentration in principle would also increase electronic coupling 

leading to more dynamic energy transfer within the material. The idea of designing a 

system where many CPE chains interact would allow excitons to explore a larger 

energetic CPEC landscape is intriguing. In principle, this could lead to a larger 

delocalization of the exciton throughout the CPE network with a higher probability of 

encountering a synthetic reaction center. Increasing CPEC concentration and 

introducing a reaction center molecule, such as the well-known electron acceptor 

 

Figure 1.3: Cartoon representation of a conjugated 
polyelectrolyte complex (CPEC) where the yellow arrow 
is representing electronic energy transfer (EET) from the 
donor CPE to the acceptor CPE.s 
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C60, would allow for the formation of a more complex hierarchy of light-harvesting 

components.  

 As the complexity of an artificial light-harvesting system increases, it is 

advantageous to simplify the design pathway. This can be done using self-assembly 

to spontaneously form non-covalently linked systems. The formation of a dense 

liquid phase can be achieved in this way using associative phase separation of 

charged macromolecules, akin to CPEs. This leads to liquid-liquid phase separation 

termed complex coacervation and is discussed in more detail in section 1.1.4. The 

work presented herein is focused on the use of associative phase separation to 

manipulate the phase behavior and resultant photophysics of CPECs. Specifically, the 

use of complex coacervation to produce a light-active liquid phase capable of 

efficient EET has been studied only minimally. The work presented in this thesis is 

one step towards realizing that goal. 

1.1 Background 

1.1.1 Electronic Transitions in Conjugated Polyelectrolytes  

The basis of this work requires an understanding of how conjugated organic 

molecules absorb and emit light. Unlike saturated hydrocarbons which possess only 

σ-orbitals for bonding, conjugated hydrocarbons have both σ and π-orbitals which 

results in alternating single and double bonds and a π-system delocalized over 

multiple nuclei. The π-electrons within these molecular orbitals are further from the 

positively charged nucleus and thus more loosely bound than the σ-electrons. As a 

result, energy of an incident photon capable of exciting these more loosely bound 

electrons is lower and typically falls within the visible part of the electromagnetic 
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spectrum (~400-700nm). The classical physical description behind the absorption of 

this energy involves the incident electromagnetic field of light inducing oscillations in 

the π-electron cloud. This input of energy allows the electrons to reorient around the 

molecule into a higher energy molecular orbital configuration.  

Though the classical decription can help one begin thinking about light 

absorption, the quantum-mechanical description provides a more complete 

understanding. The energy levels of these π-electrons are quantized. When the energy 

of an incident photon matches the energy difference between the ground state (S0) 

configuration and the higher lying energy levels (S1, S2, S3, etc.) , absorption occurs. 

This is depicted by the blue lines in the Jablonski diagram found in Figure 1.5. The 

probability of absorption and the promotion of an electron from the initial state to the 

final state depends on the direction of the incident oscillating electric field. This 

direction can be described by the polarization vector shown in Figure 1.4A, and is 

particularly relevant to time-resolved fluorescence anisotropy measurements 

discussed in section 1.2.2. When an organic molecule undergoes an electronic 

transition, the redistribution of the electrons results in a change in the charge 

distribution within the molecule. This change will have both a magnitude and 

direction. This is summarized by the electronic transition dipole moment which is 

calculated from the wavefunctions of the initial (ψi) and final (ψf) electronic states  

µ�⃗ i→f = ∫ ψf(r⃗)er⃗ψi(r⃗)dV   (1.1) 

where r⃗ = (x, y, z) is the position operator in 3D, with the origin of the coordinates 

coinciding with the center of the molecule’s charge distribution, e is the charge of an 

electron, dV is the volume element, and the integration is over all space. A visual 
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example of the transition dipole moment and the transition denisty (ψfψi) for the 

prototypical conjugated organic molecule anthrancene are shown in Figure 1.4B. The 

transition density describes the redistribution of charge and changes in the occupied 

electronic state associated with the absorption of light and transition from the initial 

to the final electronic state. In anthracene, this results in the clustering of electron 

density on a particular side of the molecule and a resultant transition dipole parallel to 

the conjugated π-system. The probability of light absorption depends on cos2(θ), 

where θ is the angle between the electric field and the transition dipole moment. This 

probability is maximized when θ =0, where Figure 1.4C shows this ideal 

orientation.14 The probability of absorption increases with the square of the 

magnitude of the transition dipole moment as described by the following 

proportionality. 

Pi→f ∝ │µ�⃗ i→f│2 (1.2) 
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 The probability of light absorption per unit time is refered to as the transition 

rate (rif) which can be described using Fermi’s golden rule.15,16 This rate is related to 

the mean lifetime (r = 1/τ) of the excited state described in detail in section 1.2.1. 

Fermi’s golden rule can be described by 

rif = 2π
ħ

|Mif|2ρf (1.3) 

 

 

Figure 1.4: (A) Electromagnetic field of light showing the polarization vector of 
the electric field component. (B) Transition density and transition dipole moment 
example using the transition from ψi to ψf  of anthracene where (C) shows the 
optimal alignment between the polarization of the electric field with the transition 
dipole moment. Figure adapted from Walla.14 
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where the transition probability from an initial to a final energy eigenstate depends on 

the density of final states (ρf), and on the coupling between the initial and final states 

of the system described by the matrix element of interaction (Mif). 

Mif = ∫ψf
∗Vψidv  (1.4) 

Here ψi is the wavefunction of the initial state, ψf is the wavefunction of the final 

state, and V is the operator describing the physical interaction which couples the 

states.  

Absorption is a nearly instantaneous process, occurring in less than 10-15
 s, in 

which the energy from a photon promotes an electron from S0 to multiple 

vibrationally excited states within higher lying electronically excited states. Since 

these electronic excitations are coupled to the vibrational modes, they are thus termed 

‘vibronic transitions’. These transitions follow the Franck-Condon principle meaning 

they occur quickly enough that molecular motion can be ignored. For this reason, 

absorption spectra are not sensitive to molecular dynamics in the excited state. After 

 

Figure 1.5: Jablonski Diagram showing vibronic transitions where absorption (hνA) 
occurs within 10-15 s, internal conversion occurs within 10-12 s, intersystem crossing 
occurs within 10-8-10-3 s, fluorescence (hνF) occurs within 10-9-10-7 s, and 
phosphorescence (hνP) occurs 10-3s-days. 
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excitation, organic molecules undergo nonradiative transitions via vibrational 

relaxation (aka multiphonon emission, solid black arrows in Figure 1.5) and internal 

conversion within 10-12 s (dotted arrows in Figure 1.5).  These transitions relax the 

molecule to the ground vibrational state of the first electronically excited state (S1-v0) 

and can then return to S0 by releasing the remaining energy as light through 

fluorescence (hνF), or phosphorescence (hνP) (Figure 1.5). This emission process 

happens over longer timescales than absorption. Fluorescence (10-9-10-7 s, green 

arrows in Figure 1.5) occurs from spin paired electrons and phosphorescence (10-3s-

days, red arrows in Figure 1.5) occurs from spin unpaired electrons having undergone 

intersystem crossing to a lower lying triplet state. Intersystem crossing is another non-

radiative transition not typically observed for CPEs. For this reason, emission through 

fluorescence will be the focus in the work discussed herein. The time between 

absorption of a photon and emission of a photon is termed the ‘fluorescence lifetime’. 

For a detailed discussion on fluorescence lifetimes see section 1.2.1.  
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An idealized version of an excitation and emission spectrum are shown in 

Figure 1.6A where the vibronic progression is resolved, the spectra are mirror images 

of one another, and there is an energy offset due to internal conversion referred to as 

the Stokes shift. However, due to ground state thermal fluctuations leading to an 

ensemble of vibronic transitions, true liquid-state spectra are typically broadened. For 

CPEs this broadening is more significant due to an ensemble of chain conformations 

existing in solution. This can be seen for a common polyfluorene CPE dissolved in 

water in Figure 1.6B. Here, slight structuring in the emission spectrum is a result of 

emission occuring from a subset of lower energy CPE chromophore segments. This 

occurs in concert with the nonradiative transitions of the molecule preceeding 

emission leading to transitions solely from S1v0. This phenomenon is reffered to as 

Kasha’s rule and accounts for the fact that emission spectra are typically independent 

of excitation wavelength. 

For CPEs, excitation typically occurs from the ground state bonding π-orbital 

to the anitbonding orbital (π*). This π- π* transition results in a short lived excited 

 

Figure 1.6: (A) Idealized excitation and emission spectra showing vibronic structuring 
where 0-2 is an abbreviation for Sov0-S1v2 and so on. (B) Real excitation and emission 
spectra of a polyfluorene CPE. 
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state after which these molecules relax back to their ground state and emit light as 

fluorescence. The photophysics of CPEs are intrinsically linked to their backbones. 

Thus, the emission spectra of these molecules is a powerful reporter on CPE structure 

and orientation within the liquid state. The next section will provide a discussion 

regarding how the aggregation of CPEs can influence their emission characteristics. 

1.1.2 Aggregation Effects on Conjugated Polyelectrolyte 

Emission 

In both dilute and concentrated CPE solutions, intra and inter-chain 

interactions occur leading to the clustering of molecules (aka aggregation). 

Aggregation brings CPE 

backbone segments within 

sufficient spatial proximity that 

electronic coupling of their 

respective wavefunctions can 

occur. This coupling gives rise to 

new absorbing and emitting states 

which can often be observed as a 

shift of the excitation and 

emission spectra to higher or 

lower energies. The direction of the shift depends upon the relative orientation of the 

monomer segments, with the most simplified orientations being described as head-to-

head (aka H-aggregates) and head-to-tail (aka J-aggregates). Figure 1.7 depicts these 

two orientations and the differences in their electronic transitions for a simplified 

 

Figure 1.7: H-aggregate (left) and J-aggregate 
(right) excited state energy level splitting and 
electronic transitions relative to the monomeric 
case. Energy level diagram is based on Kasha’s 
theory for aggregation of small molecule dyes.17  
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dye-monomer/dimer-aggregate model developed by Michael Kasha.17  Kasha’s theory 

states that excitation of H-aggregates results in transitions to higher energy states, and 

that the transition to lower lying states is forbidden (shown by the arrow with an X 

through it in Figure 1.7). This excitation is followed by a relaxation to lower energy 

states with vanishing transition dipole moments and low fluorescence emission 

probability. In contrast, excitation of J-aggregates results in allowed transitions to 

lower lying energetic states, and an increase in fluorescence is typically observed 

compared to the monomer.  

The differences in the emission characteristics of these two monomer 

aggregates is described by Kasha as a coulombic coupling. Kasha’s model assumes a 

tightly bound excited state electron (aka exciton) termed a Frenkel exciton, and uses a 

point dipole approximation described by 

Jc = μ��⃗ 1μ��⃗ 2−3(μ��⃗ 1· R�)(μ��⃗ 2· R�)
4πε R�3

   (1.5) 

where μ�⃗ 1 and μ�⃗ 2 are the transition dipole moments of the monomers 1 and 2, R� is the 

vector representing the distance between the center of the transition dipole moments, 

and ε is the dielectric constant of the medium in which the monomers are contained. 

For identical molecules this coupling becomes 

Jc = μ��⃗ 2(1−3cos2θ)
4πε R�3

  (1.6) 

where θ is the angle between the transition dipole moment and R�. As this angle 

changes, monomer aggregates can take on more H-like (54.7º < θ < π
2
 and Jc > 0) or J-

like ( θ < 54.7º and Jc < 0) orientations. At 54.7º (aka the magic angle) Jc = 0 and 

there is no coupling between the monomers.  
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Work by Kasha and McRae discusses this coupling between monomers into 

H-or J-dimer aggregates leading to the splitting of the first excited state into a 

symmetric and anti-symmetric linear combination of the original excited states of the 

monomers. The sign of Jc can give information on the relative energies of these new 

levels where H-aggregates (+Jc) have the symmetric state at higher energy and J-

aggregates (-Jc) have the anti-symmetric state at higher energy. Due to the process of 

vibrational relaxation and internal conversion discussed earlier, this leads to H-

aggregate emission from the lower lying anti-symmetric state and J-aggregates 

emitting from the lower lying symmetric state. Because only the symmetric state can 

couple to the ground state, this results in H-aggregates decaying non-radiatively to the 

ground state. J-aggregates in contrast decay from the symmetric state to the ground 

state radiatively. These differences in electronic transitions can be observed in 

absorption and emission spectra where H-aggregates will show a blue shift to higher 

energies and a decrease in the fluorescence intensity relative to non-aggregated 

monomers in solution. J-aggregates will show a red-shift to lower energies typically 

accompanied by an increase in fluorescence intensity.  

It may already be clear that the dimer model put forth by Kasha is too simple 

to be applied directly to CPEs which are long chains of covalently linked monomer 

units. For this reason, Spano et. al have worked to extend Kasha’s work by first 

considering higher order linear aggregates whose emergent exciton energy levels are 

assumed to form bands described by the wavevector k as 

│k〉 =  1
√N
∑neikn│n〉      k = 0, ± 2π

N
, ± 4π

N
, … , ±π   (1.7) 
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where N is the number of monomers and│n〉 is the quantum state vector.18  

Here, the probability of absorption and emission of a photon only applies to 

the k = 0 exciton and the energy splitting of the monomer excited state is then 

represented by bending of the band energy (Figure 1.8). For H-aggregates (upward 

band bending), vibronic transitions from the lower lying states of the excitation band 

to the higher lying vibrational states (i.e., v=1,2) of S0 are allowed while the transition 

to v=0 of S0 is forbidden. For J-aggregates (downward band bending) all vibronic 

transitions are allowed. For this reason, the 0-0 vibronic transition can vary in 

 

Figure 1.8: Spano’s H and J aggregate molecular orientation comparison (a.b) to 
that of the H-J aggregate (c) all showing nearest neighbor coupling (𝐽𝐽). The red dot 
indicates exciton that is optically allowed from the ground state (|𝐺𝐺⟩, black dot), 
arrows indicate emission, 𝑞𝑞 is the phonon wave vector, and ∆𝐸𝐸 is the energy 
difference between the symmetric and antisymmetric bands associated with the H-J 
aggregate. Figure from Spano et. al.18 
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intensity depending on if a linear combination of monomers is more H-like or J-like 

in nature. This can be represented as  

SR = I0−0
I0−1

    (1.8) 

 where I0−0 is the intensity of the 0-0 vibronic transition, I0−1 is the intensity the 0-1 

vibronic transition. Here, SR ≤ 1 is representative of H-aggregates and SR ≥ 1 is 

representative of J-aggregates. This theory for the linear combination of monomer 

units gives a description of spectroscopic characteristics of aggregation effects 

through comparison of vibronic emission intensities. Though more complex than 

Kasha’s dimer model, it gives similar prediction of H-aggregates leading to non-

emissive dark states and J-aggregates giving rise to bright emissive states. 

 In the case of a CPEC, H and J aggregate formation can occur within a single 

CPE chain (intrachain interactions) and between chains (interchain interactions). 

Increasing CPE concentrations in solution will result in a higher probability of both 

intra and interchain interactions and thus photophysical aggregation effects. Having 

laid the foundation for light absorption and emission of CPEs, the next section will 

discuss how these molecules can transfer excitation energy through space. 

1.1.3 Electronic Energy Transfer  

There are many systems studied in which a photon is absorbed and the 

resultant exciton on one chromophore can transfer through space to another 

chromophore. For the optimization of synthetic light-harvesting antennae, the design 

must allow for these excitons to transfer efficiently and quickly through space. This 

excited state energy can then decay radiatively or be used to fuel a photochemical 
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reaction. This process is called electronic energy transfer (EET) (aka resonance 

energy transfer or sometimes, Förster resonance energy transfer) and occurs between 

a donor molecule in an excited state and an acceptor molecule in its ground state. For 

EET to take place several conditions must be met, and these are described by the 

theory established by Theodor Förster.19,20 First, there must be sufficient spectral 

overlap between the emission spectrum of the donor and absorption spectrum of the 

acceptor where the extent of spectral overlap can be described by the overlap integral 

J(λ). 

J(λ) = ∫ FD(λ)εA(λ)λ4dλ∞
0   (1.9) 

Here, FD(λ) is the normalized fluorescence intensity of the donor between λ and λ +

∆λ (the change in wavelength across the emission spectrum), and εA(λ) is the 

extinction coefficient of the acceptor at λ. Thus, J(λ) can be determined 

experimentally using absorption and fluorescence spectroscopy. Figure 1.9 shows an 

example of spectral overlap for a donor and acceptor molecule next to spectral 

overlap of a real EET donor and acceptor CPEC pair.  

 
Figure 1.9: Panel (A) shows an example of spectral overlap between a generalized donor 
and acceptor molecule. Panel (B) shows spectral overlap between the PL of a 
polyfluorene donor CPE and the absorbance (aka optical density (OD)) of a 
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 EET also depends on the relative orientation of the transition dipole moments 

of the donor and acceptor molecules which is describe by the orientation factor κ2.  

κ2 = μ�⃗ Dμ�⃗ A − 3(μ�⃗ D ·  R�)(μ�⃗ A ·  R�) (1.10) 

Here, κ2 is simply the numerator found in equation 5 and contains the same physical 

description of relative dipole orientations. κ2 can have values ranging from 0 to 4 

with κ2 = 0 indicating perpendicular dipoles, κ2 = 1 indicating dipoles oriented in an 

H-like fashion, and κ2 = 4 indicating a J-like orientation. The value of κ2 can be 

determined experimentally using fluorescence anisotropy described in section 1.2.2. 

However, κ2 is often taken to be 2/3, a value which represents donors and acceptors 

randomly oriented due to rotational diffusion before EET takes place. Often, the 

distance at which the EET efficiency is 50% (i.e., the Förster radius in nm, R0) is of 

practical interest and, if κ2 is known, can be calculated using  

𝑅𝑅06 = �𝑄𝑄𝐷𝐷𝜅𝜅
29000(𝑙𝑙𝑙𝑙10)
128𝜋𝜋5𝑁𝑁𝑙𝑙4

�  𝐽𝐽(𝜆𝜆)   (1.11) 

where 𝑄𝑄𝐷𝐷 is the quantum yield of the donor in the absence of the acceptor, n is the 

refractive index of the medium, and N is Avogadro’s number. If 𝑅𝑅0 (typically 30-60 

Å) is calculated and the rate of energy transfer 𝑘𝑘𝑇𝑇(𝑟𝑟) is known, the distance between 

the donor and acceptor (r) can then determine using 

𝑘𝑘𝑇𝑇(𝑟𝑟) = 1
𝜏𝜏𝐷𝐷

(𝑅𝑅0
𝑟𝑟

)6  (1.12) 

where 𝜏𝜏𝐷𝐷 is the fluorescence lifetime (described in section 1.2.1) in the absence of the 

donor. Alternatively, if the distance is known it can be used to calculate 𝑘𝑘𝑇𝑇(𝑟𝑟). 

 This simplified physical picture of EET and the physical constants that result 

provide an excellent basis for understanding EET. The theory is often successfully 
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applied to biological systems in which there is one donor molecule and one acceptor 

molecule, whose transition dipole moments are treated as point dipoles. with a well-

defined r between them that is large compared to their size. However, when it comes 

to modeling EET involving CPEs the assumptions required for the Förster model are 

violated. CPEs are large quasi-linear macromolecules with many electronically 

interacting monomer units. Thus, treating them as point dipoles is not an accurate 

representation. Additionally, the CPEs within CPEC are complexed closely together, 

meaning r is much smaller than the size of the emitting portions of these molecules 

(i.e., chromophores). Though additional models have been proposed to correct for 

some of the failings of the Förster model they typically assume that the photophysical 

characteristics of the donor and acceptor are fixed. As we have already seen in the 

discussion of aggregation effects, this is not true of CPEs. Aggregation effects of a 

single CPE chain, and large conformational changes that occur when self-assembling 

into CPECs, can shift the absorption and emission spectra to higher or lower 

wavelengths. This can in turn cause restructuring of the vibronic transition intensities. 

For these reasons, modelling EET in CPEs to extract rates and efficiencies is 

extremely challenging. 

 Regardless, the picture of EET laid down by Förster helps to build a 

foundation to understand EET. For CPEs, a more detailed discussion of what 

constitutes an EET donor and acceptor is necessary. After initial transfer of energy 

from the donor CPE to the acceptor CPE, additional migration takes place within the 

single acceptor CPE chain. This is due to different segments of the chain having 

varying lengths of conjugation due to random torsional disorder. In CPEs, and 
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exciton generated on a chain segment with a specific conjugation length will have a 

specific energy analogous to a 1-D particle in a box 

𝐸𝐸𝑙𝑙 = 𝑙𝑙2ℎ2

8𝑚𝑚𝐿𝐿2
   (1.13) 

where n is the quantum number, h is Planck’s constant, m is the mass of the particle, 

and L is the length of the box (i.e., chromophore unit). Thus, a chain segment with a 

longer conjugation length (i.e., longer chromophore) will have a lower energy than a 

portion with a shorter conjugation length. When discussing ‘chromophores’ in the 

context of CPEs, this is the description that the reader should refer to. Therefore, 

initial exciton diffusion on the acceptor CPE manifests as a ‘random walk’, which is 

then followed by a ‘downhill migration’ within the ensemble of acceptor 

chromophores until they have migrated to portions of the chain with the lowest 

energy conformation before emitting.  

Design of a soft material capable of light-harvesting would need to have 

efficient, rapid, and directional EET. According to the Förster model, the rate of EET 

can be increased by increasing the spectral overlap or by increasing the amount of 

electronic coupling within the system. CPEs, though complicated compared to simple 

dyes, provide excellent exciton highways through which EET can take place. Thus, 

strategically increasing CPEC concentration can help to increase the electronic 

couplings between chains leading to more rapid EET. One avenue for increasing 

CPEC concentration via self-assembly in the liquid state is through associative phase 

separation. This is termed complex coacervation and will be discussed in detail in the 

next section.  
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1.1.4 Complex Coacervation 

When two oppositely charged macromolecules are mixed at stoichiometrically 

charged matched ratios they are known to spontaneously complex, and to 

associatively 

phase separate. 

This can occur for 

a variety of 

charged molecules 

including proteins, 

surfactants, 

colloids, and 

polymers. Here, we will focus on the associative phase separation of a polycation and 

polyanion specifically. When this interaction leads to a separation into two liquid 

phases it is termed complex coacervation and an equilibrium is established between a 

polyelectrolyte dilute phase (supernatant) and a polyelectrolyte dense phase 

(coacervate) (Figure 1.10).21  This equilibrium can be shifted using temperature, 

polyelectrolyte concentration, and by changing the ionic strength of the solution. 

These changes can aid in varying the strength of complexation and the resultant phase 

behavior.22 Complex coacervation has been studied extensively in visible light 

inactive, non-conjugated polyelectrolytes.21,23–41 It was not until recently that studies 

on conjugated polyelectrolyte complex coacervation have been undertaken.42,43 While 

coacervation has been investigated for applications in drug delivery, cosmetics, food 

 

Figure 1.10: Cartoon showing spontaneous self-assembly and 
phase separation of two oppositely charged polyelectrolytes into a 
complex coacervate. Figure adapted from Sing and Perry.21 
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science, and to aid origin of life studies, the work presented in this thesis is 

specifically geared toward applications for light-active soft materials design.  

The early theory of complex coacervation began with Voorn and Overbeek 

when they described coacervation as an interplay between translational entropy of 

counterions and the electrostatic attraction of the charged species in solution. The 

resultant Voorn-Overbeek model combines the Flory-Huggins theory of polymer 

mixing and the Debye-Hückel theory of dilute electrolytes with the specific aim of 

modeling polyelectrolyte systems.21 This resulted in the following expression for free 

energy of mixing (𝐹𝐹𝑣𝑣𝑣𝑣) 

𝐹𝐹𝑣𝑣𝑣𝑣 = 𝑉𝑉𝑘𝑘𝑏𝑏𝑇𝑇 �∑
𝜙𝜙𝑖𝑖
𝑁𝑁𝑖𝑖
𝑙𝑙𝑙𝑙 (𝑖𝑖 𝜙𝜙𝑖𝑖) − 𝛼𝛼[∑ 𝜎𝜎𝑖𝑖𝜙𝜙𝑖𝑖]𝑖𝑖

3
2 + 1

2
∑ 𝜒𝜒𝑖𝑖𝑖𝑖𝜙𝜙𝑖𝑖𝜙𝜙𝑖𝑖]𝑖𝑖𝑖𝑖 � 

 (1.14) 

where the first term is the mixing entropy for species 𝑖𝑖, 𝜙𝜙𝑖𝑖  is the volume fraction of 

monomers, and 𝑁𝑁𝑖𝑖 is the degree of polymerization (i.e., number of monomers) and 

N>>1. The second term is a Debye-Hückel free energy representing the attraction 

between electrolytes where 𝜎𝜎𝑖𝑖 is a proportionality between number density and 

volume fraction of charges, 𝛼𝛼 is the electrostatic attraction defined as 𝛼𝛼 = 𝜆𝜆𝑏𝑏
2𝑎𝑎

 where a 

is the radius of the charge and 𝜆𝜆𝑏𝑏 is the distance over which the electrostatic attraction 

is equal to the thermal energy of the system (𝑘𝑘𝑏𝑏𝑇𝑇). 

𝜆𝜆𝑏𝑏 = 𝑒𝑒2

4𝜋𝜋𝜀𝜀0𝜀𝜀𝑟𝑟𝑘𝑘𝑏𝑏𝑇𝑇
   (1.15) 
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Here, e is the elementary charge, 𝜀𝜀0 is the vacuum permittivity, and 𝜀𝜀𝑟𝑟 is the dielectric 

constant of the medium. This is known as the Bjerrum length and for water at room 

temperature (T ≈ 298 K) (conditions applicable to the studies in this thesis) 𝜀𝜀𝑟𝑟 ≈ 80 

and 4𝜋𝜋𝜀𝜀0 = 1 simplifying the expression to 𝜆𝜆𝑏𝑏 = 𝑒𝑒2

𝜀𝜀𝑟𝑟𝑘𝑘𝑏𝑏𝑇𝑇
. Thus, the second term in 

equation 14 accounts for the attraction between a molecular charge and the average of 

the distribution of surrounding opposite charges. The third term in equation 14 

captures the short-range interactions. Here, 𝜒𝜒𝑖𝑖𝑖𝑖 is the Flory parameter describing the 

transition from 

weakly repulsive 

monomer/solvent 

interactions (0 <

𝜒𝜒𝑖𝑖𝑖𝑖 ≲
1
2
 ) present in a 

solution of dissolved 

polyelectrolytes. A 

𝜒𝜒𝑖𝑖𝑖𝑖 > 1
2
 represents the 

threshold of repulsive 

monomer/solvent 

interactions which leads to a separation of the solution into two coexisting phases, 

where one phase is richer in polyelectrolyte and poorer in solvent than the other. 

Figure 1.11 shows a representative phase diagram of [polymer] vs [salt] generated 

from this model.  

 

Figure 1.11: Phase diagram of [polymer] vs. [salt] giving 
rise to a two-phase coacervation region and a one-phase 
solution region. The tie-line indicates different salt 
partitioning behavior between the concentrated and dilute 
phases. Figure adapted from Sing and Perry.21 
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Though the Voorn-Overbeek model accurately captures the fact that 

coacervation occurs at low salt concentrations, and that high salt concentration leads 

to dissolving of the complex into one phase, it has several limitations. First, the 

Debye-Hückel theory is only applicable to weak and dilute electrolytes up to ~5 mM 

concentrations and assumes simple monovalent salts. Typical salt concentrations 

utilized in coacervate studies, including the studies discussed herein, are often much 

higher in the 0.5-5.0 M range. Second, the theory treats all charges as point particles 

with negligible volume and does not distinguish between charges on the 

polyelectrolytes and the salt ions in solution. This does not properly account for the 

fact that the polyelectrolyte charges exist on covalently linked monomer units within 

a chain which give rise to a distinct linear charge density. And finally, this model 

treats the solvent (i.e., water) as a continuum which ignores any local structuring 

effects of water molecules leading to coacervation.  

Due to these limitations, experimental observations often directly conflict 

predictions made by the Voorn-Overbeek theory. It has been observed experimentally 

that upon phase separation salt ions preferentially partition into the phase dilute in 

polyelectrolyte, however, Voorn-Overbeek predicts the opposite. Additionally, recent 

efforts show that the driving force behind coacervation is mainly entropic gain from 

counterion release with minor enthalpic contributions.12 Voorn-Overbeek theory 

considers coacervation to be an enthalpically driven process that comes about due to 

an increase in electrostatic attraction. These findings have spurred theoretical 

development around modeling complex coacervation using polymer field theory, 

scaling theory, and others to address the know limitations of Voorn-Overbeek. A 
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detailed discussion of these models is beyond the scope of this text. The reader can 

refer to the recent work by Sing and Perry for an introduction into recent 

developments around these models.21  

Leading up to the work presented herein, minimal work had been done to 

investigate the complex coacervation of conjugated polyelectrolytes.42,43 In fact, 

studies published previously show insufficient evidence for the formation of a true 

semiconducting liquid phase via complex coacervation. Rather, the concentrated 

phases reported on in these studies show characteristics of more solid-like colloidal 

gels than true liquid droplets.42,43 The realization of an actual liquid semiconducting 

CPEC phase capable of EET is what this work builds towards.44,45 Fine tuning of this 

new material has awesome implications for applications in novel soft materials.  

1.2 Overview of Experimental and Analytical Methodology 

The purpose of this section is to provide additional details of characterization 

methods used throughout the following studies. A majority of the inquiry was focused 

on the photophysics of highly concentrated CPEs and CPECs. Characterization 

methods include a combination of steady-state absorption and fluorescence (described 

in section 1.1.1), time-resolved photoluminescence (section 1.2.1) and time-resolved 

photoluminescence anisotropy (section 1.2.2), fluorescence microscopy (section 

1.2.3), and fluorescence lifetime imaging (section 1.2.4). Additionally, phase 

behavior was characterized using rheology (section 1.2.5), the study of the flow and 

deformation of matter. 
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1.2.1 Time – Resolved Photoluminescence 

Time-resolved photoluminescence (TRPL) is a crucial measurement to a more 

in depth understanding of CPE photophysics and their implications to light 

harvesting. TRPL can lend valuable insight into exciton migration and is a necessary 

tool for extracting EET rates and estimating exciton diffusion lengths. As outlined in 

section 1.1.1, when a CPE is exposed to visible light of a frequency which matches 

that of an electronic transition, the molecule can be promoted to an excited state. The 

average amount of time the CPE spends in the excited state before decaying via 

spontaneous emission to the ground state is termed the fluorescence lifetime (τ) and is 

defined as 

𝜏𝜏 = 1
𝑘𝑘𝑟𝑟+𝑘𝑘𝑛𝑛𝑟𝑟

    (1.16) 

where 𝑘𝑘𝑟𝑟 and 𝑘𝑘𝑙𝑙𝑟𝑟 are the radiative and non-radiative rate constants. This lifetime can 

add to steady-state photoluminescence measurements by giving insight into CPE 

chain microstructure and resultant exciton migration either along a single CPE or 

within a CPEC. Additionally, exciton lifetimes of CPEs have direct implication for 

their applications in organic photovoltaics and organic light emitting diode 

technologies. Following excitation with an infinitesimally short light pulse, the 

number of excited fluorophores ([𝐹𝐹(𝑡𝑡)∗]) will decrease with time  

𝑑𝑑[𝐹𝐹(𝑡𝑡)∗]
𝑑𝑑𝑡𝑡

= −(𝑘𝑘𝑟𝑟 + 𝑘𝑘𝑙𝑙𝑟𝑟) [𝐹𝐹(𝑡𝑡)∗]   (1.17) 

because the number of excited fluorophores is proportional to fluorescence intensity, 

integrating between t=0 and t gives the single exponential function in equation 18. 
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For molecules in which excitons decay along a single decay pathway, this decay can 

be described as 

𝐼𝐼(𝑡𝑡) = 𝐼𝐼0𝑒𝑒
− 𝑡𝑡𝜏𝜏     (1.18) 

where 𝐼𝐼0 is the initial fluorescence intensity, 𝐼𝐼(𝑡𝑡) is the fluorescence intensity after 

some time t, and τ is the fluorescence lifetime determined by measuring the time it 

takes for the fluorescence intensity to reach 1/ 𝑒𝑒 of  𝐼𝐼0.  For systems in which the 

exciton population can decay by multiple distinct pathways, the expression becomes 

𝐼𝐼(𝑡𝑡) = ∑𝛼𝛼𝑖𝑖𝑒𝑒
− 𝑡𝑡𝜏𝜏  (1.19) 

where the preexponential factor 𝛼𝛼𝑖𝑖 represents the portion of the excited state 

population decaying along pathway 𝑖𝑖 and 𝛼𝛼1 + 𝛼𝛼2 + 𝛼𝛼3 + ⋯𝛼𝛼𝑖𝑖 = 1. In the case of a 

multiexponential decay the average lifetime (< 𝜏𝜏 >) can be calculated according to  

< 𝜏𝜏 > =  ∑  𝑎𝑎𝑖𝑖𝜏𝜏𝑖𝑖
2

𝑎𝑎𝑖𝑖𝜏𝜏𝑖𝑖
  (1.20) 
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Fluorescence lifetimes are often measured using the technique of time-

correlated single photon counting (TSCPC).46 The basic premise of the experiment 

involves exciting a sample with a vertically polarized pulsed laser and measuring the 

time between the laser pulse and detection of an emitted photon at a polarization of 

54.7º (the magic angle). Detection at the magic angle is necessary to avoid 

polarization effects on the fluorescence decay curve of the emitted light. These 

photon events are then binned into time channels used to create a histogram of total 

photon counts vs. time. This can then be used to generate the fluorescence decay 

curve of the fluorophore. This is process is represented pictorially in Figure 1.12.  

Figure 1.12: Cartoon representation of TCSPC photon binning to generate a 
fluorescence decay curve where the blue curve represents the excitation pulse of 
the laser. 
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In an ideal experiment, the sample would be excited by a δ-pulse of light and 

the system electronics would be able to detect an emitted photon instantaneously. In 

this case the TRPL decay curve would be the true decay curve associated with the 

sample being measured. However, in a real experiment, the laser pulse has a defined 

temporal width and the instrument’s electronic components (i.e., the monochromator, 

photomultiplier tube, etc.) have temporal lags intrinsic to their operation. For this 

reason, the collected decay curve is a convolution of the excitation pulse and the 

electronic instrument response with the true TRPL decay curve. The convolved decay 

curve takes the form  

𝑁𝑁(𝑡𝑡) =  ∫ 𝐿𝐿(𝑡𝑡′)𝐼𝐼(𝑡𝑡 − 𝑡𝑡′)𝑑𝑑𝑡𝑡′𝑡𝑡
0   (1.21) 

Here, 𝑁𝑁(𝑡𝑡) is the measured intensity at time 𝑡𝑡, 𝐿𝐿(𝑡𝑡′) is the measured 

instrument response function (IRF), and 𝐼𝐼(𝑡𝑡 − 𝑡𝑡′) is the fluorescence intensity from 

the sample at some time 𝑡𝑡 which originates as a response to a delta-excitation pulse at 

time 𝑡𝑡′ with amplitude 𝐿𝐿(𝑡𝑡). To obtain 𝐼𝐼(𝑡𝑡), model functions must be iteratively 

convolved with the measured IRF (typically measured from a purely scattering 

solution) until a suitable fit between 𝑁𝑁(𝑡𝑡) and 𝐿𝐿(𝑡𝑡) is found. This is typically done 

using iterative reconvolution with a least squares minimization analysis method.47  

𝜒𝜒𝐿𝐿𝐿𝐿2 = 1
𝑙𝑙

 �∑ (𝑁𝑁(𝑡𝑡𝑘𝑘)−𝑁𝑁𝑐𝑐(𝑡𝑡𝑘𝑘))2

𝑁𝑁(𝑡𝑡𝑘𝑘)
 𝑙𝑙

𝑖𝑖=1 �   (1.22) 

where 𝑁𝑁(𝑡𝑡𝑘𝑘) is the measured photon counts at time 𝑡𝑡𝑘𝑘, 𝑁𝑁𝑐𝑐(𝑡𝑡𝑘𝑘) is the modeled number 

of photon counts at time 𝑡𝑡𝑘𝑘, and 𝑙𝑙 is  the number of data points. A good fit in this 

method yields a 𝜒𝜒𝐿𝐿𝐿𝐿2  close to 1.  
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1.2.2 Time – Resolved Fluorescence Anisotropy 

Characterization of the time-resolved fluorescence anisotropy has a similar 

experimental set up to TRPL measurements in which TCSPC is still utilized. 

However, where TRPL helps to answer questions regarding the fluorescence lifetime 

of samples, TR-anisotropy is used to answer questions about exciton dynamics 

through polarization of the emission. The key difference in the experiment involves 

exciting with vertically polarized light and detecting fluorescence in the vertical (𝐼𝐼𝑣𝑣𝑣𝑣) 

and horizontal (𝐼𝐼𝑣𝑣ℎ) planes (Figure 1.13). In the liquid state, absorbing chromophores 

will be randomly oriented in solution meaning and there will be a distribution of 

transition dipole moments. For this case 𝐼𝐼𝑣𝑣𝑣𝑣 is proportional to < 𝑐𝑐𝑐𝑐𝑐𝑐2(𝜃𝜃) > and 𝐼𝐼𝑣𝑣ℎ is 

proportional to < 𝑐𝑐𝑖𝑖𝑙𝑙2(𝜃𝜃) > and the steady state anisotropy (r) takes the form  

𝑟𝑟 = 3<𝑐𝑐𝑣𝑣𝑐𝑐2(𝜃𝜃)>−1
2

   (1.23) 

where all transition dipole moments oriented in the vertical plane gives 𝑟𝑟 = 1, and 

transition dipole moments oriented in the horizontal plane would not be excited by 

the vertical polarized light giving 𝑟𝑟 = 0. Realistically, the fundamental anisotropy 

(𝑟𝑟0) will reflect the distribution of transitional dipole moment orientations and should 

have a value between 0 and 1. 

𝑟𝑟0 = 2
5

(3𝑐𝑐𝑣𝑣𝑐𝑐
2(𝛽𝛽)−1
2

)   (1.24) 

Here 𝛽𝛽 is the angle between the absorption and emission dipoles. The two-fifths 

factor represents the initial selection of the randomly oriented chromophore 

population and restricts the fundamental anisotropy to 0 < 𝑟𝑟0 < 0.4.  
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Though steady state anisotropy provides useful information about the initial 

structural state of absorbing chromophores, it is more interesting from a light-

harvesting perspective to understand how excitons travel through the CPEC matrix. 

After excitation, excitons created on the chromophores with their transition dipole 

moments vertically aligned will quickly migrate through EET. This motion 

effectively scrambles the initial polarization, and the excitons find themselves on 

portions of the CPE chain with a lower energy configuration (i.e., longer 

chromophores). This happens within a single CPE chain or on an acceptor CPE chain 

in a CPEC after EET occurs. Thus, the emitted light will show a decay of the 

fundamental anisotropy with time as this depolarization event takes place. This time-

dependent anisotropy can be described as 

𝑟𝑟(𝑡𝑡) = 𝐼𝐼𝑣𝑣𝑣𝑣(𝑡𝑡)−(𝐺𝐺)𝐼𝐼𝑣𝑣ℎ(𝑡𝑡)
𝐼𝐼𝑣𝑣𝑣𝑣(𝑡𝑡)+(2𝐺𝐺)𝐼𝐼𝑣𝑣ℎ(𝑡𝑡)

   (1.25) 

and is represented in Figure 1.13. The numerator is accounting for the differences in 

photon count intensity for each polarization of the emission. The denominator is the 

 

Figure 1.13: Representative time-resolved anisotropy decays (left) in blue, 
with the calculated anisotropy decay in orange. The ensemble of transition 
dipoles excited in solution is shown on the right. 
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total counts where 𝐼𝐼𝑣𝑣𝑣𝑣 is emission along the z-axis, and the factor of 2 in front of 𝐼𝐼𝑣𝑣ℎ 

accounts for emission along the x and y-axis relative to the laser table. 𝐺𝐺 is the G-

factor that accounts for components of the experimental set up such as optics or the 

monochromator interacting differently with light polarized in different planes. The G-

factor can be measured using 

𝐺𝐺 = ∫ 𝐼𝐼ℎ𝑣𝑣(𝑡𝑡)𝑑𝑑𝑡𝑡
∫ 𝐼𝐼ℎℎ(𝑡𝑡)𝑑𝑑𝑡𝑡

     (1.26) 

where the excitation light is horizontally polarized, and the emission is collected in 

the vertical (𝐼𝐼ℎ𝑣𝑣) and horizontal directions (𝐼𝐼ℎℎ).  

It is important to note that traditionally, anisotropy has been utilized for small 

molecule dyes either free in solution or as fluorescent tags attached to biochemical 

macromolecules of interest. In these experiments, anisotropy can be used to 

determine rotational diffusion of a dye free in solution or bound where the motion of 

the chromophore is the main pathway of depolarization. Anisotropy decaying in these 

types of experiments can be fit using an exponential model  

𝑟𝑟(𝑡𝑡) =  ∑ 𝑟𝑟0𝑒𝑒
− 𝑡𝑡
𝜃𝜃𝑗𝑗𝑖𝑖    (1.27) 

where 𝜃𝜃𝑖𝑖  is the rotational correlation time. This model assumes spherical 

chromophores and the fitting procedure is immediately complicated with a simple 

deviation from that shape. Not only is it completely inappropriate to assuming 

chromophores in a CPE to be spherical, but depolarization over time will also be due 

to a combination of rotational motions of chain segments AND exciton motion via 

EET. Thus, modeling such a decay becomes increasingly complicated. We have 

found the use of models proposed by Ludescher et. al. to be a good basis for 
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interpreting TR-anisotropy of CPEs.48 For a detailed discussion of these models 

applied to our CPE systems see Chapter 2. 

 

1.2.3 Fluorescence Microscopy 

Fluorescence microscopy has long been utilized as a powerful tool for 

research into spatial and temporal information regarding cell biology. This often 

involves the use of fluorescent labeling with small dye molecules such as 4′,6-

diamidino-2-phenylindole (aka DAPI). Depending on experimental design and choice 

of microscope, fluorescent microscopy can help answer a variety of questions 

regarding microscale morphology, spatial distributions of fluorophores, energy 

transfer, and even fluorescence lifetimes. Investigating CPEs and CPECs using 

fluorescence microscopy has the unique advantage of the samples being intrinsically 

fluorescent. This negates the need for labeling with fluorescent tags that may have 

undesirable intermolecular interactions within your sample.   

Widefield epifluorescence microscopy involves illumination and imaging of 

light from the entire sample which helps to speed up the imaging process. This can 

make the use of widefield microscope advantageous for collecting data from large 

amounts of samples, and for observing samples in real time. The simplicity of wide-

field microscopy means it’s more accessible and cheaper to use making it an 

attractive choice for learning the technique of fluorescence microscopy. However, the 

design of widefield microscopes makes it impossible to exclude out-of-focus or 

scattered light. For this reason, images taken using widefield microscopes tend to 
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have lower resolution and are prone to shadow artifacts due to uneven illumination of 

the sample.  

This drawback motivated the development and implementation of confocal 

microscopes. The main design difference of confocal microscopes is a pinhole 

aperture introduced to the system that only allows light from a thin focal plane to 

reach the photomultiplier tube (PMT) detector. When shooting for higher resolution 

images, the use of laser scanning confocal microscopy is a superior choice of 

techniques. A comparison of a simplified widefield and confocal microscope design 

are shown in Figure 1.14.46 Because of loss of signal due to the smaller sampling 

volume of confocal scopes, the laser is scanned across the sample, intensity is 

measured at each position using a PMT, and the image is created pixel-by-pixel. 

Figure 1.14: Comparison of (A) widefield and (B) confocal microscope 
designs. Image adapted from Wang et. al.48 
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1.2.4 Fluorescence Lifetime Imaging 

Though independently powerful, the combination of TRPL and confocal laser 

scanning microscopy allows inquiry into fluorescence lifetime distributions at the 

micron scale. This fluorescence lifetime 

imaging (FLIM) technique uses TSCPC 

principles and a high repetition pulsed 

laser to excite the sample and measures 

the time between excitation and the 

detection of a single photon. The key 

difference of FLIM is that the photon 

distribution is collected not only over a 

time interval (t) but also over spatial coordinates (x,y) by tracking the position of the 

scanning laser beam of the confocal microscope. This produces a collection of 

lifetimes over a microscopy image area and is represented in Figure 1.15.46 This 

lifetime distribution can then be fit using maximum likelihood analysis and raw data 

can be converted to color coded pixels representing different decay times (Figure 

1.16). FLIM results used to characterize the photophysics of CPE simple coacervate 

 

Figure 1.15: Representation of TRPL 
decay curves collected for individual pixel 
to create a FLIM image.46 

Figure 1.16: Left show the raw FLIM image. In the center is a global decay curve 
generated using all pixels within the FLIM image and the fit for that data. Right shows 
the calculated fluorescence decays for each pixel, where specific colors are chosen to 
represent lifetime ranges. 
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droplets will be discussed in detail in Chapter 4, and CPE complex coacervates 

droplets in Chapter 5. 

1.2.5 Rheology 

Rheology is defined as the science behind the flow and deformation of matter. 

It is an important technique for the investigation of molecular structure of a material 

and for evaluating a materials performance under conditions it may experience in its 

application.49–53 The relationship between stress (applied force per unit area) and 

physical deformation (strain) is an intrinsic property of a material that comes about 

due to short- and long-range intermolecular interactions. Depending on the strength 

of these interactions your material can take on more solid or liquid properties. For 

ideal solids, one of the materials properties of interest is the elasticity. This can be 

determined using the relationship between stress and strain via Hooke’s Law  

𝜎𝜎 = 𝐺𝐺 ·  𝛾𝛾  (1.28) 

where 𝜎𝜎 is stress, 𝐺𝐺 is the elastic modulus of the material, and 𝛾𝛾 is the strain. For 

ideal liquids, the equivalent property is the viscosity 𝜂𝜂 which can be calculated using 

the relationship between stress and shear rate 𝛾𝛾𝑐𝑐𝑟𝑟 via Newton’s Law. 

𝜎𝜎 = 𝜂𝜂 ·  𝛾𝛾𝑐𝑐𝑟𝑟   (1.29) 

Most materials do not behave as ideal solids or liquids, but rather exhibit materials 

properties of both solids and liquids. These are termed viscoelastic materials and the 

stress they experience is related to the combination of the strain and strain shear rate. 

𝜎𝜎 = 𝐺𝐺 ∗ 𝛾𝛾 +  𝜂𝜂 ∗ 𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

   (1.30) 
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Thus, investigating this relationship 

allows for the calculation of the modulus and 

viscosity of a viscoelastic material. This 

investigation can be done using a rheometer. 

Specifically, a strain controlled dual head 

rheometer with separated motor and transducer 

was used in this work and is shown in Figure 

1.17.53  Here, a sample is loaded between two 

plates, the bottom plate rotates with a chosen 

angular displacement and velocity which are 

used to calculate the strain and strain shear rate 

γ = θ · Kγ  (1.31) 

γsr = Ω · Kγ   (1.32) 

where θ is the displacement angle equal to the arc length s and the radius of the plate 

r (θ = s/r),  Ω is the angular velocity (Ω = ∆θ/∆t), and Kγ is the strain constant 

which depends on the geometry of the chosen plates. This physically deforms the 

sample, and the mechanical energy is either conserved in an elastic response or 

dissipated and lost as heat. The torque experienced by the sample is picked up by a 

transducer at the top plate and is used to calculate the stress 

σ = M · Kσ   (1.33) 

where M is the torque related to the radius of the plate and the force acting at a 90º 

(M = r · F) and Kσ is the stress constant dependent on the geometry of the chosen 

plates.  

 
Figure 1.17: Simplified 
representation of rheomter used for 
SAOS measurments.53 
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 Using a rheometer gives access to a variety of flow test, transient test, and 

oscillatory experiments that can help characterize a material. Because the work herein 

is focused on the development of soft light harvesting materials, we are interested in 

characterizing the contributions of solid-like and liquid-like behaviors of our samples. 

To do this we utilize small amplitude oscillatory shear (SAOS) measurements which 

applies a sinusoidal strain to the sample at a 

specific angular displacement and amplitude. The 

sample is then monitored for the resultant stress 

response and the shift between the strain and stress 

is the phase angle (δ) (Figure 1.18). The elastic 

response is an in-phase response (δ=0º), the viscous 

response is out of phase (δ=90º), and a viscoelastic 

response would be between the two extremes (0º < 

δ < 90º). The collective stress of a viscoelastic 

material is termed the complex stress, which in turn 

defines the complex modulus, the materials overall 

resistance to deformation, as 

G∗ = G′ + iG′′   (1.34) 

where G′ is the elastic modulus and is a measure of a materials ability to store 

mechanical energy, and G′′ is the loss modulus and is a measure of the materials 

ability to dissipate mechanical energy as heat. The relationship between these moduli 

can be described geometrically using the following relationships: G′ = cosδ, G′′ =

 

Figure 1.18: Strain (top) and 
stress (middle) of a SAOS 
measurement are shown as 
sign waves where their offset 
(bottom) is referred to as the 
phase angle δ.53 
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sinδ, G∗ = √G′2 + G′′2, and tan(δ) = G′′

G′
. This last relationship is referred to as the 

loss tangent and is an excellent metric for how liquid-like a sample is where tan(δ) <

1 describes a more solid-like sample where the magnitude of the elastic modulus 

dominates, tan(δ) > 1 describes a more liquid-like sample where the loss modulus 

dominates, and tan(δ) = 1 describes the gelation point of the material. In this work, 

the relationship between the moduli is investigated in detail for several unique 

systems in which the molecular interaction of CPEs with various ions is 

characterized.  

1.3 Description of Chapters to Follow 

The focus of the following chapters is on investigating the fundamental phase 

behavior and resultant photophysics of CPEs and CPECs. Chapter 2 presents 

published work involving a conjugated/non-conjugated polyelectrolyte complex and 

an atomic salt series. This work led to the formation of a light-active colloidal gel 

phase with interesting photophysical properties. Chapter 3 discusses published work 

involving a fully conjugated CPEC complex fluid capable of highly efficient EET. A 

molecular salt series was used to tune phase behavior of this dense fluid phase. 

Chapter 4 presents a recently submitted manuscript of a study during which we 

believe the first true example of liquid, simple coacervate droplets were formed and 

characterized. This was made possible due to the synthesis of a novel copolymer in 

our lab by Dr. Gregory Pitch. Chapter 5 discusses the follow up study to the simple 

coacervate work involving the CPEC complex coacervates formed with a series of 

these novel copolymers.  
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Abstract: The associative phase separation of water-soluble polyelectrolytes is 

important across many different fields including food science, biomedicine, materials 

science, and prebiotic organization. Specifically, associative phase separation leading 

to complex coacervation of oppositely charged polyelectrolytes has been extensively 

studied to inform research into synthetic cell mimics. However, the phase behavior of 

conjugated polyelectrolytes (CPEs), macromolecules analogous to chromophores 

found in light harvesting organelles, has been investigated only minimally. A 
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systematic understanding of the influence of ionic strength on the phase behavior of 

CPEs could provide insights into the potential for these systems to form complex 

coacervates and improve control over the photophysical properties of these materials. 

In this study, the influence of increasing ionic strength (0−5.0 M) of three simple salts 

(LiBr, KBr, and CsBr) on the phase behavior of a cationic CPE [poly(fluorene-alt-

phenylene)] and an anionic non-conjugated polyelectrolyte [poly(4-styrenesulfonate)] 

complex is interrogated. Associative phase separation into diluted and concentrated 

polyelectrolyte phases was found to occur regardless of salt type. We report on the 

phase composition and influence of the ion type on the photophysical properties of 

the concentrated phase, where the nature of the counter cation was found to 

manipulate the radiative decay rate and the exciton diffusion dynamics. Additionally, 

we demonstrate the ability of the polymer-rich phase to recruit a nonpolar, fullerene-

based electron acceptor PC[70]BM, resulting in photoluminescence quenching likely 

due to photoinduced electron transfer. Our findings show promise for the formation 

of CPE-based coacervate-like phases and highlight the importance of the interactions 

of the complex with ions differing in polarizability and size. Additionally, the 

potential for these systems to form liquid electron donor/acceptor bulk 

heterojunctions has 

great implications for 

their use in 

optoelectronics.  
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2.1 Introduction 

Due to their aqueous solubility and sensitivity to ionic strength, 

polyelectrolytes have found use in a number of materials and biomedical applications. 

A remarkable and highly useful property of this class of polymeric materials is their 

rich phase behavior, which usually depends strongly on salt concentration. When 

oppositely charged polyelectrolytes are combined in aqueous solution, they can 

readily ion-pair to form complexes.1-7 This can lead to associative phase separation, 

thereby forming a dilute solution with a low total polyelectrolyte concentration 

coexisting with a concentrated phase that is highly enriched in polyelectrolyte 

complexes. When the concentrated phase is liquid, it is referred to as a polyelectrolyte 

complex coacervate.  

Complex coacervates have been utilized heavily in food science and the 

personal care industry; more recently they have been investigated for drug delivery 

applications, underwater adhesives, and printable electronics.1,8-15 Notably, this 

phenomenon has also gained interest due to the hypothesis that coacervation may 

have contributed to early cell development.8,10,16,17 This hypothesis states that phase 

separation of charged biological macromolecules led to the formation of 

membraneless organelles that later became encapsulated by lipid membranes and thus 

effectively compartmentalized. Coacervation in synthetic systems is currently being 

studied to better understand early cell development and to inform efforts into the 

design of synthetic cell mimics.  
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Unlike most polyelectrolytes under investigation, conjugated polyelectrolytes 

(CPEs) stand apart due to the presence of polarizable π-electrons, which lead to 

electronic states that are delocalized along the polymer backbone. This results in a 

strong dependence of optoelectronic properties such as light absorption, light 

emission, and excited-state energy migration on the conformation of the CPE chain. 

We have previously shown that oppositely charged CPEs can be assembled into 

aqueous complexes in dilute solution, leading to the emergence of new electronic 

states. The CPEs within the complex were chosen to act as an electronic energy 

donor/acceptor pair and were shown to support extremely rapid electronic energy 

transfer on a timescale commensurate with natural chromophore-based antennae 

found in light-harvesting organelles.18  

It is intriguing to wonder whether the associative phase separation of CPEs 

can be used to form concentrated phases that are analogous to non-conjugated 

polyelectrolyte systems. Doing so would result in a strongly coupled many-body 

system, where polymer excited states (excitons) would be able to migrate rapidly 

between CPE chains within the dense phase. The ionic atmosphere could then be used 

to judiciously manipulate exciton dynamics, in principle leading to tunable 

optoelectronic properties in a fluid aqueous system. Realization of such a system is of 

interest as a membraneless, photophysically active component of an overarching 

artificial light-harvesting system that mimics a set of core functions of a light-

harvesting organelle. 



55 
 

Though complex coacervation using non-conjugated polyelectrolytes 

continues to be an active area of research, phase behavior in conjugated systems has 

been studied to a much lesser degree. Danielsen, Segalman, et al. studied the 

associative phase separation of polythiophene-based CPE with a non-conjugated 

oppositely charged polyelectrolyte in water/THF mixtures.15 Depending on the 

mixture composition, they reported formation of both coacervate phases and what 

they referred to as coacervate-precipitates, i.e., phases with properties that appear to 

be intermediate between liquids and solids. However, to the best of our knowledge, 

aqueous associative phase separation of CPEs in the presence of substantial amounts 

of excess salt has not been studied to date. 

In this report, we interrogate associative phase separation between a model 

cationic CPE based on a poly(fluorene-alt-phenylene) backbone and a model 

oppositely charged non-conjugated polyelectrolyte (Figure 2.1). With increasing ionic 

strength, we find evidence for the formation of a coacervate-like phase with a 

microstructure that resembles a colloidal gel. To keep the investigation tractable, we 

focus on the influence of simple cations (Li+, K+, Cs+) with a fixed bromide 

counterion. We then interrogate the phase composition and photophysical properties 

of the CPE within both the dilute and concentrated phases. Using time-resolved 

photoluminescence (PL) and time-resolved PL anisotropy measurements, we show 

that the small ion nature and concentration exerts a strong influence on the 

photophysical properties of the dense phase. PL anisotropy dynamics of the dense 

phase show nonclassical, heterogeneous decay behavior indicative of distinct sub-

ensembles of fluorophore environments with differing characteristic PL 
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depolarization times. We find evidence that the desolvation free energy and the 

polarizability of the cation influence phase behavior of the complex via the cation 

interaction with the polarizable π-electrons of the CPE backbone.  Furthermore, we 

show that the conjugated backbone of the CPE can help recruit nonpolar organic 

electron acceptors with vanishing aqueous solubilities into the dense phase, leading to 

PL quenching likely due to photoinduced electron transfer. Our results imply that 

salt-mediated phase separation in CPE-based systems holds substantial promise for 

the construction of tunable optically active systems in aqueous environments. The 

systems also serve as a testbed to interrogate fundamental many-body interactions 

between ions and highly delocalized π-electrons. 

 

2.2 Results 

To prepare 

polyelectrolyte 

complex solutions, 

we fixed the total 

polymer 

concentration and the 

stoichiometric 

polyion charge ratio, 

while varying the amount and type of simple salt ions. The polyanion was poly(4-

styrenesulfonate) (NaPSS), while the polycation was a CPE containing a derivative of 

poly(fluorene-alt-phenylene) (PFPI). The chemical structures of the polyelectrolytes 

 

Figure 2.1: Chemical structures of the conjugated cationic 
polyelectrolyte, poly([fluorene]-alt-[phenylene]) (PFPI), and the 
nonconjugated anionic polyelectrolyte, poly(4-styrenesulfonate) 
(NaPSS). 
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are shown in Figure 2.1. CPEs may readily interact with salt ions via, e.g., ion-π 

interactions, which depend on the ion charge density and thus the ionic radius. Given 

the highly polarizable nature of extended π-electrons along the CPE backbone, we 

anticipate that the latter may also couple to the polarizability of the small ions, 

particularly in the high-ionic-strength limit of interest to this work. Our specific 

choice of the salt series was made to partially ascertain the influence of cation-π 

interactions on the phase behavior and optical properties of our half-conjugated 

polyelectrolyte complex solutions. To keep this investigation tractable, we chose to 

use bromide salts with three alkali metal cations arranged in order of decreasing 

charge density and increasing polarizability: Li+, K+ and Cs+. Table 1 lists the 

relevant aqueous ionic radii, mean ion-water distance, charge densities, dipolar 

polarizabilities, and Gibbs free energies of aqueous solvation for the ions used in this 

work.20,21,48  

Table 2.1: Characteristics of the monovalent cation series.20,21,48,50,51 

Ion HydrationRadius 
(Å) 

Charge 
Density 

(Å-3) 

Dipolar 
Polarization 

 (Å3) 

ΔGsolv 

 (kcal/mol) 

Li+ 3.82 0.54 0.032 -97.8 
K+ 3.31 0.09 0.8-1.2 -54.9 
Cs+ 3.29 0.05 2.4-3.1 -46.7 

 

2.2.1 Phase Behavior 

Figure 2.2 shows photographs of the aqueous polyelectrolyte complex 

samples before centrifugation for the three salt types after a waiting period of 24 
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hours that allowed the solutions to settle. Visual inspection confirmed that most 

solutions exhibit phase separation, herein one of the phases appears to be a dilute 

solution. We observe that the concentrated phase was denser than the corresponding 

polymer-poor supernatant for both LiBr and KBr. Surprisingly, the density of the 

CsBr concentrated phase appeared to be smaller than that of the supernatant at high 

 

Figure 2.2: Top: Pictures of PFPI/NaPSS complex solutions exposed to increasing 
LiBr, KBr, CsBr concentrations. Cartoons representing ionic and hydration radii of 
cations are drawn to relative scale using values from Table 2.1. Bottom: Fluorescent 
micrographs of PFPI/NaPSS complex solution with added LiBr (A-C), KBr (D-F), and 
CsBr (G-I) at salt concentrations before and after the nominal ‘solid-like’ to ‘liquid-
like’ transition determined via rheology. 
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ionic strength (< 3 M). We used optical microscopy to ascertain whether the liquid 

droplet formation commonly associated with liquid-liquid phase separation was 

readily apparent (Figure 2.2A-I). We did not observe liquid droplets but rather a 

structure that resembled a colloidal gel with a morphology that changed with 

increasing salt concentration. The gel structure appears to densify as ionic strength is 

increased, with the particle size gradually decreasing. 

We collected similar images of samples containing PFPI at the same 

concentration but in the absence of NaPSS (Figure AI.1). Visual inspection of PFPI in 

the absence of NaPSS also shows phase separation, albeit with a much smaller 

concentrated phase.  We observe a clear transition from precipitant (0.5 M of each 

salt) to a concentrated phase that is less opaque and exhibits lower interfacial tension 

between the layers at higher ionic strength. Microscopy reveals aggregate formation 

comparable to the low ionic strength (i.e. 0.5 M) solutions of the complex (Figure 

2.2B, E, and H). A similar phase reversal as the high ionic strength CsBr samples was 

seen for the concentrated phase with PFPI alone in the presence of CsBr (2.5 M, 5 M) 

and KBr (5 M). However, in the high-salt-concentration limit, the morphology of 

PFPI/NaPSS differs substantially from that of PFPI alone. Whereas the former 

resembles a closely packed colloidal gel, the latter appears like a collection of largely 

small, disconnected fractal particles. Interestingly, the concentrated phase of pure 

PFPI samples at high ionic strength (Figure AI.1C, D) are notable exceptions, with 

images showing what appears to be the onset of a colloidal gel.  
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 To quantify the phase separation and the partitioning of the CPE between the 

two phases in PFPI/NaPSS complex solutions, we first took advantage of the large 

extinction coefficient of PFPI to characterize the dilute phase following 

centrifugation. Light absorption measurements of the dilute phase of each sample 

indicate the presence of PFPI, which we converted to concentration using the molar 

extinction coefficient of aqueous PFPI in isolation. We find an increase in PFPI 

concentration with increasing salt concentration across all three salt types, shown in 

Figure 2.3A . While this trend could generally be expected for complex coacervate-

type materials,7,22-24 we note that KBr leads to a larger increase in PFPI concentration 

Figure 2.3: Phase composition. (A) Concentration of PFPI in the dilute phase 
([PFPI]dp) at each salt concentration for each salt type, as determined via UV-Vis. 
(B) Concentration of PFPI in the concentrated phase ([PFPI]cp) determined from 
[PFPI]dp and phase volumes. (C) Amount of water in concentrated phase determined 
via lyophilization. (D) Cation concentration in the concentrated phase determined 
using ICP-OES dilute phase concentrations and phase volumes.  
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in the dilute phase relative to the other salts. For most salt concentrations, both KBr 

and CsBr lead to significantly more PFPI in the dilute phase relative to LiBr.  

We also find a nonmonotonic ~5-10 nm spectral redshift of the PFPI 

absorption spectrum in the dilute phase, as well as subtle changes in the spectrum 

shape with increasing salt concentration (Figure AI.2A-C). To collectively quantify 

these effects, in Figure AI.2D we have plotted the first moment of the absorption 

spectrum in energy space as a function of salt concentration. This first moment 

decreases slightly upon addition of 0.5 M salt for all salt types, which is largely due 

to a redshift. For CsBr, the first moment then increases slowly but monotonically with 

increasing salt concentration, whereas for LiBr the change is nonmonotonic. For KBr, 

the moment is largely unchanged after the initial drop and subsequent rise at 1 M. 

Together, the data imply that the ensemble of PFPI chromophores in the dilute phase 

depends relatively weakly on the cation nature.  

Using the calculated concentration of PFPI in the dilute phase ([PFPI]dp) and 

the estimated phase volumes following centrifugation (Table AI.1), the concentration 

of PFPI in the concentrated phase ([PFPI]cp) of each sample was determined. Figure 

2.3B shows that is ~20 mg/mL [PFPI]cp at [LiBr] = 1 M, and [PFPI]cp is comparable 

for all three salts up to 2 M. [PFPI]cp decreases slightly as [LiBr] is increased past 1 

M, while [PFPI]cp undergoes a substantial increase with increasing [KBr] and [CsBr] 

over the same salt concentration range. Interestingly, [PFPI]cp is well above 10 
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mg/mL, which is the concentration at which pure PFPI forms a hydrogel in an 

aqueous solution with no excess salt. 

Further phase composition analysis was carried out to determine water and 

cation content. Using gravimetric analysis and lyophilization, we estimate that the 

water content in the concentrated phase is quite small. Using our estimated phase 

volumes, we find a water concentration of order 0.1 mM. Figure 2.3C shows that the 

water mass decreases with increasing ionic strength. This suggests that as more salt is 

available in solution, more ions enter the complex and displace water. This is 

supported by the cation concentration increase in the concentrated phase shown in 

Figure 2.3D. These values were obtained using the dilute phase ion concentration via 

ICP-OES analysis (Figure AI.3B) and phase volumes (Table AI.1). The particularly 

large [PFPI]cp and Cs+ concentration in the concentrated phase at 5 M total [CsBr] is a 

direct consequence of the drop in phase volume.  

2.2.2 Rheology  

Having characterized the PFPI composition of the dilute phase, the nature of the 

concentrated phase was then interrogated. The question to be answered is, can a π-

conjugated polyelectrolyte complex coacervate (πPCC) be formed using salt-induced 

phase separation in aqueous solution? Here, we turned to rheology to characterize the 

viscoelastic properties of the concentrated phase of each sample. Specifically, we 

preformed small-amplitude oscillatory shear (SAOS) measurements, in which a 

specified sinusoidal strain is applied at an angular frequency ω, and the resultant 
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stress is measured. Phase-separated samples were centrifuged before carefully 

extracting the concentrated phase prior to measurements.  

The mechanical response of a viscoelastic material is conveniently described 

in terms of the complex frequency-dependent modulus. The time-dependent ratio of 

the applied stress (σ) to the material strain (γ) in a SAOS measurement is given by a 

combination of an in-phase and an out-of-phase component as 

𝜎𝜎(𝜔𝜔,𝑡𝑡) 
𝛾𝛾

=  G′sin(ωt) + G"cos (ωt)  (2.1) 

This expression includes the real part of the complex modulus, or the elastic modulus 

(G′), which is related to the stored elastic energy upon deformation. The purely 

imaginary loss modulus (G") describes energy dissipation. Under sinusoidal shear, the 

dissipative term lags the elastic term by a phase angle δ, the (loss) tangent of which is 

given by 

tan(δ) = 𝐺𝐺′′

𝐺𝐺′   (2.2) 

A tan(δ) < 1 is indicative of a primarily solid-like, elastic response where 

G′′ dominates over G′, whereas the opposite is true for samples with 

predominantly viscous, liquid-like response. Figures 2.4A, 4B and 4C show the 

storage and loss moduli at select ion concentrations as a function of ω in the presence 

of LiBr, KBr and CsBr, respectively.  
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The frequency sweep data show a trend of decreasing modulus with 

increasing salt concentration, as is expected for polyelectrolyte complex materials 

(Figure 2.4).24-28 The viscoelastic response of the complexes prepared in the absence 

of added salt is dominated by G′over the entire range of frequencies sampled, 

indicating that it behaves largely as an elastic solid. However, with increasing salt 

concentration we observe a change in the viscoelastic response, with samples 

prepared at higher salt concentrations showing behavior that is dominated by G′′ at 

low frequency and G′ at higher frequency. These trends can also be observed by 

plotting the loss tangent as a function of ω (Figures 2.5A-C), with more viscous, 

liquid-like behavior emerging at salt concentrations around 1 M LiBr, 2.0 M KBr, 

and 1.5 M CsBr. It is worth mentioning that the low viscosity of the high-ionic-

strength samples (i.e., 2 - 3 M KBr, 1.5 - 3.5 M CsBr) introduced more noise in low-

frequency measurements as the measured stress approaches the instrumental limit. 

This suggests that the strength and/or number of interaction regions in the complex 

decreases with increasing ionic strength, likely due to the large increase in ion content 

of the complex that can competing with the electrostatic interactions between the 

polyelectrolytes themselves. Overall, the viscoelastic response of these materials 

 

Figure 2.4: SOAS frequency sweeps showing select storage (G') and loss (G'') moduli for 
PFPI/NaPSS complex with added (A) LiBr, (B) KBr, and (C) CsBr. 

 



65 
 

appears similar to that of a polymer melt or colloidal gel, which has been reported 

previously for a range of polymeric complex coacervates.24,25,26,28  

While the trends in the frequency-dependent viscoelastic response are similar 

to those reported for other polyelectrolyte complex materials, it is worth noting the 

extremely low magnitude of the modulus overall. For example, the modulus of solid-

like NaPSS in complex with poly(diallyldimethylammonium chloride) (PDADMAC) 

in the presence of low concentrations of KBr was in the range of 104-105 Pa.24 

However, for PFPI/NaPSS complexes, the highest value of the modulus is on the 

order of 1 Pa. This dramatic difference in the modulus could be explained by the very 

low water content and the colloidal gel-like morphology of the complex solution.  

Defining the liquid- or solid-like character of a viscoelastic material can be 

challenging as this response is generally a function of frequency. However, 

polyelectrolyte complex coacervates have been shown to undergo salt dependent 

solidification that can be described as a physical gelation.24 The critical gel point can 

be identified based on the presence of a frequency invariant response in the material. 

This transition can be more clearly observed by plotting the loss tangent as a function 

of salt concentration at different ω (Figures 2.5D-F). We break down the response of 

the material into three regions. In Figures 2.5D-F, the area left of the black dotted line 

on each plot roughly corresponds to salt concentrations which exhibit a solid-like 

material response. Interestingly, the addition of salt does not appear to have a 

significant effect on the loss tangent of the solid material, which is different from 

previous reports.24 The area between the black and blue dotted lines corresponds to 
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the region where a solid-to-liquid transition occurs, and the area right of the blue 

dotted line corresponds to concentrations which exhibit a more viscous, liquid-like 

response. The regions which show evidence of a liquid-like response for each salt 

type were found to be: 1 - 5 M for LiBr; 2 - 4 M for KBr; and 1.5 - 5 M for CsBr, 

excluding 3 M CsBr, for which no phase separation was observed on the timescale 

between sample preparation and measurements, or upon centrifugation. These data 

provide evidence for the salt-driven formation of a liquid πPCC phase, albeit one that 

appears to differ from a classical coacervate phase in its morphology. 

 

Figure 2.5: Frequency sweep results. tan(δ) vs frequency (5-50 rad/s) for PFPI/NaPSS 
complex with added (A) LiBr, (B) KBr, and (C) CsBr. tan(δ)) vs [Salt] (grey scale represents 
frequency range: 5 (light-grey)-50 (black) rad/s) for (D) LiBr series, (E) KBr series, and (F) 
CsBr series where solid-like (left of dotted black line), gel-like (left of dotted blue line), and 
liquid-like (right of dotted blue line) regions are highlighted. 
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2.2.3 Time-Resolved Photoluminescence with No Excess Salt 

Having characterized the rheological properties of the concentrated phase, we studied 

whether increasing salt concentration had an influence on the photophysical 

properties of the CPE within the concentrated phase. The delocalized electronic states 

of a CPE are sensitive to the microstructure of the chain, which leads to 

photophysical properties that closely track the ensemble of chain conformations. 

Thus, spectroscopic techniques can be used to probe the structure of the complexes 

without the need for secondary reporters. Time-resolved photoluminescence (TRPL) 

is a convenient and informative spectroscopic probe because it is highly sensitive to 

intra- and inter-

chain excited-

state 

delocalization. 

Different TRPL 

decay 

components can, 

in principle, be 

related to 

radiative 

relaxation due to 

 

Figure 2.6: Time-resolved spectroscopy. (A) Time-resolved 
photoluminescence, and (B) time-resolved photoluminescence 
anisotropy comparing a dilute solution of PFPI (1 mg/mL) to 
complexes of PFPI/NaPSS (1 mg/mL:0.6 mg/mL) with no added 
salt. (C) Complexation cartoon, showing tight coiling of PFPI, 
which leads to rapid exciton hopping and thus a fast PL 
depolarization decay time. 
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different microstructural states or environments.  

 Figure 2.6A shows the TRPL decay from both isolated aqueous PFPI solution 

with no excess salt and the concentrated phase of the PFPI/NaPSS complex solution, 

similarly with no added salt. We used a front-face geometry to collect TRPL 

measurements on concentrated samples following centrifugation.  All decays were 

successfully deconvolved from the instrument response function using a 

biexponential model, which was the minimal model necessary to capture the 

functional form of the decays. The lifetimes from deconvolved decays are listed in 

Table 2.2. Pure PFPI shows a distinct biexponential decay with short (150 ps) and 

long (360 ps) lifetime components. Upon addition of NaPSS, there is a subtle increase 

in the short component (230 ps) accompanied by a significant increase in the long 

component (1.08 ns). This suggests a shift in the photophysical properties of PFPI 

due to a change in the microstructure of the conjugated backbone upon complexation 

(Figure 2.6C). 

 Additional insight into the change in CPE microstructure upon complexation 

can be obtained by performing a polarization-sensitive time-resolved PL anisotropy 

measurement. In this experiment, the sample is excited with a vertically polarized 

light pulse, and the time-resolved fractional difference between emission parallel and 

perpendicular to the excitation is tracked. If the ensemble-average transition dipole 

moment of the emitting state changes orientation with time, emission will become 

depolarized, acquiring a horizontal component. Thus, this technique is sensitive to 

exciton migration and physical motion of CPE chains. 
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The normalized PL anisotropy dynamics for the isolated PFPI solution and the 

concentrated phase of the salt-free PFPI/NaPSS complex are shown in Figure 2.6B. 

The anisotropy of PFPI in isolated aqueous solution depends weakly on time over a 

period longer than the average PL lifetime. This indicates that the PFPI backbone 

contains regions that are significantly extended. An extended chain with a limited 

number of inter-chain interactions has few ways to scramble the orientation of the 

transition dipole moment of the emitting exciton state. At longer times, rotation of 

chromophores along the chain or overall chain rotation will nevertheless depolarize 

the emission, which leads to a complete decay of the anisotropy. Comparing the 

normalized anisotropy of pure PFPI to that of the concentrated phase of the salt-free 

complex solution shows that the rate of depolarization is increased significantly upon 

complexation with NaPSS. Such an observation is consistent with significantly more 

collapsed chains within the complex, as this allows for facile exciton hopping 

between chromophores either along the same chain or between different chains. This 

scrambles the memory of the initial orientation of the average transition dipole 

moment and thus leads to anisotropy decay. 
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2.2.4 Time-Resolved Photoluminescence with Excess Salt. Figure 2.7A, B and C 

show TRPL decays of the concentrated phase for select salt concentrations, which 

capture the observed trend for each 

salt type. Table 2.2 lists the 

deconvolved lifetimes and their 

ampltudes for the concentrated 

phase. Table 2.3 shows the 

comparison between the 

concentrated-phase PFPI lifetime 

with the corresponding dilute phase 

at select salt concentrations.  Upon 

exposure of the complex to 

increasing LiBr (Figure 2.7A), we 

observe little variation in emission 

dynamics, which are dominated by 

the short lifetime component. The 

average PFPI lifetime for the LiBr 

series was found to fluctuate around ~241 ps. An intriguing difference is seen upon 

exposing the complex to increasing KBr. We find a monotonic increase in the 

average PL lifetime, which corresponds to an approximately 50 % increase at 3.5 M 

KBr compared to the complex on its own (230 ps vs. 440 ps). Increasing CsBr gives 

qualitatively similar results to KBr. In the high-salt concentration limit, the 

  

Figure 2.7: Time-resolved photoluminescence 
decay curves of the concentrated phase upon 
increasing (A) LiBr, (B) KBr, and (C) CsBr. 
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concentrated phases of both KBr and CsBr also show similar PL lifetimes. This 

suggests that, on average, PFPI chains within the complex adopt a similar 

microstructure, a result that is in agreement with trends from rheology. A comparison 

of lifetimes collected for the concentrated phase of PFPI in the absence of NaPSS at 

select LiBr, KBr, and CsBr concentrations can be found in Table AI.2. Although 

increasing ionic strength does lead to an increase in the PL lifetime in the 

concentrated phase of PFPI on its own, for most samples the PFPI lifetime in the 

concentrated phase of PFPI/NaPSS is larger than PFPI alone. We observe the largest 

relative increase for KBr, with the PFPI/NaPSS complex having a lifetime that is 

46% longer than the corresponding concentrated phase without NaPSS. 

To better compare the change in PL lifetime with salt concentration for each 

salt type, Figure 2.8A shows plots of the short and long lifetime components, 

respectively, as a function of salt concentration for the three salts. Figure 2.8C shows 

the fractional contribution of the short component, 𝐹𝐹1 = 𝑎𝑎1𝜏𝜏1/(𝑎𝑎1𝜏𝜏1 + 𝑎𝑎2𝜏𝜏2), where 

𝑎𝑎1 is the amplitude of the short component, 𝑎𝑎2 is the amplitude of the long 

component, 𝜏𝜏1 is the lifetime of the short component, and 𝜏𝜏2 is the lifetime of the 

long component. The short component for LiBr shows no obvious trend with 

increasing salt concentration, with the lifetime remaining largely unchanged 

compared to the salt-free complex. In contrast, increasing both KBr and CsBr leads to 

a monotonic increase in the short component. It is interesting to note that the rate at 

which this lifetime evidently reaches saturation at high salt is larger for KBr than 

CsBr suggesting a more gradual change in PFPI chain microstructure for CsBr. 
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Relatively minor, but readily measurable changes in 𝐹𝐹1 are found to accompany 

changes in emission lifetimes. Figure 2.8B shows that most of the exciton population 

emits over the short decay lifetime. Upon increasing KBr and CsBr, a small decrease 

is observed in the short component fraction with increasing ionic strength. 

Interestingly, we observe no significant changes in the long component lifetime, 

which fluctuates about ~1.1 ns regardless of simple salt type. 

It is well-known that conjugated polymers can support excitons that are 

delocalized over a single chain or shared between two or more chromophores located 

either along a single coiled chain or between proximal chains. When excitons are 

largely delocalized along the CPE backbone, the PL lifetime is expected to be 

relatively long, corresponding to J-like excitons.29,30 In contrast, when the exciton 

center-of-mass wavefunction is shared between multiple chromophores, the PL 

lifetime becomes relatively small, which corresponds to H-like excitons. With this 

simplified model in mind, we interpret the short PFPI lifetime component in the 

concentrated phase as arising from regions with substantial inter-chromophore 

(monomer-monomer) interactions. The long component should then be associated 

with PFPI chains with relatively few inter-chromophore interactions.  

Table 2.2: Deconvolved PL lifeftimes and component amplitudes. 

Sample a1 τ1 (ns) a2 τ2(ns) <τ> (ns) 
1mg/mL PFPI 0.997 0.15 0.003 0.36 0.15 
PFPI/NaPSS 0.999 0.23 0.001 1.08 0.23 
0.5 M LiBr 0.999 0.26 0.001 1.25 0.26 
1.0 M LiBr 0.999 0.26 0.001 1.18 0.26 
1.5 M LiBr 0.999 0.23 0.001 1.13 0.24 
2.0 M LiBr 0.999 0.24 0.001 1.20 0.25 
2.5 M LiBr 0.999 0.25 0.001 1.15 0.25 
3.0 M LiBr 0.999 0.21 0.001 1.26 0.21 
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3.5 M LiBr 0.999 0.22 0.001 1.15 0.22 
4.0 M LiBr 0.999 0.23 0.001 1.20 0.23 
4.5 M LiBr 0.999 0.22 0.001 1.12 0.22 
5.0 M LiBr 0.998 0.26 0.002 1.13 0.27 

Sample a1 τ1 (ns) a2 τ2(ns) <τ> (ns) 
0.5 M KBr 0.995 0.29 0.005 1.04 0.30 
1.0 M KBr 0.992 0.34 0.008 1.12 0.36 
1.5 M KBr 0.991 0.34 0.009 1.10 0.36 
2.0 M KBr 0.987 0.36 0.013 1.08 0.38 
2.5 M KBr 0.989 0.35 0.012 1.10 0.38 
3.0 M KBr 0.987 0.35 0.013 1.07 0.38 
3.5 M KBr 0.979 0.40 0.021 1.12 0.44 
4.0 M KBr 0.991 0.33 0.009 1.08 0.35 
4.5 M KBr 0.987 0.35 0.013 1.08 0.38 
5.0 M KBr 0.990 0.34 0.010 1.08 0.36 

Sample a1 τ1 (ns) a2 τ2(ns) <τ> (ns) 
0.5 M CsBr 0.997 0.28 0.003 1.10 0.28 
1.0 M CsBr 0.998 0.28 0.003 1.16 0.29 
1.5 M CsBr 0.996 0.29 0.004 1.14 0.31 
2.0 M CsBr 0.995 0.32 0.005 1.19 0.33 
2.5 M CsBr 0.996 0.30 0.004 1.17 0.31 
3.0 M CsBr 0.995 0.32 0.005 1.14 0.33 
3.5 M CsBr 0.992 0.34 0.008 1.14 0.36 
4.0 M CsBr 0.990 0.34 0.010 1.13 0.37 
4.5 M CsBr 0.992 0.34 0.009 1.10 0.36 
5.0 M CsBr 0.991 0.34 0.009 1.11 0.37 

 

Table 2.3: Average PL lifetime comparison for dilute and concentrated phases.  

Dilute Phase <τ> (ns) Concentrated Phase <τ> (ns) 
2M LiBr 0.16 2M LiBr 0.25 
4M LiBr 0.21 4M LiBr 0.23 
2M KBr 0.22 2M KBr 0.38 
4M KBr 0.27 4M KBr 0.35 
2M CsBr 0.22 2M CsBr 0.33 
4M CsBr 0.26 4M CsBr 0.37 
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2.2.5 Salt-Dependent PL Anisotropy Dynamics.  

We preformed time-resolved PL anisotropy measurements on the 

concentrated phase at select salt concentrations for each salt type within the region 

that showed rheological evidence for formation of liquid coacervate-like states (2.5 M 

and 5 M LiBr, KBr, and CsBr). We found that transferring the concentrated phase 

into the optical cuvette resulted in a slow change of the measured anisotropy over the 

first ~5 hrs of the sample re-settling. For this reason, results shown below are from 

samples that were allowed to mechanically settle for a minimum of 24 hrs before 

measurements were taken. Additional decays collected immediately upon transfer to 

the cuvette and 5 hrs after loading of the cuvette can be found in Figure AI.10 and 

Table AI.4. We find that all anisotropy curves at the above-mentioned salt 

concentrations display a fast-initial decay. However, the anisotropy does not decay to 

zero on the timescale of the experiment, and for certain samples the shape of the 

anisotropy decay at intermediate times is complex, displaying a local maximum. 

Such nontraditional anisotropy decay shapes have previously been reported in 

the biophysical literature, where time-resolved anisotropy had been used to probe 

 

Figure 2.8: PL lifetimes and decay component amplitudes in the concentrated phase as a 
function of salt concentration. (A) Short and (B) long lifetimes (τ1 and τ2, respectively) vs. 
[Salt] for each salt type. (C) Factional contribution to the short decay lifetime vs. [Salt] for 
each salt type.  

   



75 
 

small-molecule fluorophores either free in solution or bound to large particles such as 

proteins or membranes.31 In a system which contains a population of both bound and 

unbound fluorophores, i.e., one that displays spatial heterogeneity, the anisotropy can 

increase in time instead of monotonically decaying to zero.19,31,32 In such systems, the 

decay rate of PL depolarization had previously been attributed to the rotational 

motion of the fluorophore. Such complex anisotropy behavior has also been observed 

in time-resolved vibrational anisotropy experiments on water in inverse micelles with 

interfacial and bulk-like liquid states.33 Analogous interpretation in the case of 

conjugated polymers in condensed phases is more complicated. This is because PL 

can be depolarized both by exciton hopping via electronic energy transfer between 

chromophores and by rotational motion of the chain.  

To extract quantitative information, we have applied two simple physically 

motivated models. These models were previously simulated by Ludcher et al. to 

elucidate how differences in PL lifetime components coupled with spatial 

heterogeneity influence the observed time-resolved anisotropy decay curves.19 

 

Figure 2.9: PL depolarization dynamics in the concentrated phase. (A) Time-resolved 
PL anisotropy decays of PFPI/NaPSS with 2.5 M and 5 M LiBr (yellow), KBr (blue), 
and CsBr (purple) where red lines indicate fits. (B) Fast (φ1, solid lines with diamond 
markers) and slow (φ2, dotted lined with open circle markers) correlation times vs. 
[Salt] for PFPI/NaPSS complex with 2.5 M and 5 M LiBr, KBr, and CsBr. 
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Modeling anisotropy decays allows us to extract PL depolarization times. These can 

then be compared to gain insight into the differences in local environments 

experienced by the CPE chain in the presence of different salts. In both models, the 

short and long PL lifetime components (Figure 2.8A and B) are associated with their 

own distinct anisotropy decay laws. In model 1, for a given PL lifetime component, 

the anisotropy decay is comprised of two terms, the first of which is a single 

exponential and the second is a constant. The constant term accounts for the fact that 

in relatively large macromolecular assemblies, the anisotropy may not decay to zero 

on the timescale of the experiment. The anisotropy, 𝑟𝑟(𝑡𝑡), then takes the following 

functional form: 

𝑟𝑟(𝑡𝑡) ∝ 𝑓𝑓1(𝑡𝑡) �𝛼𝛼1 exp �− 𝑡𝑡
𝜑𝜑1
� + (1 − 𝛼𝛼1)� + 𝑓𝑓2(𝑡𝑡) �𝛼𝛼2 exp �− 𝑡𝑡

𝜑𝜑2
� + (1 − 𝛼𝛼2)�     (2.3) 

where 𝛼𝛼𝑖𝑖  is the fraction of the anisotropy decay with depolarization time 𝜑𝜑𝑖𝑖, 

associated with given lifetime component (𝑎𝑎𝑖𝑖, 𝜏𝜏𝑖𝑖). Here 𝜑𝜑1 is associated with the 

shorter PL lifetime (𝜏𝜏1), while 𝜑𝜑2 is associated with the longer lifetime (𝜏𝜏2). The 𝛼𝛼𝑖𝑖 

were not constrained to sum to unity to allow for a relative difference in the 

fundamental anisotropies (i.e., limiting anisotropy as time goes to zero) of the two 

components. The time-dependent weights 𝑓𝑓𝑖𝑖(𝑡𝑡) that determine the contribution of 

each anisotropy decay law in square brackets are constrained by the fractional PL 

lifetime decay (describing the time dependence of the exciton population) as 

𝑓𝑓𝑖𝑖(𝑡𝑡) = 𝑎𝑎𝑖𝑖 exp �− 𝑡𝑡
𝜏𝜏𝑖𝑖
�/� 𝑎𝑎𝑗𝑗 exp �− 𝑡𝑡

𝜏𝜏𝑗𝑗
�

2

𝑗𝑗=1

  (2.4) 
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where 𝜏𝜏𝑖𝑖 is the PL lifetime and 𝑎𝑎𝑖𝑖 is the amplitude of the excited-state population 

characterized by that lifetime (Table 2.2). The time-dependence of the 𝑓𝑓𝑖𝑖 gives rise to 

the complexity of the anisotropy decay form.  

When model 1 was insufficient to capture the functional form of the 

anisotropy satisfactorily, we used a slightly modified model. Model 2 differs from 

model 1 via an additional multiplicative term, which describes the timescale for the 

overall depolarization of a generalized “large particle”, 𝜑𝜑𝑝𝑝, to which sub-populations 

with 𝜑𝜑1 and 𝜑𝜑2 are bound: 

𝑟𝑟(𝑡𝑡) ∝ �𝑓𝑓1(𝑡𝑡) �𝛼𝛼1 exp �− 𝑡𝑡
𝜑𝜑1
� + (1 − 𝛼𝛼1)� + 𝑓𝑓2(𝑡𝑡) �𝛼𝛼2 exp �− 𝑡𝑡

𝜑𝜑2
� + (1 −

𝛼𝛼2)�� exp �− 𝑡𝑡
𝜑𝜑𝑝𝑝
�    (2.5) 

Solid red lines in Figure 2.9A indicate fits to the above models. Although the models 

are simple given the complexity of our system, they do a reasonably good job of 

qualitatively capturing the entirety of the data set. Nevertheless, the fits are not 

perfect and some caution is warranted in interpretation.  

Anisotropy fitting parameters are listed in Table 2.4. Figure 2.9B shows a plot 

of 𝜑𝜑1 and 𝜑𝜑2 for two concentrations from each salt type. For the complex with no 

excess salt, the primary contribution to the anisotropy decay comes from 𝜑𝜑1 ~ 0.44 

ns. A similar 𝜑𝜑1 is found for samples in the presence of both KBr and CsBr, whereas 

it is nominally smaller for LiBr by nearly a factor of two (< 0.23 ns), though the fits 

at short time for LiBr are noticably worse. Evidently adding salt introduces a 

significant contribution from an additional depolarization time 𝜑𝜑2 which falls 
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between ~ 0.4 ns and ~ 1 ns for KBr and CsBr depending on the sample. 

Interestingly, 𝜑𝜑2 is significantly larger for LiBr (~ 9 ns).  

 

Table 2.4: Time resolved PL anisotropy fitting parameters. 

Sample φ1 (ns) α1 φ2 (ns) α2 φp (ns) 
PFPI/NaPSS (t24 hrs) 0.44  0.77  0.001  0.50 -- 
2.5 M LiBr (t24 hrs) 0.22   0.22   9.45   1.00   -- 
5.0 M LiBr (t24 hrs) 0.12  0.21   8.21   1.00 -- 
2.5 M KBr (t24 hrs) 0.40   0.76   1.09   0.69   -- 
5.0 M KBr (t24 hrs) 0.44   0.63   0.43 0.52   12.6   
2.5 M CsBr (t24 hrs) 0.32   0.55   0.58   0.43   12.4  
5.0 M CsBr (t24 hrs) 0.40   0.71   0.56   0.60  22.4   

 

2.3  Discussion 

In this work we first set out to characterize the nature of aqueous phase 

separation in oppositely charged complexes containing a CPE. Second, we aimed to 

determine what the influence of phase separation was on the photophysical properties 

of the CPE, if any, both within the dilute and concentrated phases. Our final objective 

was to uncover whether the nature of the monovalent cation influenced the phase 

behavior and the photophysical properties of our system.  

 Using rheological measurements, we found evidence for formation of a 

viscoelastic liquid coacervate phase for all three simple bromide salts that were 

investigated. However, microscopy measurements showed that PFPI/NaPSS samples 

resembled a colloidal gel whose morphology changed with increasing salt 

concentration. Thus, although rheological measurements suggest formation of a 

viscoelastic liquid phase, we believe the phase behavior is more complex. Danielsen 

and Segalman, et al. found that in water/THF mixtures at a certain solvent mixture 
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composition, the phase behavior was indicative of what they referred to as 

coacervate-precipitates.15 Based on our observations, we believe it is likely that the 

concentrated phase in our samples also exhibits a coexistence of liquid-like and solid-

like domains, which give rise to the colloidal gel-like microstructure. The salt 

concentration at which liquid-like behavior was observed was higher than what was 

previously observed with non-conjugated polyelectrolyte complexes. We speculate 

that such phase behavior is related to increased hydrophobic and/or monomer-

monomer interactions of CPEs compared to most non-conjugated polyelectrolytes.  

 Our supposition that the microstructure of the concentrated phase resembles a 

colloidal gel is consistent with the observation of two PL lifetime components, 

suggesting two distinct local environments: a primary sub-population associated with 

the short PL lifetime and a minor one associated with the long lifetime. Previous 

work on simulations of colloidal gels showed that such a system is likely to be 

dynamically heterogeneous, displaying particle populations with two distinct 

relaxation times (slow and fast).49 We propose that the short PL component is 

associated with relatively closely packed “slow” particles with substantial inter-

chromophore PFPI interactions. Exciton hopping between chromophores within these 

populations ought to be relatively rapid, potentially leading to the short anisotropy 
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depolarization time. The longer PL lifetime should then be associated with a minor 

population of “fast” gel particles, where PFPI chains exist in a relatively extended 

conformation and perhaps form connecting tie-chains between the slower particles. 

The long depolarization time of such particles would be consistent with the relatively 

large chain extension, leading to intrachain exciton delocalization and a relatively 

long memory of the initial transition dipole moment orientation. A cartoon of such a 

coexistence is shown in Figure 2.10. The PL lifetime of PFPI in the dilute solution 

(Table 2.3) was smaller than that of PFPI within the complex and effectively 

possessed only one decay component. It is clear that the local environment 

experienced by PFPI is qualitatively different in the two phases, presumably with 

more intra-chain π-stacking interactions between isolated chains occurring in the 

dilute phase.  

  
 Figure 2.10: Cartoon showing a coexistence between domains within the colloidal 
gel where the chain is coiled and excitons hop rapidly between chromophores, as well 
as regions where the chain is relatively extended. 
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 It is interesting that the PFPI PL lifetimes within the concentrated phase 

changed markedly with increasing KBr and CsBr but remained relatively unchanged 

with LiBr. This is despite the fact that, based on the rheological characterization, 

differences between the concentrated phases at a given salt concentration across the 

salt series were not drastic. Although the role of the bromide anion cannot be ignored, 

we focus on the cation-π interaction under the simplifying assumption that anion-

induced interactions are approximately unchanged as the cation is varied.34,35  

The cation-π interaction will contain contributions from the screened coulomb 

interactions of the ion primarily with the quadrupole moment of the aromatic CPE 

backbone, as well as the coupling between the polarizability of the ion and π-

electrons.36 The Li+ charge density is largest across the cation series, which leads to 

the strongest coulombic cation-π interaction in the gas phase compared to K+ and Cs+. 

However, the cation-π interaction is significantly modified by hydration of both the 

ion and the aromatic backbone in the aqueous medium, resulting in substantial 

differences in desolvation free energy (Table 2.1). In fact, motivated by 

understanding biological ion-conducting channels, prior work has shown that the 

strength of the cation-π interaction can undergo a relative reversal compared to its 

gas-phase value.37 Relative to Li+, it was observed that the aqueous cation-π 

interaction with K+ could be stronger and could be competitive with the water-K+ 

interaction. This reversal from the gas phase to the aqueous phase was largely 

attributed to the larger desolvation penalty for Li+ relative to K+.20,38 Measurements of 

cation concentration in the dilute phase indicate that the dilute phase in the presence 

of LiBr has a slightly larger Li+ concentration (Figure AI.3B) compared to the other 
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cations, which is consistent with the larger desolvation cost. There is further evidence 

from vibrational predissociation spectroscopy that K+ may act as a bridge between 

aromatic regions.39  

Recent molecular dynamics simulations have shed substantial light on the 

nature of the cation-π interaction at extended aromatic surfaces of relevance to this 

work. Simulations by Pham, et al. using first-principles calculations of aqueous 

carbon nanotube-ion interactions show that K+ has a larger binding energy with the 

nanotube surface than either Na+ or Cl-.52 This leads to preferential K+ adsorption at 

the aromatic surface relative to the middle of the tube. The reasons for this were (i) 

significant nanotube-ion wavefunction hybridization, and (ii) a “softer” solvation 

shell with significant water reorganization. These factors result in the K+ becoming 

partially desolvated when near the surface. In contrast, the Na+ ion remained fully 

solvated and displayed substantially less wavefunction hybridization with the carbon 

nanotube. These authors used a 1 M ion concentration commensurate with this work. 

It is also intriguing that the authors do not find a static K+-nanotube interaction. 

Instead, it is seen that K+ readily diffuses along the nanotube surface. Additionally, 

Williams, et al. used parameterized polarizable force fields to study graphene-ion 

interactions and converged on a similar result: aqueous K+ interacts quite strongly 

with graphene.53 The first (global) minimum of the potential of mean force was larger 

than that of Li+, once again showing partial dehydration of K+ at the graphene 

surface. In contrast, Li+ retained its hydration shell even in proximity of the extended 

aromatic surface. It is worth noting that there was some disagreement between the 
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two studies regarding the degree of Na+ dehydration. This was attributed to 

differences in the curvature of the aromatic surface.   

 In addition to differences in desolvation free energies, the dipolar 

polarizability increases by a factor of ~31 from Li+ to K+ and by ~2.75 in going from 

K+ to Cs+. The difference between K+ and Cs+ is significant, yet the relative 

photophysical changes seen as a function of salt concentration are similar. However, 

it is notable that the concentrated phase at high ionic strength appears to be 

significantly more enriched in Cs+ than K+ and Li+. We believe the increase in the Cs+ 

polarizability leads to a stronger interaction with the conjugated CPE backbone and 

thus a better “solvation” environment for the CPE backbone in the concentrated phase 

compared to the other cations, particularly when the water content is low. 

Interestingly, we found that K+ led to a faster jump in PL lifetime with increasing salt 

concentration compared to Cs+, although the two ions converge on the same lifetime 

at the highest concentrations. Motivated by the work of Pham, et al., we speculate 

that this may be due to a larger K+ diffusion coefficient along the aromatic surface 

compared to Cs+.52 Thus, more Cs+ may be required to observe the same overall 

influence on the CPE backbone. This possibility raises intriguing questions about 

how one might vary the nature of the cation to manipulate the cation-backbone 

interaction.  

 It is reasonable to suggest that similar cation-π interactions may be operative 

in the concentrated phase of PFPI samples in the absence of NaPSS, which should 

lead to a similar ordering of the average PL lifetime across the cation series. We 
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evaluated this for a few select salt concentrations in the high salt concentration limit 

(Table AI.2). We find that for most samples, lifetimes in the presence of KBr and 

CsBr are longer than those with LiBr. However, this is not universally true, as the 5-

M LiBr sample shows the longest PL lifetime. Interestingly, this sample distinguishes 

itself based on the visual appearance of the concentrated phase, which looks more 

liquid. This is also borne out in the corresponding microscopy image (Figure AI.1D). 

Thus, although there are similarities in PL lifetime trends between the concentrated 

phases of PFPI alone and in the complex with NaPSS, there are some compelling 

differences. A deeper investigation into CPE behavior in the absence of an oppositely 

charged polyelectrolyte and at large [LiBr] will be the subject of future work.  

 In addition to polarizability, differences in hydration radius also need to be 

considered as a possible factor in TRPL differences of the PFPI/NaPSS complex in 

the presence of LiBr relative to both KBr and CsBr. The hydration radius could play a 

direct role in the ability of a cation to enter, swell, and disrupt complexation.  It is 

possible that the small radius of Li+ ion could allow it to infiltrate the complex to a 

comparable extent as K+ and Cs+ but without a comparable disruption in the CPE π-π 

interactions. However, the hydration radius is in fact the largest for Li+ at ~3.8 Å, and 

comparable for K+ and Cs+ at ~3.3 Å. This idea is consistent with K+ and Cs+ leading 

to similar results, particularly when compared to Li+. Thus, differences in hydrated 

ion radii are unlikely to explain our TRPL trends, further bolstering the primary role 

of the cation-π interaction in these observations. 
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Putting it all together, we attribute the increase in PL lifetime for KBr and 

CsBr relative to LiBr as a resulting from a partial break-up of H-like exciton states 

associated with inter-chromophore interactions. This is due to the increase in relative 

proximity of K+ and Cs+ to the CPE backbone and increased cation-π interaction. The 

combination of rheological and TRPL results leads us to propose that the larger size 

of hydrated Li+ ions may also partially hinder infiltration of the polyelectrolyte 

complex leading to a significantly smaller disruption of π-stacking interactions, in 

contrast to the K+ and Cs+ ions.  

These specific ion interactions and variations of solvation energy between ion 

types play a major role in the ordering of ions in the well-known Hoffmeister series 

involving protein solubility, leading to ‘salting-in’ and ‘salting-out’ phenomena. 

However, it is well-established that different macroions lead to different ion orderings 

along the Hoffmeister series. Because of this and the additional complexity that a 

CPE presents, our focus in this work was instead on a limited series of simple cations, 

deliberately avoiding more complex molecular ions. In the future it will be of 

fundamental interest to expand the scope of the phase behavior and photophysics 

investigation across the entirety of an effective Hoffmeister ion series.  

 An aqueous, coacervate-like CPE-based concentrated phase has intriguing light-

harvesting implications. We hypothesized that the delocalized π-electrons of a CPE 

backbone could in principle recruit other nonpolar π-conjugated organic 

semiconductors into the concentrated phase. Such molecules would otherwise have a 

vanishing propensity to infiltrate the polyelectrolyte-rich aqueous phase unless the 
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molecules were polar or ionically charged. As a proof of principle, we used a 

quintessential fullerene derivative, PC[70]BM, to test our hypothesis. This fullerene 

derivative is part of a family of the most well-studied photoinduced electron acceptors. 

This molecule has been used to efficiently convert excitons on conjugated polymers to 

spatially separated electron/hole pairs in thin film organic solar cells.44-47 PC[70]BM is 

highly soluble in organic solvents, such as chloroform or chlorobenzene, used to cast 

solar cell thin films; it has near-zero solubility in water. If PFPI can in fact recruit 

PC[70]BM to be in the vicinity of the CPE backbone, we expect that PL from PFPI 

excitons will become partially quenched primarily via photoinduced electron transfer 

to PC[70]BM. This should give rise to a decrease in the average PL lifetime of PFPI.  

 The effects of exposing the PFPI/NaPSS concentrated phase to PC[70]BM were 

analyzed by calculating the PL quenching ratio, 𝑄𝑄, for each sample, defined by 

𝑄𝑄 = 1 − ∫ 𝐼𝐼𝑞𝑞(𝑡𝑡)𝑑𝑑𝑡𝑡∞
0 /∫ 𝐼𝐼𝑛𝑛𝑞𝑞(𝑡𝑡)𝑑𝑑𝑡𝑡∞

0    (2.6) 

where 𝐼𝐼𝑞𝑞(𝑡𝑡) is the deconvolved PFPI PL decay after exposure to organic PC[70]BM 

solutions, and 𝐼𝐼𝑛𝑛𝑞𝑞(𝑡𝑡) is the corresponding decay of the control (non-quenched) sample 

not exposed to PC[70]BM solution. Figure AI.9A shows a bar graph of 𝑄𝑄 for the 

different conditions that we explored. A plot of the decays, fits, and deconvolution 

parameters are reported in Figure AI.8 and Table AI.3. We observe a notable color 

change of the concentrated phase to a light opaque brown. Compared to corresponding 

controls, the CPE PL is quenched in all samples exposed to PC[70]BM (Figure AI.8A 

and B).  
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   When compared to the unheated 3.5 M KBr control, the most significant 

quenching was found to occur for the CHCl3 sample with a 𝑄𝑄 ~ 39%. Though a more 

thorough investigation is warranted, this result is interesting for two reasons. First, it 

appears that the organic solvent used to dissolve PC[70]BM had a measurable influence 

on the probability of PC[70]BM transfer into the coacervate. Second, given that the 

fullerene derivative does not contain functional groups expected to promote aqueous 

solubility, the maximal quenching that we observe is quite substantial. A judicious 

choice of functionalization pattern of the photoinduced electron acceptor will very 

likely lead to a significant further increase in quenching. Thus, we believe that the 

fullerene-infiltrated CPE-based coacervate can be manipulated to produce 

photoinduced electron/hole pairs at the CPE/fullerene interface with impressive rates. 

A cartoon of the fullerene-infiltrated system is shown in Figure AI.9B. Future work 

will systematically investigate the fullerene/CPE interaction in detail, including the role 

of the nonconjugated polyelectrolyte component. 

2.2.4  Conclusion 

We have shown that conjugated polyelectrolytes can undergo salt-induced 

aqueous associative phase separation into a dilute and concentrated phase, which 

shows evidence of complex coacervation. However, we have also shown that the 

phase behavior is more complex than pure liquid/liquid phase separation and likely 

corresponds to formation of a colloidal gel. We found that the photophysical 

properties of the concentrated phase depended on the nature of the excess salt ions, 

allowing us to manipulate the radiative relaxation and exciton diffusion dynamics. 

Using time-resolved PL anisotropy measurements, we showed that the concentrated 
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phase is spatially heterogeneous with depolarization times that depend on the ion 

type. Our work raises interesting questions about the possibility of using the nature of 

the ion to tune the coupling between phase behavior and photophysical properties of 

complex fluids. It is particularly intriguing to ask whether the presence of molecular 

ions can both lead to the formation of pure liquid-liquid phase separation, as well 

further tune the optical properties of the fluid. 

 The ability to form a coacervate-like CPE state also has interesting 

implications for light-harvesting applications. Specifically, we showed that a model 

nonpolar, fullerene-based electron acceptor can be infiltrated into the concentrated 

phase, leading to photoluminescence quenching likely by photoinduced electron 

transfer. Our work suggests that liquid electron donor/acceptor bulk heterojunctions 

may be formed in aqueous solution, which may serve as photochemical reaction 

media or sensing platforms for high ionic-strength environments. 
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Appendix I 
Supporting Information for  

Associative Phase Separation of Aqueous π-Conjugated Polyelectrolytes Couples  

Photophysical and Mechanical Properties 

 

I.1 Experimental  

  Sample Preparation. The cationic conjugated polyelectrolyte, 

poly([fluorene]-alt-phenylene) derivative (PFPI) (MW=21,000 Da, PDI=1.2), was 

obtained from Solaris Chem Incorporated. The anionic non-conjugated 

polyelectrolyte, poly(4-styrenesulfonate) (NaPSS) (MW=~1,000,000 Da), was 

obtained from Sigma-Aldrich. Phenyl-C71-butyric acid methyl ester (PC[70]BM) 

was obtained from Ossila. Lithium bromide (LiBr, > 99.0 % purity) was obtained 

from Tokyo Chemical Industries (TCI), potassium bromide (KBr, 99.99 % purity) 

was obtained from Sigma-Aldrich, and cesium bromide (CsBr, 99.9 % purity) was 

obtained from Alfa Aesar. Chlorobenzene (spectrometric grade, 99.9 % purity) was 

obtained from Alfa Aesar. Chloroform (HPLC grade, ≥ 99.8 % purity) was obtained 

from Sigma-Aldrich. All chemicals were used as received.  

Stock solutions of 10 mg/mL NaPSS, 5 mg/mL PFPI, 5 M and 7 M of each 

salt type were prepared using HPLC grade water (Sigma-Aldrich). The NaPSS stock 

was stirred at 70 °C for 10 min, the PFPI stock was stirred at 85 °C for 24 hrs. Both 

stocks were then cooled to room temperature and filtered using a 0.45 μm nylon 

syringe filter (Fischer Scientific) before use. All salt stocks were heated to 70 °C for 

10 min to ensure salt crystals were fully dissolved. High molarity (7 M KBr, and 7 M 
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CsBr) salt stocks were supersaturated solutions and were transferred hot for this 

reason, rather than being allowed to cool to room temperature before preparation of 

the high concentration salt samples in either series. 

Samples containing 0-5 M LiBr, KBr, and CsBr (in 0.5 M increments) were 

prepared with a 50:50 molar-charge ratio of PFPI:NaPSS (1 mg/mL: 0.6 mg/mL). 

The order of addition was as follows: HPLC water, salt (LiBr/KBr/CsBr), 

simultaneous addition of PFPI and NaPSS. Samples were stirred at room temperature 

for a minimum of 8 hrs before any analysis was performed. Samples in photos were 

allowed to separate by gravity for ~ 8 hrs before photos were taken. Samples were 

gently centrifuged (Minispin Plus, Eppendorf) at 3,000 rpm (252 x g) for 15 min in 

order to adequately separate the two phases for further characterization.  

Samples containing PC[70]BM were prepared as follows. The dilute phase of 

the 3.5 M KBr solution was carefully separated from the concentrated phase. Next, 1 

mL of an organic layer (either C6H5Cl or CHCl3) containing 30 mg/mL dissolved 

PC[70]BM was added to the concentrated phase. The C6H5Cl/ PC[70]BM layer was 

found to be less dense than the aqueous concentrated phase and thus remained 

suspended above it, whereas the CHCl3 layer containing PC[70]BM was found to be 

more dense than the concentrated phase and settled to the bottom of the vial (Figure 

AI.8B). These samples were then compared and characterized against the 

concentrated phase of a 3.5 M KBr PFPI/NaPSS standard after stirring at 650 rpm at 

room temp for 2 hrs, and again after stirring at 1150 rpm and heating to 70 °C for 43 

hrs. 
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I.2.2 Microscopy. Images were collected with a Leica DM5500 B widefield 

microscope available in the UCSC Life Sciences Microscopy Center (Figures 1 and 

AI.1). 6 μL of each sample was loaded onto a glass microscope slide and covered 

with a glass coverslip in order to arrest evaporation during imaging. Samples were 

excited using a 360 ± 40 nm excitation filterand imaged with a Leica DFC450 color 

camera using a 20x objective and a 470 ± 40 nm fluorescent filter.  

UV-Vis Spectroscopy. Dilute phase characterization was carried out for each 

sample after lightly centrifuging at 3000 rpm (252 x g) for 15 min. The dilute phase 

was carefully separated from the concentrated phase for optical density measurements 

taken using a Shimadzu UV-2700 spectrophotometer over the range of 300−800 nm in 

1.0 nm increments in a quartz cuvette with a 1 mm pathlength (Figure AI.2).  

Rheometry. Small-amplitude oscillatory shear (SAOS) measurements were 

performed on the concentrated phase of each sample at the Stanford Nano Shared 

Facility (SNSF): Soft and Hybrid Materials Facility (SMF) using an ARES-G2 strain-

controlled rheometer from TA Instruments in strain-controlled oscillatory mode. A 40 

mm cone-and-plate geometry with an angle of 2° and a truncation gap of 0.047 mm 

was used for all rheological experiments. The temperature was set at 20 °C via a 

Peltier controller, and a solvent trap was utilized to minimize evaporation of the 

sample during measurement.  

After centrifugation and careful extraction of the concentrated phase, samples 

were loaded and oscillated at a low frequency and strain % (1 Hz, 5 %) for 2 min 

prior to measurement in order to homogenize the sample. Amplitude sweeps were 
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carried out from 0.1-1000 % strain at an angular frequency of 31.4159 rad/s (5 Hz) in 

order to determine the linear viscoelastic region for each sample (Figure AI.4). 

Frequency sweeps (Figure 4 and AI.5) were then carried out for each sample from 

0.1-100 rad/s and a strain % determined to fall within the linear viscoelastic region 

(ranging from 1-20 strain % depending on sample type). All SAOS measurements 

were performed in triplicate to ensure the reliability of the data. Due to the inherently 

low viscosities of the samples, only data that fell well above the lower instrumental 

torque limit of 0.05 µN•m is reported. 

Time-Resolved Photoluminescence. Time-resolved photoluminescence 

measurements were performed via time-correlated single photon counting (TCSPC) 

using a home-built apparatus. Samples were excited with a pulsed supercontinuum 

picosecond laser (Super K EXTREME, NKT Photonics) coupled to an acousto-optic 

filter and an external RF driver (Super K SELECT, NKT Photonics). Measurements 

were carried out at a 78 MHz pulse repetition rate. The primarily horizontally 

polarized excitation pulse was first rotated by 90° by an achromatic ½ λ plate 

(Thorlabs) before being linearly polarized by a Glan-Thompson polarizer (Thorlabs) 

mounted on an automated rotation stage. Polarization of the emitted light was also 

varied using a Glan-Thompson polarizer. Samples were excited with vertically 

polarized light (400 nm), and emission was collected in a front-face geometry at a 

polarization of the magic angle (54.7°), with the emission wavelength centered about 

440 nm. Emitted light was collimated and focused by a set of achromatic doublets 

(Thorlabs) onto a monochromator slit. A 420 nm long-pass filter was used to 

minimize any influence of the reflected excitation beam. Emission wavelengths were 
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selected by an Acton Spectra Pro SP-2300 monochromator (Princeton Instruments). 

A hybrid PMT with minimal after-pulsing (Becker and Hickl) was used to record the 

time-resolved fluorescence decay. An SPC-130 photon counting module (Becker and 

Hickl) coupled to a Simple-Tau 130 table-top TCSPC system was used for photon 

counting. For magic-angle measurements, collection was carried out until 

approximately 10,000 photon counts were reached in the main channel. After 

collection, magic angle data was baselined by subtracting the average of the first 30 

collected data points (prior to the rise onset). Fluorescence lifetimes were determined 

via forward convolution with the measured instrument response function (obtained 

using a scattering Ludox sample) and a sum-of-exponentials model. This was done 

using the DecayFit (Fluorescence Decay Analysis Software 1.3, FluorTools, 

www.fluortools.com) MATLAB package developed by Dr. Soren Preus, using non-

linear least squares fitting minimization. Goodness of fit was determined by chi-

squared parameter and by visual inspection of the plotted residuals. 

Time-Resolved Photoluminescence Anisotropy. Anisotropy measurements 

were carried out on the set up described above. For anisotropy experiments, samples 

were excited with vertically polarized light (420 nm) and emission (480 nm) was 

collected at vertical (VV-component) and horizontal (VH-component) polarizations. 

Collection was carried out until approximately 20,000 counts were reached for the 

VH-component in the main channel. The VV-component measurement was then 

carried out for the same amount of time. Anisotropy data were time-shifted such that 

the max photon count of respective VV and VH signals were the same. G factor 

measurements were carried out in order to correct for instrumental differences in 

http://www.fluortools.com/


102 
 

detection of the different polarization components. This was done using horizontal 

excitation and collection of horizontal (HH-component) and vertical (HV-component) 

emission. Depolarization times were determined by fitting to two simple models 

simulated by Ludescher et al.19 

Dilute Phase Ion Concentration Determination. Li+, K+, and Cs+ ion 

concentration of the dilute phase for each sample exhibiting phase separation were 

measured using a Thermo iCAP 7400 Inductively Coupled Plasma Optical Emission 

Spectrometer (ICP-OES). Calibration curves for each cation were established using 

LiBr, KBr, and CsBr standards ranging from 100-1000 ppm. Samples were diluted in 

order to reduce all salt concentrations to below the instrumental limit of 1000 ppm. 

Use of the ICP-OES was possible through the UCSC Earth and Marine Sciences 

Plasma Analytical Facility. 

I.2 Supporting Information 

Widefield Microscopy Images. 

 Figure AI.1 shows photographs and fluorescence micrographs of the 

conjugated polyelectrolyte PFPI with increasing LiBr, KBr, and CsBr. Photographs 

show phase separation occurs for PFPI on its own with increasing ionic strength. LiBr 

samples exhibit an off-yellow coloring similar to the yellow of a concentrated PFPI 

stock solution. The solutions are also found to become more optically clear with 

increasing ionic strength. KBr and CsBr photos show a similar decrease in 

opaqueness of the off-white concentrated phase, with phase reversal occurring for 2.5 

M CsBr, and 5 M solutions of both salt types. The slight apparent swirling of the 5 M 

KBr solution is due to agitation of the sample before the photo was taken and 
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represents the low surface tension between the two phases. 

 

UV-Vis Spectroscopy. 

 Peak normalized spectra in Figure AI.2 A-C show 5-10 nm redshifts for all 

samples upon increasing salt concentration. This shift was captured by calculating the 

first moment of the OD probability distribution (Figure AI.2D) using the absolute OD 

spectra.  

Figure AI.1: Top: Photos of control samples of 1 mg/mL PFPI with increasing LiBr, 
KBr, and CsBr. Bottom: Fluorescent micrographs of 1 mg/mL PFPI (A, E, and I) with 
increasing concentrations of LiBr (B-D), KBr (F-H), and CsBr (J-L). 
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Absolute OD spectra show an increase in absorbance intensity with increasing 

salt across all three salt types indicating more PFPI enters the dilute phase. The 

maximum absorbance value (~ 380 nm) was converted to [PFPI] using the Beer-

Lambert Law and the molar extinction coefficient of isolated PFPI solution (5.6885 

(mg/mL)-1 mm-1). The concentration of PFPI in the dilute phase and concentrated phase 

as a function of increasing salt are shown in Figure 2.3A and 2.3B of the main text, 

respectively.  

 

Inductively Coupled Plasma Optical Emission Spectroscopy and Water 

Content. 

Ion concentrations in the dilute phase of each sample were measured using a Thermo 

iCAP 7400 Inductively Coupled Plasma Optical Emission Spectrometer and are shown 

in Figure AI.3B. The LiBr samples were found to have larger concentrations of cation 

 

Figure AI.2: Normalized OD spectra of the dilute phase of PFPI/NaPSS samples 
with 0-5 M (A) LiBr, (B) KBr, and (C) CsBr. (D) 1st moment of spectral 
distribution for each salt type. 
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(i.e., Li+) present in the dilute phase whereas the KBr and CsBr sample set had slightly 

less counter cation present. The data shows that the salt in solution preferentially 

partitions in the dilute phase, with more salt entering the concentrated phase as ionic 

strength increases. This accompanied by a general decrease in the concentration of 

water (Figure AI.3A) within the concentrated phase and subtle changes in the phase 

volume ratio (Table AI.1). 

 

Table AI.1: Estimated Phase Volumes 

Sample Volumedp 
(µL) 

Volumecp 
(µL) 

PFPI/NaPSS 910 90 
1M LiBr 925 75 
2M LiBr 925 75 
3M LiBr 910 90 
4M LiBr 910 90 
5M LiBr 910 90 
1M KBr 910 90 
2M KBr 900 100 
3M KBr 900 100 
4M KBr 950 50 
1M CsBr 900 100 

 

Figure AI.3: (A) Concentration of water in the concentrated phase for each sample, as 
determined via lyophilization. (B) Concentration of the cations [Li+] (yellow), [K+] 
(blue), and [Cs+] (purple) in the dilute phase of each sample showing phase separation 
determined by ICP-OES. Dotted black x=y trend line is shown for reference.  
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2M CsBr 925 75 
3.5M CsBr 950 50 
4M CsBr 950 50 
5M CsBr 975 25 

 

Rheology. 

Amplitude sweep and frequency sweep data were collected on an ARES-G2 

strain-controlled rheometer from TA Instruments in strain-controlled oscillatory 

mode using 40 mm cone-and-plate geometry (2° angle, 0.047 mm truncation gap, 20 

°C and solvent trap). Amplitudes sweeps shown in Figure AI.4 were carried out to 

select a % strain within the linear viscoelastic region, which was then set as a 

constant during frequency sweep experiments.1 The extent of the linear viscoelastic 

region was found to increase upon increasing salt for each salt type. Results from 

frequency sweep experiments for multiple trials are shown in Figure AI.5. G′was 

found to dominate over G′′for PFPI/NaPSS dense phase without added salt (Figure 

AI.5A), as well as for the complex exposed to lower salt concentrations of 0.5 M 

 

Figure AI.4: Amplitude sweeps of PFPI/NaPSS concentrated phase exposed to 
increasing salt. 𝐺𝐺′vs % Strain is shown for two trials of each sample in (A) LiBr, (B) 
KBr, and (C) CsBr. 
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LiBr, 1.5 M KBr, 

and 1 M CsBr 

(Figure AI.5B, D, 

F). G′′was found 

to dominate over 

G′ when exposed 

to higher salt 

concentrations of 

1 M LiBr, 2 M 

KBr, and 1.5 CsBr 

(Figure AI.5C, E, 

G). tan(δ), 

calculated using 

equation 2.2, are 

shown in Figure AI.6. For each salt type, the transition from tan(δ) < 1 to a tan(δ) > 1 

is seen with increasing salt, as expected given the change in G′ and G′′. 

Time-Resolved Photoluminescence 

Time resolved photoluminescence (TRPL) of the concentrated phase was 

collected (λex = 400 nm, λem = 440 nm) using time-correlated single photon counting 

carried out on a homebuilt system described in the main text and previously.2-4 

Fluorescence lifetimes were determined using forward convolution with the 

instrument response function and non-linear least-squares minimization with 

goodness of fit determined by the chi-squared parameter. Figure AI.7 shows decay 

 

Figure AI.5: Frequency sweeps of the PFPI/NaPSS 
concentrated phase (A) with no additional salt and (B-G) 
exposed to increasing salt concentrations as labeled in each 
panel. 𝐺𝐺′ and 𝐺𝐺′′vs. frequency (ω) is shown for two trials of 
select samples in (B & C) LiBr, (D & E) KBr, and (F & G) 
CsBr. 
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curves with fits. All decays were found to be biexponential. The average lifetime <

τ > for each sample was calculated using equation AI.1. All lifetimes are reported in 

Table 2 of the main text. All curves were found to decay completely by ~ 6 ns. 

Additional TRPL was collected for the concentrated phase of solutions containing 1 

mg/mL PFPI and select salt concentrations as a control. Average fluorescent lifetimes 

are listed in Table AI.2. Fits were found to be biexponential with the short lifetime 

component amplitude dominating and the second lifetime component of ~1 ns 

exhibiting a vanishing amplitude. The average lifetime of PFPI is generally found to 

increase with increasing ionic strength with the highest ionic strength across each salt 

type exhibiting a lifetime of ~0.3 ns. Additionally, a longer average lifetime is 

generally seen for PFPI when complexed with NaPSS at these same salt 

concentrations.  

< τ >= Σαiτi
2 

Σαiτi
  (AI.1) 

Figure AI.8A shows TRPL and fits for the concentrated phase of the 3.5 M 

KBr sample before heating and after heating, with and without the addition of 

PC[70]BM. This comparison is shown for two different organic solvents, chloroform 

and chlorobenzene (photos shown in Figure AI.8B). Table AI.3 lists the extracted 

 

Figure AI.6: Plots of tan(δ) vs. frequency for the PFPI/NaPSS concentrated phase exposed 
to increasing salt for (A) LiBr, (B) KBr, and (C) CsBr. Data from two trials is shown.  
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lifetimes and the quenching coefficient (Q) calculated using equation 2.6 in the main 

text. Figure AI.9A shows a comparison of Q across solvent type and prep methods 

and S9B shows a cartoon involving quenching due to PC[70]BM intercalation. 

 

Table AI.2: Time-resolved PL lifetimes for concentrated phase of 1 mg/mL PFPI 
with varying salt concentrations compared to lifetimes of PFPI/NaPSS concentrated 
phase.  

Sample: PFPI 
only 

<τ>(ns) Sample: Complex  <τ> 
(ns) 

1mg/mL PFPI 0.15 PFPI/NaPSS 0.23 

0.5 M LiBr 0.20 0.5 M LiBr 0.26 

2.5 M LiBr 0.20 2.5 M LiBr 0.25 

5 M LiBr 0.33 5.0 M LiBr 0.27 

0.5 M KBr 0.23 0.5 M KBr 0.30 

2.5 M KBr 0.26 2.5 M KBr 0.38 

5 M KBr 0.28 5.0 M KBr 0.36 

0.5 M CsBr 0.25 0.5 M CsBr 0.28 

2.5 M CsBr 0.24 2.5 M CsBr 0.31 

5 M CsBr 0.30 5.0 M CsBr 0.37 

 

 

 

Figure AI.7: TR-PL of PFPI/NaPSS samples with 0-5 M (A) LiBr, (B) KBr, and (C) CsBr 
with biexponential fits convolved with the instrument response function.  
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I.2.6 Time-Resolved Photoluminescence of Concentrated Phase with 
Quencher 

 TRPL of the concentrated phase of 3.5 M KBr with the nonpolar quencher 

PC[70]BM was collected (λex = 400 nm, λem = 440 nm) by the same method described 

above. Interestingly, the use of heat to promote transfer of PC[70]BM into the 

concentrated phase results in less quenching than the unheated case. Though Danielsen 

and Segalman, et al. (ref. 15 in main text) highlight the possibility of coacervate 

exchange into the organic solvent, we believe that the high ionic-strength environment 

used in this study makes exchange unlikely. It is possible that the increase in thermal 

energy results in a partial expulsion of ions from the complex, leading to an increase in 

inter-chain interactions and a lowering of the PL lifetime of the heated control sample. 

However, currently this is a mere speculation. 

 

 

 

 

Figure AI.8: (A) TRPL of concentrated phase of the PFPI/NaPSS /3.5 M KBr 
sample when exposed to PC[70]BM dissolved in C6H5Cl, and PCBM dissolved 
in CH3Cl before and after heating with fits. Decays for the appropriate controls 
are also shown. (B) Photos of concentrated phase (opaque light brown) and 
organic phase (dark brown, left-C6H5Cl, right-CH3Cl) containing PC[70]BM. 
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Table AI.3: Time-Resolved Photoluminescence Fit Parameters for Concentrated 
Phase of PFPI/NaPSS/3.5 M KBr Sample Exposed to PC[70]BM Under Various 
Conditions. 

Sample α1 τ1 

(ns) 
α2 τ2(ns) <τ> 

(ns) Q 
PFPI/NaPSS/3.5 M 

KBr 0.9997 0.33 3E-04 1.27 0.33 -- 
“ “ Heated 0.9999 0.28 1E-04 1.49 0.28 0.23 

PC[70]BM in C6H5Cl 0.9999 0.28 1E-04 1.18 0.28 0.20 
“ “ Heated 

1.0000 0.25 
8.42E-

06 1.30 0.25 0.20 
PC[70]BM in CHCl3 1.0000 0.23 0 0.92 0.23 0.39 

“ “ Heated 1.0000 0.19 0 1.09 0.19 0.27 
 

 

 

Figure AI.9: A comparison of the efficacy of two organic 
solvents (C6H5Cl and CHCl3) on the intercalation of 
PC[70]BM and subsequent quenching is presented. (A) 
Quenching Coefficient (Q) of 3.5M KBr PFPI/NaPSS 
concentrated phase fluorescence before and after heating 
for samples containing PC[70]BM. (B) Cartoon of 
intercalation and quenching. 
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I.2.7 Time-Resolved Photoluminescence Anisotropy 

Time-resolved photoluminescence anisotropy measurements of the concentrated 

phase were carried out (λex = 420 nm,  λem = 480 nm) using TCSPC until 20,000 

counts were reached for the VH-component in the main channel. Calculation of the 

time-dependent anisotropy r(t) was carried out according to 

r(t) =  IVV(t)−GIVH(t)
IVV(t)+2GIVH(t)

  (AI.2) 

where IVV and IVH are the vertical-vertical and vertical-horizontal emission 

components, and G corrects for differences in detection of the two polarized 

components:  

G =  ∫ IHV(t)dt
∫ IHH(t)dt      (AI.3) 

where the sample is excited with horizontally polarized light, and IHV and IHH are the 

horizontal-vertical and horizontal-horizontal emission components. Figure AI.10 

shows r(t) for each salt type taken at three time points. T0 refers to direct 

measurement upon loading of the sample into the cuvette, T1 refers to measurement 

after the sample has been sitting for 5 hrs, and T2 to a measurement after the sample 

has been sitting for 24 hrs. Fitted depolarization times are listed in Table AI.4. 
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Table AI.4: Time-Resolved Photoluminescence Anisotropy Fit Parameters. 

Sample φ1 α1 φ2 α2 φp 
PFPI/NaPSS 
(t0) 

0.86(0.75, 
0.99) 

1(fixed at 
bound) 

0.09(-140, 
140) 

0.16(0.04, 
0.27) 

100(43.5, 
156.5) 

PFPI/NaPSS 
(t5 hrs) 

0.30 (0.27, 
0.33) 

0.54  
(0.53, 
0.56) 

1.20(1.07, 
1.33) 

0.65  
(0.63, 
0.68) 

47.56(25.53, 
69.59) 

PFPI/NaPSS 
(t24 hrs) 

0.44(0.37, 
0.51) 

0.77(0.74, 
0.80) 

0.001(-
3.96, 
3.97) 

0.50(0.47, 
0.52) 

~ 

2.5 M LiBr 
(t0) 

0.34(-0.84, 
1.52) 

1.00(0.97, 
1.03) 

0.16(-412, 
412) 

0.55(0.53, 
0.58) 

~ 

2.5 M LiBr 
(t5 hrs) 

0.64(0.59, 
0.70) 

0.33(0.32, 
0.34) 

9.51(8.71, 
10.3) 

1(0.95, 
1.05) 

~ 

2.5 M LiBr 
(t24 hrs) 

0.22(0.20, 
0.25) 

0.22(0.21, 
0.24) 

9.49(8.52, 
10.5) 

1(0.94, 
1.06) 

~ 

5 M LiBr 
(t0) 

0.002(0.001, 
0.003) 

0.33(0.33, 
0.34) 

7.88(7.54, 
8.23) 

1(fixed at 
bound) 

41.7(31.4, 
51.9) 

5 M LiBr  
(t5 hrs) 

0.001(0, 
0.002) 

0.29(0.28, 
0.29) 

9.28(8.84, 
9.72) 

1(fixed at 
bound) 

 15.2(13.9, 
16.5) 

5 M LiBr  
(t24 hrs) 

0.12(0.10, 
0.13) 

0.21(0.20, 
0.21) 

8.21(8.13, 
8.29) 

1(fixed at 
bound) 

~ 

2.5 M KBr 
(t0) 

0.37(0.3, 
0.40) 

1(0.98, 
1.02) 

0.10(-
1.34, 
1.55) 

0.73(0.71, 
0.75) 

100(14.0, 
186) 

2.5 M KBr 
(t5 hrs) 

0.37(0.28, 
0.47) 

0.59(0.41, 
0.80) 

0.42(-
6.53, 
7.37) 

0.48(0.46, 
0.49) 

9.88(9.56, 
10.2) 

2.5 M KBr 
(t24 hrs) 

0.40(0.38, 
0.43) 

0.76(0.74, 
0.77) 

1.09(1.01, 
1.17) 

0.69(0.68, 
0.70) 

~ 

 

Figure AI.10: Time-resolved PL anisotropy of PFPI/NaPSS with 2.5 M and 5 M (A) 
LiBr, (B) KBr, and (C) CsBr directly after samples is loaded into the cuvette (T0), after 
5 hrs of settling (T1), and after 24 hrs of settling (T2).  
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5 M KBr 
(t0) 

0.53(0.49, 
0.57) 

0.47(0.38, 
0.56) 

0.37(-
7.18, 
7.91) 

0.30(0.29, 
0.32) 

10.1(9.82, 
10.3) 

5 M KBr 
(t5 hrs) 

0.47(0.44, 
0.50) 

0.59(0.58, 
0.61) 

0.79(0.63, 
0.95) 

0.54(0.52, 
0.55) 

41.5(36.5, 
46.4) 

5 M KBr  
(t24 hrs) 

0.43(0.36, 
0.51) 

0.63(0.51, 
0.75) 

0.43(-
3.45, 
4.31) 

0.52(0.51, 
0.53) 

12.6(12.1, 
13.2) 

2.5 M CsBr 
(t0) 

0.38(0.35, 
0.40) 

0.65(0.64, 
0.67) 

0.67(0.45, 
0.89) 

0.59(0.58, 
0.61) 

26.3(23.3, 
29.4) 

2.5 M CsBr 
(t5 hrs) 

0.39(0.36, 
0.41) 

0.69(0.68, 
0.70) 

0.80(0.63, 
0.96) 

0.62(0.60, 
0.64) 

12.8(11.8, 
13.8) 

2.5 M CsBr 
(t24 hrs) 

0.32(0.30, 
0.35) 

0.54(0.53, 
0.56) 

0.58(0.19, 
0.96) 

0.43(0.41, 
0.44) 

12.4(11.9, 
12.9) 

5 M CsBr 
(t0) 

0.50(0.48, 
0.53) 

0.66(0.65, 
0.67) 

0.001(-
0.12, 
0.12) 

0.52(0.51, 
0.53) 

~ 

5 M CsBr  
(t5 hrs) 

0.43(0.38, 
0.48) 

0.60(0.56, 
0.64) 

0.48(-
1.00, 
1.96) 

0.45(0.44, 
0.47) 

9.66(9.33, 
9.99) 

5 M CsBr 
(t24 hrs) 

0.40(0.37, 
0.43) 

0.71(0.69, 
0.74) 

0.56(0.12, 
1.01) 

0.60(0.59, 
0.61) 

22.4(20.4, 
24.4) 
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Chapter 3 

 

Conjugated Polyelectrolyte-Based Complex Fluids as  

Aqueous Exciton Transport Networks 
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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. 
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3.1 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 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. 
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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 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 
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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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3.2 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 3.1. 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 3.1. We show in the Supporting 

Information that these optical properties change 

relatively little in different environments (Figures 

AII.14, AII.19, and AII.20). (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 

Figure 3.1: 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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of the two CPEs. Using a chemical series of molecular ions was motivated by the fact 

that a CPE complex (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 3.2 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 AII.16) and, together with 

estimated phase volumes and dilute-phase concentrations (Figure AII.15), calculated 

the amounts of both CPEs in the concentrated phase. These results are shown in 

 

Figure 3.2: (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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Figure 3.2B. 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 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  
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Next, we collected photoluminescence (PL) microscopy images to visualize 

the phase microstructure. Figure 3.2A 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 AII.1-AII.6. Blue regions correspond to PFPI PL 

signal, while red regions correspond to that of NaPCPT (Figure AII.1). 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 

AII.2). 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 AII.3). 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 

AII.3-AII.6).  

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

solution turbidity via % transmittance (%T) at a nonabsorptive photon wavelength. 

Figure 3.2C shows a comparison of %T for each salt type as a function of salt 
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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. 

Although images in Figure 3.2 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 AII.12C): < 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 AII.12A). 

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 AII.12A), 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 AII.7-AII.11. However, the PFPI PL signal in the CPEC 
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for all salt types is smaller by a factor of > 143 compared to that of the PFPI control 

at the same salt concentration (Figure AII.12C). Therefore, the strong quenching of 

PFPI PL within phase separated CPEC solutions together with the increase in PL 

from NaPCPT (Figure AII.12D) is much more likely due to EET from the exciton 

donor PFPI to the acceptor NaPCPT. 

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 (𝐺𝐺′) dominated over 

the loss modulus (𝐺𝐺′′) (Figures AII.17A and AII.17C). Similar yield strains of ~5% 

were found for each sample (Figure AII.17D) 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 𝐺𝐺′′ dominates, was found to decrease from 50% for the no-salt CPEC 

(Figure 3.3A and AII.17B) 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. 
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 To quantify the relative magnitudes of 

the two moduli, we calculated the loss tangent 

according to tan 𝛿𝛿 = 𝐺𝐺′′ 𝐺𝐺′⁄ , where 𝛿𝛿 is the 

phase angle. This provides a measure of 

sample deformability, with larger tan 𝛿𝛿 values 

indicating samples more easily deformed under 

an applied force. Figure 3.3B shows the trend 

of the 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 3.3: 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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Figure 3.4A and 3.4B 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 3.4A and 3.4B. 

These observations imply that the 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 AII.19). 

 

Figure 3.4: 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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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 3.4A and 3.4B 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 the transition dipole moment, assuming a 
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frequency-independent refractive index over the emission energy range. Finally, the 

baseline-corrected vibronic progression was fit using a sum of Gaussians: 

𝐼𝐼(𝐸𝐸) ∝ ∑ 𝑎𝑎𝑣𝑣𝑒𝑒−(𝐸𝐸−𝐸𝐸0+𝑣𝑣ℏ𝜔𝜔)2/𝜎𝜎𝑣𝑣23
𝑣𝑣=0   (3.1) 

where 𝐼𝐼 is the modified intensity, 𝐸𝐸 is the photon energy, 𝐸𝐸0 is the origin of the 

purely electronic (0-0) transition, the 𝑎𝑎𝑣𝑣 are Gaussian amplitudes, 𝑣𝑣 is the vibrational 

quantum number, 𝜔𝜔 is the angular frequency of the aromatic stretching mode that 

predominantly couples to the electronic 

transition, and the 𝜎𝜎𝑣𝑣 are Gaussian widths. 

Fits for all salt types and concentrations 

were of excellent quality. The 0-0/0-1 peak 

amplitude ratios, 𝐼𝐼00 𝐼𝐼01⁄ , extracted from the 

fits as a function of salt concentration are 

shown in Figure 3.4C. 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, 𝐼𝐼00 𝐼𝐼01⁄  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. 

 

Figure 3.5: 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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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 3.5A 

shows NaPCPT TRPL decays as a function of [KBr]. Decays are biexponential, are 

dominated by the short lifetime component 𝜏𝜏1, and become slightly longer with 

increasing salt concentration. Figure 3.5B 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 〈𝜏𝜏〉 as a function of salt type and concentration in 

Figure 3.5C. Decays for other salts are shown in the Supporting Information (Figure 

AII.21). 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 

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 
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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 〈𝜏𝜏〉 is largely associated with an increase in the 

amplitude of the long-lifetime component 𝜏𝜏2, which falls in the range between ~1 and 

~1.5 ns depending on the salt (Figure AII.24). 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 〈𝜏𝜏〉 is consistent with the 

decrease in PL intensity of the bulk solution shown in Figure AII.12. 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 AII.22. 
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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 probe the exciton 

dynamics of the emitting states and to 

calculate the anisotropy function 

(Equation AII.1). Figure 3.6A 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 3.6B) 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.  

 

Figure 3.6: TR-PL Anisotropy as a 
function of time of (A) 0.5 M samples and 
(B) 2.5 M samples containing each salt 
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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 3.7A shows reduced 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. 

Figure 3.7: 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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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 3.7A as solid lines, showing that all fits are of excellent quality. 

Figure 3.7B 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 3.7C. In the 

CPEC, we expect that on average the 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 〈𝜏𝜏〉 at 

this salt concentration.  
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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. 

3.3 Discussion 

 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 
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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 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. 
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 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 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 
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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 AII.1 we have 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 
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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 thatmanipulate 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 〈𝜏𝜏〉 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 〈𝜏𝜏〉. 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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3.4 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 



143 
 

standalone modular light-harvesting platform with the ability to sustain diffusion of 

molecular species through its interior. 
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Appendix II 
Supporting Information for 

Conjugated Polyelectrolyte-Based Complex Fluids as  

Aqueous Exciton Transport Networks 

II.1 Experimental 

Sample Preparation. The cationic energy donor CPE, an iodide salt of 

poly(ditrimethylammoniumpropyl fluorene-alt-phenylene) (PFPI) (MW = 21,000 Da, 

PDI = 1.2), was obtained from Solaris Chem Incorporated. The anionic energy 

acceptor CPE, a sodium salt of poly(dibutylsulfonate cyclopentadithiophene-alt-

phenylene) (NaPCPT) (MW = 40,000 Da, PDI = 3), was obtained from 1-Material. 

Potassium bromide (KBr, 99.99 % purity) was obtained from Sigma-Aldrich. 

Tetraethylammonium bromide (> 98.0 % purity) (TEAB), 1-ethyl-

1methylpyrrolydinium bromide (> 97.0 % purity) (EMPB), and 1-ethyl-3-

methylimidazolium bromide (> 98.0 % purity) (EMIB) were received from TCI 

Chemicals. 1-ethylpyridinium bromide (99.0 % purity) (EPB) was received from Alfa 

Aesar. All chemicals were used as received.  

Stock solutions of 20 mg/mL NaPCPT, 8 mg/mL PFPI, and 5.0 M of each salt 

type were prepared using HPLC-grade water (Sigma-Aldrich). The NaPCPT stock 

was stirred at 70 °C for 24 hours, the PFPI stock was stirred at 80 °C for 72 hours. 

Both stocks were then cooled to room temperature and filtered using a 0.45 μm nylon 

syringe filter (Fisher Scientific) before use. All salt stocks were heated to 70 °C for 

20 min to ensure that salt crystals were fully dissolved. 
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Samples containing 0 – 2.5 M concentrations of each salt (in 0.5-M 

increments) were prepared with a 1:1 molar-charge ratio of PFPI:NaPCPT (2 

mg/mL:1.6 mg/mL or 3 mM in each repeat unit). The order of addition was as 

follows: HPLC-grade water, salt, followed by simultaneous addition of PFPI and 

NaPCPT. Samples were stirred at 650 rpm at 80°C for 14 hrs. and allowed to cool to 

room temperature before any analysis was performed. Samples were centrifuged 

(Minispin Plus, Eppendorf) at 10,000 rpm (840 × g) for 15 min to adequately separate 

the two phases for further characterization.  

Microscopy. Images of bulk samples were collected with a Leica DM5500 B 

widefield microscope equipped with a Leica DCF360 monochrome camera using a 

∞/0.17/o, HCX PL FLUORTAR 20x/0.5 objective (Figures 3.1 and AII.1-AII.10). 

Samples were first thoroughly agitated to homogenize the dilute and concentrated 

phases. 20 μL of each sample was then loaded onto a glass microscope slide and 

covered with a glass coverslip to arrest evaporation during imaging. Samples were 

excited using a DAPI filter (360/40 nm excitation, 470/40 nm emission) to 

preferentially select for PFPI emission. A Texas Red filter (560/40 nm excitation, 

570/75nm emission) was used to select for NaPCPT emission to produce two separate 

images which were then overlaid. Photoluminescence (PL) intensities were measured 

for three different sample locations and averaged using the ImageJ based software 

Fiji. The exposure and gain were held constant for each filter (DAPI: 20.14 ms/gain 

of 1, Texas Red: 3.26 ms/gain of 1) to compare PL intensities across the sample set. 
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Spectroscopy. Dilute-phase characterization was carried out for each sample after 

centrifugation (Figure AII.15). The dilute phase was carefully separated from the 

concentrated phase for optical density (OD) measurements. OD spectra were collected 

using a Shimadzu UV-2700 spectrophotometer over the range of 300 − 800 nm in 1.0-

nm increments, 1 nm bandpass, and a quartz cuvette with a 1-mm pathlength. For 

concentrated-phase measurements (Figure AII.14), a small amount of concentrated 

phase from samples prepared at 0.5 M of each salt type was sandwiched between a 

microscope slide and cover slip and measured using the same method as the dilute 

phase measurements. For turbidity experiments, % transmittance (%T) measurements 

were collected in triplicate on the same instrument (Figure AII.13). Samples were first 

thoroughly agitated to homogenize the dilute and concentrated phases, loaded into a 1-

mm-pathlength quartz cuvette, and the %T at the non-absorptive wavelength of 750 nm 

was then measured.  

Rheometry. Small-amplitude oscillatory shear (SAOS) measurements were 

performed on the concentrated phase of PFPI/NaPCPT without additional salt and on 

1.0M samples across the salt series. All measurements were taken using an ARES-G2 

strain-controlled rheometer (TA Instruments) in strain-controlled oscillatory mode. A 

25-mm cone-and-plate geometry with an angle of 0.1 rad and a truncation gap of 0.05 

mm was used for all rheological experiments. The temperature was set to 20 °C via a 

Peltier controller, and a solvent trap was utilized to minimize solvent evaporation of 

during measurement.  
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After centrifugation and careful extraction of the concentrated phase, samples 

were loaded and oscillated at a low frequency and strain % (1 Hz, 5 %) for 2 min to 

homogenize the sample prior to measurement. Amplitude sweeps were carried out 

from 0.1 – 300 % strain at an angular frequency of 31.4rad/s (5 Hz) to determine the 

linear viscoelastic region for each sample. Frequency sweeps were then carried out 

for each sample from 0.1-100 rad/s and a strain % determined to fall within the linear 

viscoelastic region.  

Steady-State and Time-Resolved Photoluminescence. Given the large OD of the 

concentrated phase, PL spectra were collected for the donor (375 nm excitation) and 

acceptor (500 nm excitation) separately using front-face detection and a PIXIS 100 

CCD (Princeton Instruments). Time-resolved photoluminescence (TR-PL) 

measurements were performed via time-correlated single photon counting using a 

home-built system. The details of the laser system and experimental set up were 

described previously.1 A pulsed picosecond diode laser (BDS-SM Series, Becker & 

Hickl GmbH) was used to excite samples at 375 nm, and a supercontinuum laser 

(NKT Photonics) was used to excite above 400 nm. Samples were excited with 

vertically polarized light at either 375 nm or 500 nm, and emission at 600 nm was 

collected in a front-face geometry with the emission polarizer set at the magic angle. 

A 500-nm long-pass filter was used on the emission arm of the setup when using 500-

nm excitation. PL lifetimes were determined via forward convolution with the 

measured instrument response function (obtained using a scattering Ludox sample) 

and a sum-of-exponentials model. This was done using least-squares minimization 
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via the DecayFit MATLAB package developed by Soren Preus (Fluorescence Decay 

Analysis Software 1.3, FluorTools, www.fluortools.com). 

Time-Resolved Photoluminescence Anisotropy. For anisotropy experiments, 

samples were excited with vertically polarized light (500 nm) and emission (600 nm) 

was collected at vertical (IVV) and horizontal (IVH) polarizations. Collection was 

carried out until approximately 20,000 counts were reached for the IVH in the main 

channel. The IVV measurement was then carried out for the same amount of time. 

Details of data analysis have been described previously.1 

Small-Angle X-ray Scattering. Small-angle X-ray scattering (SAXS) measurements 

were conducted at beamline 4-2 of the Stanford Synchrotron Radiation Lightsource 

(SLAC National Accelerator Laboratory). This beamline is equipped with a Pilatus 

3X detector and a robotic autosampler that feeds samples from a 96-well plate to a 

thin-walled quartz capillary cell. To avoid degradation, each sample was oscillated 

during beam exposure. 16 consecutive images were collected using 1-s exposure, 11 

keV photon energy, and a sample-to-detector distance of 1.7 m. This yielded an 

effective scattering vector length (q) range of 0.0068 – 0.67 Å-1. Each image was 

reduced to a 1D curve, and the solvent background scattering was then subtracted 

from each curve before averaging and performing subsequent analysis. The 

background for each sample was the respective organic salt (2.5 M) in HPLC-grade 

water. Background-corrected curves were then fitted using the indirect Fourier 

transform via Otto Glatter’s PCG software suite. The correct fitting function was 

http://www.fluortools.com/
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chosen to be the one that simultaneously minimized the mean least-squares fitting 

error and had a Lagrange multiplier that did not introduce spurious  

oscillations into the functional form of the pair-distance distribution function 

(PDDF). Prior to performing the indirect Fourier transform, measured SAXS curves 

were smoothed to reduce noise on the high-q side. Failure to do so resulted in 

artificial features in the PDDF at small distances. Care was taken to use the smallest 

amount of smoothing necessary to not distort relevant structural features.  

II.2 Supporting Information 

Widefield Microscopy Images. Figure AII.2-AII.6 show fluorescence microscopy 

images of the PFPI/NaPCPT complex without additional salt compared to increasing 

concentrations of salt across the series where individual fluorescence channels used 

for imaging have been merged. Figure AII.1 shows images of PFPI/NaPCPT 

representing with the individual fluorescence filters used. Images show phase 

separated samples resembling colloidal gel morphology. The phase boundary existing 

between 1.5 and 2.0 M of each organic salt is shown as the concentrated phase 

combines with the dilute phase to form a homogenized, optically clear solution with 

little to no micron sized particles. As a control study, Figure AII.7-AII.11 show 

fluorescence microscopy images of the donor CPE, PFPI, with increase salt 

concentration across the salt series. In contrast to the phase behavior of the CPEC, 

large aggregates indicative of precipitation is seen at low molarities, with aggregate 

size appearing to decrease with in increasing [salt]. Similar control solutions were 
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prepared for the acceptor CPE, NaPCPT, where all solutions were dissolved by eye 

and thus no microscopy was performed.  

Figure AII.1: Fluorescence microscopy images of PFPI/NaPCPT with no added 
salt. (A) 360/40 nm excitation filter and 470/40 nm emission filter. (B) 560/40 nm 
excitation filter and 570/75 nm emission filter. Merged images are shown in (C). 

 

Figure AII.2: Fluorescence microscopy images of (A) PFPI/NaPCPT with 
increasing [KBr] (B-F).  
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Figure AII.3: Fluorescence microscopy images of (A) PFPI/NaPCPT with 
increasing [TEAB] (B-F).  

 

 

Figure AII.4: Fluorescence microscopy images of (A) PFPI/NaPCPT with 
increasing [EMPB] (B-F).  
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Figure AII.5: Fluorescence microscopy images of (A) PFPI/NaPCPT with 
increasing [EMIB] (B-F).  

 

Figure AII.6: Fluorescence microscopy images of (A) PFPI/NaPCPT with 
increasing [EPB] (B-F).  
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Figure AII.7: Fluorescence microscopy images of (A) PFPI with increasing 
[KBr] (B-F).  

 

 

Figure AII.8: Fluorescence microscopy images of (A) PFPI with increasing 
[TEAB] (B-F).  
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Figure AII.10: Fluorescence microscopy images of (A) PFPI with increasing 
[EMIB] (B-F).  

 

 

Figure AII.9: Fluorescence microscopy images of (A) PFPI with increasing 
[EMPB] (B-F).  
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To set the context for evaluating changes in CPEC PL, we elucidated the 

dependence of PL on [salt] for control single-CPE solutions. Figure AII.12A shows 

 

Figure AII.12: Mean fluorescence intensity determined via fluorescence 
microscopy of (A) 2 mg/mL PFPI control solutions, (B) 1.6 mg/mL NaPCPT 
control solutions, and (C & D) PFPI/NaPCPT complex with increasing 
concentration of each salt type. Panels A and C show results which selectively 
probe donor emission (λex = 360 ± 40 nm, λem = 460 ± 40 nm, 20.14 ms 
exposure time) while panels B and D show results which selectively probe 
acceptor emission (λex = 560 ± 40 nm, λem =570 ± 75 nm, 3.26 ms exposure 
time)  

 

 

Figure AII.11: Fluorescence microscopy images of (A) PFPI with increasing 
[EPB] (B-F).  
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the PL signal from PFPI solutions, that gave rise to phase separation in the presence 

all salts for all nonzero salt concentrations. The data show that for most salts, the PL 

intensity – averaged over both dilute and concentrated phases – drops substantially in 

phase-separated solutions by approximately a factor of 4 relative to the no-salt 

control. Interestingly, EMIB, which contains a conjugated cation, showed a 

significantly smaller drop and a nearly complete recovery at 2.5 M. Figure AII.12B 

shows similar control measurements for NaPCPT solutions, where we observed the 

opposite behavior for most organic salts where the PL signal rose at [salt] ≥ 0.5 M. 

This was not the case with pyridinium derivative EPB, which led to PL quenching. 

Interestingly, KBr stood apart for both PFPI and NaPCPT controls compared to most 

organic ions, leading to a larger intensity drop for PFPI and a smaller rise for 

NaPCPT. 

Figure AII.12D shows that quenching of PFPI PL in the CPEC was 

accompanied by an increase in NaPCPT mean PL intensity relative to the molecularly 

dissolved control at no salt (red star). A noticeable increase in overall intensity is 

clear for three of the organic salts: TEAB, EMPB, and EMIB near the onset of 

dissolution transition region indicated (1.5-2 M). In contrast, KBr and EPB samples 

give a relatively constant, lower mean PL intensity regardless of [salt].  
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Percent Transmittance. Percent transmittance (%T) measurements for control 

samples are shown in Figure AII.13 to 

quantify turbidity of samples. PFPI in 

the presence of 0.5 M KBr was found to 

produce the most turbid solution 

(Figure AII.13A), in line with the large 

aggregates found during microscopy 

analysis (Figure AII.2B). In contrast, 

high concentrations of KBr resulted in 

the reduction of aggregate formation, a 

higher %T, and a lower overall 

turbidity. All organic salts were found 

to induce aggregation of PFPI and 

showed a trend of increasing turbidity with increasing [salt]. Figure AII.13B shows 

similar %T vs. [salt] for NaPCPT controls. A high %T indicates NaPCPT remained 

dissolved in solution in the presence of the organic salts regardless of salt type or 

concentration. However, in the presence of KBr, the %T of samples was found to 

decrease indicating an increase in turbidity due to scattering of light by particles not 

visible to the naked eye, as these samples appeared dissolved.  

 

Figure AII.13: % Transmittance vs. [salt] 
for (A) 2 mg/mL PFPI with each salt type, 
and (B) 1.6 mg/mL NaPCPT with each salt 
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Content Analysis. Figure AII.14A shows evidence of the presence of both CPEs in 

the concentrated phase of all 0.5 M samples across the salt series via UV-Vis 

absorption measurements. Additionally Figure AII.14B and C show that the 

absorbance signature of both CPEs shows no dramatic shifting between salt types and 

conditions, and remains qualitatively similar to the dilute phase photophysics shown 

in Figure 3.1 of the main text. To quantify the amount of CPE in the concentrated 

phase via the Beer-Lambert Law, O.D. absorbance values of the dilute phase were 

measured (Figure AII.15) and used in conjunction with the molar extinction 

coefficients of each CPE and the cuvette pathlength. Due to absorbance spectra 

overlap of the donor and acceptor, the acceptor portion of the spectra where first fit to 

a sum of gaussians, and that fit was subtracted from the overall O.D. of the CPEC to 

determine the correct PFPI absorbance. An example of this fitting process is shown in 

Figure AII.15F. The molar extinction coefficients in pure water were found to be 

4154 M-1cm-1 for PFPI and 32988 M-1cm-1 for NaPCPT. The molar extinction 

coefficients for NaPCPT in the presence of 1.0 M of each salt type were also 

 

Figure AII.14: Absorbance measurements of (A) the CP of 0.5 M samples for each 
salt type showing both CPEs are present. (B) shows a comparison of OD 
measurements between the dilute phase (DP) and concentrated phase (CP) with no 
additional salt and at varying salt concentration. (C) shows a similar comparison for 
the representational organic ion TEAB. 
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determined and can be found in Figure AII.16. Due to PFPI aggregating at these 

concentrations a similar study was unable to be performed on the molar extinction 

coefficient of the donor CPE. 

 
Figure AII.16: Absorbance vs. [PCPT] for (A) pure NaPCPT, and NaPCPT in 
the presence of 1.0 M (B) KBr, (C) TEAB, (D) EMPB, (E) EMIB, and (F) EPB. 
Lines of best fit were determined and used in conjunction with absorbance values 
found from Figure AII.15 to calculate concentrations of each CPE in each phase 
using the Beer-Lambert Law. 

 

Figure AII.15: UV-Vis of dilute phase of phase separated samples for (A) KBr, (B) 
TEAB, (C) EMPB, (D) EMIB, and (E) EPB. (F) Fitting of CPEC O.D. is shown where 
absorbance of the acceptor was subtracted from that of the donor to find an accurate 
absorbance value.  
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Rheology. Storage and loss moduli of the concentrated phase of the pure CPEC and 

the CPEC in the presence of 1.0 M salt are shown in Figure AII.17A as a function of 

frequency. The mostly frequency independent response shows the storage moduli 

dominating over the loss moduli regardless of sample type with a shear thinning 

response (Figure AII.17C). Figure AII.17B shows the flow point for EMPB, EMIB, 

and EPB samples while panel S16D shows a similar yield strain exists for all 

samples.  

 

 
Figure AII.17: Rheological properties based on SAOS measurements. (A) 
Storage (G′, squares) and loss (G′′, circles) moduli vs. frequency of the 
concentrated phase for each salt type at 1.0 M. (B) Moduli crossover and flow 
points for 1.0 M EMPB, EMIB, and EPB samples. (C) Complex viscosity and 
shear thinning with increasing frequency for each salt type at 1.0 M. (D) Loss 
moduli of all 1.0 M salt samples with the yield strain indicated with red line.  
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Steady-State Fluorescence Spectroscopy. We used the distinct PL signatures of the 

donor and the acceptor to ascertain the relative spatial proximity of the dissolved 

CPEs in the dilute phase.. If the two CPEs were dissolved as isolated chains, we 

would expect to find significant PL signal from both polymers. However, if the two 

CPEs dissolved as a bound complex we would expect efficient EET from PFPI to 

NaPCPT and the quenching of PFPI PL.  

PL spectra of the dilute phase at 1.0 M of each salt and the PFPI/NaPCPT 

sample without added salt are shown in Figure AII.18. Upon excitation of PFPI at 

370 nm (Figure AII.18A), we observed emission from both PFPI (~ 400-550 nm) and 

NaPCPT (~ 550-700 nm) for TEAB, EMPB and EMIB salts. This observation implies 

that a fraction of the dilute-phase solution is composed of isolated CPE chains. We 

found the PFPI PL intensity was low for the dilute solution with no salt, as well as in 

the presence of 1.0 M KBr and EPB. For the no-salt solution, this observation likely 

merely reflects the fact that the PFPI concentration is low (Figure AII.15). However, 

 

Figure AII.18: PL spectroscopy of the CPEC dilute phase at 1.0 M of each salt type. 
(A) PL emission spectra from excitation at 370 nm (i.e., PFPI excitation). (B) PLE 
spectra taken at an emission wavelength of 615 nm, corresponding primarily to 
PCPT emission.  
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at 1.0 M KBr the low donor PL intensity suggests that the two CPEs dissolve 

primarily as a complex, leading to efficient EET from PFPI to NaPCPT.  

To confirm that EET takes place in the dilute phase, we measured the PL 

excitation (PLE) spectrum of NaPCPT. In this experiment, the PL wavelength was 

fixed at 615 nm – within the NaPCPT emission band – and PL signal was detected as 

the excitation wavelength was swept over the full absorption window of the CPEC. 

PLE spectra for the dilute-phase solutions are shown in Figure AII.18B. 

Contributions to emission at 615 nm are found to occur from excitations associated 

with both the donor PFPI (absorption ~ 325-425 nm) and the acceptor NaPCPT 

(absorption ~ 425-600 nm). Because PFPI PL was strongly quenched in the dilute-

phase solutions with no salt, with KBr, and with EPB, the only way the PLE spectrum 

of NaPCPT can show a contribution from the donor OD region is due to EET from 

PFPI to NaPCPT. This is confirmation that in the dilute phase of these solutions the 

CPEs exist primarily as an associated yet soluble complex, which is also observed in 

more conventional polyelectrolyte systems.2 Though a similar contribution to the 

NaPCPT PLE from the PFPI OD region is seen for the other salts, it cannot be 

unambiguously stated that this is due to EET. The reason is that for those samples the 

PL spectrum of NaPCPT (Figure AII.18A) sits on a substantial PFPI PL background, 

as PFPI emission was not fully quenched. Thus, even though it is likely that in these 

solutions a fraction of the donor and acceptor CPE chains do exist as a complex, this 

cannot be concluded definitively.  
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 Figure AII.19 shows steady-state fluorescence spectra of the concentrated 

phase of EMPB, EMIB, and EPB samples excited at 375 nm (i.e., donor excitation) 

compared to 10 mg/mL PFPI gel phase. The fluorescence of the donor was found to 

be quenched within the complex and remained so regardless of salt type or 

concentration. Similar data is shown in Figure AII.20 for the concentrated phase 

excited at 500 nm (i.e., acceptor excitation). 

Time-Resolved Photoluminescence. TRPL decay curves are shown in Figure AII.21 

for the concentrated phase of EMPB, EMIB, and EPB excited at 375 nm and 

 

Figure AII.19: Steady state photoluminescence emission spectra (excitation 375 nm) 
of 10.0 mg/mL PFPI control and PFPI/PCPT complex with increasing (A) [EMPB], 
(B) [EMIB], and (C) [EPB]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure AII.20: Steady state photoluminescence emission spectra (excitation 500 
nm) of 1.6 mg/mL PCPT control and PFPI/PCPT complex with increasing (A) 
[KBr], (B) [TEAB], (C) [EMPB], (D) [EMIB], and (E) [EPB]. (F) Vibronic ratio 
vs. [salt] for each salt type. 
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emission collected at 600 nm. Similar decay curves are shown in Figure AII.22 for 

excitation of NaPCPT directly at 500 nm and emission collected at 600 nm for all 

salts. While average PL lifetimes in the presence of KBr fluctuate only slightly from 

that of the control, in TEAB, EMPB, and EMIB samples, lifetimes were found to 

increase significantly for higher (≥ 1.5 M) salt concentrations consistent with the 

onset of the phase transition from phase separated to a fully dissolved solution. 

Notably, EPB was the only salt found to decrease the average excited-state lifetime, 

even at high molarities.  

 Examples of successful fits to TRPL data, the details of which are discussed 

in the ‘Experimental Methods’ section, are shown in Figure AII.23. From these fits, it 

 

Figure AII.21: Time-Resolved PL decay curves (λex = 375 nm, λem = 600 nm) of 
PFPI/PCPT complex with increasing (A) [EMPB], (B) [EMIB], and (C) [EPB].  

 

 

Figure AII.22: Time-Resolved Photoluminescence decay curves (excitation 500 
nm, emission 600 nm) of PFPI/PCPT complex with increasing (A) [KBr], (B) 
[TEAB], (C) [EMPB], (D) [EMIB], and (E) [EPB]. (F) Average excited state 
lifetimes vs. [salt] for each salt type.  
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was found that the decays we’re all biexponential, with the short component of the 

decays dominating. However, analysis of the long component parameters is 

insightful. Figure AII.24 shows the long component amplitude (a2) and lifetime (τ2) 

vs. [salt]. In Figure AII.24A we see that the contribution of the excited-state 

population to the long component of the lifetime increases significantly for higher 

[salt], particularly for TEAB samples.  

 

 

 

 

 

Time-Resolved Photoluminescence Anisotropy. Time-resolved photoluminescence 

anisotropy measurements of the concentrated phase were carried out (λex = 500 nm, 

λem = 600 nm) using TCSPC. Calculation of the time-dependent anisotropy r(t) was 

done using 

 

Figure AII.23: Non-linear least squares fitting minimization of (A) 
PFPI/PCPT, (B) PFPI/PCPT with 0.5 M TEAB, (C) PFPI/PCPT with 1.0 M 
TEAB, (D) PFPI/PCPT 1.5M TEAB, (E) PFPI/PCPT with 2.0 M TEAB, and 
(F) PFPI/PCPT 2.5 M TEAB. Goodness of fit was determined by minimizing 
the Chi-squared value. TR-PL decays were from excitation at 500 nm and 
collection of emission at 600 nm. 
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r(t) = IVV(t)−GIVH(t)
IVV(t)+2GIVH(t)

    (AII.1) 

where IVV and IVH are the vertical-vertical and vertical-horizontal emission 

components, and G corrects for differences in detection of the two polarized 

components:  

G = ∫ IVH(t)dt∞
o

∫ IHH(t)dt∞
o

   (AII.2) 

 

Figure AII.25 shows TRPL 

anisotropy for the concentrated phase 

of the pure CPEC and 0.5 M salt 

samples were Figure AII.25F shows 

that there is each sample gives a 

similar anisotropy decay. In contrast, 

Figure AII.26F shows a comparison 

between 2.5 M of each salt type, 

where there is obvious long-lived 

anisotropy for TEAB, EMPB, and 

EMIB samples compared to KBr and 

EPB.  

 

 

Figure AII.24: (A) Amplitude of exciton 
population contributing to long-time 
component of excited-state lifetime as a 
function of [salt] and type. (B) long-time 
component of excited-state lifetime vs [salt]. 
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Figure AII.25: Triplicate measurements of time-resolved PL anisotropy of the 
concentrated phase of 0.5 M samples of (A) KBr, (B) TEAB, (C) EMPB, (D) EMIB, 
and (E) EPB. (F) shows a comparison between samples. Samples where excited at 500 
nm and emission was collected at 600 nm. 

 

 

 

Figure AII.26: Triplicate measurements of time-resolved PL anisotropy of the 
concentrated phase of 2.5 M samples of (A) KBr, (B) TEAB, (C) EMPB, (D) EMIB, 
and (E) EPB. (F) shows a comparison between samples. Samples where excited at 
500 nm and emission was collected at 600 nm. 
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Molecular Energy Levels. Table AII.1 lists the available HOMO, ionization 

potential (Ip), LUMO, and electron affinity (EA) values for the CPEs and the 

pyridinium ion.3–6 Cleanly measuring the energy levels within the complex fluid is 

extremely challenging due to the highly heterogeneous and multicomponent nature of 

the complex fluid. However, the electronic energy levels of conjugated polymers are 

predominantly dictated by the backbone chemical structure, while the environment 

acts as a perturbation. Thus, the energy levels of our polymer are expected to be quite 

similar to prior literature values. 

Table AII.1. Molecular Energy Levels of CPEs and EPB. 

Molecule HOMO (eV) Ip (eV) LUMO (eV) EA (eV) 

PFPI -5.46a 6.07d -2.51b 3.12c 

NaPCPT -5.11a 4.92e -2.97b 2.78c 

EPB -7.08≠ ~ -2.44ǂ ~ 

a Determined via cyclic voltammetry (CV).  

b Estimated using HOMO and the optical energy bandgap values 

c Estimated by adding the optical bandgap to ionization potential determined using 

ultraviolet photoelectron spectroscopy (UPS) measurements  

d Determined using the incident photon energy (21.2 eV) and the onset of the HOMO. 

e From UPS measurements. 

≠ Calculated using Density Functional Theory.  

ǂ Calculated using Density Functional Theory and confirmed against CV experiments. 
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Chapter 4 

 

Excitonically Coupled Simple Coacervates via  

Liquid/Liquid Phase Separation 
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Abstract:  Viscoelastic liquid coacervate phases that are highly enriched in non-conjugated 

polyelectrolytes are currently the subject of highly active research from biological and soft-

materials perspectives. However, formation of a liquid, electronically active coacervate has 

proved highly elusive, since extended π-electron interactions strongly favor the solid state. 

Herein we show that a conjugated polyelectrolyte (CPE) can be rationally designed to undergo 

aqueous liquid/liquid phase separation to form a liquid coacervate phase. This result is 

significant both because it adds to the fundamental understanding of liquid/liquid phase 

separation, but also because it opens intriguing applications in light harvesting and beyond. We 

find that the semiconducting coacervate is intrinsically excitonically coupled, allowing for long-

range exciton diffusion in a strongly correlated, fluctuating environment. The emergent excitonic 

states are comprised of both excimers and H-aggregates.   
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4.1 Introduction  

Spontaneous separation of aqueous polyelectrolyte solutions into dilute and highly 

concentrated liquids is a fascinating process relevant to understanding the formation 

of early membrane-less organelles.1,2 Liquid/liquid phase separation has multiple 

exciting applications, which stem from the attractive properties of the concentrated 

viscoelastic fluid phase. This highly polymer-enriched aqueous liquid phase, called a 

coacervate, is of interest for drug design, catalysis, biomaterials, and underwater 

adhesives.3–6 Yet to date, the polyelectrolyte components of such coacervate phases 

have been electronically inactive.7–13 The formation of a liquid semiconducting 

coacervate would open exciting new application possibilities in light-harvesting and 

electronically conducting soft matter. In such a crowded aqueous system, inter- and 

intra-chain electronic couplings between semiconducting polymer chains would 

support long-range exciton and charge motion. The strong fluctuations associated 

with a liquid state would couple to the electronic states of the system, both by 

influencing the ensemble of chain conformations and by direct interactions between 

small ions and extended π-electron states. Thus, a local trap state for an exciton in one 

instance may no longer be a trap in the next. At the same time, the liquid environment 

would allow for molecular diffusion. Such a combination is attractive from a 

photosynthetic perspective. We envision that a semiconducting coacervate droplet 

could in principle be encapsulated in a larger assembly and thereby serve as a 

photoactive compartment within an overarching soft artificial photosystem.    

Formation of a semiconducting coacervate is also quite intriguing from 

fundamental considerations. The role of extended π-electron interactions on the 
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thermodynamics of liquid/liquid phase separation, as well as the influence of the 

coupling between ionic and electronic degrees of freedom on coacervate 

photophysics, are highly underexplored.14-17 We expect the semiconducting 

coacervate to exhibit strongly correlated many-body interactions, the elucidation of 

which is likely to lead to the formation of novel electronic soft materials.  

Typically, aqueous phase 

separation of electronically 

active conjugated 

polyelectrolytes (CPEs) 

leads to precipitants, 

colloidal gels, and complex 

fluids in which a solid-like 

phase persists.14–17 To the best of our knowledge there are no examples of true 

semiconducting liquid coacervates. We hypothesized that an alternating co-polymer 

CPE composed of one ionic monomer and one highly polar nonionic monomer would 

have an increased probability of stabilizing a liquid coacervate phase. We reasoned 

that, in the limit where long-range electrostatic interactions are strongly screened, 

enhanced local dipolar interactions of nonionic sidechains with solvent molecules and 

small ions would compete with interchain π-stacking. The latter strongly favors the 

formation of solid phases. Thus, we synthesized a novel polyfluorene-based CPE 

bearing ionically charged sidechains on one monomer and oligo(ethyleneglycol) 

(oEG) sidechains with a substantial number of repeat units on the other (PFNG9, 

Scheme 4.1). We find that in the presence of high-ionic-strength potassium bromide 

Scheme 4.1: The conjugated polyelectrolyte PFNG9 
undergoes spontaneous liquid/liquid phase separation in 
high-ionic-strength aqueous KBr solutions.  
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(KBr) solutions, PFNG9 undergoes true liquid/liquid phase separation and forms 

spherical coacervate droplets with photophysical properties that differ substantially 

from the surrounding dilute solution. To the best of our knowledge, this is the first 

example of a semiconducting liquid coacervate. 

4.2 Results and Discussion 

Figure 4.1A shows the wide-field 

differential interference contrast 

(TL-DIC) light microscopy image of 

an aqueous sample that contains 

PFNG9 (4.6 mg/mL; 2.8 mM in 

monomer) and 5.0 M KBr. Spherical 

liquid droplets are seen to be 

dispersed through the background 

dilute phase – an appearance that 

differs drastically from all other 

reported CPE-based complex 

fluids.14–17 Figure 4.1B shows the 

corresponding photoluminescence 

(PL) image where the sample was 

excited between 340-380 nm, and 

emission was collected between 

450-490 nm. Within these 

illumination and emission bands, the dilute-phase PL is strongly enhanced, while 

Figure 4.1: Images of CPE-based coacervate 
droplets. (A) TL-DIC image of the phase 
coexistence. (B) PL image exciting between 
340-380 and collecting emission between 
450-490 nm. (C) PL image exciting between 
450-490 nm and collecting emission between 
500-550 nm. (D) Merged PL image. (E) 
Comparison of the number of coacervate 
droplets vs. droplet diameter between 2.5 M 
and 5.0 M KBr samples. Distribution was 
collected using 5 images at each salt 
concentration.   
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droplets appear significantly darker. In contrast, illuminating the sample between 

450-490 nm and collecting emission between 500-550 nm (Figure 4.1C), the dilute 

phase is darkened while the coacervate droplets are highly fluorescent. Clearly, the 

two phases are photophysically distinct from one another and the dissolved CPE in 

the absence of KBr (Figure AIII.13)  

We observed a phase transition from more precipitant-like, fractal particle 

morphologies to the characteristic liquid droplet morphology conventionally 

associated with coacervates. Figure AIII.14 of the Supporting Information shows that 

this transition occurs between 2.5-5.0 M KBr with the disappearance of fractal 

particles at 2.5 M KBr, giving way to well-defined droplets at 5.0 M KBr (Figures 

AIII.14C and AIII.14F). We quantified the droplet size distribution using light 

microscopy at 2.5 and 5.0 M KBr, which is shown in Figure 4.1E. The number 

density and the observed size range of coacervate droplets are substantially larger at 

5.0 M KBr. It is important to underscore that this distribution reflects droplets that 

could be imaged using optical microscopy. Droplets that are smaller than the 

diffraction limit would not be counted. In fact, we find that there are many such 

nanoscale and mesoscale droplets, as seen in cryogenic-transmission electron 

microscopy (cryo-TEM) images (Figure AIII.24 of the Supporting Information). 

Thus, the calculated size distributions from optical microscopy primarily reflect the 

micron-scale sub-population. 

Figure 4.2 shows the time points of a PL microscopy video in which the flow 

behavior of the droplets can be observed. We find that the dynamics are quite slow, 
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which is consistent with the high apparent viscosity of the concentrated phase 

observed when handling the sample. The droplet dynamics are characteristic of a true 

viscous liquid as opposed to a colloidal gel.14-17 

One of the most interesting aspects of a semiconducting coacervate is the influence 

of the highly correlated and strongly fluctuating environment on the ensemble of 

electronic states of the constituent CPE chains. To interrogate the emergent 

photophysical properties associated with the formation of this coacervate phase, we 

used a combination of steady-state and time -resolved PL spectroscopy methods. 

Figure 4.3A shows absorption or optical density (OD) spectra of dilute and 

concentrated phases, which were acquired by carefully separating the phases. Upon 

addition of 5.0 M KBr, the OD spectrum of the dilute phase undergoes a mild redshift 

relative to aqueous PFNG9 solutions without added salt. This likely reflects an 

increased propensity for intrachain π-stacking interactions as repulsion between ionic 

sidechains becomes strongly screened. In contrast to the mild redshift for the dilute 

solution, the OD spectrum of coacervate droplets acquires a substantial red shoulder, 

which implies that new electronic states form within the coacervate.  

To directly compare PL spectra of the dilute solution and the coacervate droplets, 

we used laser-scanning confocal microscopy. Figure 4.3B shows that, when exciting 

at 405 nm, the dilute solution and the coacervate display a blue emission band that 

Figure 4.2: PFNG9 w/5.0 M KBr coacervate droplets imaged over 10 minutes 9 seconds.  
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decays by ~550 nm. At the same excitation wavelength, the coacervate phase gives an 

enhanced PL intensity on the red side of the dilute-solution PL spectrum, consistent 

with widefield PL microscopy 

images in Figure 4.1. Intriguingly, 

when exciting at 458 nm near the 

onset of red shoulder in the 

coacervate OD spectrum, the droplets 

exhibit a new, broad green emission 

band. We observed a similarly broad 

green band for the concentrated phase 

when physically separating the 

concentrated phase from the dilute 

phase and performing bulk PL 

measurements (Figure AIII.21B).  

The appearance of this green band 

(commonly shortened to g-band) has 

previously been observed in a 

number of polyfluorene 

derivatives.18–39 However, its nature 

continues to be 

controversial.18,19,24,25,30,32–37 Initial 

reports suggested that it was due to 

the formation of 

Figure 4.3: (A) Optical density (OD) and (B) 
photoluminescence (PL) spectra of PFNG9 
compared to the separated phases of PFNG9 
with 5.0 M KBr. (C) Shows no emission from 
the dilute phase upon excitation at 458 nm, 
and an excitation wavelength dependence to 
the droplet emission. PL shown in B and C 
were collected using xyλ-scan confocal 
microscopy and by defining regions of interest 
containing dilute solution or droplets from 
which to measure PL signal. 
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excimers24,25,36,37,40,41, implying the presence of inter-chromophore interactions in the 

excited state. Based on early single-molecule spectroscopy measurements on 

(nonionic) polyfluorenes and measurements on random fluorene-co-fluorenone 

copolymers, others have argued that the g-band is entirely due to fluorenone defects 

on single chains.31,32 However, recent measurements from more comprehensive 

single-molecule studies,28,29 as well as from controlled synthesis of fluorene and 

fluorenone oligomers,38 have cast serious doubt on the hypothesis that fluorenone 

defects on isolated polymer chains are solely responsible for the g-band. The totality 

of the recent work suggests that the g-band may be composed of H-aggregate exciton 

states as well as fluorenone-defect-based states.  

We stress that PFNG9 chains in the dilute solution surrounding coacervate 

droplets display no g-band emission. In dilute solution, PFNG9 chains are effectively 

isolated. Therefore, we conclude that the g-band emission cannot be explained by 

fluorenone defects on single chains. To further probe the nature of the PFNG9 g-band 

within the coacervate, we went on to measure recovery of PL signal after light 

exposure to elucidate whether the coacervate was undergoing an irreversible 

photochemical reaction. We found the PL intensity for both the dilute solution and 

droplets fully recovered after ~1 and 30-s light exposure under the microscope 

(Figures AIII.18 and AIII.19). These results do not support the hypothesis that 

photodegradation by irreversible formation of fluorenone defects in the CPE 

backbone is leading to g-band emission. Although our results do not preclude the 

possibility of reversible fluorenone formation31, we note that the bulk solution was 
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degassed with Ar(g) prior to measurements, and during image collection the coverslip 

was sealed with Kapton tape to minimize inward diffusion of oxygen.  

What, then, is the physical origin of the g-band within the coacervate? We believe 

that a strong hint is provided by the evolution of the droplet PL spectrum with 

increasing excitation wavelength, which was collected using confocal microscopy, 

shown in Figure 4.3C. It is often the case that emission spectra of conjugated 

polymers in the solid state are independent of excitation wavelength over wide 

regions of the absorption spectrum. In contrast, the data in Figure 4.3C show that the 

structure of the g-band undergoes significant changes: The shoulder on the blue side 

of the spectrum disappears as the excitation wavelength goes from 458 nm to 498 nm. 

This suggests that different populations of distinct emitting species are excited as the 

excitation wavelength is increased. The presence of two emissive species is supported 

by the approximate decomposition of the PL spectra in Figure 4.3C into two distinct 

contributions with excitation wavelength-dependent amplitudes, shown in Figure 

AIII.23 of the Supporting Information. Our results are consistent with single-

molecule measurements by Nakamura, et al., which provided evidence that the g-

band of polyfluorene chains with intrachain interactions consisted of multiple 

emitting species.28  

Given the inherent proximity between chains within the crowded coacervate 

environment and the lack of g-band emission in the dilute phase, we argue that the 

coacervate g-band is likely primarily composed of interchain exciton states.42-44 The 

fact that only one new, relatively narrow absorption band appears within the 

coacervate but that two putative emissive species comprise the g-band PL spectrum is 
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consistent with a coexistence of excimers and H-aggregate excitons within a 

coacervate droplet. Evidence for H-aggregate formation is provided by the 

appearance of a new redshifted absorption band in the OD spectrum of the coacervate 

compared to the dilute phase (Figure 4.1A). In contrast, excimers result from 

interchromophore interactions in the excited state only and thus do not give rise to 

new absorption bands. Excimer states are characterized by broad and unstructured 

emission spectra, as the ground-state energy as a function of interchromophore 

separation for an excimer configuration does not correspond to a bound state.27,40 

Although the ground state of an H-aggregate is bound, unlike in an ordered thin film, 

in viscous droplets we expect a relatively broad range of excitonic coupling strengths. 

The result is a relatively broad ensemble H-aggregate spectrum where the vibronic 

structure is likely largely washed out. Thus, distinguishing excimers and H-

aggregates based on the widths, shapes, and peak positions of their ensemble-

averaged PL spectra within the coacervate is not straightforward.43  
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We note that our conclusion does not preclude the possibility that fluorenone 

defects also contribute to the coacervate emission spectrum. However, it must then 

still be the case that emission from fluorenone-based states requires an inter-

chromophore excitonic coupling.23 Thus, we conclude that the CPE coacervate is an 

intrinsically excitonically coupled viscoelastic liquid. This is summarized in a cartoon 

in Scheme 4.2.44,45 

 

Scheme 4.2: Cartoon of a PFNG9 coacervate droplet (middle). Regions 
corresponding to excimer and H-aggregate exciton states are speculatively labeled as 
magenta domains with few or extended interchain contacts, respectively.44,45 
Illustrations of the corresponding potential energy curves as a function of the 
(average) inter-chromophore separation R are shown in the side panels.  
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To gain a better understanding of the coacervate photophysics, we used 

fluorescence lifetime imaging (FLIM) to characterize the radiative relaxation of 

dilute-phase and coacervate excitons. FLIM allows us to measure PL lifetimes as a 

function of position within the droplet. Figure 4.4A shows the heat map of PL 

lifetimes of a representative droplet following excitation at 445 nm while collecting 

emission in the 590 ± 25 nm region. The average PL lifetime 〈τ〉 calculated for 

 

Figure 4.4: (A) Select droplet from a FLIM image, where pixel selection in the 
center and on the edge of the droplet are highlighted with white boxes. The grey 
scale image shows line cuts from which distant dependent lifetime fluctuations 
were pulled (see panel (C)).  Excitation: 445 nm. Emission: 590 nm. (B) Histogram 
of PL lifetimes measured across the entire droplet. (C) shows the distance 
dependent fluctuations in lifetime (symbols) along with corresponding cubic spline 
curves (solid) taken from the line cuts shown in the grey scale image in (A). Curves 
have been vertically offset for clarity. (D) PL decay curves and fits associated with 
the selected pixels in (A). Black and light blue decays are bulk-solution TRPL. 
Because the quantity of dilute phase far exceeds that of the droplets, the bulk TRPL 
data is largely representative of the dilute-phase 〈𝜏𝜏〉, which was found to be 970 ps. 
The excitation/emission wavelengths are the same as in (A).  
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individual coacervate droplets was found to range between 560-830 ps. The PL 

lifetime histogram (Figure 4.4B) highlights differences in lifetime found throughout 

the droplet where the color-coding of the histogram matches that in the FLIM heat 

map. Similar images and histograms were collected for 9 additional droplets (Figure 

AIII.27).  

The FLIM heat map shows that 〈τ〉 is a function of position within the droplet, 

demonstrating that 〈τ〉 is a fluctuating variable within the coacervate. This 

observation is consistent with the viscous liquid macrostate. To characterize the 

approximate length scale of 〈τ〉 fluctuations, in Figure 4.4C we plot 4 linecuts 

through the droplet shown in Figure 4.4A. The extracted image grey value as a 

function of position for the different linecuts shows that relatively small fluctuations 

in 〈τ〉 occur on the ~1 μm scale, while larger fluctuations are also seen on the ~10 μm 

scale. Differences in 〈τ〉 must reflect differences in local structure. We speculate that 

the large viscosity of the droplet leads to a relatively slow interconversion between 

large, entangled CPE networks and relatively loosely associated domains with fewer 

inter-chain interactions. However, within the droplet interior, the mean fluctuation in 

〈τ〉 is not dramatic, as seen from the histogram in Figure 4.4B, suggesting relatively 

subtle differences in structure as a function of position.   

It was commonly the case that the PL lifetime was somewhat longer near the edge 

of the droplets than in the center. This is shown in Figure 4.4C, which compares 

decays collected in the middle of the droplet to that of the near-surface region 

(indicated by white squares in Figure 4.4A). In going from the bulk to the surface of 

the droplet, the lifetime of the short component increases from 255 ps to 298 ps, 
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while the lifetime of the long component increases from 1367 ps to 1693 ps. The 

difference between bulk and surface lifetimes increases closer to the edge of the 

droplet, as seen from the lifetime histogram. For the regions labeled with white 

squares, we can quantify the change in the (intensity-weighted) contribution that each 

component makes to the total decay, fi, according to fi = aiτi/∑ ajτjj , where ai and τi 

are the amplitude and lifetime of component i, respectively. fshort decreases by ~8% 

while flong increases by ~16% for the near-surface region relative to the middle. Since 

longer lifetimes are often associated with more extended chains, we speculate that the 

PFNG9 backbone undergoes a relative extension near the surface. This could allow 

polymer chains to maximize the number of oEG sidechains capable of orienting 

approximately normal to the droplet/solution interface, thereby likely lowering the 

surface free energy.  

It is important to ask why PFNG9 forms a liquid coacervate phase while the 

overwhelming majority of CPEs do not. Although it is reasonable to expect that the 

oEG sidechains are implicated, it is not immediately clear what contribution(s) they 

make to the system free energy such that the liquid state becomes stabilized at high 

[KBr]. In our system, there is no interaction with an oppositely charged 

polyelectrolyte, as would occur in a complex coacervate. Therefore, in the simple 

PFNG9 coacervate it is likely that the interaction between the excess ions and the 

oEG sidechain plays a role in inducing the formation of this dense liquid phase. It is 

known that K+ ions readily interact with crown ethers, which are chemically related to 

the oEG sidechains.46,47 We aimed to elucidate whether the ionic strength alone 

determined coacervate formation independent of ion identity or whether the identity 
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of the cation was an important factor.  We prepared similar samples using comparable 

concentrations of lithium bromide (LiBr), tertraethylammonium bromide (TEAB), 

and calcium bromide (CaBr2). Liquid coacervate formation was not observed in the 

presence of any other salts chosen for this study (Figure AIII.15-AIII.17). We 

conclude that the specific K+ – oEG interaction is likely involved in the stabilization 

of the coacervate phase. We reason that the large viscosity of the droplets is then a 

consequence of both inter-chromophore π-stacking and a large number of K+ ions 

interacting with a correspondingly large number of ethylene glycol groups. The 

separate enthalpic and entropic contributions to the underlying free energy, including 

the competition between ion desolvation and sidechain interactions, remain obscured 

at the moment.  

4.3 Conclusion 

In summary, we have demonstrated that the chemical structure of a CPE can 

be rationally designed to undergo liquid/liquid phase separation to stabilize a 

semiconducting coacervate macrostate, which is of fundamental interest to coacervate 

physical chemistry. We find that oligo(ethyleneglycol) sidechains are critical to the 

simple coacervation process, which involves the interaction between ethyleneglycol 

units with K+ ions. The CPE coacervate is comprised of intrinsically excitonically 

coupled chains with rich exciton dynamics in the presence of a fluctuating ionic 

environment. In addition to its fundamental significance, this observation is intriguing 

from an applications standpoint. The electronic connectivity within the concentrated 

liquid could be used to move excitons, electrons or holes through space over 

distances that are large compared to the monomer size. The strong coupling between 
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and electronic and ionic degrees of freedom can in principle be used to manipulate 

this quasiparticle migration. These characteristics are likely to be desirable for light 

harvesting, catalysis or sensing. Finally, semiconducting coacervate droplets may in 

principle be encapsulated in larger soft-matter assemblies, leading to the potential for 

compartmentalization and a significant increase in light-harvesting complexity. 
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Appendix III  

Supporting Information for 

Excitonically Coupled Simple Coacervates via Liquid/Liquid Phase Separation 

 

III.1 Experimental 

Synthetic Methods 

Starting Materials and Characterization. 

 Reagents and materials were used as received from the following distributors. 

Specifically, 2,7-dibromofluorene and 4-toluenesulfonyl chloride were obtained from 

Oakwood Chemical. Bis(pinacolato)diboron >98% and 1,4-dioxane anhydrous 99.8% 

were obtained from Alfa Aesar. Nonaethylene glycol monomethyl ether >93.0% was 

obtained from TCI America Inc. Tetraethylammonium bromide 100% was obtained 

from Chem-Impex Int’l Inc. Palladium catalyst [1,1’- 

Bis(diphenylphosphino)ferrocene] dichloropalladium (II), dimethyl aminopropyl 

chloride hydrochloride 96%, sodium hydride 60% dispersed in mineral oil, and 

dimethylformamide anhydrous 99.8% were obtained from Sigma-Aldrich. Methyl 

iodide 99.5%, tetrahydrofuran HPLC grade, dichloromethane 99.5% were obtained 

from Spectrum Chemical. Sodium hydroxide, sodium hydroxide 50% w/w, potassium 

carbonate anhydrous 99.7%, triethylamine 99%, diethyl ether 99%, methanol 99.9%, 

acetone HPLC grade, chloroform 99.9%, ethyl acetate 99.5%, hexanes 98.5%, and 

potassium acetate >99% were obtained from Fisher Chemical. Dimethyl sulfoxide 

99.7% was obtained from Acros Organics. Chemglass pressure tubes were used for 



184 
 

polymerization (48 mL - part number CG-1880-04), and quaternization (350 mL - 

part number CG-1880-12). CDCl3 (D 99.8%) and D2O (D 99.9%) were both 

purchased from Cambridge Isotope Laboratories. Nuclear magnetic resonance (NMR) 

spectra of the monomers were collected with a Bruker Avance III HD 4 channel 500 

MHz NMR, and spectra of the polymers were collected with a Bruker Avance III HD 

4 channel 800 MHz NMR with a cryoprobe. 

 

Preparation of Reagents. 

Reagent TG9 

Synthesis of (1-(p-tosyl)-3,6,9,12,15,18,21,24,27- nonaoxooctacosane To a clean 

and dried 25 mL round bottom flask placed in an ice bath, a Teflon-coated stir bar, 

NaOH (0.80 g, 20.0 mmol), DI H2O (4.0 mL, 222 mmol), nonaethylene glycol 

monomethyl ether (G9OH, 3.00 g, 7.0 mmol), and THF (8.0 mL, 98.6 mmol) were 

added and allowed to react for 30 minutes. Next, PTSC (2.40 g, 12.6 mmol) was added 

under an atmosphere of N2(g) and reacted for 12 hours. Upon completion, the reaction 

contents were dumped into 16 mL of cold DI H2O, followed by extraction of the 

product with DCM (4 x 10 mL). The organic layer was washed with DI H2O (2 x 10 

mL),  brine (1 x 10 mL), and subsequently dried over Na2SO4. The anhydrous organic 

layer was decanted away from the drying agent and concentrated under reduced 

pressure to provide the product TG9 as a colorless oil (99% yield, 4.06 g).2 Figure 

AIII.1: TG9 1H NMR (500 MHz, CDCl3): 𝛿𝛿 7.80- 7.79 (d, 2H), 7.35- 7.33 (d, 2H), 

4.16 (t, 2H), 3.68 (t, 2H), 3.65- 3.64 (m, 22H), 3.61 (m, 4H), 3.58 (s, 4H), 3.54 (s, 2H), 
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3.37 (s, 3H), 2.44 (s, 3H) Figure AIII.2: TG9 13C NMR (500 MHz, CDCl3): 𝛿𝛿 144.9, 

133.2, 130.0, 128.1, 72.1, 70.9, 70.8, 70.7, 70.7, 69.4, 68.8, 68.1, 59.2, 25.8, 21.8. 

 

 

Figure AIII.1: TG9 1H NMR with trace amount of DCM, THF, and water.  
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Synthesis of Monomers. 

Monomer FN 

Synthesis of (2,7-dibromo-9,9-bis(3’-(N,N-dimethyl-amino)-propyl)-fluorene) To 

a clean, dried, 100 mL two neck round bottom flask, a Teflon coated stir bar, dimethyl 

sulfoxide (DMSO, 30.9 mL, 434.6 mmol), 2,7- dibromofluorene (F, 2 g, 6.2 mmol), 

tetrabutylammonium bromide (TBAB, 39.8 mg, 0.12 mmol), and 4 mL of a 50 wt. % 

aqueous sodium hydroxide solution (50 wt. % aq. NaOH, 4 mL, 154.3 mmol) was 

added under an atmosphere of nitrogen (N2(g)). An additional aliquot of DMSO (10.5 

mL, 145.1 mmol) was added to the reaction flask, followed by dimethyl aminopropyl 

chloride hydrochloride salt (DAPCl, 2.6 g, 16.4 mmol). The reaction was stirred and 

heated at 60 °C for 12 hours. Reaction progress was monitored by thin-layer 

chromatography (TLC). Deionized water (DI H2O, 40 mL, 2.216 mmol) was added to 

 

Figure AIII.2: TG9 13C NMR  
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the reaction flask to dissolve precipitated salts as well as to solvate DMSO. The product 

(FNB) was extracted from the wet DMSO layer with diethyl ether (Et2O, 8 x 25 mL), 

and washed with a 10 wt. % aqueous NaOH (10 wt. % aq. NaOH, 2 x 50 mL). The 

organic layer was washed with DI H2O (3 x 50 mL), followed by a brine wash (1 x 50 

mL), and then dried over anhydrous sodium sulfate (Na2SO4). The concentration of the 

anhydrous organic layer under reduced pressure lead to crude solid which was purified 

with a silica gel column (Hexanes: Ethyl Acetate: Triethylamine, 49:49:2) to obtain FN 

(59% yield, 1.81 g).4,5 Figure AIII.3: FN 1H NMR (500 MHz, CDCl3): 𝛿𝛿 7.52-7.50 (d, 

2H), 7.47 (s, 2H), 7.45-7.44 (d, 2H), 2.03 (s, 12H), 1.99 (m, 8H), 0.77 (m, 4H) Figure 

AIII.4: FN 13C NMR (500 MHz, CDCl3): 𝛿𝛿 152.2, 139.3, 130.6, 126.3, 121.8, 121.4, 

59.7, 55.5, 45.5, 37.7, 22.2. 

 

Figure AIII.3: FN 1H NMR  
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Monomer FNB 

Synthesis of (2,7-diboryl pinacol ester-9,9-bis(3’-(N,N-dimethyl-amino)-propyl)-

fluorene) To a clean, dried, 100 mL two neck round bottom flask, a Teflon coated stir 

bar, dimethylformamide (DMF, 39 mL, 505.8 mmol), FN ( 1 g, 2.0 mmol), 

bis(pinacolato)diboron (B2Pin2, 2.26 g, 8.9 mmol), potassium acetate (KOAc, 3.53 g, 

17.8 mmol), [1,1’-Bis(diphenyl-phosphino)ferrocene]dichloro-palladium(II) 

(Pd(dppf)Cl2, 0.296 g, 0.40 mmol) were added under an atmosphere of N2(g). The 

contents of the reaction were stirred and heated at 80 °C for 24 hours. Reaction progress 

was monitored by TLC. Upon completion, the reaction was concentrated to dryness, 

and the crude solid was extracted with hot HPLC-grade hexanes (7 x 100 mL). The 

combined hexanes layer was filtered, concentrated to dryness, reextracted with hot 

 

Figure AIII.4: FN 13C NMR  
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hexanes, and re-concentrated to dryness. Acetone was used to extract the product from 

the re-dried hexanes layer and was allowed to crystallize out of the solution as an off-

white solid. The FNB crystals were collected via filtration and washed with a minimal 

amount of cold acetone to obtain FNB (55% yield, 0.6647 mg).4,5 Figure AIII.5: FNB 

1H NMR (500 MHz, CDCl3): 𝛿𝛿 7.80-7.78 (d, 2H), 7.78 (s, 2H), 7.71-7.70 (d, 2H), 2.06 

(m, 4H), 1.99 (m, 4H), 1.98 (s, 12H), 1.37 (s, 24H), 0.75 (m, 4H) Figure AIII.6: FNB 

13C NMR (500 MHz, CDCl3): 𝛿𝛿 149.4, 144.0, 134.3, 129.1, 119.8, 84.0, 59.2, 54.7, 

44.6, 37.4, 31.1, 25.1. 

 

 

 

 

 

Figure AIII.5: FNB 1H NMR with trace amount of acetone and hexanes.  



190 
 

 

 

 

Monomer FG9 

Synthesis of (2,7-dibromo-9,9-bis-(2-(2-(2-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) 

ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethyl)- fluorene) To a clean 

and dried 50 mL round bottom flask, a Teflon coated stir bar, F (670 mg, 2.1 mmol), 

anhydrous DMF (12 mL, 155 mmol), and NaH in 60% w/w dispersed in mineral oil 

(210 mg, 5.3 mmol) were added under an inert atmosphere of N2(g). After 30 minutes, 

the bright red solution was allowed to react at 60 °C for 12 hours with previously 

prepared TG9 (3.0 g, 5.2 mmol). After quenching the remaining NaH with DI H2O (15 

mL), the reaction was extracted with DCM (4 x 50 mL). Dried the combined organic 

layer over Na2SO4. The anhydrous organic layer was decanted away from the drying 

 

Figure AIII.6: FNB 13C NMR  
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agent. While stirring, a mixture consisting of 95% DCM with 5% Methanol (MeOH) 

was used to wash the product from the Na2SO4 slurry. The DCM: MeOH solution was 

decanted from the Na2SO4, and combined with the organic layer. The organic layer was 

concentrated under reduced pressure to provide a semi-crude solid which was purified 

further via a silica gel column (Ethyl Acetate: MeOH, 90:10). Since the percentage of 

MeOH in the solvent used to elute the aggregated fraction of FG9 was 10%, FG9 was 

dissolved in chloroform (CHCl3) to help precipitate out the once dissolved silica gel. 

The CHCl3 solution was then filtered to remove the precipitate, and concentrated under 

reduced pressure to obtain FG9 (30.0% yield, 0.710 g).3 Figure AIII.7: FG9 1H NMR 

(500 MHz, CDCl3): 𝛿𝛿 7.53 (d, 2H), 7.52- 7.50 (d, 2H), 7.47-7.46 (d, 2H), 3.64 (m, 

44H), 3.58 (m, 4H), 3.54 (t, 8H), 3.37 (m, 10H), 3.18 (t, 4H), 2.77 (t, 4H), 2.33 (t, 4H) 

Figure AIII.8: FG9 13C NMR (500 MHz, CDCl3): 𝛿𝛿 151.0, 138.6, 130.8, 126.8, 121.7, 

121.4, 72.0, 70.7, 70.7, 70.6, 70.6, 70.5, 70.1, 66.9, 60.5, 59.1, 52.0, 39.6. 

 

Figure AIII.7: FG9 1H NMR with trace amount of THF and EtOAc. 
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Synthesis of Neutral Polymers. 

Polymer nPFNG9  

Polymerization of poly([9,9-bis(3’-(N,N-dimethyl-amino)-propyl)-fluorene]-alt-

co-[9,9-bis-(2-(2-(2-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) ethoxy) ethoxy) ethoxy) 

ethoxy) ethoxy) ethoxy) ethoxy) ethyl)- fluorene] To a clean and dried 48 mL pressure 

tube, a Teflon coated stir bar, FG9 (1140 mg, 1.00 mmol), FNB (580 mg, 0.99 mmol), 

potassium carbonate (K2CO3, 1.73 g, 12.5 mmol), 1,4- Dioxane (Dioxane, 10.0 mL, 

136.0 mmol), DI H2O (6.0 mL, 332.4 mmol), and Pd(dppf)Cl2 (10 mg, 0.01 mmol) 

were added. The reaction solution as well as the head space was flushed with N2(g). 

The pressure vial was capped quickly, placed into a silicon oil bath, stirred, and heated 

 

Figure AIII.8: FG9 13C NMR  
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at 100 °C for 24 hours. To stop the reaction, the stirring function was turned off, the 

bottom water layer was removed, and an aliquot of nPFNG9 dispersed in Dioxane was 

removed for further characterization. The polymer in Dioxane (1 mL) was pipetted into 

DI H2O (10 mL) to induce precipitation of nPFNG9. The water was decanted from the 

polymer and nPFNG9 was dried via vacuum filtration.1,6 Figure AIII.9: nPFNG9  1H 

NMR (800 MHz, CDCl3): 𝛿𝛿 7.78- 7.69 (br, 1.00 H), 3.62 (br, 3.72 H), 3.53 (br, 1.51 

H), 3.42 (br, 0.35 H), 3.36 (br, 0.64 H), 3.26 (br, 0.43 H), 2.89 (br, 0.30 H), 2.56 (br, 

0.32 H), 2.01 (br, 1.56 H), 0.96- 0.88 (br, 0.36 H) Figure AIII.10: nPFNG9 13C NMR 

(800 MHz, CDCl3): 𝛿𝛿 207.1, 140.8, 127.4, 120.5, 72.1, 70.7, 70.2, 67.2, 60.1, 59.2, 

45.5, 38.0, 31.1, 29.8, 22.3. 

 

A Note on the Determination of the nPFNG9 Molecular Weight  

Determination of the molecular weight for the neutral precursor nPFNG9 proved to 

be extremely challenging. This is because such long oEG sidechains lead the polymer 

to be highly amphiphilic and thereby render it insoluble in many common polar and 

nonpolar organic solvents used in size exclusion chromatography (SEC). We attempted 

to perform SEC measurements in three ways: in warm THF, DMF, and hot 

trichlorobenzene. We found nPFNG9 to be insufficiently soluble in all three solvents, 

rendering measurements unreliable. However, we also synthesized nPFNG6 – the 

analog of nPFNG9 with nonionic sidechains containing 6 ethyleneglycol units. 

nPFNG6 was synthesized, purified, and isolated under identical conditions as nPFNG9. 

We were in fact able to perform SEC measurements for nPFNG6, obtaining a number-
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average molecular weight of 39,720 g/mol and a polydispersity of 1.16. We believe 

that, had it been possible to measure the molecular weight of nPFNG9, a similar value 

as nPFNG9 would likely be obtained.  

 

 

 

 

Figure AIII.9: nPFNG9 1H NMR with trace amount of acetone, water, and 
 



195 
 

 

 

Synthesis of Conjugated Polyelectrolytes. 

Conjugated Polyelectrolyte PFNG9 

Conjugated polyelectrolyte poly([9,9-bis(3’-(N,N,N-trimethyl-ammonium)-

propyl)-fluorene]-alt-co-[9,9-bis-(2-(2-(2-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) ethoxy) 

ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethyl)- fluorene] The Dioxane 

containing nPFNG9 was transferred into a 350 mL pressure vessel. Then quaternization 

occurred via the addition of methyl iodide (MeI, 1.0 mL, 16.1 mmol) directly to the 

remaining dioxane layer containing nPFNG9. The cap was threaded onto the pressure 

vessel, heated to 80 °C for 24 hours, and allowed to cool back down to room 

temperature before the cap was unscrewed. An aliquot of DI H2O (200 mL) was added 

 
Figure AIII.10: nPFNG9 13C NMR with trace amounts of pinacol.  



196 
 

to help dissolve the precipitated polymer. The cap was threaded back onto the pressure 

vessel and was reheated to 80 °C for an additional 3 days. After which, the pressure 

vessel was cooled down to room temperature and uncapped. Once the cap was 

removed, the reaction contents were reheated to 80 °C to remove unreacted MeI from 

the reaction and reduced the volume of the reaction to 250 mL. The polymer solution 

was then dialyzed via a dialysis flask (10,000 MWCO) submerged in a vat of DI H2O. 

The DI H2O was replaced with fresh DI H2O every day for 5 days. After 5 days, the 

dialyzed solution of PFNG9 was concentrated under reduced pressure, filtered, 

transferred into a 50 mL Falcon tube, and lyophilized to yield PFNG9 as a brown solid 

(320 mg, 24.6% yield).1,6 Figure AIII.11: PFNG9 1H NMR (800 MHz, D2O): 𝛿𝛿 8.06- 

7.93 (br, 1.00 H), 3.63 (br, 2.66 H), 3.58 (br, 2.27 H), 3.34 (br, 0.67 H), 3.28 (br, 0.17 

H), 3.22 (br, 0.17 H), 2.98 (br, 0.17 H), 2.80 (br, 1.65 H), 2.68 (br, 0.06 H), 2.36 (br, 

0.28 H), 1.17 (br, 0.38 H) Figure AIII.12: PFNG9 13C NMR (800 MHz, D2O): 𝛿𝛿 151.2, 

140.6, 139.8, 128.4, 127.1, 121.7, 120.8, 71.8, 71.0, 69.6, 67.1, 66.6, 66.3, 60.4, 58.1, 

54.3, 52.6, 38.7, 35.2, 30.2, 17.7.  
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Figure S11: PFNG9 1H NMR with trace dioxane and acetone. 

 
Figure S12: PFNG9 13C NMR  
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Sample Preparation 

Potassium bromide (KBr, 99.99 % purity) was obtained from Sigma-Aldrich. 

Tetraethylammonium bromide (> 98.0 % purity) (TEAB) from TCI Chemicals, and 

calcium bromide (CaBr2, extra pure) from Fisher Scientific. All chemicals were used 

as received. Stock solutions of 11 mg/mL PFNG9, 5.0 M KBr, 7.0 M LiBr, and 7.0 M 

TEAB were prepared using degassed (argon) HPLC grade water (Sigma-Aldrich). 

The PFNG9 stock was stirred at 70 °C for 6 hrs in a light protected vial. The salt 

stocks were stirred and heated at 70 °C for 15 min to guarantee all salt crystals were 

fully dissolved.  

 The PFNG9 concentration was fixed at 4.624 mg/mL for all solutions. 

Samples containing 5.0 M KBr were made with solid KBr; samples at 0.5 M and 2.5 

M KBr were made using degassed KBr stock. The order of addition was as follows: 

KBr, HPLC water, PFNG9. Samples were stirred at 250 rpm at 70 °C for 6 hrs. 

Samples were allowed to cool to room temperature before any analysis was 

performed and care was taken to limit ambient light exposure. All other samples 

containing TEAB or CaBr2 were made using degassed salt stocks in using the same 

prep described above. 

Microscopy. Images were acquired using a Leica DM5500 B widefield microscope 

equipped with a Leica DCF360 monochrome camera using ∞/0.17/o, HCX PL 

FLUORTAR 10x/0.3 and ∞/0.17/o, HCX PL FLUORTAR 40x/0.75 objectives. 

When needed, a plastic scoopula was used to dislodge the coacervate phase from the 
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stir bar and sides of the vial. Samples were then mixed to homogenize the dilute and 

coacervate phases. Samples were excited using the following: 

 *Blue Channel (A4): excitation at 340-380 nm; emission at 450-490 nm 

 *Green Channel (GFP): excitation at 450-490 nm; emission at 500-550 nm 

 The A4 filter was chosen to select for the emission of the dilute phase and a 

GFP filter was used to select for the emission of the coacervate phase. Samples were 

also imaged using transmitted light DIC when using a 40x objective.  

 Five images of samples containing 2.5 M and 5.0 M KBr respectively were 

analyzed using the ImageJ-based software Fiji. ImageJ was used to identify the 

circumferences of coacervate droplets and measure their diameters (Figure X). 

 A Leica SP5 Confocal Microscope was used to collect PL spectra from 

regions of interest  in an image after performing a xyλ scan, in which the excitation 

wavelength was fixed, and the detected emission wavelength was scanned in 5-nm 

increments. Images were collected using a 20x/0.75 objective at 16-bit resolution. xyλ 

scans were taken while exciting with 405, 458, 476, and 496 nm laser lines, and 

emission was detected out to 750 nm.  

Steady-State Photoluminescence Spectroscopy. Steady-state PL was collected 

using a home-built laser system described previously.1 Samples were excited in a 

front-face geometry with 375-nm light from a pulsed picosecond diode laser (BDS-

SM Series, Becker & Hickl GmbH), and emission was collected between 400-700 nm 

using a PIXIS 100 CCD (Princeton Instruments). 

Time-Resolved Photoluminescence Spectroscopy. Bulk-solution time-resolved 

photoluminescence (TRPL) measurements were collected using time-correlated 
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single photon counting. Details of the home-built laser system and experimental setup 

have been described previously.7 Samples were excited at 375 nm using a pulsed 

picosecond diode laser (BDS-SM Series, Becker & Hickl GmbH) or at 445 nm using 

a pulsed supercontinuum picosecond laser (Super K EXTREME, NKT Photonics) 

coupled to an acousto-optic filter and an external RF driver (Super K SELECT, NKT 

Photonics). The excitation beam was vertically polarized, and emission was collected 

in a front-face geometry with the emission polarizer set to the magic angle. PL 

lifetimes were determined using forward convolution with the measured instrument 

response function taken using a scattering Ludox sample. This was done using least-

squares minimization via the DecayFit MATLAB package developed by Soren Preus 

(Fluorescence Decay Analysis Software 1.3, FluorTools, www.fluortools.com). A 

sum-of-exponentials model was used for the decay. 

 Fluorescence lifetime imaging (FLIM) measurements were carried out using a 

Zeiss LSM 980 NLO confocal microscope (Becker-Hickl TCSPC FLIM). Samples 

were excited using a 445-nm laser line, and PL was collected using a 590/50 nm filter 

cube. Images were collected using a 512 x 512 pixel resolution and a 50-s collection 

time. Fluorescence lifetime averages and distributions were determined using the 

SPCImage 8.5 NG software via the maximum likelihood estimation method.  

Cryo-TEM. A sample droplet of 4 µL at 4.624 mg/mL PFNG9 and 5.0 M KBr was 

deposited on a C-flat holey carbon-coated TEM support grid (CF-2/2-2C from Electron 

Microscopy Services-EMS) previously glow-discharged (PELCO easyGLOW) using 

15 mA for 30 s. The sample was blotted for 2.5 s using a Vitrobot Mark IV (FEI 

about:blank
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Company) at 22 °C and ~100% humidity and sequentially fast-plunged into liquid 

ethane. 

The images were aquired using 1-s exposure on a 4k x 4k CETA CCD Camera 

coupled to a ThermoFischer Glacios cryo-TEM operating at 200 kV. Images were 

collected at a nominal 2Å pixel size, 73,000 x magnification, and -3.5 µM defocus. 

Fiji – ImageJ was used for data analysis. 

III.2 Supporting Information 

Optical Microscopy. 

 Figure AIII.13 shows PL microscopy images of PFNG9 with no added salt at 

the fixed polymer concentration (4.624 mg/mL) used throughout this study. Images 

show fully dissolves solutions and a strong fluorescence signal when using the A4 

excitation and emission (Figure AIII.13A) filter. Figure AIII.14 shows the 

progression from fractal-like particles to the formation of droplets with increasing 

concentration of KBr. This is accompanied by a change in the photophysics where the 

particles at 2.5 M fluoresce within both the blue and green channels, but the droplets 

formed at 5 M show a darkening in the blue channel. Figures AIII.15-AIII.17 show 

 

Figure AIII.13: PL microscopy images of 4.624 mg/mL PFNG9 with three different 
filter settings. (A) Excitation bgetween 340-380 nm and emission between 450-490 nm. 
(B) Excitation from 450-490 nm and emission between 500-550. (C) Excitation between 
540-580 nm and emission between 540-608 nm. 
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microscopy images of PFNG9 with varying LiBr, tetraethylammonium bromide 

(TEAB), and CaBr2. Figures show that PFNG9 remains fully dissolved regardless of 

LiBr or TEAB concentrations where the dark circular area in Figure AIII.16A is 

simply a trapped air bubble between the microscope slide and coverslip evident by 

the lack of fluorescence. Figure AIII.17 shows that PFNG9 phase separates into 

fractal precipitant-like particulates when exposed to CaBr2, with no evidence of 

droplet formation occurring at the representative concentrations. Additionally, these 

images represent PL (ex: 450-490 nm, em: 500-550 nm) that is distinctly different 

from the sample found to undergo coacervation (Figure AIII.14C and AIII.14F).  

 

 

 

Figure AIII.14: Fluorescence Microscopy images of PNFG9 with (A and D) 0.5 M 
KBr, (B and E) 2.5 M KBr, and (C and F) 5.0 M KBr using two different filters. Blue 
channel (A-C): Ex: 340-380 nm, Em:450-490 nm. Green channel (D-F) Ex: 450-490 
nm, Em: 500-550 nm. 
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Figures AIII.18 and AIII.19 show fluorescence recovery of the dilute solution 

and droplets by comparing original PL intensity, PL intensity after a ~90-s mercury 

lamp exposure, and PL intensity after a 30 min dark period.  

 

 
Figure S15: Fluorescence Microscopy images of PNFG9 with (A) 3.0 M LiBr, (B) 4.0 M 
LiBr, and 5.0 M LiBr (Ex: 450-490 nm, Em: 500-550 nm). 

 
Figure AIII.16: Fluorescence Microscopy images of PNFG9 with (A) 0.2 M TEAB, (B) 
2.5 M TEAB, and 5.0 M TEAB (Ex: 450-490 nm, Em: 500-550 nm) where the dark 
circular structure in panel A is a trapped air bubble.  

 
Figure AIII.17: Fluorescence Microscopy images of PNFG9 with (A) 0.5 M CaBr2, (B) 
2.5 M CaBr2, and 5.0 M CaBr2 (Ex: 450-490 nm, Em: 500-550 nm).  
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Figure AIII.18: Fluorescence intensity recovery 
using excitation from 340-380 nm and emission 
from 450-490 nm. 
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Steady-State Spectroscopy. 

 Figure AIII.20 shows steady-state PL spectra of bulk PFNG9 solutions 

without added salt and with 0.5, 2.5, and 5.0 M KBr. Measurements were taken in 

triplicate. Dotted lines indicate averaged spectra. Figure AIII.21A shows the averaged 

spectra plotted together and indicates PFNG9 sampled with KBr are all redshifted 

relative to the no-salt control. Panel S21B shows the dilute phase and the 

concentrated coacervate phase PL of the PFNG9 sample with 5.0 M KBr. The dilute 

phase was separated from the concentrated phase by ultracentrifugation. The 

concentrated phase was separated from the dilute phase by carefully scraping the 

viscous build-up from the sides of the glass vials and stir bar with a plastic scoopula 

and depositing it on a standard glass microscope slide, which was then covered with a 

coverslip and Kapton taped to minimize evaporation. PL was then taken by exciting 

 
Figure AIII.19: Fluorescence intensity recovery using excitation from 450-490 nm and 
emission from 500-550. 
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the sample in a front-face geometry at a 45º angle at 375 nm. The concentrated 

coacervate phase was found to fluoresce more weakly compared to the dilute phase.  

  

 

Figure AIII.20: Three trials of steady-state PL of bulk solutions (i.e., 
dilute and concentrated phases together) are shown along with the 
averaged spectrum for (A) PFNG9, and PFNG9 with (B) 0.5 M KBr, (C) 
2.5 M KBr, and (D) 5.0 M KBr. 

 

Figure AIII.21: (A) Normalized steady-state PL comparison of bulk 
solutions of PFNG9 without added salt and with increasing concentration 
of KBr. (B) PL intensity comparison between the concentrated phase of 
PFNG9 with 5.0 M KBr and the dilute phase. The collection times refer 
to how long the detector was allowed to receive emitted light from the 
sample during the experiment.  
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Figure AIII.22 shows steady-state PL collected using an xyλ scan on a 

confocal microscope. PL signal was collected in triplicate and the average spectra are 

shown as black dotted lines. The averaged spectra are then compared in Figure 

AIII.22D to highlight differences in PL signatures between the dilute solution and the 

concentrated phase, and how the droplet PL is dependent on excitation wavelength.  

 

 

 

 

Figure AIII.22: Normalized triplicate PL measurements collected using 
confocal xyλ scans shown with averaged spectra for (A) the dilute phase 
excited at 405 nm, (B) droplets excited at 405 nm and (C) 458 nm. (D) 
shows averaged PL spectra of dilute phase and droplets plotted together.  
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Cryo-TEM. 

 Figure AIII.23A shows a cryo-TEM image of a coacervate droplet. The dark 

regions correspond to fluctuations in local KBr concentration near the onset of 

crystallization. The latter was confirmed by the presence of weak Bragg reflections at 

large scattering angles. Figure AIII.23B shows another image in which multiple 

droplets overlap with one another. 

 

 

 
Figure AIII.23: Cryo-TEM 
image of coacervate droplets 
exhibiting inhomogeneous 
contrast regions within the 
droplet interior (A). (B) shows 
an image of several overlapping, 
mesoscale coacervate droplets. 
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Time-Resolved Photoluminescence Spectroscopy. 

 Figure AIII.24 shows TRPL 

decays for bulk solutions of PFNG9 with 

no added salt and with 0.5, 2.5, and 5.0 M 

KBr excited at 375 nm; emission was 

collected at 420 nm. Figure AIII.24A 

shows a slight increase in PL lifetime 

with increasing KBr.  The short 

component of each lifetime and the 

average lifetime for each [salt] are plotted 

in panel S24B. Figure AIII.25 shows 

TRPL decays for the separated 

concentrated phase as described above. 

Samples were excited at 375 nm, and 

emission was collected at 420, 460, 500, and 600 nm respectively. A gradual increase 

in average PL lifetime is seen when collecting at redder emission wavelengths. The 

largest average lifetime was 1.34 ns.  

 

 
Figure AIII.24: (A)TR-PL decays 
found for bulk solution of PFNG9 with 
increasing concentrations of KBr. (B) 
Shows the faster component of the bi-
exponential decay lifetime plotted 
along with <τ>. 

 



210 
 

 

 
Figure AIII.25: TR-PL decays of the 
concentrated phase of PFNG9 with 5.0 M KBr 
where excitation was fixed at 375 nm and the 
wavelength of emission collected was varied.  
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Figure AIII.26 shows FLIM images and PL lifetime distributions for 9 droplets 

excited at 445 nm and emission collected at 590/50 nm. 

References 

(1) Pu, K.-Y.; Wang, G.; Liu, B. Design and Synthesis of Conjugated 

Polyelectrolytes; John Wiley & Sons Inc., 2013. 

(2) Heathcote, R.; Howell, J. A. S.; Jennings, N.; Cartlidge, D.; Cobden, L.; Coles, S.; 

Hursthouse, M. Gold( i )–Isocyanide and Gold( i )–Carbene Complexes as Substrates 

 

Figure AIII.26: FLIM lifetime distributions from 9 different coacervate droplets where 
the color coding of the PL lifetime histogram matches the colors displayed in the images. 
Lifetime heat maps for the corresponding droplets are shown as insets.  



212 
 

for the Laser Decoration of Gold onto Ceramic Surfaces. Dalton T 2007, 0 (13), 

1309–1315. https://doi.org/10.1039/b617347k. 

(3) Meng, B.; Song, H.; Chen, X.; Xie, Z.; Liu, J.; Wang, L. Replacing Alkyl with 

Oligo(Ethylene Glycol) as Side Chains of Conjugated Polymers for Close π–π 

Stacking. Macromolecules 2015, 48 (13), 4357–4363. 

https://doi.org/10.1021/acs.macromol.5b00702. 

(4) Wang, H.; Lu, P.; Wang, B.; Qiu, S.; Liu, M.; Hanif, M.; Cheng, G.; Liu, S.; Ma, 

Y. A Water‐Soluble Π‐Conjugated Polymer with up to 100 Mg · ML−1 Solubility. 

Macromol Rapid Comm 2007, 28 (16), 1645–1650. 

https://doi.org/10.1002/marc.200700221. 

(5) Huang, F.; Wu, H.; Wang, D.; Yang, W.; Cao, Y. Novel Electroluminescent 

Conjugated Polyelectrolytes Based on Polyfluorene. Chem Mater 2004, 16 (4), 708–

716. https://doi.org/10.1021/cm034650o. 

(6) Pu, K.; Liu, B. Conjugated Polyelectrolytes as Light‐Up Macromolecular Probes 

for Heparin Sensing. Adv Funct Mater 2009, 19 (2), 277–284. 

https://doi.org/10.1002/adfm.200800960. 

(7) Johnston, A. R.; Perry, S. L.; Ayzner, A. L. Associative Phase Separation of 

Aqueous π-Conjugated Polyelectrolytes Couples Photophysical and Mechanical 

Properties. Chem. Mater. 2021, 33 (4), 1116–1129. 

https://doi.org/10.1021/acs.chemmater.0c02424. 



213 
 

Chapter 5 

 

Donor/Acceptor Complex Coacervates via Liquid/Liquid Phase 

Separation of Conjugated Polyelectrolytes 
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Abstract: Liquid complex coacervate phases highly enriched in polyelectrolytes have 

gained interest in origin of life studies, and more recently in materials applications. 

Thus far, formation of an electronically active complex coacervate has been 

challenging. Strong electrostatic interaction of typical polyelectrolyte sidechains 

coupled with the strong π-electron interactions of conjugated systems have proved to 

favor the solid state. In this study, we show that a conjugated polyelectrolyte complex 

(CPEC) containing a copolymer with alternating ionic and oligo(ethyleneglycol) 
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(oEG) sidechains undergoes liquid/liquid phase separation at high ionic strength to 

form electronically active, liquid coacervate droplets. We believe this is the first 

demonstration of the formation of a liquid semiconducting complex coacervate phase 

containing an excited state energy donor/acceptor pair. We find that semiconducting 

complex coacervate is intrinsically excitonically coupled, and that electronic energy 

transfer occurs from donor to acceptor within the dense coacervate droplets. We 

observe that the K+ – ethylene glycol interaction is key to the formation of this phase. 

We believe that our results have intriguing implications for optoelectronic 

applications and are of fundamental significance to furthering understanding of soft-

matter. 

5.1 Introduction 

The process of liquid/liquid phase separation (LLPS) has been the subject of 

research across multiple domains of inquiry from the biological to the materials-

centric.1–7 Commonly, this process involves an aqueous macromolecular solution 

spontaneously phase-separating into a dilute solution and a viscoelastic liquid phase 

that is highly enriched in macromolecules. Specifically, oppositely charged 

polyelectrolytes often complex and undergo associative LLPS to form such 

concentrated viscoelastic liquid states called complex coacervates.3,8–11 It is this 

highly polyelectrolyte-enriched complex coacervate phase that is the primary focus of 

fundamental interest in biophysics and polymer physical chemistry as well as in 

applications for soft materials.  
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Formation of complex coacervates based on electronically inactive, non-

conjugated polyelectrolytes has been studied extensively. In contrast, much less is 

known about such systems when the backbone of the polyelectrolyte is conjugated. 

Formation of a fully conjugated complex coacervate is of particular interest. The 

highly crowded coacervate environment with substantially delocalized π-electrons 

would support long-range motion of both electronic excited states and electronic 

charge (electrons or holes). At the same time, the liquid nature of this state would 

allow for molecular diffusion and a local concentration of reactants. These properties 

are attractive from the perspectives of developing environmentally benign light-

harvesting and electronic soft materials.  

We have previously shown that even when only one of the two oppositely 

charged polyelectrolytes is conjugated, the combined system strongly favors the solid 

or the colloidal gel state upon aqueous phase separation.2 No liquid coacervates were 

observed in the presence of either LiBr, KBr or CsBr across a large range of salt 

concentrations. Danielson, et al. observed associative phase separation using one 

conjugated and one non-conjugated polyelectrolyte in water/tetrahydrofuran mixtures 

and no added salts.12 However, little evidence was presented for the formation of a 

viscoelastic liquid state.  

We have recently shown that when two oppositely charged conjugated 

polyelectrolytes (CPEs) are complexed together at a 1:1 polycation/polyanion charge 

ratio, the concentrated phase that forms upon aqueous phase separation is a complex 

fluid.2 The mechanical response of the complex fluid was dominated by the storage 
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modulus, showing that the concentrated phase was not a viscoelastic liquid. This 

remained true in the absence of excess salt and with substantial amounts of atomic 

and molecular ions. In the presence of a chemical series of molecular ions and in the 

limit of large ionic strength (~2.0 M excess salt), the system transitioned into the one-

phase region as the complex fluid dissolved away. No liquid coacervate phase 

transition was observed between the solid-like complex fluid phase and the fully 

dissolved liquid at high salt.  

We hypothesized that the reason for the difficulty of stabilizing a CPE 

coacervate state was primarily due to the strong propensity for extended inter-chain 

interactions via π-stacking, which strongly favor the solid and solid-like (complex-

fluid and colloidal-gel) phases. When two CPEs are complexed near their ionic 

charge equivalence, the loss of net polyelectrolyte charge coupled with extensive π-

stacking leads to the formation of amorphous solid domains. We reasoned that one 

strategy to stabilize the fully-conjugated complex coacervate state could be to modify 

the sidechain character of one CPE by the addition of highly polar but nonionic 

sidechains. We hypothesized that the enhanced dipolar interactions with solvent 

molecules and small ions, and the potentially additional steric hindrance, could 

compete with the propensity to form extended π-stacked regions.   
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5.2 Results and Discussion 

To test our hypothesis, 

we synthesized a series of 

novel polyfluorene-based CPEs 

copolymers bearing charged 

alkylammonium sidechains on 

one monomer and 

oligo(ethyleneglycol) (oEG) 

sidechains with a variable 

number of  repeat units on the 

other. Herein we refer to the 

polymers as PFNGX, where X 

is the length of the oEG 

sidechain in ethyleneglycol units per sidechain: X = 6, 9, 12 in this work, as shown in 

Figure 5.1. We then complexed these cationic CPEs with a common anionic CPE 

based on a poly(cyclopentadithiophene-alt-phenylene) backbone (NaPCPT). The 

spectral overlap between the photoluminescence (PL) spectra of the PFNGX series 

and the optical absorption spectrum of NaPCPT shows that the PFNGX’s serve as 

excited-state (exciton) donors with respect to NaPCPT, which correspondingly acts as 

an exciton acceptor (Figure 5.1 bottom left). We find that in the presence of KBr in 

the high-ionic-strength limit, the PFNGX:NaPCPT solution undergoes associative 

LLPS to form a complex coacervate phase for all X interrogated in this work.   

Figure 5.1: Left shows chemical structures of the 
energy donor CPEs PFNG6, PFNG9, and PFNG12 
collectively referred to as PFNGX. Top right shows 
the chemical structure of the energy acceptor CPE, 
NaPCPT. Bottom right shows absorbance (OD) and 
photoluminescence (PL) of all CPEs. 
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We observed 

LLPS when [KBr] 

was of order 2.5 M. 

The number density 

of coacervate droplets 

increased 

substantially as [KBr] 

reached 5.0 M; for 

this reason, we 

focused this 

investigation on this 

salt concentration. 

Figure 5.2A-5.2C 

shows widefield 

microscopy images of 

PFNG9:NaPCPT at 

5.0 M KBr using 

different excitation and emission wavelength bands. We found that, not only was high 

ionic strength necessary to observe complex coacervate formation (Figure AIV.3), 

but that LLPS was specific to the presence of the K+ cation (Figure AIV.4 and 

AIV.5). This is consistent with our recent work on the simple coacervation of PFNG9 

discussed in Chapter 4. 

Figure 5.2: Fluorescence microscopy images of 
PFNG9:NaPCPT with 5 M KBr using (A) 360 ± 20 nm 
excitation and 470 ± 20 nm emission, (B) 470 ± 20 nm 
excitation and 525 ± 25 nm emission, and (C) 560 ± 30 nm 
excitation and 625 ± 37 nm emission. (D) shows and overlay of 
all fluorescence images for the PFNG9:NaPCPT complex, (E) 
shows an overlay for the PFNG6:NaPCPT complex, and (F) 
shows an overlay for the PFNG12:NaPCPT complex. 
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Panels 1D-F show overlayed images from all three filters for the entire 

PFNGX:NaPCPT series at 5.0 M KBr. We find significant differences in complex 

coacervate droplet size distribution and diffusion coefficient as a function of  X. 

Diameters of droplets formed from the PFNG6:NaPCPT solution with 5.0 M KBr 

were found to approach the sub-micron resolution limit of the widefield microscope 

and were only resolvable at the highest magnification (i.e. 63x/0.6-1.4 oil objective, 

Figure AIV.1). These droplets were also found to have relatively low viscosity and to 

be highly mobile which presented difficulties during confocal imaging. Diameters of 

droplets and the apparent droplet viscosity of the PFNG9 and PFNG12:NaPCPT:5 M 

KBr complex coacervates were found to be significantly larger than with PFNG6 and 

comparable to one another (Figure 5.2 and AIV.5). Thus, to keep the initial 

investigation tractable, we focused this inquiry on the PFNG9:NaPCPT complex 

coacervates, with specific comparisons to the PFNG12:NaPCPT droplets where 

appropriate. 

The PFNG9:NaPCPT and PFNG12:NaPCPT images show that that the 

coacervate droplets are multicompartmental, with possible dilute phase trapped 

between concentrated-phase regions. Although images for all excitation/emission 

bands for all exciton donor CPEs are shown in the Supporting Information, in Figure 

5.2 we focus our attention on the individual filter settings for PFNG9. The 

excitation/emission settings in Figure 5.2B predominantly display PL due to PFNG9, 

whereas the filter characteristics used to capture the PL image in Figure 5.2C are 

NaPCPT-centric. It is intriguing that the droplets show regions where PFNG9 or 

NaPCPT PL signal is separately enhanced, suggesting an inhomogeneous spatial 
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distribution of the cationic and anionic CPEs within the multicompartmental droplets. 

For example, comparing Figure 5.2B with 5.2C shows that quasi-circular regions in 

the larger overarching droplets contain a shell of enhanced NaPCPT PL, whereas the 

connecting regions between the droplet sub-domains display enhanced PFNG9 light 

emission. 

 The structure of the compartments within the complex coacervate droplets of 

the PFNG9:NaPCPT samples with 5.0 M KBr are also highlighted in Figure 5.3 by 

images of a large droplet at three different focal planes along the lab-frame z-axis. 

Further evidence 

for the 

coacervate liquid 

state is shown by 

the coalescence 

of small droplets 

and Ostwald 

ripening of 

smaller droplets 

into larger 

droplets 

displayed in 

Figure 5.3D-I. 

These 

observations 

Figure 5.3: Fluorescence microscopy images of PFNG9:NaPCPT 
with 5.0 M KBr using 360 ± 20 nm excitation and 470 ± 20 nm 
emission. Panels A-C show images from three different focal planes 
of a Z-stack to highlight the multicompartmental structuring of the 
complex coacervate droplets. Panels D-F show coalescence of two 
small droplets. Panels G- I show Ostwald Ripening of a small droplet 
into a larger droplet structure.  
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stand in stark contrast to the microscopy of the donor/acceptor CPE complex fluid 

phases that we recently reported.13  

To 

better 

understand 

the 

composition 

of the CPEC 

solution and 

the complex 

coacervate 

droplets, we 

used a 

combination 

of steady-

state spectroscopy and confocal scanning PL microscopy. Due to the unique 

absorption and emission spectra of the exciton donor and acceptor CPEs, we are able 

probe the two polymers within the CPECs separately. Figure 5.4A shows the steady-

state absorption spectra of bulk complex solutions at 5.0 M KBr, which shows 

distinct absorption bands for the PFNG9 and NaPCPT. Interestingly, the NaPCPT 

absorption spectrum is redshifted compared to NaPCPT in isolation, likely indicating 

a relative extension of NaPCPT chains upon complexation. Figure 5.4B shows that 

when preferentially exciting PFNG9 at 375 nm, the PL of this donor CPE (λmax ~450 

Figure 5.4: Steady state absorbance (A) and fluorescence (B) of PFNG9 
and NaPCPT in isolation (blue and red curves) and complexed in a 5M 
KBr solution (dotted black curve). Normalization in panel A shows a 
spectral shift of the CPEC to lower energies. Panel B shows dramatic 
quenching of PFNG9, and a vibronic ratio shift for NaPCPT. (C) 
Differences in steady state PL spectra intensities from the highlighted 
ROI in panel D are shown.  
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nm) is highly quenched compared to isolated PFNG9, and that the PL from the 

acceptor NaPCPT (λmax ~600 nm) is pronounced. This was the case for the entire 

PFNGX:NaPCPT series at 5.0 M KBr (Figure AIV.9) and is evidence of energy 

transfer from PFNGX to NaPCPT occurring in bulk solution. This implies that, even 

when electrostatic interactions are strongly screened, the donor and acceptor CPEs are 

located within a Förster radius of each other.  

When preferentially exciting the donor PFNG9 during the collection of 

widefield microscopy images, the coacervate droplets appear dark compared to the 

surrounding solution. However, we find that the droplets do indeed still fluoresce 

when exciting PFNG9 directly (Figure AIV.7). This indicates that the energy donor 

CPE exists in both the coacervate droplets and the supernatant phase. Additionally, 

fluorescence from the two longer wavelength fluorescence filters. (i.e., 470 ± 20 nm 

excitation and 525 ± 25 nm emission (green channel), and 560 ± 30 nm excitation and 

625 ± 37 nm emission (red channel)) indicates that the acceptor CPE is also present in 

both phases (Figure 5.2B, 5.2C, AIV.5, and AIV.6). This, along with the absorption 

and emission spectra shown in Figure 5.4A and 5.4B, imply that a CPEC has formed 

instead of the two CPEs partitioning into separate phases. When exciting at 360 ± 20 

nm and collecting emission at 470 ± 20 nm, the PL intensity from the droplets is 

found to increase with exposure time (Figure AIV.8). We believe this is due to the 

increase in thermal energy, which reduces the viscosity of the coacervate droplets. 

This likely allows donor and acceptor chains to separate from one another and result 

in a partial dissociation of the complex. Thus, PL of the donor that was originally 

quenched by a nearby acceptor CPE chain in these areas could then partially recover. 
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These observations suggest that, at such large ionic strengths, the oppositely charged 

CPEs are relatively weakly bound.   

To gain a deeper understanding of the composition of the supernatant and 

complex coacervate phases, and the regions of high PL intensity, we used confocal 

laser scanning microscopy. Figure 5.4C shows PL from different regions of interest 

(ROI) of a confocal image where PFNG9:NaPCPT with 5.0 M KBr samples were 

excited with 405 nm light. We found the ROI with larger PL intensity corresponded 

with greater emission from PFNG9 (i.e. ~400-525nm). This further supports the idea 

of excess thermal energy leading to a partial unwinding of the complex. The low PL 

intensity ROI showed emission close to that of the surrounding solution, suggesting 

the darker regions correspond to trapped dilute phase within the coacervate droplets. 

A PL comparison between PFNG9:NaPCPT:5M KBr and PFNG12:NaPCPT:5M KBr 

PL in ROI with no intensity changes is shown in Figure 5.5. Panels A and B show 

droplet ROI where the dotted black line shows the averaged spectrum over many 

ROI. We observed an on average larger PL intensity from the exciton acceptor 

NaPCPT when exciting at 405 nm. This is indicating partial quenching of PFNG9 and 

12 within the complex coacervate droplet. Panel B shows varying PL intensity of 
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PFNG12 

across 

different 

ROI. This 

suggest the 

longer oEG 

chains may 

lead to more 

loosely 

associated 

CPECs 

through 

increased 

steric hindrance, and increased emission from PFNG12 chains not undergoing exciton 

transfer to the acceptor CPE. PL from ROI associated with the surrounding solution 

(Figure 5.5C and 5.5D) were found to closely resemble that of the bulk solution 

measurements (Figure AIV.9) further confirming exciton transfer occurring in this 

phase and the CPEs existing in a dissolved state as a closely associated pair.  

An understanding of PL lifetime is of fundamental importance to the 

application of new material for optoelectronic applications. To gain an understanding 

of PL lifetimes of the supernatant and complex coacervate phases formed in this 

study we used a combination Time-Resolved Photoluminescence Spectroscopy 

(TRPL) for bulk samples, and Fluorescence Lifetime Imaging (FLIM) techniques to 

Figure 5.5: Steady-state PL of droplets (A and B) and surrounding 
solution (C and D) exciting at 405 nm. Panels A and C show PL from 20 
ROIs of a PFNG9:NaPCPT:5M KBr solution. Panels B and C show PL 
from 20 ROIs of a PFNG12:NaPCPT:5M KBr solution. Dotted black 
lines represent averaged spectra.  
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zoom in on individual 

droplets. Figure 5.6A 

shows the lifetime 

distribution found for 

PFNG9:NaPCPT:5M KBr 

droplets was ~560 ps. The 

center of the droplet was 

found to differ slightly 

from the edge of the 

droplet, and the lifetime 

of the droplet overall was 

found to be ~200 ps 

longer than that of the 

bulk solution (Figure 

5.6B). A slight increase in 

PL lifetime was found for 

the PFNG12:NaPPCT:5M 

KBr sample (~620 ps, 

Figure AIV.12). In both 

cases, this was an increase in PL lifetime compared to the isolated donor CPE lifetime 

of 500 ps (Figure AIV.12A).  

Figure 5.6: Time-resolved PL of a PFNG9:NaPCPT:5 M 
KBr solution is shown were (A) is the fluorescence 
lifetime distribution found using FLIM with the colors 
corresponding to the colored image on the right of the 
distribution. The grey-scale image shows the ROI contains 
a coacervate droplet. (B) TRPL decays of bulk 
PFNG9:NaPCPT:5 M KBr solution (τ1= 350 ps, τ2= 1.05 
ns, <τ>= 360 ps) compared to the decays found for the 
droplet center (τ1= 260 ps, τ2= 1.01 ns, <τ>=  550 ps), the 
droplet edge (τ1= 270 ps, τ2= 1.06 ns, <τ>= 565 ps). 
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5.3 Conclusion 

In summary, we have demonstrated the rational design of a CPE chemical 

structure can be utitlized to form liquid semiconducting complex coacervate droplets. 

As shown in Chapter 4 and here, we find the interaction between ethyleneglycol units 

and K+ ions is critical in forming the coacervate phase. We find excited state energy 

transfer between the donor and acceptor CPEs occurs in the highly electronically 

coupled complex coacervate droplet phase. Addiotionally, we find that the number of 

ethyleneglycol units has only subtle influence on the complex coacervate 

photophysics. We believe this is of fundamental significance for light harvesting 

applications. The strong coupling between and electronic and ionic degrees of 

freedom can in principle be used to manipulate exciton migration within this 

semiconducting phase. These characteristics are likely desirable for optoelectronic 

applications in general or for catalysis.  
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Appendix IV

Supporting Information for 

Donor/Acceptor Complex Coacervates via Liquid/Liquid Phase Separation of 
Conjugated Polyelectrolytes 

IV.1. Experimental

 Sample Preparation. Potassium bromide (KBr, 99.99 % purity) was obtained from 

Sigma-Aldrich. Tetraethylammonium bromide (> 98.0 % purity) (TEAB) from TCI 

Chemicals, and lithium bromide (LiBr2, > 99.0 % purity) was obtained from Tokyo 

Chemical Industries (TCI). Poly(cyclopentadithiophene-alt-phenylene) derivative 

(NaPCPT) (MW=40,000 Da, PDI= 3), was obtained from 1-Material. All chemicals 

were used as received. Stock solutions of 100 mg/mL PFNG6/9/12 and 20mg/ml 

NaPCPT were prepared using degassed (argon) HPLC grade water (Sigma-Aldrich). 

All stocks were stirred at 70 °C for 2 hrs in a light protected vial.  

The PFNG6 concentration was fixed at 15.5 mg/mL, PFNG9 was fixed at 18.5 

mg/mL, PFNG12 was fixed at 21.5 mg/mL, and the NaPCPT concentration was fixed 

at 6.4 mg/mL. All salt containing samples were made by dissolving the appropriate 

amount of salt into solution, stirring at 350 rpm and heating at 70 °C for 7 hrs. 

Samples were allowed to cool to room temperature before any analysis was 

performed and care was taken to limit ambient light exposure. HPLC water used in 

sample prep was degassed before use with argon for a minimum of 20 minutes. Vial 

headspace was also degassed for a minimum of 5 minutes.  
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Microscopy. Images were acquired using a Leica DM5500 B widefield microscope 

equipped with a Leica DCF360 monochrome camera using ∞/0.17/o, HCX PL 

FLUORTAR 10x/0.3 and ∞/0.17/o, HCX PL FLUORTAR 40x/0.75 objectives and 

the following filters: 

*Blue: excitation at 340-380 nm; emission at 450-490 nm

*Green: excitation at 450-490 nm; emission at 500-550 nm

*Red: excitation at 560 ± 30 nm excitation and 625 ± 37 nm emission

A Leica SP5 Confocal Microscope was used to collect PL spectra from 

regions of interest  in an image after performing a xyλ scan, in which the excitation 

wavelength was fixed, and the detected emission wavelength was scanned in 5-nm 

increments. Images were collected using a 20x/0.75 objective at 16-bit resolution. xyλ 

scans were taken while exciting with 405, 514, and 594 nm laser lines, and emission 

was detected out to 750 nm.  

Steady-State Photoluminescence Spectroscopy. Steady-state PL was collected using 

a home-built laser system described previously. Samples were excited in a front-face 

geometry with 375-nm light from a pulsed picosecond diode laser (BDS-SM Series, 

Becker & Hickl GmbH), and emission was collected between 400-700 nm using a 

PIXIS 100 CCD (Princeton Instruments). 

Time-Resolved Photoluminescence Spectroscopy. Bulk-solution time-resolved 

photoluminescence (TRPL) measurements were collected using time-correlated 

single photon counting. Details of the home-built laser system and experimental setup 

have been described previously. Samples were excited at 375 nm using a pulsed 

picosecond diode laser (BDS-SM Series, Becker & Hickl GmbH) or at 500 nm using 
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a pulsed supercontinuum picosecond laser (Super K EXTREME, NKT Photonics) 

coupled to an acousto-optic filter and an external RF driver (Super K SELECT, NKT 

Photonics). The excitation beam was vertically polarized, and emission was collected 

in a front-face geometry with the emission polarizer set to the magic angle. PL 

lifetimes were determined using forward convolution with the measured instrument 

response function taken using a scattering Ludox sample. This was done using least-

squares minimization via the DecayFit MATLAB package developed by Soren Preus 

(Fluorescence Decay Analysis Software 1.3, FluorTools, www.fluortools.com). A 

sum-of-exponentials model was used for the decay. 

Fluorescence Lifetime Imaging (FLIM). FLIM measurements were carried out 

using a Zeiss LSM 980 NLO confocal microscope (Becker-Hickl TCSPC FLIM). 

Samples were excited using a 445-nm laser line, and PL was collected using a 590/50 

nm filter cube. Images were collected using a 512 x 512 pixel resolution and a 250-s 

collection time. Fluorescence lifetime averages and distributions were determined 

using the SPCImage 8.5 NG software via the maximum likelihood estimation 

method.  

about:blank
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IV.2 Supporting Information

Microscopy. 

Figure AIV.1 shows widefield fluorescence microscopy images of 

PFNG6:NaPCPT with 5.0 M KBr. Images show sub-micron distribution of complex 

coacervate droplets. Absorption and emission are observed from both CPEs indicated 

by the different emission filters and the overlay shown in panel S1D. Figure AIV.2 

shows similar images for the PFNG12:NaPCPT sample with 5.0 M KBr. Images 

show larger complex 

coacervate droplet 

structures with multiple 

compartments.  

Figure AIV.3 shows 

PFNG9:NaPCPT with 0.5 

and 2.5 M KBr. Panel S3A 

shows a small amount of 

precipitant like structures 

and panel S3B shows a 

small number of droplets in 

coexistence with precipitant 

like structures. Figure 5.2 of the main text shows equivalent images of 

PFNG9:NaPCPT with 5.0 M KBr. Figure AIV.4 shows PFNG9:NaPCPT with 0.5, 

Figure AIV.1: Fluorescence microscopy images of 
PFNG6:NaPCPT with 5M KBr using (A) 360 ± 20 nm 
excitation and 470 ± 20 nm emission, (B) 470 ± 20 nm 
excitation and 525 ± 25 nm emission, and (C) 560 ± 30 
nm excitation and 625 ± 37 nm emission. (D) shows and 
overlay of all fluorescence images. Images were taken 
using a 63x/0.6-1.4 oil objective and where contrast 
adjusted to highlight droplet structure. 



234 

2.5, and 5.0  M 

LiBr. Images 

show fully 

dissolved 

solutions with 

the exception of 

5.0 M LiBr 

having small 

amount of 

precipitant like 

structures in 

coexistence with 

the dissolved 

solution. Figure AIV.5 shows PFNG9:NaPCPT with 0.5, 2.5, and 5.0  M 

tetraethylammonium bromide (TEAB). Images show fully dissolved solutions except 

for 5.0 M TEAB having very small amounts of precipitant like structures in 

coexistence with the dissolved solution.  

Figure AIV.2: Fluorescence microscopy images of 
PFNG12:NaPCPT with 5M KBr using (A) 360 ± 20 nm excitation 
and 470 ± 20 nm emission, (B) 470 ± 20 nm excitation and 525 ± 
25 nm emission, and (C) 560 ± 30 nm excitation and 625 ± 37 nm 
emission. (D) shows and overlay of all fluorescence images. 
Images were taken using a 40x/0.75 air objective and where 
contrast adjusted to highlight droplet structure. 
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Figure AIV.6 shows confocal microscopy images of PFNG9 and 

PFNG12:NaPCPT with 5.0  M KBr excited at 594 nm and with emission collected 

out to 800 nm. These images show the existence of NaPCPT in the surrounding 

solution and in the droplets. Figure AIV.7 shows widefield images of  

PFNG19:NaPCPT with 5.0  M KBr and an intensity comparison between the droplets 

and surrounding solution using different excitation and emission filters. Figure AIV.8 

is showing an increase in PL intensity of PFNG9:NaPCPT with 5.0  M KBr droplets 

as a function of exposure time. 

Figure AIV.3: Fluorescence microscopy images of PFNG9:NaPCPT with 0.5M KBr 
(top) and 2.5 M KBr (bottom) using (A & D) 360 ± 20 nm excitation and 470 ± 20 nm 
emission, (B & E) 470 ± 20 nm excitation and 525 ± 25 nm emission, and (C & F) 560 
± 30 nm excitation and 625 ± 37 nm emission.  



236 

Figure AIV.5: Fluorescence microscopy images of 
PFNG9:NaPCPT with 0.5M TEAB (top row) and 2.5 M TEAB 
(second row), and 5.0 M TEAB (bottom row) using (A & D & 
G) 360 ± 20 nm excitation and 470 ± 20 nm emission, (B & E &
H) 470 ± 20 nm excitation and 525 ± 25 nm emission, and (C &
F & I ) 560 ± 30 nm excitation and 625 ± 37 nm emission.

Figure AIV.4: Fluorescence microscopy images of PFNG9:NaPCPT 
with 0.5M LiBr (top row) and 2.5 M LiBr (second row), and 5.0 M 
LiBr (bottom row) using (A & D & G) 360 ± 20 nm excitation and 
470 ± 20 nm emission, (B & E & H) 470 ± 20 nm excitation and 
525 ± 25 nm emission, and (C & F & I ) 560 ± 30 nm excitation and 
625 ± 37 nm emission.  
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Figure AIV.8: Fluorescence microscopy images of PFNG9:NaPCPT with 5M KBr 
using 360 ± 20 nm excitation and 470 ± 20 nm emission and a 40x/0.75 air 
objective. Frames were taken from supplemental video X were panels A-D are 
showing fluorescence intensity increase with light exposure time over 8 seconds.  

Figure AIV.6: Confocal laser scanning microscopy 
images of (A) PFNG9:NaPCPT:5M KBr and (B) 
PFNG12:NaPCPT:5M KBr where samples were excited 
at 594 nm and emission was collected from 604-800 nm. 
Based on excitation and emission wavelength choices, 
images show emission solely from the energy acceptor 
CPE NaPCPT. 

Figure AIV.7: 
Fluorescence microscopy 
images of 
PFNG9:NaPCPT with 5M 
KBr using (A) 470 ± 20 
nm excitation and 525 ± 
25 nm emission, and (B) 
360 ± 20 nm excitation 
and 470 ± 20 nm emission. 
Panel (C) is showing the 
fluorescence intensity of 
the droplets vs. 
supernatant solution (sln). 
Images were taken using a 
40x/0.75 air objective 
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Steady-State Spectrscopy. 

Figure AIV.9 shows steady state absobance of PFNG6/9/12 in panel S9A and 

absobance of the three CPECs in panel S9B. Panel S9C shows PL from PFNG6/9/12 

alone and within the CPEC with NaPCPT. Evidence of energy transfer is shown by 

the decrease in PL intenisty of PFNGX and a growth in of the PL intensity of the 

acceptor CPE. 

Figure AIV.10 shows 

steady-state PL generated 

form an xyλ-scan of PFNG9 

andPFNG12:NaPCPT 

samples with 5.0 M KBr 

excited at 514 nm. Figures 

show PL from the acceptor 

CPE within the droplets and 

the surrounding solution.  

Figure AIV.9: Steady state absorbance of (A) the PFNGX series, (B) the PFNGX:NaPCPT 
complexes with 5 M KBr, and (C) the fluorescence of the PFNGX CPEs in isolation (left) 
and in complexes (right) exciting at 375 nm. 

Figure AIV.10: Steady-state PL spectra of droplet ROIs 
(A and B) and solution ROIs (C and D) exciting at 514 
nm. Panels A and C are for PFNG9:NaPCPT:5M KBr 
solutions and panels B and D are for 
PFNG12:NaPCPT:5M KBr solutions. 
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Time-Resolved Photoluminescence Spectroscopy and Fluorescence Lifetime 

Imaging. 

Figure AIV.11 shows full FLIM images next to greyscale images of PFNG9 

and PFNG12:NaPCPT samples with 5.0 M 

KBr. Figure AIV.12A shows TRPL of  

PFNG6/9/12 CPES on their own giving 

similar lifetimes of ~ 500 ps. Panel S12B 

shows the lifetime distribution of 

PFNG12:NaPCPT with 5.0 M KBr to 

center around ~620 ps. Panel S12C shows 

TRPL of bulk solution compared to 

different locations with in the droplet to 

have very little variation in lifetime.  

Figure AIV.11: Full FLIM images and grey-scale 
images of PFNG9:PCPT:5M KBr (A and B) and 
PFNG12:NaPCPT:5M KBr (C and D). 

Figure AIV.12: Fluorescence lifetime 
decays of (A) PFNGX controls excited 
at 375 nm and collecting emission at 
420 nm. (B) shows a FLIM lifetime 
distribution and image for 
PFNG12:NaPCPT:5M KBr solution 
excited at 445 nm collecting emission 
at 590 nm. (C) Shows bulk solution 
lifetime decay compared to FLIM 
lifetimes collected from the center and 
edge of the droplet and the surrounding 
solution.  
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