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Structural elucidation of polydopamine facilitated by ionic liquid 
solvation
Abhishek Singha,b†, Thomas G. Masona†, Zhenzhen Lua, Anita J. Hillc, Steven J. Pasd, Boon Mia Teoa, 
Benny D. Freemane and Ekaterina I. Izgorodinaa*

Minimal understanding of the formation mechanism and structure of polydopamine (pDA) and its natural analogues, 
eumelanin impedes the practical application of these versatile polymers and limits our knowledge of the origin of 
melanoma.1–8 The lack of conclusive structural evidence stems from the insolubility of these materials, which has spawned 
significantly diverse suggestions of pDA’s structure in the literature.9,10 We discovered that pDA is soluble in certain ionic 
liquids. Using these ionic liquids (ILs) as solvents, we present an experimental methodology to solvate pDA, enabling us to 
identify pDA’s chemical structure. The resolved pDA structure consists of self-assembled supramolecular aggregates that 
contribute to the increasing complexity of the polymer. The underlying molecular energetics of pDA solvation and a 
macroscopic picture of the disruption of the aggregates using IL solvents have been investigated, along with studies of the 
aggregation mechanism in water.

1. Introduction
Among many of nature’s ubiquitous phenolics, polydopamine 
(pDA) has emerged as one of the most versatile materials in the 
last decade, with a fascinating set of interdisciplinary 
applications at the intersection of chemistry, physics, biology, 
and medicine.11–17 Associated with the biosynthetic pathways of 
eumelanin, pDA has been utilized as a versatile coating material 
with applications spanning the fields of surface 
functionalization, imaging, biosensing and photothermal 
therapy.1,18–24 Despite its significance in biomedical 
applications, the scientific community has faced challenges in 
the development of pDA-based chemistry due to its complex 
structural heterogeneity and complete insolubility in all 
traditional solvents, which have hindered the “complete” 
structural elucidation of pDA to date.9,25–29 Solid-state 
techniques (such as ssNMR, FTIR, MALDI-TOF, UV-Vis and 
RAMAN) have given rise to two schools of thought – a self-
assembled supramolecular aggregate of indoledione (IND) and 
dihydroxyindole (DHI) monomers (Fig. S1 B, C and H)10,30–36 or a 
covalent polymer connected via aryl-aryl linkages (Fig. S1D, and 

J).37,38 In both cases, the initial stage of polymerization of 
dopamine must go through auto-oxidation to generate cyclized 
dopamine-quinone structures that may polymerize further.

We envisaged ionic liquids as possible solvents to solubilize 
pDA due to their ability to interact through various methods 
including Coulombic forces given their charged nature, as well 
as dispersion interactions with a wide range of available 
chemical functionalities.39–42 For dissolution experiments, we 
screened a series of ILs, consisting of 1-ethyl-3-methyl 
imidazolium (C2mim+), N-butyl-N-methyl-pyrrolidinium 
(C4mpyr+) and triethyl-butyl-ammonium (N2224

+) cations (Fig. 
1A). Polydopamine was prepared in basic conditions as 
reported in the literature (see methods) and the thus 
synthesized polymer aggregates were used throughout the 
experiment.

2. Experimental Methods

2.1 Polymer dissolution in ILs and characterisations

Polydopamine was synthesized using the method reported in 
the literature.30 100 mg of dopamine HCL was oxidized in 50 ml 
of 10 mmol TRIS buffer (pH = 8.5). The solution changes colour 
from transparent to black and polymer precipitates. After 
centrifugation, the precipitate was collected and dried which 
was found to be insoluble in all common organic solvents. This 
precipitate was used for further characterization. Dissolution 
experiments were carried out by dissolving synthesized PDA 
into ionic liquids without any pre-treatment. 4 mg of pDA was 
added to 200 L of respective ILs in glass vials and heated 𝜇
without stirring on a heating plate at 100 C for 3 hours. Black ∘

coloured solution was then transferred to NMR tubes and 
solubility was confirmed by 1H-NMR. Nuclear magnetic 
resonance spectra were collected using a Bruker DRX-400 and 
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Bruker DRX-600 with signals reported in ppm and referenced 
against TMS. POM images were captured at 0, 1, 2, 4, 10, 20 and 
60, 90 and 130, 160, 210 mins after dissolving PDA in respective 
ILs and heating at 100 C. POM photomicrographs were ∘

obtained using a CCD camera (Flea3, Point Grey, Richmond, BC, 
Canada) coupled to a polarizing light microscope (Kozo XJP 300). 
All images were collected after the sample was cooled to room 
temperature followed by sonication for 2 mins. To detect the 
approximate solubility limit 1 mg of pDA was dissolved in 200 L 𝜇
of ionic liquid, the sample was heated, and POM images were 
collected at regular intervals as mentioned above. Once we 
could not see any particles with POM, 1 mg pDA was further 
added to the same sample vial and the process was repeated 
until the disappearance of particles ceases after heating for at 
least 120 minutes.
To investigate any change in the chemical nature of the pDA 
which might occur during the dissolution, polymer was brought 
back in the dry state by reprecipitating dissolved pDA from the 
ILs using preferential solubility of ILs in ethanol and acetone. For 
this purpose, ethanol was added to the 200 μL of dissolved 
solution of pDA in IL to make up to solution to the 30 mL and 
the resulting mixture was stirred vigorously in a closed 
container and centrifuged at 7500 amp. The transparent liquid 
was decanted from the mixture and filled again with ethanol up 
to 30 mL. The same procedure was repeated about 10 times till 
the polymer settled down in powder form (10 X 30 mL). After 
this, the powdered was washed with acetone and centrifuged 
using the above-mentioned procedures (2 X 30 mL) and dried in 
a vacuum oven at 50 °C for 12 hours to obtain the final product. 
This powder was used for powder X-ray diffraction, TEM, and 
FTIR characterisations. Powder x-ray diffraction (XRD) 
measurements were performed using a Bruker D8 ADVANCE 
Eco powder x-ray diffractometer (Bragg–Brentano –  𝜃 𝜃
geometry) with CuK  radiation (  = 1.5406 Å) at room 𝛼 𝜆
temperature and processed using the Bruker DIFFRAC SUITE 
software. The Fourier Transform Infrared (FTIR) spectrum was 
obtained using a Cary 630 FTIR Spectrometer. The morphology 
of pDA was measured by transmission electron microscopy 
(TEM). Images were obtained using a FEI Tecnai G2 T20 electron 
microscope, operated at 200 kV, using LaB6 emitter.

2.2 Aggregation mechanism via molecular dynamics simulations:

Polarisable molecular dynamics was undertaken using the modified 
forms of the OPLS-AA forcefield.43Water was described using the 
SWM4-NDP model proposed by Lamoureux et al.43 [C2mim][OAc] 
was described by the CL&Pol44  forcefield while OPLS-AA parameters 
were found using Ligpargen45 for each solute molecule. Atomic 
partial charges for each solute were calculated using SRS-MP2/cc-
pVDZ geometries at the M062X/cc-pVTZ level using the CHELPG 
partitioning scheme in Gaussian16.46 Atomic polarizabilities for all 
solute molecules were calculated via M062X/cc-pVTZ calculations in 
an applied electric field of 0.0008 au, with molecular properties 
decomposed into atomic contributions via Stone’s GDMA software 
and analysis scripts published by Heid et al.47,48 The same procedure 
was used when parameterizing the CLPol forcefield, which contains 
the atomic polarizabilities for [C2mim][OAc].49 Note that while the 

original publication by Padua and Goloviznina used the truncated 
SadleJ basis set, higher order basis functions were required for the 
calculations of the dimers to converge, therefore cc-pVTZ was used 
as an alternative.

All non-hydrogen atoms are considered polarizable, with 
polarizabilities of hydrogens summed onto the attached heavy 
atoms. Each Drude particle has a mass of 0.4 g mol-1 and is attached 
to the Drude core via a harmonic bond with a force constant of 4184 
kJ mol-1. Partial charges of each Drude particle are determined from 
the atomic polarizabilities, as .50 All hydrogens are 𝛂 = 𝒒𝟐

𝑫/𝒌𝑫

considered identical with ⍺ = 0.323 Å3. Polarizabilities for 
[C2mim][OAc] were taken from the CLPol forcefield, while values for 
each heavy atom in each solute were calculated here. Values are 
found in tables S1-4.

The addition of Drude particles requires scaling of Lennard-Jones 
terms to avoid overestimating polarization effects, with these scaling 
factors termed kij values by Padua et al.51 SAPT0/aug-cc-pVDZ 
calculations were performed over a range of separations for all 
solute-IL, IL-IL, solute-solute and solute-water interactions. The 
configuration with the greatest total interaction energy was taken 
and intermolecular interactions were calculated at the SAPT2+/aug-
cc-pVDZ level, with kij values calculated as a ratio of dispersion to 
induction:

𝑘𝑖𝑗 =
𝐸𝑑𝑖𝑠𝑝

𝐸𝑑𝑖𝑠𝑝 + 𝐸𝑖𝑛𝑑

Water-water interactions were not scaled as these are adequately 
described by the standalone SWM4-NDP forcefield. Lennard-Jones 
radii (σ) of simulations with [C2mim][OAc] were scaled by 0.985 as 
this is shown to improve density predictions.49 Simulations involving 
water had σ values scaled by 0.975. Required values for LJ scaling are 
shown in tables S5 and S6.

The indoledione terms were also used for every other solute 
molecule – SAPT2+/aug-cc-pVDZ calculations of the DHI-indoledione 
dimers are computationally unfeasible. Short range dipole-dipole 
interactions involving the Drude particles were reduced using Thole 
damping with ⍺ = 2.6, whilst polarization catastrophes were avoided 
by applying Tang-Toennies damping to the interactions involving the 
hydroxyl atoms and the Drude particles, with b = 4.5 and c = 1.52,53 All 
simulations were performed using OpenMM.54 Use of the 
temperature-grouped Nosé-Hoover thermostat properly maintains 
the temperature of atoms and Drude particles.55 The temperature of 
Drude cores was set to 300 K while Drude particles were thermalized 
to 1 K throughout the entire study. Pressure applied during 
equilibration was implemented through a Monte-Carlo barostat. A 
timestep of 1 fs was used and the particle-mesh-Ewald scheme was 
used to handle long-range electrostatics, with vdW and electrostatic 
interactions cut off at 12 Å. All bonds involving hydrogen atoms are 
constrained with the SHAKE algorithm. Velocities were modulated 
every 10 steps to prevent the center of mass of the simulation box 
from drifting. In each simulation, 20 π-systems were present along 
with 2000 water molecules or 500 IPs [C2mim][OAc] in a ~ 50 Å box. 
This means each simulation box contained either 20 monomers, 10 
dimers or 10 monomers mixed with 5 dimers. All simulations were 
equilibrated for 5 ns in the NpT ensemble at 300 K and 1 bar, and 
production simulations were ran at 300 K for 150 ns in water, and 
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200 ns in [C2mim][OAc]. Aggregation analysis was performed using 
the Gromacs gmx clustsize program with a 4 Å cut-off, using the 
entirety of each production simulation. Correlations between 
intermolecular distances and angles between the -systems of each 𝝅
solute molecule were calculated using TRAVIS.56

For example, consider the DHI simulations, structure A, in water. The 
average number of DHI molecules in the largest cluster was 
calculated as 11.6 when using a cut-off of 4 Å to determine which 
cluster each molecule resides in and then averaging across all frames 
of the trajectory. The cluster size was then given as a proportion of 
the 20 solute molecules in the simulation, for example 11.6/20 x 100 
% = 58.2 %. In the case of the two dimers, structures C and D, only 10 
solute molecules were present. The average number of molecules in 
the largest cluster in water was 8.2, or 8.2/10 x 100 % = 82 %. 

2.3 Energetics of solvation via ab-initio calculations

Computational investigations were undertaken using GAMESS-US57 
for geometry optimizations and single point energy calculations, at 
the FMO2-SRS-MP2/cc-pVDZ and FMO3-SRS-MP2/cc-pVTZ levels of 
theory respectively.58–61 The Fragment Molecular Orbital (FMO) 
theory has been discussed at length previously - here we will mention 
that FMO improves computational efficiency by parallelizing any 
computation over a number of physical nodes, enabling near linear 
scaling - a clear advantage over the O(N5) scaling of conventional 
second-order Møller-Plesset perturbation theory.62 Meanwhile, 
spin-ratio-scaled MP2, a method developed in our group, achieves 
CCSD(T) accuracy with the expense of a conventional MP2 
calculation, saving computational resources.63 After optimization 
with SRS-MP2, GAUSSIAN16 was used to investigate fluorescence of 
systems likely to facilitate photoexcitation, using time-dependent 
DFT at the B97XD/aug-cc-pVDZ level of theory. Thermal relaxation 𝝎
of excited states was achieved with excited state optimizations.

Intermolecular interaction energies were calculated using either 
GAMESS or Psi464 at the SRS-MP2/cc-pVTZ level.65 Boltzmann 
weighted intermolecular energy (EINT) was defined as follows:

𝑬𝑰𝑵𝑻(𝒂𝒗𝒆) =
∑𝑵

𝒊 = 𝟏𝑬𝑰𝑵𝑻,𝒊 ∙ 𝒆
― 

𝑬𝑰𝑵𝑻,𝒊

𝑹𝑻

∑𝑵
𝒊 = 𝟏𝒆

― 
𝑬𝑰𝑵𝑻,𝒊

𝑹𝑻

Where N is the number of energetically preferred configurations 
considered (usually 3) and i refers to the individual configuration.

The algorithmic differences of each software are cancelled out when 
finding energetic differences, therefore comparisons can be made 
between interaction energies calculated with either package. 
Molecular orbitals were obtained via GAUSSIAN16 using HF/cc-pVTZ, 
while atomic charges were computed using the surface-based 
Geodesic charge scheme available in GAMESS using the same 
computational method and basis set.66 It must be noted that gas-
phase geometry optimisations underestimate intermolecular 
distances in ionic liquid ions67 and therefore, the presented results 
on intermolecular energy should be considered the upper bound to 
those accounting for solvation energy of ionic liquids. 

2.4 Transition state calculations

Transition states were calculated at the B97xD/aug-cc-pVTZ level 𝝎
of theory with solvent corrections approximated using M05-2X/6-
311+G . The SMD solvation model was implemented here, the ∗∗

rationale being that M05-2X was used when parameterizing the SMD 

solvation model.68 Water was used as the solvent to mimic the 
conditions of polymerization.

Enthalpies (H) and entropies (S) were calculated using molecular 
partition functions,69 using the eigenvalues of the Hessian matrix 
generated from a Gaussian16 frequency calculation calculated at the 
same level of theory as the optimization, M06-2X/cc-pVDZ with SMD 
solvation ( = 80.4). Single point energy calculations provide the 𝝐
electronic energy of the system (E0), while the zero-point vibrational 
energy (ZPVE) must be added to increase the energy of that 
electronic minima to accurately represent the system at 0 K. 
Solubility studies were performed at 100 °C, and therefore 
temperature corrections were applied to the enthalpic terms to 
mimic experimental conditions.

Note that the temperature correction is necessary to provide 
corrections for additional translations, vibrations and rotations that 
occur at elevated temperatures for a given vibrational frequency, 𝝂𝒊

:70

𝑇𝐶 = 𝑅∑
𝑖

ℎ𝜈𝑖/𝑘𝐵

𝑒𝑥𝑝(ℎ𝜈𝑖/𝑘𝐵𝑇) ― 1
+

5
2𝑅𝑇 +

3
2𝑅𝑇

Transition state enthalpies were calculated using the following 
equation:

𝜟𝑯 ‡ = (𝑬𝟎 + 𝒁𝑷𝑽𝑬 + 𝑻𝑪)𝑻𝑺 ― (𝑬𝟎 + 𝒁𝑷𝑽𝑬 + 𝑻𝑪)𝒓𝒆𝒂𝒄𝒕𝒂𝒏𝒕𝒔

Entropic contributions are calculated using total entropy, given as a 
sum of electronic, vibrational, rotational and translational terms, 
with low energy vibrations treated using the hindered internal rotor:

𝜟𝑺 ‡ = 𝑺𝑻𝒐𝒕𝒂𝒍
𝑻𝑺 ― 𝑺𝑻𝒐𝒕𝒂𝒍

𝒓𝒆𝒂𝒄𝒕𝒂𝒏𝒕𝒔

with Gibbs free energies calculated as follows:

𝜟𝑮 ‡
𝒔𝒐𝒍𝒗 = 𝜟𝑮 ‡

𝒈𝒂𝒔 + 𝜟𝜟𝑮𝒔𝒐𝒍𝒗

where

𝜟𝑮 ‡
𝒈𝒂𝒔 = 𝜟𝑯 ‡ (𝝎B97xD/aug - cc - pVTZ, gas) ― 𝑻𝜟𝑺 ‡ (𝝎B97xD/aug - cc - pVTZ, gas)

and
𝜟𝜟𝑮𝒔𝒐𝒍𝒗 = 𝜟𝑮𝒔𝒐𝒍𝒗(M05 - 2X/6 - 311 + G ∗∗ ) ― 𝜟𝑮𝒈𝒂𝒔(M05 - 2X/6 - 311 + G ∗∗ )

For the anti-dimer, an energy barrier of 115 kJ mol-1 was obtained 
between the reactants and dimeric transition state, indicating that 
dimerization is plausible. To find the transition state of the reaction 
to form the syn-dimer, the central C-C bond of the dimer was 
elongated as though a radical addition was occurring. As such, 
energies of the monomers were calculated with doublet multiplicity. 
“Conventional” starting configurations resulted in both 2-2 and 2-3 
bonds forming in the transition state, whereas a stacking 
arrangement (in an “early” transition state) resulted in only the 
desired 2-2 bond forming. Subsequently, there is a large reduction in 
energy associated with the progression from the transition state to 
the product as a significant rearrangement is necessary. Regardless, 
a transition state barrier of 37.1 kJ mol-1 also shows that syn-dimer 
formation is plausible. Raw data for both transition states are shown 
in tables S9 and S10.

2.5 Experimental and Computational Fluorescence measurements

Experimental spectra were recorded over the course of a 
polymerization in water, and simulated spectra of monomeric, 
dimeric, and tetrameric aggregates were compared to these results. 
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To investigate fluorescence of dopamine aggregates in water, SRS-
MP2 optimized geometries were used. Theoretical spectra were 
calculated with time-dependent DFT using GAUSSIAN16 at the 

ωB97XD/aug-cc-pVDZ level. SMD solvation was applied to all TD-DFT 
calculations, using water as the solvent to replicate experimental 

polymerization conditions. Many configurations are found to absorb 
at wavelengths similar to experimental values, with the inclusion of 
a hydroxyl group, or a mixture of the either carbonyl or hydroxyls 
groups appearing to absorb in the region found experimentally. One 
important conclusion from fig. S16 is that the presence of a carbonyl 
peak on both monomers of the dimeric aggregate leads to no 

absorption – a mixture is required, facilitating the dimerization 
shown below.

A promising result is that simulating stacking of monomers recovers 
enough of the non-covalent intermolecular dispersion interactions 
present in the bulk to accurately predict absorption wavelengths, 
with good agreement to experiment found with many of the 
configurations tested. Note that absorption here is assumed to occur 

Fig. 1. Structural analysis of pDA solvated in NMR. (A) Three sets of ILs used in the study (B) POM images of 2 mg of pDA dispersed in 2 mL of water and 5 mg of pDA in 400 μL of 
[C2mim][OAc] (scale bars for both images are 300 M), (C) 1H-NMR for dissolved pDA in [C2mim][OAc] using DMSO-d6 as deuterated solvent, and (D) 1H-NMR for dissolved pDA in 
[C2mim][OAc] using acetone-d6 as deuterated solvent and proposed reaction scheme for pDA. Cyclised dopamine (DHI) 1, Indolequinone (IND) 2 and covalent dimer, 3 as 
identified from 1H-NMR. 
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with no change in the geometry as excitation from the ground state 
is performed, obeying the Franck-Condon principle. As such, 
absorption here represents a transition to a higher lying vibrational 
level of the first excited state: S1(ν = n) ← S0(ν = 0). To predict 
fluorescence, we must induce thermal relaxation, allowing for a 
change in geometry as the molecule transitions to the lowest lying 
vibrational level of the first excited electronic state: S1(ν = n) → S1(ν 
= 0). This result is achieved by performing optimizations of the 
geometry in the excited state, specifying an electronic level at which 
the ground is excited to, found from the intensity of transitions found 
from the calculations used to predict ground state absorption. The 
emission spectra obtained at the final step of the excited state 
optimization is assumed to be fluorescence that is observed 
experimentally, assuming that the optimized geometry of the excited 
state refers to the molecule in the S1(ν = 0) vibronic state. The 
fluorescence reported in fig. S17 therefore refers to the transition 
down to a high lying vibrational level of the ground electronic state: 
S1(ν = 0) → S0(ν = n).

Fig. S16 shows that the presence of a C=C bond between the C2-C3 
carbons of indole, along with carbonyl groups attached to the C5 and 
C6 carbons of indole (variant 4 of fig. S14) may be responsible for the 
fluorescence observed experimentally. Likewise, having a dimeric 
aggregate of either variants 1 and 4 or 2 and 3, varying both the 
carbonyl/hydroxyl groups as well as a double or single bond between 
the C2-C3 carbons, results in fluorescence wavelengths that are 
comparable to experiment. To summarize fig. S17 briefly, 
fluorescence observed experimentally arises from transitions of 
multiple dopamine variants - one variant alone is not responsible for 
the spectra observed experimentally. Absorption of tetramer 
aggregates of cyclized dopamine were also calculated and shown in 
fig. S14, using aggregates of variant 4 in fig. S15. There is a red shift 
present here, with a large absorption at 220 nm shown for the 
monomer, transitioning to 320 nm for the stacked dimer. An 
important note is that when absorption of tetramer aggregates is 
calculated, there is no absorption present below 500 nm. 
Experimental wavelengths above 400 nm were not scanned, and so 
fluorescence of tetramer aggregates could not be measured 
experimentally, validating the experimental hypothesis that 
monomer aggregation leads to reduced fluorescence, at least in the 
wavelength range measured experimentally.

3. Results and Discussions 

3.1 Solubility and 1H-NMR characterization of pDA 

[C2mim][OAc] was the only IL we found that dissolved pDA 
without any pre-treatment of the material, as confirmed by 
polarized optical microscopy (POM) and 1H-NMR spectroscopy 
(Fig. 1B, C and D and Fig. S4)POM of much higher concentration 
of pDA in ILs (5 mg of pDA in 400 μL) yielded images that showed 
a negligible number of pDA particles when compared to the 

images of pDA in water at low concentrations (2 mg of pDA in 2 
mL, Fig. 1B). 

Highly viscous [C2mim][OAc], significantly suppresses the 
intensity of the solute peaks (see 1H-NMR spectra of pure 
[C2mim][OAc] (Fig. S2) and dopamine hydrochloride dissolved in 
[C2mim][OAc] (fig. S3)). All NMR spectra were measured by 
transferring a part of the stock solution to deuterated acetone 
or deuterated DMSO. 1H-NMR spectra recorded with acetone-
d6 (Fig. 1D) clearly show evidence of an indole-like cyclized 
dopamine structure 1 (Fig. 1), supporting previous 
hypotheses.30 Two possible structures were found based on 
coupling patterns and integrals: 5,6-dihydroxyindole (structure 
1 in Fig. 1) and its oxidized form indole-5,6-dione (structure 2 in 
Fig. 1). The absence of protons in the aromatic and aliphatic 
regions suggested that the liquid predominantly contains 
cyclized monomeric units of dopamine. These findings suggest 
that pDA consists of cyclized dopamine units, ruling out the 
possibility of uncyclized covalent trimeric structures as reported 
previously,36 in which case aliphatic proton shifts in 1H-NMR 
would be present as the major constituent.

We further investigated the 1H-NMR spectra of a pDA-
[C2mim][OAc] suspension dissolved in DMSO-d6 (Fig. 1C), since 
DMSO can act as a co-solvent with ILs to aid cellulose 
dissolution.71,72 Interestingly, we found features of not only 
cyclized monomeric units, but also covalent dimeric units 
bonded through the C2 carbon of the indole-like unit (structure 
3 in Fig. 1). The spectra recorded in DMSO-d6 also contain 
monomeric peaks, but these peaks were significantly less 
intense as compared to those responsible for the dimeric unit. 
These results lead us to conclude that the monomeric form of 
DHI (1) and IND (2) are minor products, whereas the major 
product in the polymerization comes in the form of a covalent 
dimer (3). We also tested acetonitrile-d3, benzene-d6, 
methanol-d4 and deuterated chloroform. However, these co-
solvents did not aid solubility. To ensure that pDA did not 
undergo any chemical modification due to interactions with the 
IL, pDA was regenerated from the IL solution by adding water to 
induce phase separation, precipitating as a black powder in the 
aqueous phase. The centrifuged material was characterized by 
transmission electron microscopy (fig. S5) and infrared 
spectroscopy (fig. S6), and these results were identical to those 
of the pDA originally polymerized in aqueous solution.

3.2 Polarizable molecular dynamics simulations to probe the 
aggregation propensity

Given the experimental findings, we now aim to study the 
process of how these cyclized monomeric units and covalently 
linked dimers give rise to the final polymeric structure. To do 
this, polarizable molecular dynamics simulations were used to 
probe the likelihood of aggregation of molecules 1, 2 and 3, 
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identified via the NMR experiments. Simulations of one solute 
contained 20 molecules of structures A or B, or 10 molecules of 
structures C or D, as shown in Fig. 2A. Meanwhile simulations of 
multiple solutes contained 10 species of A or B and five species 
of dimers C or D, or in the case of two dimers, five species of C 
and 5 species of D. Thus, the number of functional groups that 
facilitate π-stacking remained constant across all simulations. 
Each solute was then solvated by either 2000 water molecules 
(production runs of 200 ns) or 500 ion pairs of [C2mim][OAc] 

(production runs of 200 ns) in a ~ 50 Å cubic box (for more detail 
see methods). Raw data produced by gmx clustsize on the size 
and longevity of formed aggregates are shown in fig. S10. In the 
case of water simulations the aggregates formed in the 
beginning remained intact throughout the simulation, whereas 
in the case of [C2mim][OAc], the formation of aggregates was 
momentous.

The size of aggregates scales linearly with the percentage of 
aggregated species in the largest cluster. The latter was 

Fig. 2. Polarizable molecular dynamics simulations to probe the aggregation propensity. A) Monomeric and dimeric dopamine species used in MD simulations to study 
supramolecular aggregation. B) Average number of molecules in the largest aggregate, shown as a percentage of the number of species per simulation. Error bars show standard 
deviations. C) Criterion used to quantify aggregation – measuring the distances between the center of masses (ΔrCOM in Å) and angles (𝜃, in degrees) of planes bisecting each pair 
of π-conjugated solute molecules. D,E) Correlation as described in C between IND and DHI in (D) and the syn-dimer and anti-dimer in (E) in water. Angles of 0 or 180° demonstrate 
perfect alignment of the two molecules. Red regions indicate areas where neighboring molecules occur most often across the simulation, while the blue regions show distances 
and angles that are rarely observed. F,G,H) Typical snapshots of solute molecules from simulations showing 20 monomers of DHI in [C2mim][OAc] (F), 20 monomers of DHI in water 
(G) and 10 dimers of the anti-dimer in water (H).
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calculated as a percentage with respect the number of 
monomer/dimer molecules of dopamine included in the 
simulation (for more detail see the supplementary materials). 
Fig. 2B shows the percentage of aggregated species in the 
largest cluster averaged across all trajectory frames, 
highlighting the ability of [C2mim][OAc] to successfully perturb 
aggregation and favour the formation of smaller aggregates 
(15.3 % of clusters in each simulation on average), leading to 
more effective dissolution. In contrast, dopamine species 

aggregate much more effectively in water via intermolecular π 
stacking interactions, with an average aggregate size of 63 %. 
Crucially, covalent dimers tend to aggregate more readily than 
monomers, agreeing with 1H-NMR spectra that show 
oligomerization occurs prior to aggregation. Regarding the 
presence of unreacted monomers in the final product, DHI 
aggregates with covalent dimers 20-30% more effectively than 
IND.

Fig. 2C, D and E show the correlation between 
intermolecular distances and angles between neighbouring π-
conjugated moieties to quantify the supramolecular 
aggregation of dopamine species. Regions of chemical space 
sampled often throughout a simulation are coloured red. Ab 
initio calculations performed on a pair of stacked IND 
monomers show that optimal π- π stacking occurs at a 
separation of 3 to 4 Å (fig. S9), while the angle between the π-
conjugated moieties should be close to 0 or 180° , resulting in 
the optimal π-orbital overlap.

A mixture of syn and anti-dimers shows that anti-dimer 
aggregation is plausible, with intermolecular separation ranging 
from 3 to 5 Å, in agreement with the ab initio calculations 
mentioned above. Meanwhile, syn-dimer intermolecular 
distances lie outside the cut-off for supramolecular aggregation, 
with intermolecular distances in excess of 7 Å, so there is a 
preference for anti-dimer formation. In the mixture of DHI and 
IND, aggregates including DHI fit the criterion for 
supramolecular aggregation, whereas aggregates containing 

only IND interact to a lesser extent with larger intermolecular 
distances ranging from 5 to 7 Å, and with a larger distribution of 
angles that prevent significant aggregation. Supporting this 
view, DHI aggregation is also 10-fold more prevalent than IND 
aggregation. This analysis suggests that the final polymer 
primarily includes DHI and anti-dimer species, with a smaller 
proportion of IND and syn-dimers present. Given that the initial 
dopamine cyclization produces IND molecules, the 
concentration of IND is likely reduced over time due to 
formation of covalent dimers. Snapshots of simulations of DHI 
in [C2mim][OAc] and water, along with the anti-dimer in water, 
are shown in Fig. 2F, G and H to highlight the influence of 
changes in both solute and solvent on aggregation behaviour.

3.3 Deciphering the aggregation energetics via ab initio calculations

To decipher the remarkable aggregation tendency of DHI, IND 
and their covalent dimers seen in polarizable MD simulations, 
we computed aggregate energetics via ab initio calculations 

Fig. 3. Deciphering the aggregation energetics via ab initio calculations. (A) An example of strong π-π interactions between dopamine monomers, (B) An example of in-plane 
hydrogen bonding interactions. (C) An example of a supramolecular aggregate consisting of two IND and two IND units exhibiting strong intermolecular interactions, and (D, E) 
Transition state structures of the Anti (D) and Syn (E) dimers. (F) Schematic showing the proposed supramolecular structure of pDA comprised of monomeric and dimeric units 
linked by π-π stacking and hydrogen bonding interactions.
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(see methods). All possible combinations of oxidized (e.g., IND) 
and reduced (e.g., DHI) species of the cyclized dopamine 
monomeric units were tested (fig. S14). The highly conjugated 
nature of these monomers combined with either carbonyl and 
hydroxyl groups led to the formation of π stacked and 
hydrogen-bonded pairs, with the π stacked pair between IND 
and DHI producing the strongest interaction energy of -86 kJ 
mol-1 (Fig. 3A, table S8). π stacking was energetically preferred 
over hydrogen bonding, with the latter giving an interaction of 
-23 kJ mol-1 (Fig. 3B). These findings support previous evidence 
outlining the possibility of supramolecular polymerization.35 An 
example of the associative structure formation is demonstrated 
in Fig. 3C. Consisting of two DHI and two IND units, the structure 
was found to have a very strong interaction of -498 kJ mol-1 (-

124 kJ mol-1 per monomer), further confirming the energetic 
drive to form an associative polymer. Furthermore, the Gibbs 
free energy barrier of dopamine anti-dimerization was found to 
be 115 kJ mol-1 with dimeric product stabilization of 107 kJ mol-1 
relative to the transition state (Fig. 3D, fig. S19-S22, and 
methods), while syn-dimerization produced a barrier of 37 kJ 
mol-1 (Fig. 3E). These findings indicate that the formation of anti 
and syn dimers is energetically possible, supporting the 
experimental evidence for the existence of covalent dimers in 
pDA and prompting us to propose the supramolecular structure 
of pDA consisting of aggregation of monomers and covalent 
dimers of cyclized dopamine, held together via strong  stacking 
and in-plane hydrogen bonding (Fig. 3F). 

Experimental absorption spectra were recorded in TRIS 
buffer throughout the polymerization, with the observations 
that intensity decreased over time (fig. S14). To study which 
molecules are present at start of the polymerization, we 
simulated absorption spectra of stacked DHI and IND molecules 
along with their saturated forms (fig. S15). Structures 
containing hydroxyl groups absorb in the same regions as the 
experimental absorption and, therefore, DHI may be always 
present during the polymerization, among other species (fig. 
S16). Predicted fluorescence of stacked monomers show that a 
mixture of oxidation states and C=C saturation emit in the 
desired region, further supporting our hypothesis (fig. S17). 
Simulated fluorescence spectra of larger aggregates also show 
that pDA forms a supramolecular structure as dimeric and 
tetrameric aggregates displayed a significantly reduced level of 
absorption as compared to the stacked monomers, consistent 
with the experimental observations (fig. S18).

3.4 Solvation energetics in ILs

Solvation of pDA requires a solvent system with the ability to 
overcome the favourable aggregation demonstrated by DHI, 
IND and their covalent dimers. 1H-NMR spectra (fig. S7) of pDA 

solvated in [C2mim][OAc] show significant upfield shifts in 
signals attributed to the acidic proton of the imidazolium cation 
at the C2 position, highlighting strong solute-solvent 
interactions, which is also observed in other applications of 
imidazolium-based ILs.73,74 These interactions were studied 
using ab initio calculations by arranging a single ion pair of the 
IL around IND, with three energetically preferred configurations 
shown in Fig. 4A-C. These configurations were chosen based on 
the preliminary assessment that the  stacking interaction 
between the indole ring and the imidazolium/pyrrolidinium ring 
produced stronger interaction energies. The position of the 
anion was chosen based on the previously reported studies 
showcasing energetically preferred positions of ionic liquid 
anions around imidazolium/pyrrolidinium cations.75,76 In 
addition to [C2mim][OAc], interactions of IND with 
[C₂mim][N(CN)2], [C₂mim][OTf], [C₄mpyr][N(CN)2] and 
[C₄mpyr][OTf] were also studied since these were unsuccessful 
in dissolving pDA. Out of the three configurations studied, the 
configuration shown in Fig. 4A, in which the anion did not 
directly interact with IND, was the most thermodynamically 
stable due to attractive electrostatic forces. However, 
electrostatic interactions were repulsive in the other 

Fig. 4. Solvation energetics in ILs. (A,B,C)  Three energetically preferable configurations of IND interaction with a single ion pair of [C2mim][OAc], (D) Boltzmann-weighted 
interaction energies together with electrostatic and dispersion components of the  IND…IL complexes for [C₂mim][OAc], [C₂mim][N(CN)2], [C₂mim][OTf], [C₄mpyr][N(CN)2] and 
[C₄mpyr][OTf], (E,F) Total charges of IND and the cation and anion in the single ion pair of E) [C2mim][OAc] and F) [C4mpyr][N(CN)2], (G) HOMO of the most energetically stable 
IND…[C2mim][OAc] complex showing contributions from all species and (H) HOMO of the most energetically stable IND…[C4mpyr][N(CN)2] complex showing a negligible contribution 
from the IL ion pair.
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configurations (Fig. 4B and 4C). Only when the anion interacted 
with the cation through the C2-H bond of the imidazolium ring 
were the electrostatic effects favourable. 

[C2mim][OAc] displayed the largest overall Boltzmann-
weighted interaction energy of -158 kJ mol-1 with IND (Fig. 4D), 
while the other ILs produced weaker interactions by 30 to 40 kJ 
mol-1. These results highlight the ability of [C2mim][OAc] to 
disrupt intermolecular interactions between cyclized dopamine 
monomers and their covalent dimers. Decomposition of 
interaction energies into electrostatic and dispersive 
components showed that dispersion interactions were 
significant in all ILs studied, ranging between -65 and -96 kJ mol-
1. The difference arises from the fact that electrostatic 
interactions were 25 to 60 kJ mol-1 less negative in all ILs when 
compared to [C2mim][OAc], with [C4mpyr][OTf] displaying 
repulsive electrostatics of +16 kJ mol-1. ILs showing a reduced 
electrostatic contribution were unsuccessful in dissolving pDA, 
demonstrating that attractive electrostatic interactions are 
crucial in determining whether a solvent will dissolve pDA. We 
further note that the resulting dual (electrostatic/ionic and 
dispersive/organic) nature of [C2mim][OAc] it more likely to 
control solubility77 and catalytic properties78,79 for preparation 
of biomaterials.

Polydopamine dissolution in [C₂mim][OAc] is accompanied 
by a net charge transfer effect from the IL ions to the π-
conjugated moiety of the cyclized dopamine. The acetate anion 
donates as much as 46% of its electron density to the 
neighbouring cation, while any electron density not accepted by 
the cation is donated back to the dopamine monomer, 
producing a total charge of 0.30 e on IND (Fig. 4E). In contrast, 
using [C4mpyr][N(CN)2] causes IND to partially donate its 
electron density to the cation, with IND becoming slightly 
positive with a total charge of +0.13 e (Fig. 4F), thereby reducing 
the electrostatic interaction in the complex. This observation is 
not surprising since, compared to pyrrolidinium ILs, imidazolium 
ILs encourage a larger net charge transfer between the cation 
and anion regardless of the interaction site on the former.  The 
possibility of charge transfer with the [C₂mim][OAc] ion pair was 
also observed in the HOMO of the IND…IL complex (Fig. 4G). 
Significant orbital overlap between the imidazolium cation and 
IND was observed which facilitates the charge transfer process. 
Contrasting findings were observed for the other ILs, with the 
cation and anion contributing negligibly to the HOMO of IND as 
shown in the case of [C4mpyr][N(CN)2] in Fig. 4H (HOMO 
visualizations of all other complexes are given in fig. S24). In 
summary, these results highlight the ability of [C2mim][OAc] to 
donate charge to facilitate the dissolution of pDA.

Conclusions
The presented results confirm that dopamine polymerization in 
basic conditions results in supramolecular aggregation of 
monomeric and covalent dimeric structures with mixed 
oxidation states, containing both hydroxy indoles and quinone 
moieties. The procedures outlined here utilizing ionic liquids 
can be used to overcome solubility issues in the characterization 
of important biopolymers such as melanin. Understanding 

structure/property relationships of such materials will lead to a 
myriad of new possibilities for not only mimicking the 
fascinating functions of these biopolymers for surface 
functionalization and bio-sensing but also understanding 
diseases such as melanoma.
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