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The polymerisation mechanism of dopamine in aqueous solutions has puzzled the scientific 

community for a couple of decades.1–4 After initial cyclisation, dopamine undergoes a rapid 

polymerization by forming a black precipitate called polydopamine (PDA) found to be insoluble in all 

organic solvents.5 This has prevented the resolution of polydopamine’s structure as solid-state 

characterization techniques have not been conclusive in their findings. Interest in polydopamine 

originates from its ability to exhibit strong antimicrobial and adhesive properties, making it a versatile 

coating material for corrosion prevention, implanted medical devices and even drug delivery.4,6,7 

Recently, select ionic liquids (ILs) were discovered to dissolve polydopamine, thus enabling the use 

of liquid-phase characterization techniques to decipher its structure.8,9 In this study we identify the 

mechanism of dopamine polymerisation in a series of ionic liquids using in situ solution-phase 1H 



NMR spectroscopy. We show that after the 5,6-dihydroxyindole (DHI) monomer is formed with the 

aid of basic IL anions, it undergoes rapid dimerization via the 2-2′, 2-4′ and 2-7′ routes on the indole 

ring forming covalently bonded dimers. The dimers were observed to aggregate via strong ! stacking 

interactions forming cylindrical shapes of 36 Å in length supported by ab initio calculations, FTIR and 

SAXS measurements. These findings conclusively confirm that covalently bonded dimers of DHI are 

the essential building blocks of PDA. Previously proposed models of PDA’s structure can be ruled 

out, suggesting that unique adhesive properties of PDA stem from strong ! stacking forces of the 

indole moiety. Ionic liquids containing basic anions have demonstrated their ability to initiate and slow 

down the polymerization of dopamine, thus opening a new chapter for discovery of polymerisation 

pathways of catecholamines and enabling the synthesis of organic surface coatings with superior 

properties. 

 

Main text  

PDA is one of the most researched bio-mimetic polymers that was originally envisioned to mimic 

strongly adhesive properties of proteins found in mussel foot pads.2,5 PDA is easily produced through 

polymerization of dopamine (DA), a neurotransmitter belonging to the catecholamine family, in 

slightly basic aqueous solutions. The polymerisation is sporadic, leading to PDA’s precipitation in the 

form of a black powder, which is completely insoluble in all traditional aqueous and organic solvents. 

Despite numerous studies, the mechanism of PDA’s polymerisation is largely unresolved because the 

structure resolution of insoluble PDA precipitate is hindered by the lack of concrete experimental 

evidence.10–16 Recently, Singh et al. used 1-ethyl-3-imidazolium acetate IL, [C2mim][OAc], to not 

only solvate PDA but also demonstrate evidence of polymerisation of several catecholamines, 

including DA,8,9 suggesting that select ILs may be used for in situ reaction monitoring of 

polymerisation of DA in liquid state via 1H NMR spectroscopy. Rapid autoxidation of DA was 

confirmed to form the first building block of the resulting PDA identified as 5,6-dihydroxyindole 



(DHI).17 The polymerisation mechanism is proposed to undergo several 2-electron, 2-proton oxidation 

steps.15 (Figure 1).  

 

Figure 1: Proposed mechanism of potential pathways of dopamine’s polymerisation. The four steps 

marked Step 1, Step 2, Step 3 and Step 4 are thoroughly studied in this work. 

Since DA is used as a hydrochloride salt,18 its protonated form (DAH+) dominates aqueous solutions 

below pH of 8.19,20 Before intramolecular cyclisation of DA, the deprotonation of the ethylammonium 

group in DAH+ is followed by the oxidation of DA into dopamine-quinone (DQ)10.21 Several kinetic 

studies suggest that cyclisation is the rate-limiting step at pH below 5,16,22 but proceeds rapidly at pH 

above 7,22 not involving any radical species.12 Although the formation of DHI was experimentally 

confirmed,23 other possible steps of polymerisation could not be conclusively identified due to rapid 

precipitation of insoluble PDA. In this study we hypothesized that polymerisation of DA proceeds via 

four steps (Figure 1). The formed DHI undergoes autoxidation to generate indole-5,6-quinone (IQ), 

with DHI and IQ dimerising via the three possible routes: 2-2′, 2-4′ and 2-7′, thus forming covalent 

dimers that continue polymerisation via the 4 and 7 positions of the catechol moiety, potentially 

forming higher order oligomers and eventually aggregates (Figure 1). To detect the formation of 2-2′, 

2-4′ and 2-7′ dimers and higher-order oligomers, solution-phase polymerisation of dopamine was 

monitored via 1H NMR spectroscopy in nine ILs consisting of combinations of two cations (C2mim+ 
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and C4mpyr+) and six anions (OAc– , N(CN)2- , OTf– , HCOO– , PO2(OEt)2
- and Cl–). Out of these ILs, 

only three - [C4mpyr][OAc], [C2mim][OAc] and [C2mim][HCOO] - led to polymerization of DA and 

formed soluble PDA (Figure S1). Reaction monitoring (Figure 2) by 1H-NMR measurements in 

tandem with DFT calculations (Figure 3) were used to investigate each of the four proposed steps 

leading to the formation of PDA (Figure 1).  

Step 1: Deprotonation of dopamine and dopamine-quinone. Evidence of DA’s cyclisation followed 

by polymerization was confirmed after 72 hours of reaction time at 70 °C by the disappearance of the 

neat DA signals in the aliphatic (the ethylamino group) and aromatic (the catechol moiety) regions in 

1H NMR spectra as recorded in DMSO-d6 (Figure S1). [C2mim][OTf],[C4mpyr][OTf], 

[C2mim][PO2(OEt)2] and [C2mim][Cl] did not facilitate the DA polymerisation. Although a dark 

brown or black colour was observed in all other ILs, only in ILs with the most basic anions such as 

[C2mim][OAc], [C2mim][HCOO] and [C4mpyr][OAc], do NMR signals characteristic of DA 

completely disappear. Several new proton environments appear in both acetate-based ILs, whereas the 

lack of similar peaks in [C2mim][HCOO] suggests advanced aggregation resulting in their broadening 

and subsequent disappearance, typical in large molecular assemblies such as proteins.24,25 Loss of 

distinct proton environments is also observed in both acetate based ILs after several days of 

polymerisation. The interaction energy of [C2mim][HCOO] with IQ was previously calculated to be 

weaker in comparison, suggesting a reduced ability to prevent aggregation.26 Interestingly, the two 

standout doublets at 6.44 and 6.49 ppm recorded in [C2mim][OAc] and [C2mim][HCOO], appear to 

grow at the same rate as a quartet (2H, 3.62 ppm), singlet (3H, 3.21 ppm) and triplet (3H, 1.24 ppm) 

in the aliphatic regions (Figure S2-3). These can be attributed to the side reaction with C2mim+. 

Although imidazolium cations have a pKa of ~22, N-heterocyclic carbene (NHC) species can form 

spontaneously in imidazolium acetate ILs due to the proton transfer (PT) reaction between the cation 

and anion.27,28 NHCs have a short lifetime in ILs due to their high reactivity as confirmed in 

computational studies.29,30 The work by Stoppelman et al. suggested that the C2mim carbene could 



exist at ppm concentrations in [C2mim][OAc].31 We also confirmed carbene formation using CO2 

addition experiments (Figure S4). Anion basicity appears to offer control in DA’s polymerisation by 

facilitating the deprotonation of the ethylammonium group. In this study, DFT calculations performed 

on clusters of dopamine with a single ion pair (IP) of ILs (Figure S5 & Tables S1-5) showed that the 

PT from the NH3
+ group could indeed occur in [C2mim][OAc]and [C4mpyr][OAc], requiring as little 

as +9.0 and +2.6 kJ mol-1 of energy, respectively (Figure 3 – Step 1). In [C2mim][HCOO], the PT  

process could only be facilitated by the IP after the oxidation of DAH+ to DQH+ as suggested in 

previous reports.11,13 These results further highlight that the IL can promote the PT in DAH+ in a similar 

fashion to water, thus priming DA for autoxidation to DQ and subsequent cyclisation. 

 

Figure 2: Summary of the liquid-state 1H NMR spectra studies in this work. Highlighted areas and 

coloured proton assignments denote the following species: orange = DA; dark blue = DHI; red =  

C2mim-based by-product; green = 2-2¢ dimer; purple = 2-4¢ dimer; light blue = 2-7¢ dimer. a) Molecular 

structures labelled with their relative proton environments observed in the 1H NMR spectra. b) Full 

stacked spectrum of in-situ, RT 1H NMR reaction monitoring of DA in [C2mim][OAc] with the c) 

zoomed aromatic region and resultant proton assignments after 137 hours. d) Natural logarithm of a 

peak area vs. time for peaks in in situ spectrum associated with DA (R2 = 0.9923), DHI (R2 = 0.9492), 

and the 2-2¢ covalent dimers (R2 = 0.8945). Errors correspond to one standard deviation from the 

average normalized peak area for each proton signal. e) Zoomed aromatic region of the ex-situ 1H 
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NMR reaction monitoring (80 °C) of 160 mg/mL dopamine polymerization in [C2mim][OAc] at over 

9 days. 

Step 2: Formation of 5,6-dihydroxyindole. The cyclisation of DQ can be split into two steps: 

formation of the cyclised DQ intermediate via an intramolecular Michael addition, followed by 

subsequent rearrangements to form leukodopaminechrome (LDC) and finally, DHI (Figure 1). 

Cyclisation is suggested to be the rate-limiting step10 proceeding quickly under basic conditions22 and 

is accompanied by removal of a proton from the amine group. To create LDC from the cyclised DQ 

intermediate, a proton must be removed from the C8 carbon. Umek et al. calculated the activation-free 

energy of the cyclisation of DA to be 87.9 kJ mol-1 using the hydroxyl anion as an explicit proton 

acceptor.14 Even without the inclusion of any explicit proton acceptor, our DFT calculations predicted 

the cyclisation of DQ to have a barrier of 164.0 kJ mol-1, thus confirming it as the rate-determining 

step (Figure S6-7, Table S6), which can be overcome at elevated temperatures. Inclusion of an explicit 

acetate anion in the cyclised DQ system in DFT calculations following the cyclisation leads to a 

barrierless PT from the amine group to the acetate (Figure S8). Autoxidation of LDC to DHI (Figure 

1) is assumed to be rapid and therefore, it is highly unlikely that any other species apart from DHI 

could be conclusively observed in the initial stages of DA polymerisation. 

In our work, the formation of DHI was conclusively confirmed with in situ solution-phase 1H NMR 

measurements (Figure 2). The use of ILs as a reaction medium allowed us to significantly slow down 

polymerisation from mere minutes in aqueous solutions to hours in ILs through lowering reaction 

temperatures. We ran a series of DA polymerisation in two ionic liquids, [C2mim][OAc] and 

[C4mpyr][OAc], and analysed the appearance of DHI and LDC in-situ 1H NMR spectra in intervals of 

four hours (Figure 2). Results for [C4mpyr][OAc] can be found in Figure S9. Analysis of the 1H-NMR 

spectra in Figure 2b clearly shows evidence of DHI forming rapidly, in agreement with previously 

published results.32 The LDC intermediate was not detected in the spectra (absence of two distinct 



aliphatic peaks in the region of 2.5 to 3.5 ppm), thus suggesting that once the cyclisation of DA is 

complete, the formation of DHI is almost instantaneous.  

 

Figure 3: Summary of DFT calculations presented in this work.  Step 1: Examples of optimized 

structures (before and after the PT) of protonated DAH+ with a single IP of  [C4mpyr][OAc] 

(configuration 1) and protonated dopamine-quinone (DQH+) with a single IP of [C2mim][OAc] 

(configuration 2). Systems successful deprotonation in DA and DQ are also noted with their relative 

DHavg energies (kJ mol-1) noted. Step 3: Example of an optimised DHI system with PT to two formate 

anions in [C2mim][HCOO] (stacked configuration), following the removal of two electrons. Step 4: 

Free energy barriers of the dimerization of deprotonated 5,6-dihydroxyindole  

(DHI-) and indole-5,6-quinone (IQ). 

Step 3: Oxidation of 5,6-dihydroxyindole. As two DHI monomers are required for the formation of 

dimers, the two-electron, two-proton oxidation of DHI to indole-5,6-quinone (IQ) (Figure S10), the 

most stable quinone tautomer,33,34 is perhaps the most important next step in the formation of PDA. It 

enables dimerization of DHI and IQ to form covalent dimers identified as the predominant component 

of PDA.9 For the catechol moiety in DHI to be oxidised, the protons on both hydroxyl groups must be 

abstracted by a proton acceptor, the IL anion in this study. It is well known that the autoxidation of 

DA requires an oxidant to proceed12,16 and oxygen species are suggested to assume this role when 

performing polymerisation in open air.10,12,35 We confirmed that under an N2 atmosphere in 

deoxygenated [C2mim][OAc], DA polymerisation did not occur even after 72 hours at 80 °C (Figure 

- 2.9 eV- 2e-

Top Side

0

20

40

60

80

100

120

Step 1

DQH+ deprotonation
ΔHavg (kJ mol-1)

 [C2mim][HCOO] = +11.4

[C2mim][OAc] = +6.0 
[C4mpyr][OAc] = +5.4

DAH+ deprotonation 
ΔHavg (kJ mol-1)

[C2mim][OAc] = +9.0

[C4mpyr][OAc] = +2.6 Reaction coordinate

Step 3 Step 4

20

Δ
G

s
o
lv
 (

k
J
 m

o
l-1

)

40

60

80

100

120

0

+122.5

+111.9

+102.9

2-2′

+3.5

+36.0

+47.8

2-4′

2-7′

TS 2-2′

TS 2-4′

TS 2-7′

ID + DHI
-

 



S11). After exposing the medium to air for 24 hours, the characteristic dark brown colour was 

observed, thus suggesting that an external oxidant such as oxygen must be present to initiate the 

polymerisation of dopamine in ILs. A similar observation was reported by Carra et al. studying the 

oxidation of tyrosine by Os(III)bpy3
3+, which was accelerated by proton-acceptor bases such as OAc– 

and Tris.36 In this multi-site proton-coupled electron transfer reaction, the electron removal by 

superoxide was confirmed to drive the deprotonation of catechols in ILs.37,38 

To model Step 3 computationally, deprotonation of DHI was examined using stacked and non-stacked 

clusters consisting of two IPs of [C2mim][OAc] and [C2mim][HCOO] (Figure 3 - Step 3 and Figures 

S12-S14). Without electron removal, neither single nor double PT processes were located. To simulate 

the two-electron removal, the optimized geometry of each cluster was assumed to have an overall 

charge of +2. A double PT from DHI to two IL anions was found in all clusters, demonstrating the 

barrierless nature of DHI’s deprotonation in these ILs. The process was thermodynamically driven 

releasing 2.78 eV of energy in [C2mim][HCOO] and 2.91 eV in [C2mim][OAc] (Table S7-8). For 

comparison, when two IPs were replaced with two H2O molecules to mimic conventional 

polymerization of DA (Figure S15), removal of two electrons produced PT for only one water molecule 

requiring an energy of 10.52 eV. It appears that ILs lower the energy requirements for the PT to 

produce IQ, thus facilitating the formation of covalent dimers.  

Step 4: Formation of covalent dimers and higher order structures. The final step in the puzzle of DA 

polymerisation is determining the final composition of PDA. Previously, Singh et al. observed the 

presence of 2-2′ dimers in PDA polymerised in aqueous Tris-buffer solution.9 Along with 2-2′ dimers, 

there is evidence to suggest that 2-4′ and 2-7′ dimers may also exist within PDA.39,40 We confirmed 

the possible formation of these three 2-2′, 2-4′, and 2-7′ covalent dimers with DFT calculations (Figure 

3 – Step 4 and Table S9), with the 2-2′ covalent dimer being identified as the most kinetically and 

thermodynamically preferred dimer due to the least extent of steric hindrance.  



Polymerisation was monitored over a period of 184 hours in 4 hour intervals at room temperature using 

the in situ 1H NMR monitoring method (see Methods) at 70 °C in [C2mim][OAc] to further slow down 

the polymerisation rate and detect covalent diemers.8 The resultant full stacked spectra (Figure 2b) 

show the polymerisation beginning with DA (highlighted in orange), with its intensity of both aromatic 

and aliphatic peaks decreasing at 100 hours. Results for [C4mpyr][OAc] can be found in Figure S7. 

The four-characteristic aromatic DHI peaks (highlighted in blue) begin to emerge at four hours and 

continue to grow up to the 70-hour mark, before disappearing over time. There are no new peaks 

observed in the aliphatic region, suggesting that any saturated intermediates (like LDC) are rapidly 

oxidised to DHI. A new set of peaks consisting of 2 singlets (6.66 and 6.67 ppm) and a doublet (6.69 

ppm) (highlighted in green) begin to form at the 12-hour mark. After 137 hours, these peaks are more 

resolved (Figure 2c) and attributed to dimerization. The doublet (6.69 ppm) is assigned to the H3 

protons due to coupling to their relative H2 protons in the 2-2′ dimer, whilst the singlets belong to H4 

and H7 protons.  

The peak area of each proton environment was then tracked throughout the polymerisation and 

averaged throughout each species. Figure 2d shows the natural logarithm of a peak area vs time graph 

for dopamine, DHI, and the 2-2′ covalent dimer (for more detail see Figure S16-23). The rate of DA 

consumption and DHI production follows first-order kinetics in first 20 hours with an R2 of 0.9923 

and 0.9492, respectively. A first-order kinetic growth is also observed for the 2-2′ covalent dimer over 

the first 75 hours (R2 = 0.8945), with both DHI and the 2-2′ covalent dimer gradually decreasing over 

time. After 200 hours, all well-defined PDA peaks disappear due to signal broadening, which is often 

observed in 1H NMR spectra of aggregated molecular species.24,41 In PDA, the most obvious cause is 

aggregation of DHI and covalent dimers, supported by previous calculations showing that clusters of 

stacked monomeric DHI and IQ units had an interaction energy of -500 kJ mol-1 due to strong ! 

stacking.9  



Due to a reduced probability of the formation of the 2-4′ and 2-7′ dimers compared to that of the 2-2′ 

dimer, the ex situ 80 °C 1H NMR monitoring method was employed to improve resolution of the proton 

environment (Figure 2e, for higher resolution Figure S24-25). Figure 2e begins at the point when only 

DA and DHI (and trace amounts of the imidazole by-products) are present in the sample at day 1. Over 

the course of 59 hours, several new proton environments emerge. Due to overlap of dimers peaks, their 

identification relied on the comparison of the rate of growth. Standalone peaks with the greatest 

resolution were selected and their integration over time was tracked (Figure S26, Table S10-12). A 

heat map of Pearson correlation coefficients (R2) between each peak was generated to ascertain any 

similarities regarding their rate of growth, and the resulting number of peaks with R2 above specific 

thresholds was identified (Figure S27, Table S13). This analysis highlighted two more sets of 

correlated peaks - shown as purple and light blue regions (Figure 2e). Using the threshold for an R2 at 

0.90, a strong correlation was found between three 2H signals: two singlets at 6.70 and 6.73 ppm, and 

a doublet (J = 2.2 Hz) at 7.02 ppm (green set), matching the pattern for the 2-2′ dimer. The remaining 

peaks in the set (highlighted light blue) include four doublets at 6.88, 6.89, 7.21, and 7.57 ppm (J = 

1.8-2.2 Hz), and two very close peaks at 7.26 and 7.27 ppm, consisting of a singlet and a doublet (J = 

0.8 Hz), respectively, closely matching the predicted splitting pattern for the 2-7′ dimer (see Table 

S13). The purple set included the four 1H singlets at 5.97, 5.99, 7.05 and 7.08 ppm, a 2H (due to signal 

overlap) doublet at 6.62 ppm (J = 2.2 Hz), and a 1H doublet at 7.13 ppm (J = 2.3 Hz), closely matching 

the splitting pattern in the 2-4′ dimer. The two upfield singlets (5.97 and 5.99 ppm) located in a similar 

region as the DHI’s peak at 6.04 ppm (Hd proton) suggest that can be assigned to the 2-4′ H1-2 protons. 

In theory, this would result in one of the peaks becoming a doublet due to coupling to the neighbouring 

H6 proton. The lack of coupling could indicate abstraction of the H6 proton due to the formation of 

higher-order oligomers. However, at this resolution, doublets with such small coupling constants can 

be difficult to discern.  



Figure 4: a) FTIR and b) SAXS spectra obtained in the first seven days of dopamine polymerization 

in [C2mim][OAc] (80 mg/mL). c) Cylinder (r = 6.0 Å, h = 35.8 Å) overlaid on FMO-optimized 

theoretical aggregates consisting of 10 stacked 2-2¢ (green) and 2-4¢ (pink) dimers. Displayed full 

cluster height (30.65 Å) is measured between C2 positions of the top and bottom dimer, whilst 

separation between the 4th and 5th dimer (3.23 Å) is measured between C2 and C2 positions (2-2¢) C8 

and C5 positions (2-4¢), respectively. 

The formation of higher-order oligomers was impossible to detect in 1H NMR due to broadening of 

the signals associated with polymerized intermediates and products and their subsequent 

disappearance, suggesting aggregation.  

To observe the nature and shape of aggregated species, FTIR and SAXS measurements were 

performed (Figure 4 and Figure S28-29). The FTIR results revealed an increase in signal intensity of 

the C=O stretch (1680 cm-1), N-H stretch (3150 cm-1) and O-H stretch (3383 cm-1), but a decrease in 

the C-H stretch (2869 cm-1). To put these results into the context of polymerisation, the intensity of 

the C-H stretches decreases with every step of the polymerisation route due to cyclisation of DA and 

a series of subsequent deprotonation steps (Figure 1 and Figure S30-32).There is a clear relationship 

between the rate of growth of C=O and O-H stretch intensities (Figure 4) and the extent of 

polymerisation, with dimerization of DHI (two hydroxyl groups) and IQ (two C=O groups) dominating 

the reaction space. The band positions of the C=O and O-H stretches do not shift position over time, 

suggesting the formation of stacked aggregates. Our previous work found that ! stacked interactions 

between DHI and IQ monomers were preferred by 60 kJ mol-1 compared to in-plane hydrogen bonding 

h = 35.8 Å

Wavenumber (cm-1)

a) b) c)

C=O

C-H

N-H/O-H

r = 6.0 Å

10 x 2-2′ 10 x 2-4′



between adjacent carbonyl (IQ) and hydroxyl (DHI) groups.9 Since in-plane hydrogen bonding would 

undoubtedly result in the weakening of the O-H bond, causing a red shift,42 the formation of hydrogen 

bonds within the aggregates of PDA seems unlikely, thus favouring the stacking mechanism.  

The SAXS traces for days 0 and 1 of the polymerization exhibit essentially no change in scattering 

intensity as a function of scattering vector Q from neat [C2mim][OAc]. From day 2 onwards when 

covalent dimers start to form, a cylindrical model provides the best fit for the SAXS data (based on 

errors from a reduced χ-squared test) in comparison to a sphere or ellipsoid (Table S14). The 

parameters from the cylindrical fit indicate that stacks of approximately 5-7 Å in radius increase in 

height until they reach 35.8 Å by day seven, thus further suggesting that covalent dimers are very likely 

to engage in ! stacking as they are formed. Our high-level quantum chemical calculations support this 

finding through the prediction of thermodynamically stable structures of both 10 stacked 2-2′ and 2-4′ 

covalent dimers (Figure 4c and Figure S33). These aggregates measure 6.3 and 6.1 Å in radius, 31.9 

and 31.1 Å in height, respectively, whilst both clusters have  an average distance of 3.5 Å between 

dimer centre of masses (Table S15-16). This does not rule out the possibility of forming high-order 

oligomers including trimers, although their concentration is expected to be low.  

The use of ILs allowed us to perform in situ reaction monitoring of DA’s polymerization via 1H NMR 

spectroscopy and thereby identify the formation of three types of covalent dimers for the first time. 

Based on the presented results we can confidently conclude that the polymerisation mechanism of DA 

in ILs follows the four steps outlined in Figure 1. The initial cyclisation of DA was confirmed to be 

the rate-determining step in the whole polymerisation mechanism. Cyclisation is rapidly followed by 

the formation of DHI, the prerequisite for the formation of covalent dimers. Autoxidation of DHI in 

the presence of oxygen in air produces indole-5,6-quinone, thus facilitating its dimerization with DHI 

to form covalent dimers via the first-order kinetics and the three possible routes: 2-2′, 2-4′ and 2-7′, 

whose presence was confirmed by 1H NMR measurements. As their combined concentration 

accumulates in the reaction medium, they appear to undergo aggregation via ! stacking, resulting in 



the broadening of the 1H NMR signals and their complete disappearance over the course of reaction. 

The competing aggregation slows down the rate of production of both DHI monomers and covalent 

dimers. When the reactants are fully consumed (DA and DHI), aggregation completely overtakes any 

other potential reaction, and the peak area decreases rapidly. FTIR and SAXS data suggest that 

aggregation of covalent dimers and monomers is the dominant process, resulting in the formation of 

aggregates best described via long cylindrical shapes. Higher-order oligomers may still be formed even 

after the aggregation process starts to dominate the dispersion solution. Due to the broadening of 1H 

NMR signals these could not be observed.  

This report has demonstrated that PDA polymerised in ILs predominantly consists of aggregated 

covalent dimers. Crucially, all three dimer types could be conclusively detected. The presented 

findings finally clarify the structure of PDA that has puzzled the scientific community for over 20 

years. The control that ILs provide in slowing down polymerization and maintaining polymerised 

products in soluble form opens exciting new avenues for discovery of organic coatings based on 

catecholamines using a very simple one-pot synthetic approach. Chemical modification of coatings 

can be achieved by incorporating catecholamines of varying functionality from hydrophobic, 

hydrophilic to other specific functional groups in the same polymer without the need to apply any 

expensive kinetic or functional group protection tricks. PDA has already demonstrated its strong 

adhesive and antimicrobial properties. This report will enable the synthesis of myriad catecholamine-

based coatings with superior properties for applications ranging from coated valves for medical 

surgeries to electrodes in organic batteries. 

 

Methods 

General procedures. Dopamine hydrochloride and [C2mim][OAc] (> 95%)  was purchased from 

Sigma-Aldrich. All other ILs; [C2mim][Cl] (> 95%), [C2mim][HCOO] (97%) [C2mim][N(CN)2]} (> 

98%), [C2mim][PO2(OMe)2] (> 98%), [C2mim][PO2(OEt)2] (> 98%), [C2mim][OTf] (99%), 



[C4mpyr][OAc] (> 97%), [C4mpyr][OTf] (99%) and [C4mpyr][N(CN)2] (> 98%); were purchased from 

IoLiTec. Nuclear magnetic resonance spectra were collected using a Bruker AVIII 600 MHz (with a 

TCI cryoprobe) or Bruker Neo 400 MHz, with signals reported in ppm and referenced against TMS. 

A Bruker NanoSTAR II small angle X-ray scattering (SAXS) instrument was used for SAXS 

measurements. The instrument was equipped with a copper rotating anode (0.3 ´ 3 cm filament) 

operating at 45 keV and 110 mA, generating Cu Ka radiation with a wavelength of 1.54 Å. The 

incident beam was focused by Montel single-bounce multilayer optics to achieve low divergence 

(<1 mrad). The beam was further collimated using two pinholes of 0.55 mm diameter. SAXS data were 

collected with a Vantec 2000 2D detector with a pixel size of 68×68 µm2 and an active area of 

140×140 mm2. The detector was located 720 mm away from the sample, allowing for simultaneous 

scattering vector (Q) range of 0.01 < Q < 0.35 Å-1. Detector images were reduced under the assumption 

of radially anisotropic scattering to 1D plots for model fitting. Model fits were generated using the 

SASView V. 6.0 software. ATR-FTIR data was collected using Bruker Alpha II spectrometer, equipped 

with an Attenuated Total Reflection (ATR) sampling device, a single bounce diamond internal 

reflection element, a globar source, KBr beam splitter and a deuterated triglycine sulphate detector. 

All spectra were collected with a spectral resolution 4 cm-1 and in the spectral range of 4000-900 cm-

1. 64 scans were co-averaged for the background and sample, with background collected every 3 

measurements. For each sample, spectra of 3 technical replicates were acquired and averaged. 

Polymerisation of dopamine in ionic liquids (Step 1). 10 mg of dopamine hydrochloride was 

dissolved in 1 mL of IL ([C2mim][OAc], [C2mim][HCOO], [C2mim][OTf], [C2mim][Cl], 

[C2mim][PO2(OEt)2], [C2mim][N(CN)2], [C4mpyr][N(CN)2], [C4mpyr][OAc] and [C4mpyr][OTf])  

and left heating at 70 °C, uncovered for 72 hours. 1H NMR spectra were always recorded using 20 µL 

of IL solution with 580 µL DMSO-d6 as the deuterated solvent and processed using MestReNova. For 

more detail into the ratio see Reaction Monitoring below. 



Table 1: Polymerization procedures for each experiment in this work. 

Experiment Ionic Liquid DA/IL 

 Concentration 

(mg/mL) 

Temperature 

(°C) 

Time taken 

Step 1: Polymerisation of 

DA in ILs 

[C2mim][OAc], [C2mim][HCOO], 

[C2mim][OTf], [C2mim][Cl], 

[C2mim][PO2(OEt)2], [C2mim][N(CN)2], 

[C4mpyr][N(CN)2], [C4mpyr][OAc], 

[C4mpyr][OTf]) 

10 70 72 hours 

In situ reaction 

monitoring 

[C2mim][OAc] (Figure 2a-d), 

[C4mpyr][OAc] (Figure S9) 

80 RT 184 hours;  

108 hours 

Ex situ reaction 

monitoring 

[C2mim][OAc] 80 (Figure S37-38) 

160 (Figure 2e) 

250 (Figure S39-40) 

80 9 days; 

9 days; 

6 days 

CO2 absorption 

 (Figure S4) 

[C2mim][OAc] 80 80 6 days 

Polymerisation under N2 

atmosphere (Figure S11) 

[C2mim][OAc] 25 70 4 days 

FTIR and SAXS 

measurements (Figure 4) 

[C2mim][OAc] 80 100 7 days 

 

Absorption of CO2 in PDA/[C2mim][OAc] and neat [C2mim][OAc]. 1 g of dry ice was added to 

200 "L of either neat [C2mim][OAc], or 80 mg/mL DA/[C2mim][OAc] solution (polymerised at 80 

°C for 6 days). A lid was placed on the vial and removed after complete sublimation (30 minutes). In 

both cases, when CO2 was added (as a pellet of dry ice) to both PDA/[C2mim][OAc] (80 mg/mL 

polymerised at 80 °C for 14 days) and neat [C2mim][OAc], resonance signals matching Seo et al.’s43 

were formed (Figure S4). This did not affect the intensity of the two doublets at 6.44 and 6.49 ppm, 

suggesting they are not simply a product of leaving the polymerisation open to the atmosphere. 

Reaction Monitoring. Recording of 1H NMR spectra during reaction monitoring in ILs requires a 

detailed discussion of several important factors that were considered when designing such experiments 

to achieve clean, high-quality spectra. Firstly, ILs are usually very viscous and produce very intense 

peaks in 1H NMR. Because of their high concentration in mixtures with DA, small peaks associated 

with DA’s chemical transformation are hard to detect, even when shimming techniques are applied. In 



this study, we used a standard approach of measuring 1H NMR spectra by combining the IL with a 

deuterated solvent such as DMSO-d6. This polar solvent was previously found to be well miscible with 

ILs44,45 and able to prevent aggregation of polymerisation intermediates and products.9 At every time 

interval an aliquot of 20 "L of the polymerization mixture was combined with DMSO-d6 to record a 

1H NMR spectrum. It has to be noted that polymerization of DA does not proceed in neat DMSO.8 In 

our results, we noticed that the 1H NMR spectrum of a mixture of [C2mim][OAc] shows a single broad 

signal that shifts downfield (by up to 4 ppm) when increasing the amount of [C2mim][OAc] 

(FigureS35). Zhang et al. saw the same effect in mixtures of [C2mim][OAc] and a cellulose/DMSO-

d6 solution, and consequentially suggested it was due to the rapid exchange between cellulose 

hydroxyls and imidazolium’s acidic proton.46 We established a linear relationship between the position 

of this broad peak and %(v/v) IL (Figure S36), thus identifying the ideal ratio of IL to DMSO-d6 (20 

"L [C2mim][OAc] to 580 "L DMSO-d6 for the constant total volume of 600 "L) to move this peak to 

4.05 ppm to avoid overlap with other signals of interest in aromatic region between 6 and 8 ppm.47 

Secondly, due to the intensity of the IL signals in 1H NMR spectra, the quality of the signals of the 

polymerisation products is extremely sensitive to DA’s concentration. It was found that the optimal 

concentration was in the range of 10 to 160 mg/mL (on a 600 MHz magnet), as this produced better 

quality signals that can be tracked over a reasonable time frame (and further improved with an 

increased scan rate). Higher concentrations of DA were found to decrease the rate of DA’s cyclisation 

and reduce the quality of 1H NMR spectra (see Figures S37-340). Finally, the rate of polymerisation 

is heavily affected by temperature, informing the number and frequency of time points.8 DA will not 

polymerise in an acetate-based IL at room temperature but will proceed slowly at 40 °C. Our previous 

work showed that at low concentrations (10mg/mL) 80 °C, the polymerisation can be completed in 

approximately 3 days. However, when mixed with DMSO, it is found that the polymerisation can 

proceed to a certain extent at room temperature. It is important to note that it does not proceed in neat 

DMSO alone, and any evidence of polymerisation is purely due to the interaction between DA and the 



IL. Therefore, there are two ways that the reaction can be monitored: automatic sampling in situ at 

room temperature; or at an elevated temperature (at or above 70 °C), with intermittent manual (ex situ) 

sampling.  

The automatic in situ method involves mixing 20 "L of the initial DA/IL (80 mg/mL) mixture with 

580 "L DMSO-d6 and allowing the polymerisation to proceed in the NMR tube. In contrast, the ex situ 

method allows the polymerisation to occur in neat IL (DA/IL 160 mg/mL), whilst 20 "L samples (then 

mixed with 580 "L DMSO-d6) are intermittently taken to provide a snapshot of the system at the 

specific time point. Although aggregation is likely to be more prominent in the in-situ method due to 

the low fraction of IL to DMSO, it eliminates errors related to the sample variation. However, the ex-

situ method offers better resolution of higher-order structures before aggregation. The polymerisation 

can also be ‘paused’ when refrigerated at approximately 4 °C.  

To monitor with FTIR and SAXS, 160 mg of dopamine hydrochloride in 2 mL [C2mim][OAc] was 

polymerised at 80 °C for 7 days (uncovered) with 200 "L samples taken after 1, 2, 3, 6 and 7 days. 

Mass spectrometry proved ineffective in analyzing mixtures, even at low extents of polymerization, 

presumably due to the insolubility of even the dimers considered. The relative 1H NMR for each 

sample can be found in Figure S28. 

1H NMR data. Dopamine in DMSO (Fig S34): 1H NMR (600 MHz, DMSO-d6) d 8.84 (s, broad), 8.02 

(s, broad), 6.68 (d, J = 8.0 Hz, 1H), 6.62 (d, J = 2.1 Hz, 1H), 6.48 (dd, J = 8.0, 2.1 Hz, 1H), 3.35 (s, 

2H), 2.90 (t, J = 7.5-8.4 Hz, 2H), 2.69 (t, J = 7.5-8.4 Hz, 2H). 

Ex situ 160 mg/mL dopamine in [C2mim][OAc] after 1 day at 80 °C (DA peaks): 1H NMR (600 MHz, 

DMSO-d6) d 6.57 (d, J = 7.9 Hz, 1H), 6.51 (d, J = 2.2 Hz, 1H), 6.36 (dd, J = 7.9, 2.2 Hz, 1H), 2.69 (t, 

J = 7.5-8.4 Hz, 2H), 2.48 (t, J = 7.5-8.4 Hz, 2H). 

Ex situ 160 mg/mL dopamine in [C2mim][OAc] after 1 day at 80 °C (DHI peaks): 1H NMR (600 MHz, 

DMSO-d6) d 6.94 (d, J = 3.0 Hz, 1H), 6.77 (s, 1H), 6.72 (d, J = 0.9 Hz, 1H), 6.04 (dd, J = 3.0, 0.9 Hz, 

1H). 



Ex situ 160 mg/mL dopamine in [C2mim][OAc] after 7 days at 80 °C (dimer peaks): 1H NMR (600 

MHz, DMSO-d6) d 7.58 (d, J = 1.8 Hz, 1H), 7.27 (d, J = 0.8 Hz, 1H), 7.26 (s, 1H), 7.22 (d, J = 2.1 Hz, 

1H), 7.12 (d, J = 2.3 Hz, 1H), 7.09 (s, 1H), 7.06 (s, 1H), 7.04 (d, J = 2.2 Hz, 2H), 6.90 (d, J = 2.3 Hz, 

1H), 6.89 (d, J = 2.2 Hz, 1H), 6.75 (s, 2H), 6.72 (d, J = 0.8 Hz, 2H), 6.64 (d, J = 2.2 Hz, 2H), 6.00 (s, 

1H), 5.97 (s, 1H). 

DFT calculations. Geometries of individual species (molecules and ions) were optimized at the 

wB97XD48/aug-cc-pVTZ49,50 level of theory using the Gaussian16 software package.51 Their structure 

was taken from previously found lowest energy conformations in our previous work.52  

Step 1: One IP clusters containing one cation (C2mim+ or C4mpyr+), one anion (OAc-, HCOO-, 

N(CN)2
-, or OTf-), and one protonated dopamine molecule were created in Avogadro.53 In one 

configuration (labelled as configuration 1), the cation sat above the plane of the catechol ring, whilst 

the anion was positioned above the NH3
+ group (Figure S5a). The anion was kept in a similar position 

in the alternative configuration (labelled as configuration 2), but the cation was moved behind the 

anion, such that it did not interact with dopamine (Figure S5b). These structures were inspired by the 

lowest energy configurations found in single ion pairs of imidazolium and pyrrolidinium-based ionic 

liquids.52 These structures then underwent a geometry optimization at the wB97XD/aug-cc-pVDZ with 

the SMD solvation model54 and ethanol as solvent. Zero-point vibrational energies were calculated at 

the same level of theory, using the numerical frequencies in ORCA.55 To simulate a PT (in DA and 

DHI systems), the proton was forced to form a 1.00 Å bond with the proton acceptor atom (on the 

anion), along the donor-proton-acceptor axis. These new structures underwent the same geometry 

optimization as the initial structure. Single point energies (Eelec) were calculated at the SRS-

MP256/aug-cc-pVDZ level of theory and the SMD solvent model with ethanol as solvent.  

Deprotonation energies (DH) for each configuration were then calculated using the following equation: 

∆$ = ('()* + *!"!#)$!%&'(')*(!$ −	('()* + *!"!#)%&'(')*(!$ 



Boltzmann weighting (298.15 K) was used to determine the final deprotonation energy (DH(ave)) 

using both energetically preferred configurations: 

∆$(/01) = ∑ ∆*+,,. 	× 	1
/∆1!",$

234
.56

∑ 1
/∆1!",$

234
.56

 

where N is the number of configurations (2) and i refers to the individual configuration. 

  

Step 2: Gibbs free energy barriers were calculated using a similar methodology to our previous work.9 

Both ground and transition state geometries (Figure S6-7) were optimised at the M06-2X57/cc-pVDZ 

level of theory using an SMD ethanol solvation model in Gaussian16. Frequencies were also calculated 

at the same level of theory, from which enthalpies (H), entropies (S), thermal corrections (TC) and 

zero-point vibrational energies (ZPVE) could be extracted. Single point energies (Eelec) were then 

calculated at the wB97XD/aug-cc-pVTZ level of theory, with the SMD solvation model corrections 

approximated using M05-2X58/6-311+G**59 and ethanol as solvent. Reaction barriers were calculated 

using the following equation: 

∆$‡ = ('()* + *!"!# + 45)38 −	('()* + *!"!# + 45)&!*#(*)(9 
The total entropy (STotal) of each molecule is given as a sum of electronic, vibrational, rotational and 

translational terms, and is used in the following equation to calculate entropic contributions: 

∆6‡ =	6383'(*" −	76&!*#(*)(93'(*"  

The Gibbs free energy (at 298.15 K) was then calculated using the following equations: 

∆89'":‡ =	∆8;*9‡ +	∆∆89'": 

where 

∆8;*9‡ =	∆$‡(wB97XD/aug-cc-pVTZ) − 4∆6‡(wB97XD/aug-cc-pVTZ)  

and 

∆∆89'": =	∆89'":(M05-2X/6-311+G**) −	∆8;*9(M05-2X/6-311+G**) 



The first part of this step investigated the barrier of the cyclization of DQ to produce the protonated 

cyclised DQ  intermediate (R1-NH2
+-R2 rather than R1-NH- R2). The removal of this proton from the 

cyclised DQ intermediate was investigated by introducing an acetate molecule. Geometry optimization 

of this cluster led to an immediate PT from the cyclised DQ intermediate  to the acetate, indicating a 

barrierless PT (Figure S8).  

 

Step 3: In both two IP systems, the anions were positioned to engage in hydrogen bonding with the 

hydroxyl groups on DHI. In the stacked configuration, the DHI molecule is sandwiched by the two 

imidazolium cations (Figure S13b), whereas the imidazolium cations are placed behind the anions 

(minimising interactions with DHI) in the non-stacked configuration (Figure S13c). These structures 

then underwent a geometry optimization at wB97XD/aug-cc-pVDZ with the SMD solvation model54 

and ethanol as solvent. Zero-point vibrational energies were calculated at the same level of theory, 

using the numerical frequencies in ORCA.55 In the two-electron removal in two ion-paired systems, 

the original two ion-paired geometry was simply re-optimised with a +2 charge and singlet multiplicity. 

Single point energies (Eelec) were calculated at the SRS-MP256/aug-cc-pVDZ level of theory and the 

SMD solvent model with ethanol as solvent. The energy required to remove the two electrons (DH2e 

shown in Figure 3 – Step 2) was calculated using the following equation:  

∆$<! = ('()* + *!"!#)=<	#?*&;! −	('()* + *!"!#)@	#?*&;! 

HOMO-LUMO gaps were taken from HF/cc-pVTZ single-point calculations performed on optimized 

geometries (Figure S14, Table S7). For the one-electron removal calculations, the single IP DHI 

clusters (Figure S13a) were re-optimised with a +1 charge and doublet multiplicity. As it is a radical 

state, the wB97XD/aug-cc-pVQZ level of theory (with SMD ethanol solvation model) was used to 

calculate single point energies. The energy required to remove one electron (Table S8) was calculated 

using the following equation:  

∆$6! = ('()* + *!"!#)=6	#?*&;! −	('()* + *!"!#)@	#?*&;! 



 

Step 4: Gibbs free energy barriers were calculated using the same methodology as Step 2. The relevant 

data can be found in Table S9.  

Geometry optimization of 10-dimer aggregates: 

For the geometry optimization of 10-dimer aggregates, the Fragment Molecular Orbital (FMO) 

method60 was employed at the wB97XD48/cc-pVDZ49 level of theory. Ionic liquid solvation was 

modelled implicitly with the conductor-like polarizable continuum model,54 where ethanol was the 

chosen solvent to mimics the dielectric constant of ionic liquids.52 Each covalent dimer was considered 

to be a single fragment, with up to two-fragment effects were considered, otherwise referred to as 

FMO2. Distance cutoffs were set for two-fragment interactions, firstly by calculating the cartesian 

distance (rij) between atoms i and j, belonging to different fragments, scaled by their Van der Waals 

radii61,62 (RVdW)    

9.A,B$C = :.A
9.,B$C + 9A,B$C 

After calculating Rij,VdW
  for all atom pairs between two fragments, if the minimum value was below 5, 

then the two-fragment interaction was calculated. This corresponds to about 14 Angstroms for the 

stacked dimers, meaning that each dimer had its interaction with its nearest 4 neighbours in both 

directions considered. All FMO calculations were performed with GAMESS63 software, specifically 

the R2 version from 2019, using the RUNTYP=OPTFMO keyword. The SciPy64 Python module was 

used to analyse cluster dimensions by computing the centre of mass of each dimeric fragment (Table 

S15-16). 
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