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The synthesis and characterization of polydopamine (PDA) using dopamine (DA) as the monomer and
(hydroxymethyllaminomethane (TRIS) as the oxidant is studied. The effect of temperature and TRIS
concentration on the kinetics of dopamine polymerization is evaluated, and the kinetic parameters are
also calculated. Three TRIS concentrations are used to assess their effect on DA polymerization
kinetics. The reaction at 1.5 mmol of TRIS shows a sustained increase of the rate constant with
temperature from 2.38 x 10~* to 5.10 x 10~ when the temperature is increased from 25 to 55 °C;
however, not all reactions follow an Arrhenius law. In addition, the correlation between the synthesis
parameters and morphological, structural, and thermal properties of polydopamine is established. The
morphology of the PDA particles is evaluated by Scanning Electron Microscopy (SEM), the

relationships between the diameter, distribution size, and the rate constant. Thermal characterization
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Accepted 27th January 2023 by Differential Scanning Calorimetry (DSC) shows an endothermic transition around 130 °C associated

with the melting of PDA's regular structure. It is supported by structural studies, such as infrared and
Raman spectroscopy and X-ray Diffraction (XRD), by observing a broad peak at 23.1° (26) that fits with
a graphitic-like structure of PDA.
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1. Introduction

Melanin is a polyphenolic material widely found in all living
organisms, from bacteria to mammals. Melanin is found in
animals’ skin, hair, feathers, scales, and some neural tissues,
like the cochlea, retina, and substantia nigra.*” There are two
main types of melanin, the black or brown insoluble eumelanin,
found in human black hair and the retina; such eumelanin
contains nitrogen and has a high molecular weight compared
with pheomelanin, a different kind, which contains sulfur in its
structure.> Eumelanin has a vital function in providing
pigmentation and protecting the skin from phototoxic events
due to sunlight irradiance. Melanin has antioxidant and free-
radical scavenging behavior, broadband UV-visible absorption,
photosensitization, metal ion chelation, and antimicrobial
activity.® These features make it very interesting to study the
possibility of using melanin as an active material for techno-
logical applications, such as molecular electronics and photo-
voltaic devices, since it is considered as an organic
semiconductor.* In recent years, the synthetic melanin
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denominated as polydopamine (PDA) has taken much attention
in the field of biomedicine,® electronics,® bioelectronics,” envi-
ronmental remediation,® and photocatalysis.” PDA is a material
that has a similar chemical structure to eumelanin and easily
synthesized. One of its most remarkable applications is the
remediation of contaminated water, where PDA is used as part
of a photocatalyst to increase its photoactivity>™* at the same
time, it has been used for surface modification due to its
excellent adhesion properties at almost all surfaces caused by
its similar structure to the essential adhesive component of
mussel protein (presence of amine, imine, and catechol
groups),"*® hydrogen generation,' remotion of herbicides,"
sensors for colorimetry or glucose,'®'” photothermal therapy to
treat cancer,' and for drug encapsulation and release."?* The
synthesis and versatility of PDA processing allow achieving
a diverse variety of shapes ranging from hollow or solid spheres
or core-shell particles to thin films; it can even be used to
decorate other particles.”*

Additionally, thermodynamic and kinetic PDA synthesis
studies are critical to establishing parameters like reaction
order (n), pre-exponential factor (4), and activation energy (E,).
Such parameters are essential for polymerization control,
affecting the material's final properties, and are critical to the
technological use of the PDA. In this context, M. Salomaki
et al.** did a thermodynamic study of dopamine oxidation and
cyclization dependence on pH and oxidants like transition-
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metal ions mainly focused on the early stages of the process.
The authors proposed a general mechanism to understand the
involved species during PDA polymerization and concluded that
the most critical parameter for the process is the pK value. In
the same way, the use of tuning radicals to control the size of
PDA nanoparticles is reported by X. Wang et al.*® In the latter
study, the authors concluded that the polymerization could be
inhibited or terminated from the free radical scavengers, while
the stable radicals catalyzed the formation of PDA seeds. A
comparable study was carried out by M. Wu et al.** who
synthesized PDA through sodium hydroxide and developed
a model about relationships between particle size, the molar
ratio of DA, and oxidizing agent to control the particle diameter
and distribution.

In addition, V. Ball et al? studied the film deposition
kinetics influenced by pH, DA concentration, and their effect on
thickness, morphology, roughness, and surface energy
expressing the relationship between maximal thickness and
kinetic constant to obtain thickness higher than 45 nm.

In summary, controlling the PDA polymerization reaction is
essential since it determines its yield, particle size, and prop-
erties like photothermal effect, UV protection, and free radical
scavenging activity.>*?® So far, the studies regarding the kinetics
of PDA synthesis are few. One of the methods to have higher
control over the synthesis of spheric PDA particles is the TRIS,
which allows for obtaining small particles® as well as the
formation of films where TRIS lets to obtain maximal thickness
in the deposition of PDA films;* all of this in comparison with
other buffers or alkalis like sodium hydroxide,*" sodium bicar-
bonate,** ammonia,* and phosphate solution.** Nonetheless,
relevant kinetics parameters like n, A, and E, have not been
provided regarding the synthesis of PDA spheres through TRIS.
In this work, the aforementioned kinetic parameters are
determined, and their relationship with the structure and
properties of PDA is established.

2. Experimental
2.1 Materials

Dopamine hydrochloride (98%) and tris(hydroxymethyl)ami-
nomethane (named TRIS, =99.8%) were purchased from Sigma
Aldrich. All the chemicals were used as they were received, i.e.,
without further purification. The solutions were prepared with
deionized water (18.2 MQ cm).

2.2 Synthesis

Briefly, 300 mg of dopamine hydrochloride (DA) was dissolved
in a ball flask with 150 ml of deionized water (13 mM). The
solution was stirred using a magnetic bar; meanwhile, three
different quantities, 1.5 (pH = 8.50 at 25 °C), 4.5 (pH = 8.98 at
25 °C), and 7.5 (pH = 9.50 at 25 °C) Millimole (mmol) of TRIS,
were added. The study was carried out at 25, 40, and 55 °C for
every TRIS concentration. After 24 hours, the solution was
centrifuged at 6000 rpm for 20 minutes and washed several
times with deionized water to remove synthesis residues. The
sediment was dried at 80 °C for 6 hours.
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2.3 Kinetic analysis of the reaction

The polymerization reaction was monitored by UV-vis spec-
trometry in a quartz cell with a UV-vis-NIR spectrometer, CARY
5000 (Agilent, USA), in the range of 250 to 350 nm, and the
maximum absorbance of DA was located at 280 nm. Then,
aliquots were taken at 0, 1, 2.5, 5, 15, 45, 90, 180, 360, 600, and
1400 minutes; such aliquots were centrifugated to remove the
presence of PDA. For an adequate measure of the absorbance,
the aliquots were diluted with a factor of 20 with deionized
water.

The UV-vis spectrum of PDA suspension was carried out once
it was washed and dried to remove any trace of DA. Afterward,
the PDA was re-suspended in water with a water/PDA ratio of 20.
Spectrum was measured in a range from 200 to 500 nm.

2.4 Characterization of material

2.4.1 Morphology and particle size. The morphology of
synthesized material was observed by Scanning Electron
Microscopy in a Dual Beam Helios Nanolab 600 (FEI, USA)
operated at 8.00 kV, a work distance of 5.0 mm, and a secondary
electron detector; the samples were supported on carbon tape.
The diameters of the particles were measured using the soft-
ware Image]. The used micrographs were taken at 25 000 x with
measurements of 80 particles.

2.4.2 Thermal characterization. The thermal transitions
were obtained by Differential Scanning Calorimetry (DSC) using
a DSC Q200 (TA Instruments, USA) with a heating rate of 10 °
C min~" from —50 to 250 °C under a nitrogen atmosphere. The
Thermogravimetric Analysis (TGA) was conducted using Q500
equipment (TA Instruments, USA) with a heating rate of 10 °
C min~" from room temperature to 700 °C under a nitrogen
atmosphere.

2.4.3 Spectroscopic analyses. For such analyses, the Four-
ier Transform Infra-Red (FTIR) was obtained with a spectro-
photometer Nicolet iS10 (Thermo Scientific, USA) using the ATR
mode with 256 counts and 4 cm ™" resolution. At the same time,
the Raman spectroscopy was carried out using a Micro Raman
(Renishaw, UK), laser excitation at 532 nm, and a Raman shift
range from 500 to 2000 cm™". All spectra were processed to
establish the same baseline.

2.4.4 X-ray diffraction. XRD spectra were collected on an X-
ray diffractometer D8 Advance (Bruker, USA) using Cu Ko
radiation with a diffraction angular range from 5° to 60° in 26.

3. Results and discussion

3.1. PDA synthesis

The dopamine concentration at every condition was determined
over time using UV-vis spectroscopy to evaluate its consumption
kinetics. Fig. 1A shows the UV-vis spectra of dopamine solution
at different reaction times with 1.5 mmol TRIS. The maximum
peak is observed at 284 nm, which corresponds to the absorp-
tion by the aromatic ring in DA.?* Regarding the spectra of the
other reactions, they follow a similar trend; consequently, the
spectrum at 1.5 mmol tris and 25 °C, is representative and for
a clear observation, it is the only shown. It is worth mentioning

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(A) UV-vis spectra of the DA solution at different reaction times with 1.5 mmol of TRIS and 25 °C. (B) PDA spectrum in water solution.

Reaction solution color change with 1.5 mmol TRIS, (C-1) at 25 °C, (C-2) at 40 °C, and (C-3) at 55 °C.

that PDA is a material with broadband monotonic absorption
without a specific absorption wavelength. Thus, the spectrum of
PDA is characterized by an exponential increase in absorbance
toward the ultraviolet spectrum;* see Fig. 1B. Different points
of view have been put forth to explain the origin of PDA's
broadband absorption. For instance, according to R. Micillo
et al.,”” the broad spectra of PDA in UV-vis could be related to the
5,6-dihydroxyindole-based (DHI) oligomers of the material and
its delocalized m - electrons systems. Nevertheless, another
accepted theory argues that absorption in the ultraviolet region
is due to dopamine transformation into dopachrome and
dopaindol. At the same time, the presence of monomers (DA) in
the PDA structure could generate absorption from visible to
infrared wavelengths, which results from the subsequent self-
polymerization process.***

Regarding the color of the solution, from Fig. 1(C-1)—(C-3), it
is clear that it changed according to the reaction extent and
depending on its initial reaction temperature. A color change
from pale yellow to dark brown indicates the self-oxidation of
DA to obtain PDA.

The exact polymerization mechanism of PDA is still under
debate, mainly due to its insolubility in all solvents. Nonethe-
less, there have been significant attempts to explain it.
According to the literature,***® spontaneous auto-oxidation of
dopamine accompanying intramolecular cyclization takes
place, and alkali medium (pH = 7.5) and dissolved oxygen are
the key factors of the process.

Fig. 2A summarizes this process (illustration taken from ref.
40). Firstly, the catechol moiety of DA loses an e~ and H' to
become dopamine semiquinone (DSQ), to oxidize again later,

© 2023 The Author(s). Published by the Royal Society of Chemistry

giving the dopamine quinone (DQ). Secondly, DQ undergoes
intramolecular cyclization and oxidation to form leucodopa-
minechrome (LDC), which consequently gives rise to dop-
aminechrome (DC), which can re-arrange to DHI.

In addition, in analogy with the eumelanin, the hierarchical
structure of PDA has been proposed, and three stages are
established. The first stage is formed by oligomers of DA, DHI,
or indolequinone (oxidized form of DHI, IDQ) species that
could be covalently bounded by C-C in 2, 4, or 7 position for
DHI and 2 or 5 position for DA, “covalent oxidative polymeri-
zation”; or they could be directly assembled by physical inter-
actions (hydrogen bonds between oxidized species of catechol
moieties), “physical self-assembly pathways”, as it is shown in
Fig. 2B.

In contrast, other investigations have indicated that during
the self-oxidation of DA, species like pyrrole carboxylic acids or
catechol-containing carboxylates can be developed due to the
oxidative destruction of the phenyl ring of the indole structures.
These can be found as part of the structure of PDA, mainly when
1-DOPA is used as a precursor.”* The second stage is built
through stacking oligomers (trimers and tetramers) and non-
covalent interactions like m-m interaction. In the last stage,
aggregates are formed by weak non-covalent interactions
between the structures.*”** Additionally, temperature acceler-
ates such oxidation, which is why a darker solution for the
highest temperature (55 °C) is observed earlier than the reac-
tions carried out at 25 and 40 °C (Fig. 1C). Thus, the influence of
temperature on the reaction rate is evident, and an Arrhenius-
type behavior is expected.

RSC Adv, 2023, 13, 5081-5095 | 5083
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3.2 Polymerization kinetics

Fig. 3 shows the DA concentration profile over time for every
synthesis condition. The mathematical model used to adjust
the data exhibited an exponential decrease. Regarding the
general expression, reagents — products, eqn (1) and (2)
display the reaction of DA conversion to PDA and the rate law,
respectively.
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(A) Chemical route of the DA auto-oxidation,*® (B) PDA formation through the different oligomers.**
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Applying natural logarithms to eqn (2), the mathematical
equation corresponds to a linear equation (eqn (3)), where the
slope corresponds to the reaction order n, and the intercept
b corresponds to Ln(k), from which the rate constant can be
obtained.

Ln(fr[DA]) = HLH([DA]) + Ln(k) (3)
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Fig. 3 Change of dopamine concentration against time and exponential decline fitting for (A) 1.5 mmol TRIS, (B) 4.5 mmol TRIS, (C) 7.5 mmol

TRIS, and (D) zoom of the reaction onset at 7.5 mmol TRIS.
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Table 1 summarizes the values of the rate constant and
reaction order from each temperature and TRIS concentration
used.

The synthesis of PDA with 1.5 mmol showed an increase in
the reaction rate (Fig. 3A) as the temperature was increased, as
was expected (Table 1). This behavior indicates that the reac-
tion, under such conditions, follows typical behavior in terms of
kinetics and the mechanism as proposed by Della Vecchia
et al.* Chemical kinetics—specifically the theory of collisions—
indicates that when temperature increases in a chemical reac-
tion, molecules' kinetic energy also increases. Consequently,
the molecules have more energy to react and form products due
to more collisions caused by the temperature increase,** which
exhibit an increment of 0.37 and 1.14 times when the temper-
ature increase to 40 and 55 °C, respectively, concerning the rate
constant at 25 °C.

The reaction order of the synthesis carried out with 1.5 mmol
of TRIS was n ~ 1 for every temperature. It means that the
reaction of PDA formation depends linearly on the DA
concentration. In other words, the reaction order of PDA
synthesis implies the exponential decrease of DA concentration
as a function of time, while the reaction rate decrease linearly as
a function of concentration.

Fig. 3B displays the relationship of DA concentration vs. time
at 25, 40, and 50 °C with 4.5 mmol of TRIS; the calculated values
of the reaction order and rate constant for every reaction
temperature were n ~ 1 and k = 2.53 x 10™%, 3.28 x 10, and
4.65 x 10~ min ', respectively. In the same way, reactions
carried out at 4.5 mmol TRIS show similar behavior concerning
1.5 mmol when the temperature increases; it represents an
increment of the k as the temperature increase.

When the rate constants of 1.5 and 4.5 mmol TRIS are
compared, a TRIS concentration effect can be noticed. TRIS
molecule possesses three OH groups which are ionized when it
is in solution; a higher concentration of OH™ ions means that
the Michael addition is accelerated.*® Michael's addition is an
essential step in the DA auto-oxidation for the formation of DQ,
where the catechol moiety of DA is oxidized, losing an e~ and H"
with the participation of O,. However, this increase in the k
value derived from hydroxyl ions concentration is limited to 25
and 40 °C since 55 °C is smaller than the k calculated with
1.5 mmol at the same temperature (Table 1).

As mentioned by M. Wu et al.,*® the synthesis of nano-
particles of PDA implies two stages. The first one is the forma-
tion of PDA seeds, which grow during the second stage.
Variables like temperature, pH, oxidants, and concentration of
DA during its polymerization affect both stages. Polymerization
of DA is accelerated by a high initial concentration of OH™ ions.

Table 1 Reaction order and rate constants for every reaction

condition

T/°C  nys  kys/min* Nys  kys/min~! n,s  k,s/min "t
25 1.00 2.38x10°* 098 253x10* 092 1.50x10*
40 0.97 326x10* 0.98 3.28x10* 0.98 3.97 x10*
55 0.98 5.10 x 10°* 1.00 4.65x10* 097 1.78x10*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In parallel to an increment in temperature, its effect leads to
a higher nucleation rate of PDA particles and, thus, to forming
more seeds.”**® However, DA as a precursor for the PDA
synthesis is consumed rapidly, and when more nuclei are
formed, DA becomes unavailable for the particle growth stage.
We assume that due to a slower growth stage of PDA particles,
the observed k at 55 °C with 4.5 mmol TRIS could be lower than
k with 1.5 mmol TRIS at the same temperature.

Fig. 3C and D illustrate the change in DA concentration over
time for reactions with 7.5 mmol TRIS. Fig. 3D displays the
change in DA concentration at 0, 1, and 2.5 minutes where
a sudden decrease in DA concentration is observed as the TRIS
solution was added. This reduction conveys an increment in
TRIS concentration and temperature, which is correlated with
the formation of seeds during the first stage of DA
polymerization.

In order to estimate the oxidized DA and consumed for PDA
nuclei, Fig. 4 shows the percent decrease in DA at the first
instant after TRIS addition for all concentrations and temper-
atures. As is exhibited, for the reaction with 1.5 mmol TRIS,
there is no sudden consumption of DA in the nuclei formation
stage at the measurement's first time. However, for reactions at
4.5 mmol TRIS, one can notice a reduction of 2% in the DA
concentration at 25 °C, which increases to 3.4% for the reaction
at 55 °C; likewise, at 7.5 mmol TRIS, the DA concentration
reduces by 11.7, 13.5, and 15.8% for 25, 40 and 55 °C, respec-
tively. As mentioned before, OH™ ions and temperature accel-
erate the DA oxidation, which promotes the formation of DQ, an
essential step for the PDA seeds formation; from these results, it
is also observed that an increment in TRIS concentration is
more relevant for nuclei construction than an increment in
temperature. At 25 °C, the consumption of DA was 0, 2.00, and
11.72% as the hydroxyl ions increased, an effect also observed
for 40 and 55 °C, where the percentage of DA decrease was from
0 to 3.41 and 13.46%; and from 0.61 to 3.44 and 15.74%,
respectively. In contrast to TRIS concentration, the lower effect
of temperature could be explained as the dependence on dis-
solved oxygen, which is essential for the auto-oxidation of DA.*

From the results observed for DA polymerization with
7.5 mmol of TRIS was supposed that the reaction has two
different rate constants. The first is associated with the sudden
decrease of DA at the first moments of the reaction, and the

201 A 1.5 mmol
=15 BASIMOL e [a)
R o
g 10 -
[}
@
[=]
- 5
g ................ . ........................... .
el . ...........
0 A T T A UPRRpeees A .

20 25 30 35 40 45 50 55 60
Temperature / °C

Fig. 4 Effect of the TRIS solution on DA consumption in the solution
immediately after its addition (one minute after).
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second is related to the subsequent decrease of DA. Due to the
high-speed consumption of DA, it was not possible to determine
the rate constant at the first moments. At the same time, the
reaction order was assumed to be a superior order, which
explains the decrease in DA concentration over time.

From the profiles obtained with 7.5 mmol TRIS shown in
Fig. 3C, the second rate constant, the reaction rate at 55 °C, is
lower than that at 40 °C and is similar to that of 25 °C. The
computing values for reaction order and rate constants at 25,
40, and 55 °C were n ~ 1; and k = 1.50 x 10™%, 3.97 x 10, and
1.78 x 10~ * min~?, respectively. When the temperature rises to
40 °C, the rate constant increases 1.64 times in relationship
with k at 25 °C, which corresponds with an Arrhenius behavior
and an increment of OH™ concentration.

Nevertheless, the rate constant decreases when the temper-
ature increases to 55 °C. According to ref. 25, the use of free
radical scavengers (i.e., edaravone) has an inhibition or termi-
nation effect during the DA polymerization, resulting in
a decrement in particle size and yield. This effect occurs due to
a reduction process promoted by edaravone during the oxida-
tion of DA to DSQ species formation. It serves as an H-atoms
donor to DSQ, which generates stable compounds. When the
reaction is carried out at high temperatures, it implies the
dissociation of water molecules, changing the concentration of
H' and OH™ ions; in parallel, the generated species during DA
oxidation with dissolved oxygen like H,0, and HO,-
(Salomiiki, M. et al.*) also could be a source of H'. Herein, we
assume that very high -OH ions concentrations (TRIS) affect the
chemical kinetics of PDA polymerization, causing the
inhibition/termination of the growth stage of PDA particles,
which causes a lower k at 55 °C is obtained. In other words,
when rate constants at 55 °C at different TRIS concentrations
(Table 1) are compared, it is observed that reversibility in the DQ
formation and inhibition/termination effects are more
substantial when temperature and TRIS concentration
increased, affecting the rate constant. Similar results were re-
ported by X. Wang et al. where higher pH values (>9.55) gave
lower yields.

According to chemical kinetics principles, most chemical
rate constants increase as the temperature increases, and the
Arrhenius equation (eqn (4)) expresses this relationship.

E,
k = Ae RT (4)

The Arrhenius parameters, activation energy (E,), and pre-
exponential factor (A) were calculated from the plot of Ln(k)
against 1/T that gives a straight line (y = mx + b) where the slope
(m) is m = —E,/R, while b = Ln(A) provides the pre-exponential
factor, see Table 2. The E, is the minimum kinetic energy that
reactants must have to generate products. Thus, 20.6 k] mol " is
the E, computed for the reaction at 1.5 mmol while, for
4.5 mmol, it decreases to 16.48 k] mol ™. This effect means that
a high pH (concentration of OH™) reduces the activation
energy—four-fifths compared to 1.5 mmol—needed to carry out
the reaction of DA polymerization. In addition, the calculated E,
at 7.5 mmol TRIS, just for 25 and 40 °C, is 50.27 k] mol". High
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Table2 Activation energy and pre-exponential factor computed from
rate constants

1.5 mmol 4.5 mmol 7.5 mmol
E, /K] mol ! 20.60 16.48 50.27
A/min" 0.94 0.19 96 374

activation energy values imply a strong dependence of the rate
constant on temperature, a result supported by the above-
calculated rate constants. Moreover, in the case of 40 and 55 °©
C, the obtained E, = —45.5 k] mol " describes the rate decrease
as the temperature increases.

Fig. 5 shows the plot E, vs. Ln(A); as is observed, A for DA
polymerization increases linearly with E,. This relationship is
explained by Brensted acid sites (or active sites) in catalysts.***°
According to these works, an increase in active centers corre-
sponds to a higher value of A; also, due to statistical and ther-
modynamic reasons, these active sites should be more
numerous with decreasing energy. Additionally, they are less
effective with lower energy. In other words, low energy in the
active centers is accompanied by a high value of E,.

Above all, this linear relationship between E, and Ln(4) could
be explained by DA polymerization in the growth stage. DA
monomers react on the surface of previously formed PDA
particles, where active sites like catechol moiety (acid site) and
secondary amine (basic site) can affect the auto-oxidation and
polymerization of DA.

3.3 Morphological analysis

Fig. 6 shows the micrographs for every PDA sample obtained by
scanning electron microscopy and its corresponding particle
diameter distribution (Table 3). The results for 1.5 TRIS
concentration at 40 and 55 °C (Fig. 6B and C) display an average
radius of 170.8 and 358.8 nm with broad particle distributions
and standard deviations (SD) of 255.6 and 181.7, respectively.
These materials, obtained at 40 and 55 °C, show a variety of
particle sizes composed of separated and agglomerated parti-
cles, in contrast with the material obtained at 25 °C (Fig. 6A)
that displays seemingly small regular fused particles forming

55 -
A

¥ 40 -

s |

£

=

< 25 1 )

o AT
e
T —
2 0 2 4 6 8 10 12

Ln(A)

Fig. 5 E, vs. Ln(A) in the range of temperatures of 25 to 55 °C.
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Fig. 6 Micrographics of PDA synthesized at different conditions and particle diameter distribution; (A) 1.5 mmol, 25 °C, (B) 1.5 mmol, 40 °C, (C)
1.5 mmol, 55 °C, (D) 4.5 mmol, 25 °C, (E) 4.5 mmol, 40 °C, (F) 4.5 mmol, 55 °C, (G) 7.5 mmol, 25 °C, (H) 7.5 mmol, 40 °C and, (I) 7.5 mmol, 55 °C.

The bar represents 2 um.

Table 3 Diameter and SD of particle size

Material Diameter/nm SD
1.5 mmol 25 °C — —
40 °C 438.4 255.6
55 °C 358.8 181.7
4.5 mmol 25 °C 661.2 148.0
40 °C 424.6 40.9
55 °C 173.3 11.3
7.5 mmol 25 °C 564.6 29.1
40 °C 276.4 18.6
55 °C 334.3 16.9

large agglomerates. Agglomerates observed at 25 °C could be
formed by seeds that grow and fuse as the reaction advances.
However, when the temperature increases, well-defined and
bigger particles appear.

The Ostwald ripening process explains a wide distribution of
diameter particles at 40 and 55 °C.** This process occurs when
little particles are dissolved; the DA monomers from the surface
of the smaller particles migrate to larger ones, resulting in
bigger particles and wide distribution due to the higher surface
energy of smaller particles; according to the Gibbs-Thompson
relationship, these tend to dissolve.

The micrographs at 4.5 mmol TRIS (Fig. 6D-F for 25, 40, and
55 °C, respectively) show well-defined spherical particles with
a narrow distribution (Table 3). A more spherical morphology is
observed as a result of a higher concentration of TRIS than

© 2023 The Author(s). Published by the Royal Society of Chemistry

reactions at 1.5 mmol TRIS. Additionally, the temperature also
affects the size distribution and average diameter.

Results from 7.5 mmol TRIS concentration at various
temperatures (Fig. 6G-1) also show well-defined particles with
average diameters of 564.6, 276.4, and 334.3 nm and SD of 29.1,
18.6, and 16.9 nm, respectively. In the same way, the effect of
higher TRIS concentration gives better-defined particles.
However, the diameter of PDA particles is not correlated with
temperature since an increment from 25 to 40 °C represents
a decrement from 564.6 to 276.4 nm; but when the temperature
increases to 55 °C, the average size increases to 334 nm. In order
to explain the change in particle size, the rate constant has
a better fit. Although the temperature affects the rate constant,
the inhibition/termination effect on PDA polymerization affects
the rate constant and particle size, as mentioned before. In
summary, the polymerization of PDA strongly depends on TRIS
concentration and temperature; higher concentrations of TRIS
encourage well-defined spherical particles and affect the
particle size and distribution, an equally promoted effect by
temperature from the rate constant.

3.4 Thermal analysis

Thermogravimetric analysis of DA (Fig. 7A) shows thermal
stability up to 210 °C; after this point, dopamine degradation
begins. Two main thermal stages are observed; the first is from
210 to 330 °C, where the degradation of catechol moiety is
carried out, and the second is from 330 to 465 °C, associated

RSC Adv, 2023, 13, 5081-5095 | 5087
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Fig. 7 Thermogravimetric analysis of (A) dopamine hydrochloride (DA

with the decomposition of the alkyl spacer and the amine
group.®® The residue was 18.7% which corresponds to calci-
nated DA.

In the case of PDA, Fig. 7B shows the TGA thermograms of
PDA synthesized with 1.5, 4.5, and 7.5 mmol TRIS. All the
materials show similar and multistep weight loss associated
with chemical heterogeneity. Four steps in the thermal degra-
dation of PDA are identified; the first one is related to the
evaporation of weakly bound water due to high PDA hygro-
scopicity,” observed from 25 to 100 °C. The second one—
between 100 and 240 °C—corresponds to the release of intra-
molecular, strongly-bonded water.>® The third step associated
with the decomposition of aliphatic components®* presented in
PDA originated from DA molecules non-oxidized during the
polymerization. Finally, with a final average mass retention of
56.2%, the last step from 420 to 700 °C matches with aromatic
compounds like catechol or the o-benzoquinone moieties that
decompose in this temperature range.**

Table 4 summarizes the loss in weight of PDA computed for
each material at the final temperature of the four-step degra-
dation process. The weight loss at 100 °C oscillates between 6.30
and 7.12%, with differences of 0.31%; this was the highest
difference value of the four steps losses associated with the high
material hygroscopicity. Molecular water trapped between PDA
microstructure from the synthesis medium needs more heat to

Table 4 Thermal characteristics of PDA analyzed by TGA and DSC
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-HCl) and (B) synthesized PDA at 25 °C.

be released; the average weight loss of this process was 5.57%,
with narrow differences (variation of 0.17%). The average
weight loss of 25.8% at 420 °C is 0.19%, similar to the variation
at 700 °C (0.13%). Low differences and similar behavior of PDAs
after 240 °C could be associated with the similar chemical
composition of PDA synthesized under different conditions.
The literature about natural and synthetic melanin postu-
lates that these materials do not have a defined structure,
considering them amorphous materials.>**” On the other hand,
E. Coy et al.*® have reported contradictory results for synthesized
PDA characterized by Raman spectroscopy without any thermal
treatment, which shows characteristics related to carbonized
PDA particles; this material displays regular zones that indicate
nanocrystalline graphite-like structure.® In addition, according
to polymers science,’*®* characteristic endothermic peaks
observed by DSC are associated with the fusion of crystalline
regions present in the microstructure of polymers.®* The crys-
talline fraction can be computed by the quotient of the melting
enthalpy (heat associated with the fusion process) measured
and the melting enthalpy of the completely crystalline material.
The first authors that propose the relationship between the
endothermic process of natural and synthetic melanin and
a phase transition based on the granule nucleus organization
were Simonovic B. et al.® The DSC thermograms of PDA are
shown in Fig. 8. A broad endothermic peak with a maximum is

Weight loss/%

DSC results

Enthalpy/J
Material 25-100 °C 100-240 °C 240-420 °C 420-700 °C Melting peak/°C g71
1.5 mmol 25 °C 6.42 12.13 26.04 43.92 125.0 304.5
40 °C 6.82 12.34 25.60 43.66 124.5 340.9
55 °C 6.39 12.00 25.79 43.93 137.2 346.6
4.5 mmol 25 °C 6.30 12.05 26.03 43.89 98.1 308.2
40 °C 7.12 12.39 25.82 43.89 99.1 412.5
55 °C 6.97 12.44 25.62 43.67 100.8 297.9
7.5 mmol 25 °C 6.42 12.13 26.04 43.92 139.2 307.5
40 °C 6.39 12.00 25.79 43.93 123.9 338.9
55 °C 6.82 12.34 25.60 43.66 145.7 280.2
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observed between 98 and 146 °C; this first-order transition is
linked with the melting process of PDA. As mentioned above,
the chemical composition of PDA consists of layers (oligomers)
composed of 3-4 units of mainly 5,6-dihydroxindole and DA
molecules covalently bonded. Simultaneously, these layers
interact by m-m systems, giving rise to ordered short-range
regions. These arrangements, known in polymer science as
lamellae crystals, suggest the presence of crystalline regions in
PDA, which are destroyed by heating, explaining the transition
observed by DSC.

Thermograms show the effect of synthesis conditions
through the form—narrow or broad—of the endothermal peak
(melting temperature) and melting enthalpy. Such thermo-
grams indicate different melting temperatures due to crystallite
imperfections and non-uniformity in their size. For instance,
Yu, X. et al.** reported dark domains of graphite-like nano-
structures with short-range (2-3 layers) and large-range (~40
layers) on calcinated PDA particles using High-Resolution
Transmission Microscopy.

Fig. 8 illustrates the PDA thermograms synthesized with 1.5,
4.5, and 7.5 mmol TRIS at the three temperatures. Thermo-
grams from synthesis at 4.5 mmol TRIS (Fig. 8B) show similar
melting enthalpies compared with 1.5 and 7.5 mmol TRIS, but
the melting points are lower (between 27 and 35 °C, Table 4).
These results indicate that pH (TRIS concentration) and
temperature have an essential effect on the conformation of
PDA microstructure with an accentuated effect at 4.5 mmol
TRIS concentration.

The associated enthalpy for each material is also listed in
Table 4. It is worth mentioning that there are no data in the
literature about melting enthalpy for crystalline PDA. Thus, it is
not possible to calculate the crystalline fraction for these

Exo up —

Heat flow /J g™

0 50 100 150 200 250
Temperature / °C

Exo up —

Heat flow / J g
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materials. However, if it is assumed that the PDA with the
higher enthalpy value has the highest crystalline fraction
(100%), which was obtained with 4.5 mmol TRIS at 40 °C, then
7.5 mmol TRIS at 55 °C produces the PDA with the lower crys-
talline fraction, 67.98%.

On the other hand, a minimum effect of TRIS concentration
on the melting enthalpies for 1.5, 4.5, and 7.5 mmol at 25 °C is
noticed. When the temperature increases to 40 and 55 °C, the
effect of TRIS concentration is substantial; for instance, at
1.5 mmol, the temperature favors the formation of crystalline
fractions in PDA, while the crystalline fractions at 40 °C are
higher than those at 25 °C, at 4.5 and 7.5 mmol. But at such
TRIS concentration and 55 °C, the crystalline fraction is reduced
regarding that at lower temperatures. It is assumed that this
effect relates to the chemical kinetics of PDA synthesis; at low
TRIS concentration, the effect of temperature is directly
proportional to the crystalline fraction.

On the contrary, this relationship changes when TRIS
concentration increases to 7.5 mmol, which modifies the rate
constant, see Fig. 9A. According to Yu, X. et al., there are more
stacking layers on the shell than in the inner of PDA particles,
which could be affected by the inhibition/termination or Ost-
wald ripening process on the surface of particles during the
growth stage.

A correlation between the endothermal transition and inner
water molecules in the microstructure also can be established
in the 100-240 °C range, where the melting of crystalline
regions of PDA led to water molecules-from reaction media—to
be released. Nonetheless, the enthalpy associated with this
process is much lower than the associated melting enthalpy.*>*

Fig. 9B illustrates the correlation between the synthesis and
melting temperature, where most crystalline regions disappear;

(B)

Exo up —

Heat flow / J g™

0 50 100 150 200 250
Temperature / °C

0 50 100

150 200 250

Temperature / °C

Fig. 8 Thermograms obtained from PDA synthesized at (A) 1.5 mmol, (B) 4.5 mmol, and (C) 7.5 mmol for each temperature.
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Fig. 9 Relationship between (A) rate constant and enthalpy of fusion,

this also depends on crystallite defects or size. Results for
4.5 mmol TRIS show a minimum effect of the temperature on
melting point; that means greater homogeneity of the crystal-
line regions or a reduced number of crystal defects. When the
polymer is heated, the chains begin to move gradually as
temperature increases and the crystalline domains are fused.
The movement of chains depends on many aspects like main-
chain symmetry and flexibility, polarity, tacticity, type/size of
side-groups, and residual monomer/solvent.*> As mentioned
above, PDA is constituted by oligomers, which are made up of 2—-
8 monomers,** such as DHI and DA, in the beginning.

It is relevant due to the rigidity of the DHI compared to DA
molecules; DHI has two aromatic rings, which reduce the flex-
ibility, while the DA has a catechol moiety and an aliphatic
branch which make its movement less restrictive. In the same
way, oligomers with more monomers (e.g., 8 DHI molecules)
mean a more restricted motion than smaller oligomers (e.g., 4
DHI). Results at 1.5 and 7.5 mmol show a considerable differ-
ence in melting temperatures, but with similar tendencies; this
is ascribed to different ratios of DHI/DA monomers and poly-
merized degree of oligomers (2-8 units) derived from synthesis
conditions.

3.5 Spectroscopic analysis

Infra-Red and Raman spectroscopies were carried out for the
structural characterization to understand the effect of synthesis
conditions on PDA and its influence on thermal properties.
Fig. 10 illustrates the FTIR spectra of PDA obtained at 1.5, 4.5,
and 7.5 mmol TRIS. Firstly, the broad peak between 3200-
3700 cm ! is associated with the tension of the O-H and N-H
groups; O-H is related to the catechol moiety, while N-H is
attributed to amine groups of 5,6-dihydroxyindole and dopa-
mine molecules in the PDA structure.*>*® Overlap vibrations of
the benzene ring (C=C) and stretching vibrations of amine
group bands are present at ~1573 cm ™ '. Primary amines (N-H)
have signals at 1550-1650 and 1050-1100 cm ', whereas
secondary amines (C-N) are at 1500-1550 and 1100-1200 cm ™.
Different amines are related to the presence of DHI or DA
molecules; DA has primary amines, while DHI has secondary
amines. Bands between 1460 and 1340 cm ™" are attributed to
the bending vibration of aliphatic groups (-CH,-, C-H),**
coming from the aliphatic branch of DA. Finally, stretching

5090 | RSC Adv, 2023, 13, 5081-5095
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vibration of phenolic groups (C-OH) band is observed between
1230-1290 cm ™ .

Table 5 lists the ratio between primary and secondary amine
intensities.” A ratio below unity is observed for all materials; it
specifies a higher quantity of secondary amine groups, indi-
cating a conformation based mainly on DHI monomers. The
4.5 mmol TRIS concentration displays a high ratio of 1075/
1150 cm™". A more subtle difference is observed in the 1600/
1525 cm™ " ratio; it could be due to the overlapping bands from
the benzene ring (C=C, 1560-1630 cm ') and amine groups.
These results—in comparison with the other two concentra-
tions—demonstrate a higher presence of DA monomers in PDA,
which supports the DSC results where the aliphatic branch, that
even having a 3-dimensional structure since it is aliphatic the
primary bonds allows rotational movement, which needs less
energy to begin to move compared to the aromatic structure of
DHI, which is more voluminous and rigid.”"*

On the other hand, the higher presence of secondary amine
in materials obtained at 1.5 and 7.5 mmol TRIS is associated
with favoring DA cyclization (DHI monomers) and contributes

7 st
g 2)n
| T5mmol55°C f’\/\__
7.5 mmol, 40 °C /J\/“\____
. 7.5 mmol, 25 °C
2
4| 4.5 mmol, 55 °C WL
8| " 45mmol40°C /wk___
(3]
g 4.5 mmol, 25 °C
H 1.5 mmol, 55 °C /N\\___“
L= 4
1.5 mmol, 40 °C ¢/‘\J\‘\______“
, . 1.5 mmol, 25 °C SN
4000 3500 3000 2500 2000 1500 1000

Wavenumber / cm™1

Fig. 10 FT-IR spectra of PDA at each synthesis condition from 550 to
4000 cm™.
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Table 5 Intensities ratio of primary and secondary amine bands
measured by FT-IR

Intensity ratio (NH,/NH)

Material 1600/1525 cm ™! 1075/1150 cm ™!
1.5 mmol 25 °C 0.72 0.24
40 °C 0.91 0.18
55 °C 0.92 0.23
4.5 mmol 25 °C 0.85 0.31
40 °C 0.87 0.32
55 °C 0.86 0.30
7.5 mmol 25 °C 0.74 0.20
40 °C 0.84 0.20
55 °C 0.79 0.24

to a more rigid structure observed through the differences and
higher values of melting temperatures—DSC results.

In addition, Fig. 11 displays the Raman spectra of synthe-
sized PDA; two distinct bands, D (amorphous band—sp® and H)
and G (graphitic band—sp?®), are shown in all samples. The first
one, the D-band at ~1374 cm ™!, and the second one, the G-band
at ~1579 em ™", originated from linear stretching of C-C bonds
inside the rings and in-plane stretching of the aromatic
rings,”””* respectively. The intensity ratio (Ip/lg) is utilized to
identify the degree of defects in a material where a low ratio
indicates a low number of defects; consequently, the material
presents a more graphitic structure with an sp> phase. The I/l
ratio for 1.5 and 7.5 mmol TRIS displays similar values. These
were below the unity that signifies the predominance of the
graphite-like structure (sp® bonds) associated with the 77
stacking layers model as has been proposed for PDA; on the
other hand, higher values of Ip/Ig ratio at 4.5 mmol reveal
a lower graphite-like arrangement.

Notwithstanding, a specific analysis of the position of the G-
band indicates a gradual blue shift (Fig. 12). According to Li, H.
et al.,”” the change of the G-band (to blue) is associated with
carbonized PDA, where the amorphous carbon structure of PDA
is converted to nanocrystalline graphite. The PDA synthesized

D - Ip/lg ratio
7.5 mmol, 40 °C 0.62
S | 7.5 mmol, 25 °C 0.65
2 | 4.5 mmol, 40 °C 0.83
g 4.5 mmol, 25 °C 0.82
1.5 mmol, 55 °C 0.63

1.5 mmol, 40 °C __//M

1.5 mmol, 25 °C 0.63

500 860 1 1|00 14|00 1 7b0 20|00

Raman Shift/ cm-1

Fig. 11 Raman spectra of PDA at each synthesis condition.
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Fig. 12 Relationship between the temperature of the reaction and the
G band position.

here was not carbonized, but a relationship was established
between the synthesis temperature and the blue shift, Fig. 12.
We think that the synthesis temperature can also affect the PDA
structure.

In particular, the low positions of the G-bands and the high
I/l ratio for materials obtained at 4.5 mmol TRIS concentra-
tion compared with the other two concentrations could be
explained due to the presence of DA monomers. Monomers
constituted by DHI molecules are planar structures with -7
bonds (sp> hybridization), allowing monomers to stack in
a graphitic-like structure. Nevertheless, when DA molecules
form part of oligomers, the presence of - bonds is reduced,
and sp® hybridization (characteristic hybridization of amor-
phous carbon material) increases.”

3.6 X-ray diffraction analysis

The X-ray diffraction analysis was used to carry out a micro-
structural analysis of PDA, see Fig. 13. PDA is a material
composed of oligomers which in turn are mainly composed of
DHI molecules that make up graphitic-like structures by -7
stacked. The peak center of XRD spectra is located between 21.6
and 23.4 (260), with variation in the distance of the layers

7.5 mmol, 55 °C

L._/\

7.5 mmol, 40 °C

7.5 mmol, 25 °C

4.5 mmol, 55 °C

4.5 mmol, 40 °C

4.5 mmol, 25 °C

Intensity / A.U.

\__//\ 1.5 mmol, 55 °C
\’/\ 1.5 mmol, 40 °C
g TS 1.5 mmol, 25 °C

1l0 2l0 3I0 4]0 5I0 GIO
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Fig. 13 X-ray diffraction spectra of PDA for each synthesis. condition.
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Fig. 14 Representation of monomer proposed by (A) Meng and Kar-
ixas, (B) Liebscher, and (C) three-layer stacked model for PDA. Atoms
color: black, blue, red, and white for carbon, nitrogen, oxygen, and
hydrogen, respectively.

between 3.4 and 4.1 A, which could be mainly associated with
the synthesis media molecules trapped between them.?*%7>

The center peak of PDA spectra for all materials was located
at 23.1 + 0.1 (26), which indicates a typical graphitic-like
structure and suggests a d-spacing of ~3.4 A. No effect from
the synthesis conditions is observed for the XRD spectra; it can
be associated with the reaction media since the water was used
as the solvent.

Fig. 14 shows the two most used monomers to explain the
PDA structure and its stacking as a graphitic-like structure.
Fig. 14A presents an oligomer formed by four DHI molecules
and its different oxidized forms; this cyclic model (Cyclo-
tetramer) proposed by Meng and Karixas has been obtained
through density functional theory (DFT) calculus, and despite
explaining the optical absorption of natural melanin and PDA,
it has not been experimentally proven.” On the other hand,
Fig. 14B illustrates the PDA monomer structure based on
spectroscopic and DFT results, the Liebscher model.”” In this
model, the composition of oligomers is formed by a mixture of
DHI units with different unsaturation degrees (DHI and its
oxidized forms) and open-chain dopamine units (DA) united
covalently by carbon atoms in the 4 and 7 positions; results that
support the presence of PDA chains of this kind also were re-
ported by P. Delparastan et al.,”® where also was identified the
interaction between chains by reversible non-covalent
interactions.

According to the results obtained from the thermal and
spectroscopic analysis, the presence of DA units in the PDA
chains has been inferred; consequently, the Liebscher model
adjusts and describes the observed properties of the PDA.
Finally, Fig. 14C shows the stacking structure of PDA chains
with a d-spacing of ~3.4 A supported by the m-7 interactions.

4 Conclusions

The kinetics for most of the PDA synthesized using TRIS have
been shown to have a conventional Arrhenius-type behavior.
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However, high TRIS concentrations have different implications
as the inhibition/termination process affects the rate constant
and the conversion yield.

The correlation between PDA morphology and TRIS
concentration/temperature is well established in the literature.
Nonetheless, this work has proven that morphology is mainly
related to the rate constant, which depends on TRIS concen-
tration and temperature but does not behave linearly concern-
ing these conditions.

It has been identified that the ratio of primary and secondary
amines in the PDA is essential to understanding its structure
since the presence of primary amines—associated with DA
monomers—affects it, as DSC thermograms and FT-IR spectra
showed.

In this work, the existence of crystalline regions, within the
PDA particles, was corroborated by DSC, Raman, and XRD
analysis in contraposition to conventionally reported amor-
phous structure.
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