
1. Introduction

Synthesis of functional polymeric materials by mod-
ification of naturally-derived substrates, in particular
with unique properties, recently attracts increasing
attention [1–4]. Considering a wide range of differ-
ent monomers with various functionalities, incorpo-
ration into an appropriate polymer chain improves
existing properties in the biomolecule or provides
completely novel features. An interesting biological
molecule constituting an excellent substrate to pre-
pare new types of polymers with different character-
istics is riboflavin (vitamin B2) [5, 6]. It is a water-
soluble vitamin present in a wide range of food

products, e.g. milk, dairy products, meat, fish, and
also dark-green vegetables [7–9]. Vitamin B2 is com-
posed of two essential components – isoalloxazine
ring and ribitol side chain containing four hydroxyl
groups [10]. The first part is characteristic for flavin
family and is responsible for the occurrence of redox
processes. This behavior is closely related to the key
role of riboflavin, more precisely of its biologically
active forms – flavin adenine dinucleotide (FAD) and
flavin mononucleotide (FMN), in the energy metab-
olism of some primary metabolites (fats, carbohy-
drates, proteins and ketone bodies) [11–15]. Mean-
while, the second structural component creates the
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potential possibility to the efficient incorporation of
brominated atom transfer radical polymerization
(ATRP) initiation sites due to the presence of hy-
droxyl groups. The uniqueness of ATRP in the frame
of conventional radical polymerization results from
a few essential advantages including narrow molec-
ular weight distribution (MWD, Mw/Mn, Ð) and con-
trol over molecular weight (MW) of the prepared,
precisely designed macromolecules, and also the
possibility to site-specific incorporation of function-
alities [16–21]. In this context, the crucial predomi-
nance of ATRP solution is the opportunity to control
polymer topology and obtain various structures, rang-
ing from linear chains [22], brushes [23], cycles [24],
stars [25], combs [26], up to regular networks [27].
The most representative ATRP approaches use low
loadings of catalyst complex due to additional redox
cycle causing continuous regeneration of activators.
These methods take advantage of various chemical
reducing agents (e.g. glucose [28] and ascorbic acid
[29]) in activators regenerated by electron transfer
(ARGET) technique or zerovalent metals (e.g. Cu0

and Fe0) as supplemental activators and mild reduc-
ing agents (SARA) [30–32], and interestingly as ex-
ternal stimuli, as a reducing current in electrochem-
ically mediated ATRP (eATRP) [19, 33–35] and its
type – simplified electrochemically mediated ATRP
(seATRP) [36–39]. The use of electrochemistry elim-
inates chemical reducing agents [40], creates an op-
portunity to recycle the catalyst [41] and temporal
control by stopping and restarting the polymeriza-
tion, simultaneously maintaining control during the
process [20, 42]. From both industrial and experi-
mental points of view, an attractive approach in the
context of seATRP is electrolysis under galvanostatic
conditions [43]. The unquestionable advantage of
this method is providing a constant current and elim-
inating a reference electrode (RE) from the reaction
setup [44].
One of the versatile ATRP synthetic approaches is
undoubtedly grafting-from solution. The procedure
includes two main steps: (1) preparation of a func-
tional macroinitiator by the direct incorporation
brominated initiation sites instead of hydroxyl groups,
followed by (2) the polymerization of monomer to
prepare graft (co)polymer [25, 32, 45, 46].
This article presents a synthesis of a novel ATRP
macroinitiator based on the naturally-derived sub-
strate – riboflavin and its application in ATRP in two
different contextscontexts (Figure 2). Firstly, it was

successfully applied as the dually-functional ri-
boflavin-inspired macroinitiator which simultane-
ously acts as a reducing agent due to the presence of
an unmodified isoalloxazine ring responsible for
redox processes of the riboflavin part of the mole-
cule. The next objective of this paper is to show the
use of the multifunctional macroinitiator in the syn-
thesis of precisely controlled polymers, consisting of
riboflavin core and poly(butyl acrylate) (PBA) side
chains via presented for the first time – temporally-
controlled seATRP under galvanostatic condition.
Prepared macromolecules – besides unique ri-
boflavin properties resulting from preservation of the
characteristic isoalloxazine ring –are characterized
by hydrophobic properties due to PBA side chains
incorporation, providing an efficient substrate to pre-
pare polymer materials with decreased wettability
[47] with potential application as polymer coatings
with precisely designed surface polarity [48–50].

2. Experimental section

2.1. Materials

Riboflavin (Rib, Mn = 376.36, 98%), 2-bromoisobu-
tyryl bromide (BriBBr, 98%), N-methyl-2-pyrroli-
done (NMP, >99%), dichloromethane (DCM,
>99.9%), magnesium sulfate (MgSO4, >99.5%),
tetrahydrofuran (THF, >99.9%), methanol (MeOH,
>99.8%), tetrabutylammonium perchlorate (TBAP,
>98%), copper(II) bromide (CuIIBr2, 99.9%) were
purchased from Aldrich. N,N-Dimethylformamide
(DMF, 99.9%) was purchased from Acros. These
reagents were used without further purification.
Tris(2-pyridylmethyl)amine (TPMA) was prepared
according to a published procedure [51], CuIIBr2/
TPMA catalyst complex was prepared as previously
reported [36]. Before use, butyl acrylate (BA, > 99%
Aldrich) was passed through a column filled with
basic alumina to remove inhibitor. Pt gauze (99.9%
metals basis), Al wire, Pt mesh and Pt disk  (3 mm
diameter, Gamry) were purchased from Alfa Aesar.
Cyclic voltammetry (CV) and electrolysis were car-
ried out in a five-neck electrochemical cell.

2.2. Analysis
1H NMR spectra in DMSO-d6 and CDCl3 were meas-
ured with a Bruker Avance 500 MHz spectrometer.
Monomer conversion and theoretical number-aver-
age molecular weight (Mn,th) were determined from
NMR analysis [37]. MWs and MWDs were received
from Viscotek T60A GPC (guard, 105, 103, and 102 Å
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PSS columns; THF as eluent, flow rate 1.00 ml/min,
PS calibration).
CV was performed using an Autolab model
AUT84337 potentiostat running with a GPES soft-
ware. The working electrode (WE), RE and  counter
electrode (CE) was a platinum disk (0.071 cm2), sat-
urated calomel electrode (SCE) and an Al wire (l =
10 cm, d = 1 mm), respectively.
Electrolyses under potentiostatic and galvanostatic
conditions were recorded on a Metrohm Autolab po-
tentiostat using a platinum mesh (A = ~6 cm2) as WE
and Al wire (l = 10 cm, d = 1 mm) as CE. During
polymerization the temperature was kept at 50 °C
using a circulating thermostat (Labo Play ESM-
3711-H). Values for applied potential during elec-
trolysis were obtained from CV measurements
(0.1 V/s) with SCE as RE.

2.3. Synthesis of the riboflavin-based ATRP

macroinitiator (Rib-Br4)

The synthetic route for the preparation of the ri-
boflavin-based macromolecule ATRP initiator is
shown in Figure 1. Riboflavin (0.25 g, 0.66 mmol)
was dissolved in NMP (6 ml) under Ar atmosphere
in a 25 ml round bottom flask. A solution of BriBBr
(0.98 ml, 7.97 mmol) in NMP (2 ml) was added
dropwise for 0.5 h at 0 °C; then the reaction solution
was stirred for 7 days at room temperature. Upon
completion, the product was diluted with dichloro -
methane (20 ml) and washed with water (100 ml ×
15), dried (MgSO4), filtered and concentrated under
reduced pressure. The resulting orange solid product
was dried under vacuum (0.33 g, yield 52%). The re-
sulting product was characterized using GPC and
1H NMR.

2.4. Riboflavin ARGET ATRP in preparation

of Rib-g-(PBA-Br)4 graft polymers

9.9 ml of BA (69.2 mmol), DMF (8.80 ml) and 280 μl
of CuIIBr2/TPMA stock solution (0.05 M in DMF)
were added to the Ar purged two-neck round bottom
flask (25 ml) at 50°C. Next, a solution of 112 mg of
Rib-Br4 (0.12 mmol) in 1 ml of DMF was injected.
Samples were withdrawn periodically to kinetics in-
vestigation by 1H NMR analysis. The polymeriza-
tion was stopped after 214 h by opening the flask and
exposing the catalyst to air. The Mn and Mw/Mn were
established by GPC measurements. Before GPC the
samples were dissolved in THF, passed through a
neutral alumina column, dried under vacuum for
1 day, dissolved in methanol, and finally precipitated
in water. The final product was characterized by
1H NMR and GPC after isolation and purification.

2.5. Synthesis of Rib-g-(PBA-Br)4 graft

polymers via seATRP with a constant

potential

The synthesis of Rib-g-(PBA-Br)4 polymer was con-
ducted via preparative electrolysis under constant
potential conditions (Figure 7a). The Pt mesh WE,
Al wire CE, and SCE RE were prepared and located
in the polymerization cell. 1.37 g of TBAP
(4.0 mmol), 9.92 ml of BA (69.2 mmol), 8.80 ml of
DMF and 280 μl of CuIIBr2/TPMA stock solution
(0.05 M in DMF) were introduced into the cell at
50°C under a slow Ar purge. Then, 112 mg of Rib-
Br4 (0.12 mmol) in 1 ml of DMF was added. Before
the electrolysis, a CV curve was recorded to deter-
mine the appropriately potential (Eapp = –0.276 V;
Figure 6) using during seATRP. Samples were with-
drawn periodically to kinetics investigation by
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Figure 1. Synthetic route for the preparation of the brominated riboflavin macromolecule.



1H NMR analysis. The Mn and Mw/Mn were estab-
lished by GPC measurements. Before GPC the sam-
ples were dissolved in THF, passed through a neutral
alumina column, dried under vacuum for 1 day, dis-
solved in methanol, and finally precipitated in water.
The final product was characterized by 1H NMR and
GPC after isolation and purification.

2.6. Synthesis of Rib-g-(PBA-Br)4 graft

polymers via temporally-controlled

seATRP under galvanostatic conditions

seATRP with periodically applied different values of
current (Iapp = –1.38, –0.95, –0.73, –0.55, –0.44 and
–0.58 mA for ON stages and Iapp = 0 mA for OFF
stages) was used (Figure 7e). 1.37 g of TBAP
(4.0 mmol), 9.92 ml of BA (69.2 mmol), 8.80 ml of
DMF and 280 μl of CuIIBr2/TPMA stock solution
(0.05 M in DMF) were introduced into the cell at
50°C under a slow Ar purge. Then, 112 mg of Rib-
Br4 (0.12 mmol) in 1 ml of DMF was added. An ap-
propriate current value for each ON stage was cal-
culated on the basis of I = Q/s, taking into account
previously conducted constant potential electrolysis,
whereas OFF stages were characterized by the cur-
rent value of zero. Samples were withdrawn period-
ically to kinetics investigation by 1H NMR analysis.
The Mn and Mw/Mn were established by GPC meas-
urements. Before GPC the samples were dissolved
in THF, passed through a neutral alumina column,
dried under vacuum for 1 day, dissolved in
methanol, and finally precipitated in water. The final
product was characterized by 1H NMR and GPC
after isolation and purification.

2.7. Synthesis of Rib-g-(PBA-Br)4 graft

polymers via accelerated seATRP with

constant applied potential

The synthesis of Rib-g-(PBA-Br)4 polymer was con-
ducted via accelerated preparative electrolysis under
constant potential conditions (Figure 9a). The Pt
mesh WE, Al wire CE, and SCE RE were prepared
and located in the polymerization cell. 0.68 g of
TBAP (2.0 mmol), 4.0 ml of BA (27.9 mmol),
4.78 ml of DMF and 223 μl of CuIIBr2/TPMA stock
solution (0.05 M in DMF) were introduced into the
cell at 50°C under a slow Ar purge. Then, 61.7 mg
of Rib-Br4 (0.06 mmol) in 1 ml of DMF was added.
Before the electrolysis, a CV was recorded to deter-
mine the appropriate potential (Eapp = –0.301 V; Fig-
ure 8) using during seATRP. Samples were with-
drawn periodically to kinetics investigation by
1H NMR analysis. The Mn and Mw/Mn were estab-
lished by GPC measurements. Before GPC the sam-
ples were dissolved in THF, passed through a neutral
alumina column, dried under vacuum for 1 day, dis-
solved in methanol, and finally precipitated in water.
The final product was characterized by 1H NMR and
GPC after isolation and purification.

2.8. Analysis of Rib-(PBA-Br)4 polymer

chains

The analysis of the chain length of the polymer
brushes was conducted by cleaving the PBA chains
attached to the riboflavin core by acid solvolysis ac-
cording to the procedure described in reference [39].
The resulting polymers were analyzed by GPC, de-
termining apparent Mn and Ð of PBA chains.

3. Results and discussion

A riboflavin-inspired macromolecular initiator with
4 brominated initiation sites (Rib-Br4) was prepared
for the first time using synthetic route based on trans-
esterification reaction of riboflavin with BriBBr in
NMP as a solvent (Figure 1, Mn = 972, Ð = 1.27).
The chemical structure of Rib-Br4 was confirmed by
1H NMR (Figure 3): δ [ppm] = 1.85–2.01 (28H,
CH3–, a), 2.38–2.40 (3H, CH3–, b), 2.46–2.48 (3H,
CH3–, c), 4.32–5.15 (4H, –CH–, –CH2–, –CH–, d),
5.63–5.71 (1H, –CH–, e), 5.71–5.83 (2H, –CH2–,
f+g), 7.67–7.77 (1H, =CH–, h), 7.87–7.93 (1H,
=CH–, i), 11.36–11.44 (1H, NH–, j), and 13.04–13.55
(2H, NH–, k,  oxidized form of riboflavin) [6, 52,
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Figure 2. Preparation of Rib-g-(PBA-Br)4 graft polymers via
ARGET ATRP with dually-functional ATRP macro -
initiator or seATRP under potentiostatic and tem-
porally-controlled galvanostatic conditions.



53]. The degree of substitution of the hydroxyl
groups of the ribitol side chain of riboflavin was
determined by the ratio between the areas of the
amine proton at the regions of δ = 11.36–
11.44 ppm (1H) and the methyl groups protons of
the incorporated bromide structure at the region of
δ = 1.85–2.01 ppm (28H). The result of this analy-
sis shows the riboflavin-based product has 4 Br
functionalities.
The synthesized multifunctional macroinitiator
constitutes a substrate to the synthesis of complete-
ly new riboflavin-inspired polymer brushes with
PBA side chains using low ppm ATRP methods.
The first objective includes a new sight for ARGET
ATRP methods due to using Rib-Br4 as a dually-
functional molecule acts simultaneously as a
macroinitiator and a reducing agent, resulting in the
successful synthesis of vitamin-based macromole-
cules (Figure 4, Table 1, entry 1). The more effi-
cient and controlled approach in the preparation of
functional riboflavin-derived polymers using re-
ceived macroinitiator proved to be the electrochem-
ically controlled living polymerization, more pre-
cisely electrolysis under constant potential
condition and reported for the first time, more in-
dustrially relevant – temporally-controlled seATRP
under galvanostatic condition (Figure 4, Table 1,
entries 2–4).

3.1. ARGET ATRP with dually-functional

riboflavin-inspired macroinitiator in

preparation of Rib-g-(PBA-Br)4

macromolecules

A completely innovative ARGET ATRP approach
was used in preparation of novel vitamin B2-based
polymers. The uniqueness of this solution relies on
the use of the dually-functional molecule, which is
simultaneously an initiator – due to the presence of
brominated initiation sites incorporated into ribitol
side chain, and efficient reducing agent – in connec-
tion with preserved redox functional isoalloxazine
ring of the riboflavin core. Considering the reducing
agent functionality of the riboflavin-based structure,
it efficiently reduced CuII to CuI, which is evidenced
by successfully received macromolecules confirmed
by GPC analysis (Figure 5b). First-order kinetics
plot (Figure 5a) indicates constant concertation of
propagating radicals during polymerization, however
lack of linearity between Mw/Mn and monomer con-
version (Figure 5b), and broad molecular weight dis-
tribution of final polymer (Figure 5a, Table 1,
entry 1) show loose of control manner of the poly-
merization process. This phenomenon is associated
with a relatively high molar excess of reducing agent
to deactivator (17 eqiv.) resulting in fast reduction
of the whole CuII to CuI and the presence of mere
activator in the reaction system.
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Figure 3. 1H NMR analysis of Rib-Br4 supramolecular initiator (in DMSO-d6).
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Figure 4. Mechanism of ATRP process with regeneration of activators by electric current and oxidation of dually-functional
riboflavin-inspired macroinitiators. Solid arrows represent the main mechanism of reduction of deactivators, dashed
arrows – supplemental mechanism.

Table 1. Summary of riboflavin-inspired macromolecules synthesis.

General reaction conditions:

T = 50°C; Vtot = 16 ml (except entry 4:Vtot = 10 ml);
t = 5 h (except entry 1: t = 214 h and entry 4: t = 10 h;
for entry 3: ON stages = 5 h, OFF stages = 1.5 h);
[BA]0 = 3.5 M (except entry 4: [BA]0 = 2);
[Rib-Br4]0 = 5.8 mM calculated per 4 Br initiation sites (except entry 4: [Rib-Br4]0 = 6.3 mM calculated per 4 Br initiation sites);
[CuIIBr2/TPMA] = 0.7 mM (except entry 4: [CuIIBr2/TPMA]0 = 1.1 mM);
ARGET ATRP with dually-functional riboflavin-based ATRP macroinitiator: entry 1;
Constant potential seATRP (WE = Pt, CE = Al, RE = SCE): entry 2 and 4;
seATRP under temporally-controlled galvanostatic conditions (WE and CE without RE): entry 3.
(a)Eapp were selected based on CV analysis of CuIIBr2/TPMA catalytic complexes (Figure 6 and 8);
(b)Apparent rate constant of propagation (kp

app) and apparent theoretical degree of polymerization of monomer unit per arm (DPn,theo)
were determined by NMR [20];

(c)Mn,th = ([BA]0/[Rib-Br4]0)·conversion·MBA + MRib-Br4;
(d)apparent Mn and Mw/Mn were determined by GPC;
(e)DPn,app (per chain) = Mn,app (per chain)/MBA [51];
(f)Estimated according to reference [55];
(g)Iapp = –1.38, –0.95, –0.73, –0.55, –0.44 and –0.58 mA for each steps;
(h)Only for the ‘ON’ stages.

Entry
[BA]0/[Rib-Br4]0/

[CuIIBr2]0/[TPMA]0
Eapp

(a) kp
app(b)

[h–1]

Mn,th
(c)

(·10–3)

DPn,th
(b)

(chain)

Mn,app
(d)

(·10–3)

DPn,app(e)

(chain)
Mw/Mn

(d) DCF(f)

[%]

1 150/1/0.03/0.06 – 0.0014 19.1 37 13.2 24 1.94 0.00

2 150/1/0.03/0.06 Epc – 70 mV 0.0760 25.4 48 17.6 34 1.25 0.02

3 150/1/0.03/0.06
Temporally-controlled
Iapp electrolysis(g) 0.0910(h) 25.4 48 18.1 36 1.26 0.03

4 110/1/0.04/0.09 Epc – 90 mV 0.1340 39.9 76 37.6 72 1.22 0.10



Despite reducing agent characteristic, the naturally-
derived supramolecule proves to be simultaneously
an effective initiator in the polymerization of BA
forming side chains of the riboflavin-based macro -
initiator. The received polymeric products were clear-
ly evidenced by GPC analysis (Figure 5b, Table 1,
entry 1).

3.2. Synthesis of multi-branched chain Rib-g-
(PBA-Br)4 macromolecules via seATRP

under constant potential and temporally-

controlled constant current electrolysis

conditions

Electrochemistry, as an efficient external stimulus in
the continuous reduction of CuII in the view of ATRP
techniques, has been applied for the first time to pre-
pare functional riboflavin-based polymer brushes
with PBA side chains. The homopolymer macromol-
ecular brushes with 4 side arms of PBA was synthe-
sized using constant potential conditions and multi-
ple-step galvanostatic electrolysis (Figure 7a, Table 1,
entry 2 and 3, respectively). Considering constant
potential solution, current profile vs. polymerization
time at the initial step of polymerization indicates
presence merely deactivator, however along with the
polymerization process, an effective electrochemical
reduction of the deactivator to the activator occurs
in the system, what is reflected by the cathodic cur-
rent decay, finally resulting in constant ratio of de-
activator/activator corresponding to the current value,
established by the selected Eapp (Figure 6, Table 1,
entry 2).
A linear first-order kinetic plot (Figure 7b) and low
Mw/Mn values (Figure 7c) were observed, indicating
a well-controlled ATRP process. This controlled

manner of polymerization was also clearly proved
by GPC traces (Figure 7d) of samples withdrawn pe-
riodically during synthesis, demonstrating the con-
tinuous evolution of the molecular weight during the
whole process.
Bearing in mind the industrial and experimental ben-
efits, an attractive approach in the context of seATRP
is highly simplified electrolysis under constant current
conditions due to removing a reference electrode
from reaction setup and a possibility to use simple
current generator compared with the electrolysis
under potentiostatic mode [38, 43, 44, 56]. This ap-
proach was applied in the synthesis of riboflavin-
based macromolecular brushes with 4 side arms of
PBA. Moreover, it was improved by introducing tem-
poral control during polymerization, verifying at the
same time the living nature of the electrochemically
mediated process and allowing the preparation of
polymer brush chains with predictable molecular
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Figure 5. (a) First-order kinetic plot of monomer conversion vs. polymerization time, and (b) Mn and Mw/Mn vs. monomer
conversion by ARGET ATRP. Table 1, entry 1.

Figure 6. Cyclic voltammogram of 0.7 mM CuIIBr2/TPMA
in 50% (v/v) BA/DMF ([BA] = 3.5 M) containing
0.2 M TBAP in the absence (black line) and in the
presence of 5.8 mM of Rib-Br4 (yellow line)
recorded at v = 0.1 V·s–1.



Zaborniak and Chmielarz – eXPRESS Polymer Letters Vol.14, No.3 (2020) 235–247

242

Figure 7. Synthesis of Rib-(PBA-Br)4 macromolecules through seATRP under constant potential conditions: (a) current pro-
file vs. polymerization time; (b) first-order kinetic plot of monomer conversion vs. polymerization time, (c) Mn

and Mw/Mn vs. monomer conversion; (d) GPC traces of BA polymerization and their evolution over reaction time.
Table 1, entry 2. Synthesis of Rib-(PBA-Br)4 macromolecules under temporally-controlled galvanostatic conditions:
(e) first-order kinetic plot of seATRP using few different step by applied appropriate current i.e. Iapp = –1.38, 
–0.95, –0.73, –0.55, –0.44 and –0.58 mA for each steps, respectively; (f) Mn and Mw/Mn vs. monomer conversion;
(g) GPC traces of BA polymerization and their evolution over reaction time. Table 1, entry 3.



weights. It was demonstrated by a 10 step constant
current preparative electrolysis including 6 ON stages
characterized by an appropriate current value calcu-
lated on the basis of I = Q/s, taking into account pre-
viously conducted constant potential electrolysis,

and 4 OFF stages – the current instantaneously drops
to zero (Figure 7a and 7e, Table 1, entry 3). The
observed trend of Mn vs. monomer conversion and
the evolution of GPC traces of BA over time (Fig-
ure 7g) confirms the livingness of the polymerization
(Figure 7f). The DCF value (below 1%) denoting the
% of chains terminated by radical disproportionation,
indicates that even though the stopping and restarting
the polymerization, the chains continued to grow each
time after triggered the polymerization with preserv-
ing chain end functionality. Thus, under appropriate
selected electrolysis conditions, the proportion of ter-
minated chains could be sufficiently small (typically
below 1 mol%) that it does not interfere with the de-
signed architecture [41, 57].
To synthesize well-defined high molecular weight
brush-like macromolecules, optimized reaction setup
through higher catalyst loading and more negative
Eapp (Figure 8) during the polymerization was applied.
As expected, in this case also the typical behavior of
constant potential eATRP was observed, what means,
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Figure 8. Cyclic voltammogram of 1.1 mM CuIIBr2/TPMA
in 40% (v/v) BA/DMF ([BA] = 2.8 M) containing
0.2 M TBAP in the absence (black line) and in the
presence of 6.3 mM of Rib-Br4 (yellow line)
recorded at v = 0.1 V·s–1.

Figure 9. Synthesis of Rib-g-(PBA-Br)4 macromolecules through seATRP under constant potential conditions: (a) current
profile vs. polymerization time; (b) first-order kinetic plot of monomer conversion vs. polymerization time, (c) Mn

and Mw/Mn vs. monomer conversion; (d) GPC traces of BA polymerization and their evolution over time. Table 1,
entry 4.



the cathodic current rapidly decays at the beginning
of polymerization due to starting the conversion of
CuII to CuI species, up to achieve thermodynamic
equilibrium (Figure 9a). This approach allows re-
ceiving high molecular weight polymer brushes in a
controlled manner proved by linear first-order kinet-
ics plot (Figure 9b) and molecular weight evolution
(Figure 9c). Furthermore, GPC traces showing a clean
shift in the molecular weight peak toward higher Mn

were registered (Figure 9d).
Comparing the two low ppm ATRP solutions
(ARGET ATRP vs. seATRP), the results indicate
electrochemical approaches as an efficient reducing
force for well-controlled ATRP. Moreover, it proves
the advantage of the electrochemical reduction mech-
anism of the deactivator over dually-functionality of
applied macroinitiator in ARGET ATRP, while elim-
inating the effects of its reducing agent characteris-
tic, and thus providing polymers with narrow molec-
ular weight distributions (Ð = 1.22).
The 1H NMR analysis confirms the structure of the
Rib-(PBA-Br)4 brush-like polymer obtained through
seATRP under potentiostatic conditions (Table 1,
entry 4): δ [ppm] = 0.69–1.06 (3H, CH3–), 1.28–1.43
(2H, –CH2–CH3), 1.52–1.82 (2H, –CH2–CH2–CH2–),
1.87–2.03 (2H, –CH2–CH<), 2.20–2.47 (1H, –CH<),
and 3.85–4.25 (1H, –OCH2–) [37, 39, 58]. The iden-
tified chemical shifts are mainly attributed to the –CH3,
–CH2–, –CH–, and –OCH2– groups of the PBA units
in the arms, respectively, indicating the presence of
PBA chains.

3.3. Analysis of the PBA chains length cleaved

from brush-like polymer

To confirm the well-controlled manner of electro-
chemically-mediated polymerization processes and
unambiguously determine the number of the chain
of received polymer brushes, the chains were
cleaved from macromolecules by acid solvolysis,

and therefore the apparent molecular weights of
cleaved chains and initiation efficiency (fi) were es-
tablished (Table 2).
The results of solvolysis demonstrate precise control
during polymerization processes indicating homo -
polymer side chains characterized by low molecular
weight and low dispersity (Ð < 1.19), what points
out that all chains grow simultaneously to equal
lengths during the syntheses. Moreover, apparent MW
of analyzed PBA chains closely followed theoretical
MW, affecting in high initiation efficiency of re-
ceived macromolecules, especially in the case of tem-
porally-controlled electrolysis under galvanostatic
conditions (fi) (Table 2, entry 3), showing this method
once again as an attractive and efficient approach
form the both experimental and industrial point of
view. Following the solvolysis results, especially
high apparent and theoretical MW conformity, the
quadruple initiation functionality of brominated ri-
boflavin was clearly confirmed.

4. Conclusions

The novel vitamin B2-inspired polymer brushes were
successfully synthesized by two-step synthetic route.
The first stage includes preparation of the ATRP
macroinitiator by transesterification reaction of α-bro-
moisobutyryl bromide with riboflavin constituting
dually-functional supramolecular structure due to
preserving redox-responsive isoalloxazine ring of ri-
boflavin and incorporation of functional polymers
into the ribitol chains. The second step concerns the
first report of applying of ATRP methods with di-
minished catalyst concentration for the receiving
well-defined polymer brushes based on riboflavin
molecule. The dual functionality – as an initiator and
a reducing agent – of the supramolecular structure
was implemented in ARGET ATRP, providing four-
arms macromolecules. Precisely-controlled poly-
meric brushes (Ð = 1.22–1.25) were obtained using
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Table 2. Results of the PBA chains analysis cleaved from the riboflavin-based macromolecules.

(a)Mn,th = ([BA]0/[Rib-Br4]0)·conversion·MBA, where [BA]0 and [Rib-Br4]0 are the initial monomer and initiation site concentrations, re-
spectively;

(b)established according to Table 1;
(c)apparent Mn and Mw/Mn of the arms cleaved from the riboflavin-inspired brushes executed by THF GPC (PS standards);
(d)efficiency of initiation: fi = (DPn,theo (per chain)/DPn,app (per chain))·100%.

Entry

(according to Table 1)

Mn,theo
(a) (·10–3)

(chain)
DPn,theo

(b) (chain)
Mn,app

(c) (·10–3)

(chain)
DPn,app

(b) (chain) Mw/Mn
(c) fi

(d)

[%]

2 6.2 48 8.8 69 1.19 70

3 6.2 48 6.1 48 1.17 100

4 9.7 76 17.3 135 1.06 56



preparative electrolysis under constant potential elec-
trolysis. This approach allows receiving high molec-
ular weight polymer brushes in a controlled manner
proved by linear first-order kinetics plot and molec-
ular weight evolution. Furthermore, this paper de-
scribes for the first time highly industrial applicable
approach – temporally-controlled simplified electrol-
ysis under constant current conditions. The use of a
galvanostatic mode with stopping and restarting of
the process provided similar results to polymeriza-
tions conducted under potentiostatic conditions, pro-
viding polymers with molecular weight evolution
close to theoretical values, while generating brushes
with preserved chain-end functionality and narrow
molecular weight distribution (Ð = 1.26). The solvol-
ysis results confirm the precisely controlled manner
of the electrochemically mediated process in both
potentiostatic and galvanostatic conditions, receiving
low molecular weight PBA homopolymers with low
dispersity (Ð < 1.17) and high conformity of appar-
ent and theoretical MW. The results from 1H NMR
analyses support the formation of PBA polymer
brushes. These novel riboflavin-inspired polymers
as precursors of polyelectrolyte are promising mate-
rials for applying in a wide range of medical branch-
es, such as drug delivery.
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