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Abstract—We hereby report the synthesis of a well-defined cyclic poly(N-vinylpyrrolidone) using propargyl-
2-bromoisobutyrate as an ATRP initiator and NaN; followed by the click reaction of alkynyl and azide
groups. The decrease of polymer concentration is favorable for cyclization reaction, while the increase of

polymer concentration leads to condensation reaction.
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INTRODUCTION

The polymers obtained by ATRP contain a func-
tional hand of the initiator on one chain-end and the
halide group on the other chain-end. This illustrative
makes ATRP remarkably helpful for fabricating differ-
ent end-functionalized polymers because the halogen
atom can be easily transformed into other functional
groups using simple standard organic procedure like
nucleophilic substitution reaction [1, 2].

Moreover, click reactions [3—5] have gained a great
impact of attention due to their high specificity and
nearly quantitative yield in the presence of many func-
tional groups. The better yield under mild reaction
conditions and resistance of a wide variety of func-
tional groups makes this technique appropriate for the
synthesis of controlled polymers with various topolo-
gies for polymer modifications [6—10] in biological
and materials sciences [11—13]. Click chemistry has
been especially helpful in polymer chemistry [14, 15],
where less efficient changes frequently experience the
harsh effects of incomplete reactions because of the
steric detachment of reactive sites inside the polymer
design.

Few methods have been developed to control the
polymeric design to tailor a material’s property for an
explicit application. The cyclization of linear polymer
ordinarily endures because of poor yield and contend-
ing responses, which requires repetitive purification to
isolate pure macrocycles. ATRP is a particularly
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attractive approach for making macrocyclic polymers
because of the ability to modify the terminal end group
in reasonable yield [14, 16].

Poly(N-vinyl pyrrolidone) (PNVP) is a water-soluble
biocompatible polymer [17—22] and has been broadly
utilized in pharmaceutics, cosmetics, foods, printing
inks, textiles, and a lot more diverse applications [23, 24].
PVP and copolymer of N-vinyl-2-pyrrolidone (NVP)
have been utilized as an antimicrobial specialist in clinical
practice [25] and furthermore as the primary segment of
temporary skin covers [26] and wound dressings [27].

Therefore, widespread properties and versatile
applications of PNVP prompted us to synthesize it by
ATRP at ambient temperature, which is successfully
utilized for the highly efficient and well-controlled
polymerization. Therefore, control of the polymeric
structure [28—30] of cyclized-PNVP would furnish an
advance material with enhanced and new properties.

In this manuscript, we want to discuss how the
highly diluted conditions incredibly enhanced yields
in the cyclization process. This is one of the best tech-
niques to synthesize well-controlled intramolecular
cyclization of macromolecules.

EXPERIMENTAL
Reagents

NVP (Aldrich, 99%) was refined on 60°C at 8 mm
Hg preceding to the experiments. 2,2'-Bipyridyl (bpy),
sodium azide, propargyl alcohol, and 2-bromo isobu-



754

Br \/O“)(Br

Et;N,
anhy.DCM, RT o)

\_OH + Br

(0]

VIVEK MISHRA, RAJESH KUMAR

N
0 \Omm
N N

CuBr, Bpy, N atm. , o) qo qo

toluene, 60°C
()

NaN;, DMF, RT

N

N\
o b LN
Eﬂ\*ﬁp

N N;
CuBr, Bpy, N atm. , \\/OW/\'/
N, N

DME/H,0, 120°C

o) nO O
(3)@@

Scheme 1.

tyryl bromide all were purchased from Aldrich with
purity 98—99% and utilized in that capacity. Cu(I)Br
(Aldrich, 99%) was washed with glacial acetic acid so as
to evacuate any soluble oxidized species, filtered,
washed with ethanol, and dried. Toluene (Merck,
99.9%) was refluxed under nitrogen over calcium
hydride, then distilled and stored over activated molec-
ular sieves under a nitrogen atmosphere. Other liquid
reagents and solvents were deoxygenated by purging
nitrogen gas prior to use. An azeotropic mixture of
DMF with benzene was made and distilled. Anhydrous
dichloromethane (DCM) and triethylamine were dried
by calcium hydride and distilled prior to use.

Instrumentation

'"H NMR spectra were recorded on a JEOL AL300
FTNMR (300 MHz) at ambient temperature in
CDCI; using tetramethylsilane or residual solvent
peak as internal standard. The FTIR spectra of the
samples in the form of KBr pellets were recorded by a
Varian Excalibur 3100 (Palo Alto, CA). The UV—visi-
ble spectra were recorded in toluene on PerkinElmer—
Lambda 35 UV—Vis Spectrophotometer at 25°C. Molar
mass distribution of polymers was performed at 40°C on
a Polymer Laboratories PL GPC-220 using THF as an
eluent. Molar masses and dispersity D were calculated
according narrow dispersed PMMA standards.

Syntheses

The general route of the synthesis is given on the
Scheme 1.

Propargyl Isobutyryl Bromide (PIBB) Initiator (1)

In 10 mL of anhydrous DCM, propargyl alcohol
(0.58 mL, 10 mmol) and triethylamine (1.7 mL,
12 mmol) were taken in an ice-water bath, following
with dropwise addition of 2-bromoisobutyryl bromide
(L.5mL, 12 mmol) in 4 mL of DCM. The reaction was
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quite exothermic and a white precipitate was observed
during addition. After stirring overnight at room tem-
perature, the reaction mixture was filtered and the fil-
trate was concentrated under reduced pressure and then
purified by column chromatography using DCM as the
eluent. A colorless liquid was obtained (yield 70%). The
'H NMR analysis of the obtained product was consis-
tent with the reported by Matyjaszewski et al. [15] and
confirmed the successful synthesis of PIBB.

'H NMR (300 MHz, CDCl,, 8;, ppm): 4.77(2H,
d, CH,0), 2.51 (1H, t, C=CH), and 1.96 (6H, s,
(CH;),C). FTIR spectrum (neat liquid, KBr, cm™):
3296 (V_c_py), 2131 (Veeo), and 1741 (Vo). UV/Vis
(Toluene): A, (€) = 310 nm (1763 M~! cm™).

Alkynyl-PNVP-Br (2)

In three-neck flask, CuBr (15.6 mg, 0.11 mmol),
and bpy (34.4 mg, 0.22 mmol) were added and thor-
oughly purged with purified nitrogen gas. Deoxygen-
ated distilled NVP (0.37 mL, 3.2 mmol) and PIBB
(22.45 mg, 0.11 mmol) in deoxygenated toluene
(0.37 mL) was transferred by N,-purged syringes
(10 uL/5 s) to the three-neck flask and four freeze
pump thaw cycles were performed to remove oxygen
from the reaction. The sealed flask was placed in the
oil bath at 60°C. At desired timed intervals, samples
were collected. The progress of the reaction was fol-
lowed by GPC and NMR analysis. The alkynyl-
PNVP-Br (2) was precipitated in an excess of diethyl
ether and purified by passing it through a short alu-
mina column to remove Cu(ll)/bpy complex. The
precipitated polymer was collected by centrifugation at
10000 rpm. The isolated polymer was purified by
repetitive dissolution in THF and precipitated twice
from hexane and dried under vacuum oven at 35°C for
10 h. Monomer conversion was determined gravimet-
rically and by '"H NMR comparing the integrated peak
area of residual vinyl signals at 4.31—4.42 (2H) ppm
and 6.99 (1H) ppm of the monomer with that of the
Vol. 61
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Fig. 1. 'H NMR spectra of (/) alkynyl-PNVP-Br, (2) alkynyl-PNVP-N3, and (3) cyclized-PNVP.

peak at 1.99—2.04 (2H) ppm and 3.45—3.49 (1H) ppm
of the corresponding polymer (Fig. 1).

'"H NMR (300 MHz, CDCl;, 8y, ppm): 5.59—5.79
(—CH,—CH—(pyrrolidone)—Br), 4.75-5.09
(CH=C-CH,0), 3.45-3.49 (b, —-N—CH-), 3.33—
343 (b, —.N—CH,—), 2.68—2.77 (CH=C-), 2.27—
2.39 (b, -N—-CO—-CH,—), 2.12-2.17 (b, —-N—-CH,—
CH,-), 1.99-2.04 (b, —O,C—(CH;),—CH,—), 1.40
(s, (—O,C—CH,;),C—, 6H) (Fig. 1). IR spectrum (KBr
plates, v, cm™'): 3360 (=C—H, str.), 1295 (=C—H,
weak bending), 655 (=C—H, strong, bending), 2130
(C=C, weak, str.), 1187 (—=O—C=0—, str., broad,
strong), 1748 (o-keto ester, str.), 2915 (C—CH;,
asymm. str.,) 1370 (C—CH,, bending), 1000
(C—C, str. of repeating unit, weak), 1325 (C—N str.),
1630 (N—CO—, str. for cyclic tertiary amide), 605
(C—Br, str.) (Fig. 2). UV—Vis (toluene): A, =
310 nm (Fig. 3).

Alkynyl-PNVP-N; (3)

In a round-bottomed flask, an excess amount of
sodium azide (5 : 1 ratio with respect to the bromide)
was added together with alkynyl-PNVP-Br (2)
(135 mg, 50 mmol according to M, sgc) into 5 mL of
DMF for 24 h with stirring. The resultant was treated
with 100 mL of Brine and taken out with 5 < 100 mL
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of DCM. The organic layers were dried over magne-
sium sulfate and diminished by rotator evaporator.
The polymer precipitated in excess methanol, gave a
white solid (yield 83%). The alkynyl-PNVP-N; was

collected by filtration and dried under vacuum.

'H NMR (300 MHz, CDCl;, 8y, ppm): 4.75—5.09
(CH=C-CH,0-), 3.89—4.04 (—CH,—CH—(pyrroli-
done)—N3), 3.45—3.49 (b, —-N—CH-), 3.33—3.43 (b,
—N—-CH,—), 2.68-2.77 (CH=C-), 2.27-2.39 (b,
—N—-CO—-CH,-), 2.12-2.17 (b, —-N—CH,—CH,—),
1.99-2.04 (b, —-0,C—(CH;),—CH,—), 140 (s,
(—0,C—CH;),C—, 6H) (Fig. 1). IR spectrum (KBr
plates, v, cm™'): 3350 (=C—H, str.), 1290 (=C—H,
weak bending), 658 (=C—H, strong, bending), 2131
(C=C, weak, str.), 1182 (—O—C=0—, str., broad,
strong), 1740 (o-keto ester, str.), 2910 (C—CH;,
asymm. str.,) 1375 (C—CHj3;, bending), 1015 (C—C str.
of repeating unit, weak), 1330 (C—N str.), 1630
(N—CO—, str. for cyclic tertiary amide), 2113 (C—N3,
str.) (Fig. 2). UV—Vis (toluene): A.,, = 320 nm
(Fig. 3).

Cyclized-PNVP (4)

100 mL of DMF was taken in a 250 mL round bot-
tom flask and degassed using three freeze pump thaw
cycles. CuBr (144.5 mg, 1 mmol) and bpy (313 mg,
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Fig. 2. FTIR spectra of (1) NVP, (2) alkynyl-PNVP-Br, (3) alkynyl-PNVP-Nj3, and (4) cyclized-PNVP.

2 mmol) were added to the frozen DMF. Then the
flask was resealed using rubber septum, evacuated,
and refilled with dried N, gas. A separate flask con-
taining alkynyl-PNVP-N; (3) (50 mg, 0.01 mmol) in 5
mL DMF was degassed through three freeze pump
thaw cycles, and afterward, this solution was added to
the warm solution of CuBr/bpy at 120°C by a syringe
at a feed rate of 0.1 mL/min. Once the addition of the
polymer was finished to the catalyst solution, the reac-
tion was allowed to proceed at 120°C for an additional
1 h. Then the reaction was cooled to room temperature

Absorbance
1.2 r

0.8

0.4r

400
Wavelength, nm

0
220

Fig. 3. UV—Vis spectrum of (/) alkynyl-PNVP-Br, (2)
alkynyl-PNVP-N3 and (3) cyclized-PNVP in toluene at
the concentration ca. 0.3 g/L.
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and the product was extracted with DCM. The
organic layer was washed multiple times with an aque-
ous saturated solution of NaHSO,, dried over MgSO,,
and concentrated in vacuum. The crude product of
polymer was precipitated in methanol to give a white
solid (yield 75%).

'"H NMR (300 MHz, CDCl,, 8y, ppm): 7.35—7.44
(=N—CH=C—-N-— of triazole ring), 5.45-5.63
(—CH,—CH—(pyrrolidone)—N-—), 5.13—5.36 (b,
—0,C—(CH;),—CH,—), 3.45-3.49 (b, —-N—-CH-),
3.32—3.43 (b, —-N—CH,—), 2.27-2.39 (b, —N—CO—
CH,-), 2.12-2.17 (b, —N—CH,—CH,—), 1.40 (s,
(—0,C—CH;),C—, 6H) (Fig. 1). IR spectrum (KBr
plates, v, cm™!): 3598 (triazine ring, str.), 1175
(—=O—C=0-, str., broad, strong), 1720 (a-keto ester,
str.), 2920 (C—CH;, asymm. str.), 1370 (C—CH;,
bending), 1020 (C—C str. of repeating unit, weak),
1335 (C—Nistr.), 1625 (N—CO—, str. for cyclic tertiary
amide) (Fig. 2). UV—Vis (toluene): A, = 286 nm
(Fig. 3).

RESULTS AND DISCUSSION
ATRP of N-Vinypyrrolidone

In order to check the livingness of the polymeriza-
tion of NVP by ATRP process, the kinetic study was
performed at 60°C using PIBB initiator with molar
ratio [M]: [I]:[C]:[L]=30:1:1:2. Figure 4 shows
the plot of the monomer conversion and In[M,]/[ M,]
versus time. Monomer conversion increases with an
approximate 5.6 min induction period. The depen-
Vol. 61
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Fig. 4. Dependences of (/) monomer conversion and
(2) In[Myy]/[ M;] versus time.
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Fig. 6. Dependence of monomer conversion versus polym-
erization time at various initiator concentrations: [NVP] :
[PIBB]y=(7)30:1,(2)30:2,(3)30:4.

dence of In[ M,] /| M,] versus time displays a linear ten-
dency, proposing a first-order kinetic character of
reaction, which is typical for ATRP. Moreover, the
linear increase of M|, versus conversion and low values
of molar mass dispersity D [31] throughout the polym-
erization indicated a well-controlled behavior of
ATRP (Fig. 5). It is important to notice that the
observed M, values are close to the theoretical values.

According to the data represented in Fig. 6, with
the increase of initiator concentration from 30 : 1 to
30 : 2, we have observed an increase in the polymer-
ization rate because of the generation of more free rad-
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Fig. 7. Dependences of In[ M| /[ M;] from the polymeriza-
tion time at different ratio [M] : [I]= (/) 10: 1, (2) 30 : 1,
(3) 50 : 1. Dependences of DP,, from the polymerization
time at different ratio [M] : [I] = (4 10: 1, (5) 30 : 1,
(6)50: 1.

icals with respect to the monomer. Additionally, an
increase in the monomer conversion was observed,
but simultaneously the number average molecular
weight decreased with increase in the dispersity which
is not favorable (Table 1). With further increase in the
initiator concentration to 30 : 4, the polymerization
rate decreased due to the hindrance in the movement
of the free radical initiator and as a result the monomer
conversion also diminished. In addition, with the
increase in concentration of PIBB, D enhanced to
1.43. This recommends the excess initiator concentra-
tion moved the ATRP equilibrium towards Cu(II)
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Fig. 8. Dependence of In[M;]/[ M,] versus polymerization
time at different temperatures 7" = (1) 323, (2) 333,
(3) 343 K.

species and radicals. On basis of aforementioned
grounds, the concentration for [M] : [I] : [C] : [L] was
optimized as 30 : 1 : 1: 2, respectively.

The impact of initial monomer concentration with
respect to initiator ([M], : [1],2=10:1,30:1and 50 : 1)
gave the first-order kinetics for each initial monomer
concentration with apparent reaction rate coefficient
K., ~ 0.005 min~! (Fig. 7).

At 10 equivalent of NVP with respect to initiator
90% of monomer conversion is achieved, while at 50
equivalent of NVP only 54% conversion is reached.
Simultaneously MWD becomes slightly broader
(Table 2). In all the systems molar mass increases
throughout polymerization (Fig. 7). Despite the fact
that it might be predictable that an increase in initial

Table 1. Effect of initiator concentration on ATRP of NVP

Conversion,

[M]:[L]: [C]:[1] % M, theor | M, sec| P
30:2:1:1 83 3000 3300 1.19
30:2:1:2 92 1330 1480 1.32
30:2:1:4 44 570 700 1.43

Table 2. Effect of monomer concentration on ATRP of NVP

Conversion,

[M] : [L] : [C] : [l] % Mn, theor Mn, SEC D
10:2:1:1 90 1222 1496 1.21
30:2:1:1 83 2985 3317 1.19
50:2:1:1 54 3234 3593 1.38
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monomer concentration would affect the activity of
the catalyst due to ligand-monomer binding, but the
effect was negligible due to the solvation of the mono-
mer in the aqueous medium. This can be clarified by
accepting that the diminishing viscosity of a medium
with temperature supports the termination of develop-
ing chain radicals, and afterward gives a low-molecu-
lar-weight polymer.

The selection of the appropriate concentration of
the solvent for ATRP is a very important parameter
particularly with the solubility of the catalyst precursor
and the relative concentration of the Cu(I)/Cu(Il)
species. The impact of the polarity of the media in the
ATRP of NVP has been explored by means of chang-
ing the ratio of toluene/monomer. As shown in
Table 3, the polymerization rate diminishes with addi-
tion of toluene due to decrease of polarity. However
the variety of the polarity of the reaction medium does
not play a recognizable impact in the control of the
molar mass distribution in the reaction catalyzed by
Cu(I)Br/bpy. The nonattendance of the impact of the
solvent polarity is in a good concurrence with an
inner-sphere electron exchange for both activation
and deactivation redox steps [33].

Complexes of a 1 1 stoichiometry between
Cu(I)Br and bpy are either halogens bridged dimers,
bpy-Cu(u-Br),Cu-bpy, or 2 : 1 ligand—to—copper
cations with a dihalocuprate counter anions,

bpy,Cu™CuBr, [34]. To check the impact of ligand
concentration 1, 2 and 3 equivalent of bpy as for
Cu(I)Br catalyst has been taken (Table 4). The
increase of ligand concentration first improves polym-
erization kinetics and control of molar mass distribu-
tion due to the fact that in the less polar media, Br- is
destabilized and simultaneously ties a lot more
grounded to Cu(I)Br than bpy does, bringing about

Cu(bpy); CuBr, species. The further increase of
ligand concentration violates control of the process. It
is because of the auxiliary bpy (more than 2 : 1) cannot

dislodge Br- from the CuBr, anion. The dibromo

cuprate anion (CuBr, ) is inert and does not partake in
the ATRP activation process [35, 36]. In this manner,
just 50% of the copper species is associated with the
activating Cu(I) cation, along these lines, a net change
in the transformation is relatively steady.

The influence of the temperature on the kinetics of
ATRP of NVP was studied (Fig. 8). Independently
from the temperature, polymerization kinetics obeys
the first-order law. The rise of the temperature is
favorable for the monomer conversion and control of
polymerization (Table 5).

Post-Polymerization Modification and Concentration
Effect of Polymer on Click Reaction

The SEC traces obtained at different conversions
are unimodal and reveal narrow molar mass distribu-
Vol. 61
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[NVP]/Toluene Conversion, % Time, h M, theory M, sec b
1/0 72 2600 2900 2.34
1/1 83 3000 3300 1.19
1/2 67 2450 2700 1.34
Table 4. Effect of ligand/catalyst ratio on ATRP of NVP
[M]:[L]:[C]:[I]| Conversion, % Time, h M, theory M, sec D
30:1:1:1 49 12 1850 2050 1.26
30:2:1:1 83 3000 3300 1.19
30:3:1:1 84 3000 3300 1.33
Table 5. Effect of temperature on ATRP of NVP
Temperature, °C Conversion, % Time, h M, theory M, sec D
50 60 12 2200 2900 1.33
60 83 6 3000 3300 1.19
70 87 5 3100 3400 1.09

tion as shown in Fig. 9a. Azido group functionaliza-
tion of alkynyl-PNVP-Br was confirmed by 'H NMR
and FTIR, UV—Vis spectroscopy (Figs. 1—3). In these
conditions, the shielding of j proton from 5.59—5.79
(—CH,—CH—(pyrrolidone)—Br) to 3.89—4.04
(—CH,—CH—(pyrrolidone)—N;) (Fig. 1), and
appearance of azide stretching (vVn=n) (as shown in
Fig. 2) frequency at 2113 cm~! and change in A,,,,, from
310 to 320 nm in UV—Vis spectrum (as shown in Fig.
3) of azide terminated polymer supports the nucleop-
hilic displacement of bromide group by azide group.

The molar mass distribution has not changed after
azidation reaction (Figs. 9b, 9¢) due to very low con-
tribution of functional end groups in the average molar
mass. Furthermore, the alkynyl-PNVP-N; is cyclized
by Cu(I)Br/bpy at 120°C in DMF at reflux conditions
in N, atmosphere in 1 : 2 molar ratio, respectively and
at low concentration of alkynyl-PNVP-N; equal to
0.01 mmol/L. The macrocyclization resulting in tri-
azole ring formation was confirmed by '"H NMR by
appearance of the signals at 5.13—5.36 and 7.43 ppm
(Fig. 1). As the SEC data exclude the possibility of
condensation, and nearly quantitative formation of
the triazole confirms conversion to the macrocycle.
The FTIR spectrum of alkynyl-PNVP-Nj; displays a
band at 2113 cm™! attributed to the azide stretching.
This band has not been detected in the spectrum of the
cyclized polymer, bringing further support to the suc-
cess of the transformation, and the appearance of the

POLYMER SCIENCE, SERIESB  Vol.61 No.6 2019

band at 3598 cm~! is due to the triazine ring stretching,
which also supports the transformation. As is seen on
Figs. 9b, 9c, SEC traces of the linear polymers
alkynyl-PNVP-Br and alkynyl-PNVP-N; almost
overlap, while the trace corresponding to the cyclic
polymer is moved to longer retention times, i.e. to
lower molar masses, due to the discrepancies in hydro-
dynamic volumes between linear and cyclic polymers.
The latter commonly shows higher retention times in
SEC analysis.

To prove the suitable conditions for the intra-
molecular cyclization [37—39], we have also investi-
gated the cyclization of azido-PNVP at three different
concentrations of polymers and determined the effi-
ciency of polymer cyclization. We have observed that
at higher concentration of azido-PNVP, i.e. 0.2 and
0.5 mmol/L polymer concentrations, the mixture of
inter-molecular linear and intra-molecular cyclic-
polymer both, with 27, and 65% availability of cyclic
polymer products formed. While at low polymer con-
centration (0.1 mmol/L), a clear intra-molecular
cyclized polymer formed. The SEC traces clearly con-
firmed the formation of cyclic polymers with decrease
in the molar concentration (0.5, 0.2, and 0.1 mM) of
the azido polymers.

CONCLUSIONS

Thus, the controlled synthesis of PNVP by ATRP
at ambient temperature was performed. The polymer-
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Fig. 9. (a) SEC traces of alkynyl-PNVP-Br at different monomer conversions: (/) 5, (2) 12, (3) 25, (4) 40, (5) 55, (6) 67, (7) 75,
(8) 83. (b) SEC traces of (/) PIBB-PNVP-Br, (2) PIBB-PNVP-N3;, and (3) C-PIBB-NVP. (c) SEC traces of the products of
click reaction under various concentrations of polymer: (/) 0.1, (2) 0.2, and (3) 0.3 mM azido-PNVP.

ization of NVP by ATRP was carried out using propar-
gyl 2-bromoisobutyrate as an initiator in toluene. In
the range of monomer concentration 1—5 mol/L, the
reaction demonstrates the first-order kinetics. The
polymer was characterized by narrow dispersity (1.31
to 1.09). Its post-modification with NaN; results in
the formation of PNVP with terminal alkynyl and
azide groups. The cyclization reaction was successfully
carried out on alkynyl-PNVP-N; with M, of 3300. We
found that the high concentration of polymer
(>100:1) favored condensation, while dilution
favored intra-molecular cyclization. The optimal con-
ditions for click reaction were found and led to the for-
mation of PNVP with a good yield of well-defined
ring-shaped cyclic polymer).
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