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ing reaction achievement and
monitoring by “in situ” UV irradiation NMR
spectroscopy†

Natalia Toncheva-Moncheva, a Miroslav Dangalov,b Nikolay G. Vassilev *b

and Christo P. Novakov *a

In this study, the possibilities of a new “in situ” LED UV illumination NMR spectroscopic technique for

performing an initiator-free thiol–ene “click” coupling reaction of an allyl-functionalized poly(allyl

glycidyl ether) (PAGE) prepolymer with a number of mono- and di-oligo polyethylene glycol (PEG) thiols

is demonstrated. The state-of-the-art setup constructed with LEDs as UV light sources that illuminate

through optical fibers directly into an NMR testing tube at a fixed wavelength of 365 nm is appropriate

for various polymeric materials and biologically active substances. The selected experimental protocol

uses a series of periods of irradiation and dark periods, thus providing opportunities to conduct an

effective thiol–ene “click” reaction and simultaneously study the kinetics of the photochemical reaction

with the exposure time, as well as macromolecular association directly in a solution applying the whole

types of NMR methods: from conventional 1H or 13C NMR to diffusion NMR spectroscopy (DOSY). In

addition, the molecular mass characteristics of the prepared copolymers were studied by gel-

permeation chromatography (GPC). The observed differences in the reaction rates as well as in the size

of species formed (the corresponding hydrodynamic radiuses Rh of aggregates) as a result of the

coupling process of parent PAGE prepolymers and model PEG thiols were thoroughly discussed and the

reaction pathway proposed.
Introduction

The rise of “click” chemistry in the recent decade is a result of
its favorable synthetic characteristics such as quantitative
yields, regioselectivity, use of environmentally friendly solvents,
mild reaction conditions and nonchromatographic purica-
tion.1 Highly efficient reactions of thiols with reactive unsatu-
rated carbon–carbon double bonds (“enes”)2–10 in particular
have gained growing interest for their advantages such as no
involvement of metallic catalysts, compatibility with a range of
functional groups and mild reaction conditions. Thiol–ene
chemistry possesses many characteristics of “click” chemistry
with an outstanding efficiency even in the presence of oxygen.
Among a range of metal-free “click” reactions,11 the photoin-
duced thiol–ene radical addition reactions have been recog-
nized as widely used tools for polymer synthesis and
modication and as efficient bio-orthogonal reactions.12–14

Radical-mediated thiol–ene coupling reactions have become
f Sciences, 103-A, Akad. G. Bonchev Str.,
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tion (ESI) available. See DOI:

5222
a useful approach for attaching a wide range of functional
groups, i.e. biomolecules like proteins and peptides commonly
bearing free thiols.15,16

The free-radical addition17–21 is applicable to isolated double
bonds such as allyls and can be generated by photoinitiation.
An interesting example for the achievement of modular func-
tionalization of precursor amphiphilic block copolymers with
mercaptans via a single thiol–ene addition reaction with the
participation of allyl groups was described by Jing et al.22 Some
applications within the biomedical eld of thiol–ene polymers
comprising different kinds of multifunctional enes and thiols
were collected and reviewed.23 It was suggested that such poly-
mers are suitable for the preparation of nanoparticles for drug-
delivery systems, as biomimetic hydrogels and as dental
restorative resins.

An excellent example of potentiality of thiol–ene chemistry as
a new “click” reaction that can be performed in the absence of
solvents and under photochemical initiation has been demon-
strated by Hawker19 and Walter et al.24 They have presented
a facile and efficient synthesis procedure of poly(thioether) den-
drimers using thiol–ene addition reactions for both the
construction of a dendritic backbone and the functionalization of
chain ends.

Irradiation, with or without added photoinitiators, is the most
commonmethod for initiating radical thiol–ene reactions. There
This journal is © The Royal Society of Chemistry 2020
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are several examples for the thiolation reactions conducted using
type I photoinitiators, i.e. DMPA,25–31 TMDPO32 and type 2 ones,
i.e. BP based,32–34 TX,32 etc., performing under irradiation using
a UV lamp emitting in the range of 320–400 nm.

The preparation of novel photoinitiators is still of interest.
For example, Xi and coworkers reported a novel amine-catalyzed
thiol-Michael reaction.35 Upon irradiation at 320–390 nm in the
presence of a thiol and activated substrate, a newly prepared
photolabile primary amine, NPPOC-hexylamine, serves as the
initiating species for the thiol-Michael reaction with a series of
thiols and methyl acrylates.

Although fewer in number, there are examples in the litera-
ture describing thiol–ene coupling reactions performed under
irradiation in the absence of an initiator. In one of the pio-
neering works on photopolymerization carried out in the
absence of photoinitiators, Bowman and co-workers have
described thiol monomer copolymerization with a wide variety
of vinyl monomers.36 The polymerization reactions proceed
under irradiation with light centered at 365 nm in the presence
of oxygen, demonstrating advantages relative to the common
drawbacks associated with radical photopolymerization.

A combination of controlled radical polymerization and
subsequent “click” reactions to prepare the molecular brushes
with PGMA as the main chain and PEG side chains whose side
chain terminals were transformed into various functionalities
has been established.37 A series of thiols with different func-
tionalities were introduced by thiol–ene reactions12,38 induced
by UV light radiation using a mercury vapor lamp. A “green”
approach for the synthesis and thiol–ene post-modication of
alkene-functionalized poly(2-oxazoline)s has also been demon-
strated.39 “Green” solvents have been chosen to perform thiol–
ene reactions on PDecEnOx homopolymers with two-different
thiols under irradiation with UV light without any additional
photoinitiators. The preparation of thioetherfunctional biscy-
clocarbonates under initiator-free UV irradiation of ene func-
tional groups cyclocarbonated with 2,20-oxybis(ethane-1-thiol)
has been reported by Benyahya et al.40 Jing X. described
successful modular functionalization of precursor amphiphilic
block MPEG-b-P(LA-co-MAC) and allyl-PEG-b-PLA copolymers
via a radical thiol–ene addition reaction withmodel mercaptans
initiated by UV light without adding any photoinitiators.
Authors stated that the thiol–ene addition reaction is universal
and any allyl-bearing polymers can be functionalized with other
functionalized mercaptans as modiers.22 The reaction is a safe
approach to biopolymer functionalization. The synthesis of
end- and side-chain-functionalized polyesters based on allyloxyl
PEG-bl-p(L-lactide) and methoxy PED-bl-p(L-lactide-co-2-methyl-
2-allyloxycarbonyl propylene carbonate) as well as their thiol–
ene modications with three common thiols accomplished
under radical conditions with UV irradiation without added
photoinitiator has also been accomplished.28 Liang et al. re-
ported a method for nanoparticle modication by the conver-
sion of carboxylic acid-functionalized Fe2O3 nanoparticles to
thiol-functional ones, which subsequently reacted with vinyl-
ferrocene upon initiator-free UV exposure.41

An interesting combination of thiol–ene chemistry with
polyhedral oligomeric silsesquioxanes (POSS) for the preparation
This journal is © The Royal Society of Chemistry 2020
of hybrid, photocrosslinked polymerosomes was described by
Jiang et al.42 Upon irradiation with UV light at 364 nm, the
hydrophobic domain of the polymerosomes obtained from a co-
assembly of acrylate-functionalised poly(ether amine) and
POSS(Sn)8 has been crosslinked via radical-mediated thiol-
Michael reactions.

Light-emitting diodes (LEDs) have been used as UV sources to
conduct the crosslinking polymerization of representative thiol–
ene systems by Crivello back in 2004.43 The “in situ” LED illu-
mination NMR technique has been extensively used in the recent
years.44–46 Excellent examples of various photo catalytic reactions
conducted using such techniques that combine both traditional
and advanced NMR methods were published by Gschwind
group.47–51 The review highlights new ideas, concepts and
methods in the eld of photocatalysis and photopolymerization
and demonstrates the utility of the “in situ” LED illumination
NMR method.52 Meanwhile, a full quantication of the light-
mediated Gilch polymerization with “in situ” UV-irradiation
NMR spectroscopy experiments has been described.53 The
concentration–time proles of the photochemical reactions have
been recorded with continuous UV-irradiation applied using
a broad band light source in combination with a 320–400 nm
lter. A UV-driven premonomer photolysis technique was used.

The aim of the present work is to investigate the feasibility of
performing initiator-free thiol–ene coupling reactions of poly(-
allyl glycidyl ether) macroagents with a number of model PEG-
(di)thiols under UV illumination using a LED source directly
into the NMR spectroscopy tube. LED sources emitting at a xed
wavelength of 365 nm are appropriate for various polymeric and
biological materials. In addition, a kinetics study of “click”
reaction as well as the behavior of the obtained copolymers in
a solution by diffusion NMR spectroscopy and GPC was done.
Experimental
Materials

All solvents (methanol, dichloromethane, and tetrahydrofuran)
as well as ethyl vinyl ether (99%, Aldrich) were puried by
distillation. Deionized water was obtained from a Millipore Mil-
liQ system and additionally ltered through a 220 nm PTFE lter.
Allyl glycidyl ether (99% Fluka) was distilled under reduced
pressure. KOH (Merck), 1,2-propandiol (Aldrich), benzene
(Merck), p-toluenesulfonic acid (Merck), and 1,6-diphenyl-1,3,5-
hexatriene (Aldrich) were used without purication. Hexa(-
ethylene glycol)dithiol (Sigma-Aldrich, > 97%, Mn ¼ 314.46 g
mol�1) (HEGDT), O-(2-mercaptoethyl)-O0-methyl-hexa(ethylene
glycol) (Sigma-Aldrich, $ 95%, Mn ¼ 356.48 g mol�1) (HEGMT)
and poly(ethylene glycol)methyl ether thiol (Sigma-Aldrich,Mn ¼
2000 g mol�1) (PEGMET) were used as received.
Synthesis

Synthesis of functionalized poly(allyl glycidyl ether) (PAGE) by
anionic ring-opening polymerization (ROP) in bulk. PAGE was
obtained following a procedure described in our previous
publication.54 First, anionic ROP of allyl glycidyl ether (AGE) was
carried out in a glass reactor. Then, 1,2-propanol (0.18 g, 2.3
RSC Adv., 2020, 10, 25214–25222 | 25215
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Scheme 1 Synthesis of an allyl functional poly(allyl glycidyl ether) (PAGE) macroagent.
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mmol) was mixed with KOH (0.20 g, 3.5 mmol) and stirred at
50 �C for 2 hours in an argon atmosphere (Scheme 1). Following
this, the reaction mixture was cooled to room temperature and
dried two times by freeze drying with benzene (0.5 mL per
portion) for 4 h at high vacuum. AGE (5.5 g, 48.0 mmol) was
added in portions of 1.1 g each every 10 h. Polymerization was
carried out in bulk at 80 �C for 50 h in an argon atmosphere. The
reaction medium was cooled to room temperature and poly-
merization was stopped by addition of methanol. Methanol was
removed under vacuum and the mixture was additionally
treated with hydrochloric acid (HCl 27.95mL, 40% inmethanol)
for neutralization. The resulting polymer was isolated by
centrifugation and then was dried under vacuum.

Yield: 4.565 g, (82%); 1H-NMR (CDCl3, d ppm): 1.18 (t, 3H,
CH3-g), 1.55 (d, 3H, CH3-f0), 3.41–3.71 (m, 5H, CH2-a,c, CH-b),
3.98 (d, 2H, CH2-d), 4.38 (m, 1H, ¼CH, e0), 5.20 (dd, 2H, CH2-
f), 5.88 (m, 1H, CH-e), 5.95 (d, 1H, –CH ¼ , d0), MGPC

n ¼ 1300 g
mol�1, Mw/Mn ¼ 1.1, MHNMR

n ¼ 1000 g mol�1.
Synthesis of PAGE-co-HEGDT, PAGE-co-HEGMT and PAGE-

co-PEGMET copolymers by a UV light-induced thiol–ene
coupling reaction without use of photoinitiators. For the
preparation of PAGE-co-HEGDT, PAGE-co-HEGMT and PAGE-co-
PEGMET copolymers, 10 mg of PAGE precursor (0.01 mmol, 1
eq.) was dissolved in 0.6 mL deuterated benzene and 1.1 eq. of
the corresponding thiol reagent (32 mg 0.099 mmol HEGDT,
36 mg 0.099 mmol HEGMT or 198 mg 0.099 mmol of PEGMET)
was added. The solution was placed directly into an NMR
testing tube. The solution was homogenized, degassed with
argon “in situ” for 1/2 h under an argon ow before the reaction
and the NMR insert was placed into the NMR tube. Then thiol–
ene “click” coupling reactions was carried out “in situ” under UV
illumination using an LED source at a xed wavelength of
365 nm and a temperature of 20 �C. A temperature of 40 �C was
only settled in the case of PAGE-co-PEGMET preparation. The
reaction mixtures were puried by dialysis against a mixture of
8 : 2 v/v THF : deionized water for 2 days using a 1 or 3.5 kDaMw

cutoff membrane depending on the obtained copolymer
molecular weight. The THF was removed using a rotary vacuum
evaporator, and the copolymer products were recovered by
freeze-drying.
25216 | RSC Adv., 2020, 10, 25214–25222
Methods

Nuclear Magnetic Resonance (NMR) LED-NMR experiments
were carried out using a self-made setup constructed with three
LEDs as light sources operating at 365–470 nm, 440–460 nm or
650–670 nm coupled to an optical ber. The setup includes
a control unit connected to the IPSO computer through BNC
connections. The other end of the optical ber is inserted in
a coaxial insert and illuminates the NMR sample. The usage of
the coaxial insert provides uniform illumination to the whole
reaction solution, thus ensuring that the irradiated volume
matches the one detected by the NMR coil. In the experiments
described herein, a LED model SST-10-UV with a wave length of
365–370 nm and an optical power of 130 mW at the end of the
optical ber using an LED current of 1 A was utilized.

13C{1H} NMR spectra were recorded using a Bruker Avance
II+ 600 NMR spectrometer, with a 5 mm direct detection dual
broadband probe (BBO) and a gradient coil delivering
a maximum gradient strength of 53 G cm�1. The following
experimental parameters were used: spectral width of 230 ppm,
32 K time domain data points, relaxation delay of 2 s, number of
scans 8k, and Waltz16 broadband 1H decoupling scheme.

1H NMR spectra and 1H DOSY spectra were recorded using
a Bruker Avance II+ 600 NMR spectrometer, with a 5 mm direct
detection dual probehead (BBO) probe and a 10 A gradient
amplier, providing a maximum gradient strength of 53
G cm�1. The experiments were performed at 20 �C or 40 �C. The
DOSY spectra were acquired using the Diff suite package inte-
grated in TopSpin 3.5 using a double-stimulated echo pulse
sequence to compensate for possible convection during the
measurements. The spectra were recorded with 16 K time
domain data points in t2 dimension, 32 scans, diffusion delay
(D) 50 ms, sine-shaped gradient pulses of (d) 2 ms, and relaxa-
tion delay of 2.8 s. A gradient ramp of 32 linearly distributed
gradient amplitude values was used. The starting and nal
gradient amplitudes were optimized to ensure optimal signal
attenuation, typically from 2 to 53 G cm�1 for all samples. The
spectra were processed with an exponential window function
(line broadening factor 1), 32k data points in the F2 dimension,
and 128 data points in the diffusion dimension, using the
tting routine integrated in the TopSpin 3.5 package. The
diffusion coefficients were calculated by tting the sum of the
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Consumption of C]C of PAGE in the course of LED UV-irra-
diation: (O) HEGDT rate constant (1.8 � 10�5 s�1); (,) HEGMT rate
constant (1.1 � 10�5 s�1), (B) PEGMET rate constant (5.4 � 10�6 s�1).
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columns along the chemical shi of each signal in the DOSY
spectrum with a variant of the Stejskal–Tanner equation
adapted for the particular pulse sequence used.

Samples were irradiated at six-hour intervals with an LED
light source operating at 365 nm. Each illumination was fol-
lowed by a two-hour “dark” interval, over which several 1H as
well as DOSY NMR spectra were taken in order to monitor the
course of the response upon discontinued irradiation. Such
a procedure was applied until the PAGE prepolymer was fully
reacted.

Gel-permeation chromatography (GPC). The GPC analysis
was performed using a Shimadzu Nexera XR LC20ADXR liquid
Fig. 2 1H NMR spectra of PAGE and HEGDT reaction mixture (A) before
MHz).

This journal is © The Royal Society of Chemistry 2020
chromatograph with a DGU-20A5R degasser, a SIL-20ACHT auto
sampler, a RID-20A refractive index detector, and a set of PLgel
GPC/SEC columns: 5 mkm 50 A, 500 A and 10 mkm Mixed-B.
Tetrahydrofuran (THF) was used as an eluent at a ow rate of
1 mL min�1 at 40 �C. Samples were prepared as solutions in
THF. Molecular weight characteristics of the copolymers were
calculated using a calibration curve constructed with mono-
disperse polystyrene standards. Data acquisition and process-
ing were performed using the LabSolutions v.5.54 GPC soware.
Results and discussion

The synthesis of hydroxyl terminated bifunctional poly(allyl
glycidyl ether) (PAGE) macroagent was achieved by anionic ring-
opening polymerization initiated by alkali metal alkoxides
carried out in bulk as described by us in a previous paper
(Scheme 1).54 The alkoxide initiator has been obtained in
a reaction of deprotonation of low-molecular-weight diols with
KOH. For performing an initiator-free thiol–ene “click”
coupling reaction, the PAGE precursor with degree of poly-
merization (DP ¼ 10) was selected, to be consistent with the
molecular weights of the corresponding thiol partners. The
structure and molecular mass characteristics of PAGE were
proved and evaluated by GPC, 1H and 13C NMR spectroscopy. In
fact, a well-dened prepolymer of a narrow molar mass distri-
bution (MHNMR

n ¼ 1000 g mol�1, MGPC
n ¼ 1300 g mol�1, PDI ¼

1.1, calculated towards PSt standards) was obtained (Fig. SI. 1,
SI. 2, in ESI†). 1H and 13C NMR spectra peak assignment shown
in the inset is presented in Fig. SI. 2, SII. 16–19 in ESI,†
respectively. The presence of the signals corresponding to the
and (B) after illumination at 365 nm for 48 h at RT, taken in C6D6 (600

RSC Adv., 2020, 10, 25214–25222 | 25217
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Table 1 Characterization data of starting PAGE, HEMDT, HEGDT and
PEGMET precursors and isolated copolymers

Sample MGPC
n [g mol�1] Mw/Mn

PAGE 1300 1.08
HEGDT — —
HEGMT 600 1.02
PEGMET 3600 (I) 1.04

1600 (II) 1.05
PAGE-co-HEGDT 5800 1.25
PAGE-co-HEGMT 3100 1.15
PAGE-co-PEGMET 9300 (I) 1.04

4300 (II) 1.06

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 5

/5
/2

02
6 

2:
03

:4
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
C]C double bonds in the allyl group of PAGE allows assess-
ment of the extent of the coupling reaction with thiols under the
selected experimental conditions. It should be noted that the
molar mass of the PAGE determined by GPC in THF as the
eluent corresponded well with the one determined by 1H NMR
(Mn ¼ 1000 g mol�1) taken in CDCl3.

The 1H, 13C NMR, COSY, HSQC and DOSY spectra and GPC
traces of the chosen three different thiol-end-capped precur-
sors, namely, difunctional, hexa(ethylene glycol)dithiol
(HEGDT) (Fig. SII. 1–5†), monofunctional, O-(2-mercaptoethyl)-
O0-methyl-hexa(ethylene glycol) (HEGMT) (Fig. SII. 6–10†) and
monofunctional polymers containing poly(ethylene glycol)
methyl ether thiol (PEGMET) (Fig. SII. 11–15 and SIII. 2†), used
in attempts to perform coupling reactions with PAGE prepol-
ymers are also available in ESI.† The analysis of NMR spectra
and GPC chromatograms and peak assignment shows that the
HEGDT dithiol monomer is contaminated with dimer
compounds containing a disulde link according to the pres-
ence of signals in the 1H spectrum at 2.85 ppm and in 13C NMR
one at 38.3 ppm. The existence of a shoulder peak in the GPC
eluogram of PEGMET also suggests the presence of two
components in the thiol reagent (Fig. SIII. 2†).

Representative gures of the used LED set-up together with
detailed description of the equipment are given in the ESI and
Fig. SIV. 1.† In general, the set-up includes three LEDs operating
Fig. 3 GPC traces of PAGE (solid blue line) and PAGE-co-HEGMT
copolymer (short-dash black line).

25218 | RSC Adv., 2020, 10, 25214–25222
at 365–370 nm, 440–460 nm and 650–670 nm, respectively. The
LED source of 365 nm was chosen because in all the groups of
UV radiation, UV-A (315–400 nm) radiation is friendliest on
diverse habitats, because it is not absorbed by native DNA, thus
having poor efficiency in inducing its damage.55 The latter
would allow the application of the methodology to a wide range
of biologically active molecules.

The “click” coupling reactions with the participation of
PAGE and HEGMT, HEGDT or PEGMET under UV illumination
using an LED source at 365 nm wavelength were carried out “in
situ” in deuterated benzene under mild conditions at 20 �C in
an inert atmosphere. A reaction temperature of 40 �C was only
used in the case of “click” coupling with PEGMET. A 10% excess
of thiol-end-capped compounds with respect to PAGE were used
in all cases to enable highly efficient macromolecular coupling
and drive the reaction to completion.

The efficiency of the “click” reaction was followed by 1H NMR
spectroscopy. The 1H spectra were taken regularly and the
progress of coupling between PAGE and the used three thiol-
end-capped compounds were evaluated by the decrease in the
signal of protons of the double bonds of the allyl group. The
Fig. 4 DOSY NMR: (A) Change in hydrodynamic radius of PAGE-co-
HEGDT and PAGE-co-HEGMT based species with the exposure time
at RT. (B) D and Rh values of PAGE prepolymer and PAGE-co-HEGDT,
PAGE-co-HEGMT and PAGE-co-PEGMET-based species after the
thiol–ene “click” coupling reaction, in C6D6 at RT. *The value was
taken at 40 �C.

This journal is © The Royal Society of Chemistry 2020
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decrease in the double bond content with the exposure time is
shown in Fig. 1. Data obtained by “in situ” NMR measurements
were tted with a mono exponential function, and the standard
errors in rate constant are �2% (R2 > 0.99).

Tracking the course of the curves of C]C consumption
presented in Fig. 1 shows the difference in the ability of
different types of thiol monomers for the reaction of coupling
with the PAGE prepolymer. The binding of oligomeric thiols
with PAGE proceeded completely, although slowly and non-
linearly with the increase in time. As expected, the presence of
a second binding center in the dithiol molecule contributes for
a noticeably faster, but not dramatically, coupling reaction. At
the same time, thiol–ene “click” reaction between PAGE and
polymer-containing thiol reagent PEGMET proceeds much
more slowly and the process was not accomplished even aer
120 h of irradiation. The results indicate that even conducting
the UV irradiation at a higher temperature (40 �C), about 30%
binding of PEGMET was reached (Fig. 1 and SII. 23†). Presum-
ably, the dissolution of such relatively long-chain thiol mole-
cules was accompanied with their warping, making more
straitened the attack on the double bond of PAGE. One should
note that PAGEmacromolecules of the prepolymer are in shrink
conformation, hampering double bond accessibility.

The success of the “click” coupling reaction was conrmed
by 1H NMR analysis (Fig. 2, SII. 21 and SII. 23†). As evidenced
from the 1H NMR spectra of PAGE and HEGDT reaction mixture
(A) before and (B) aer LED UV irradiation, the signals at 5.05–
5.2 ppm and at 5.7–5.9 ppm assigned to the protons corre-
sponding to the double bond in the allyl group of PAGE (Fig. 2A)
entirely disappeared at the end of illumination, and new signals
at 1.8 and 2.6 ppm corresponding to methylene protons adja-
cent to the sulde bond appeared (Fig. 2B and SII. 21B†).

Aer LED UV-irradiation, following the above-described
procedures for the purication of the reaction mixtures from
the excess of thiol–ene coupling partners, the isolated copoly-
mers were analyzed by GPC to determine their molecular mass
Fig. 5 1H DOSY NMR spectra of PAGE and HEGDT reaction mixture (A) b
taken in C6D6 (600 MHz).

This journal is © The Royal Society of Chemistry 2020
characteristics. The calculated values from the corresponding
peaks in eluograms are summarized in Table 1 together with
those obtained for starting PAGE and HEGDT, and HEGMT and
PEGMET reagents. Representative GPC curves of PAGE-co-
HEGDT, PAGE-co-HEGMT and PAGE-co-PEGMET copolymers
are presented in Fig. SIII. 1, Fig. SIII. 2 in ESI† and Fig. 3,
respectively.

The course of eluograms proved the successful completion of
the tested coupling reaction by LED UV-irradiation without
using any initiator (Fig. 3.). The chromatogram peaks are shif-
ted to smaller elution times, which correspond to an increase in
the molecular weight of copolymers. The observed presence of
a bimodal peak in GPC traces of PAGE-co-PEGMET copolymers
as well as a noticeable shoulder in the eluogram of PAGE-co-
HEGDT one corresponds well with the composition of the
starting thiols discussed above (see. Fig. SIII. 1. and SIII. 2 in
ESI†). The molecular mass of the PAGE-co-PEGMET copolymer
also ts well with the theoretically calculated value, taking into
account the higher molar mass and polydispersity (containing
fractions that differ almost twice in molecular weight, Table 1)
of starting thiols.

The effect of the number of reactive thiol–ene functional
groups is also well pronounced, and the value of the molecular
weight of PAGE-co-HEGDT obtained with a dithiol reagent is
almost twice larger than the corresponding one of PAGE-co-
HEGMT copolymer obtained with a mono thiol compound of
comparable EG chain length (see. Fig. SIII. 1. and SIII. 2 in
ESI†)). In addition, formation of a noticeable amount of PAGE-
co-HEGDT gel-fraction was observed, suggesting occurrence of
cross-linking reaction during irradiation in the presence of
a dithiol reagent.

Further evidence for the changes in size and morphology of
the macromolecules was provided by diffusion-ordered NMR
spectroscopy (DOSY) spectra of the studied reaction mixtures in
C6D6. DOSY is a valuable tool for complex mixture analysis,
exploiting differences in translational diffusion coefficients
efore and (B) after illumination at 365 nm for 48 h at room temperature,

RSC Adv., 2020, 10, 25214–25222 | 25219
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and, hence, particle sizes as a means to spectroscopic
discrimination between different components in a solution
mixture. Therefore, simultaneously with the decrease in the
double bond content with the exposure time (Fig. 1) observed in
1H NMR spectra, the hydrodynamic radius Rh of the obtained
product species was calculated. Aer every 6 h of irradiation,
a dark period was applied, during which 1H DOSY spectra of the
reaction mixture were taken. It should be pointed that the
integral of the residual signal of C6D6 was used as a reference
for the calibration of the integrals of the allylic protons. As no
noticeable change in the integrals was observed aer the dark
period, one can conclude that no reaction took place at that
time. The Rh value was calculated according to the Stokes–
Einstein equation using viscosity V ¼ 0.6942 at T ¼ 20 �C or V ¼
0.5395 at T ¼ 40 �C.56
Scheme 2 General scheme of the preparation of copolymers via a thiol–
under UV irradiation at a fixed wavelength of 365 nm without use of any

25220 | RSC Adv., 2020, 10, 25214–25222
As it is mentioned before, the thiol partners used in the
coupling reaction, namely, HEGDT and PEGMET, contain some
amount of dimer compounds with a disulde building link.
Their presence in the reaction mixture reects the molecular
mass characteristics, as it is seen from the GPC results (Table 1)
and is expected to affect the behavior of copolymers and the size
of their species formed in a solution.

The change in Rh of PAGE-co-HEGDT and PAGE-co-HEGMT-
based species with the exposure time follow an exponential
increase, which trend has to be expected for a pseudo-rst order
kinetics, as shown on Fig. 4A. Moreover, the presence of
a second thiol group in HEGDT accelerates the process and,
therefore, increases both the molecular weight of the corre-
sponding PAGE-co-HEGDT copolymer and the size of the
formed species, respectively.
ene “click” coupling reaction of PAGE and HEGDT, HEGMT or PEGMET
photoinitiator.

This journal is © The Royal Society of Chemistry 2020
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The diffusion coefficients (D) and the calculated Rh values
obtained from 1H DOSY NMR spectra of the starting PAGE
macroagent and the synthesized copolymers taken aer the
LEDs UV treatment are summarized in Fig. 4B. It is noteworthy
that the PAGE-co-PEGMET copolymer has the highest molecular
weight and volume of the macromolecules. Hence, the particle
size of its species in solution is largest (Fig. 4B).

Representative DOSY spectra of PAGE prepolymers and
HEGDT thiol reaction mixtures (A) before and (B) aer LED UV
irradiation are shown in Fig. 5.

It is clearly noticeable that the signals corresponding to
reagents before illumination and the newly appeared ones with
a smaller diffusion coefficient corresponding to the copolymer
product were well separated. The values of diffusion coefficients
and Rh of species size, calculated on their basis presented in
Fig. 4, are in good agreement with the GPC data. In the DOSY
spectrum measured aer the irradiation (Fig. 5B), a signal
corresponding to unreacted thiols is observed as its quantity is
set in a slight excess relative to the amount of PAGE
prepolymers.

Based on the results for the molecular weights of copolymers
calculated from GPC analyses as well as on data for decrease in
the content of allyl double bonds in thiol molecules taken from
“in situ”NMR experiments, the thiol–ene reaction sequences for
the synthesis of PAGE-thiol presented in Scheme 2 are
proposed.

In conclusion it can be noted that the energy of the LED
source of irradiation used in these experiments was low, which
limited the useful experimental volume, and hence the
concentration of the reagents and the yield of product.
However, the methodology used to conduct the polymerization
and its simultaneous tracking demonstrated its application
power under mild conditions that are suitable to a number of
partners, i.e. for various biological objects.

Moreover, the proposed strategy can be easily reproduced to
large-scale experimental volumes and set-ups, thus allowing the
preparation of copolymers having predened compositions and
macromolecular characteristics via an initiator-free thiol–ene
“click” coupling reaction.

Conclusion

Versatile UV-irradiated NMR spectroscopy for “in situ” study of
coupling reactions of PAGE and few oligo-/PEG (di)thiols
without any photoinitiator has been successfully implemented.
The preformed functionalized PAGE macroagent has been
prepared via anionic ROP, while the thiol–ene modications
have been done via LED UV illumination of the mixture of
solutions of reagents directly inside the NMR spectrometer
testing tube. 1H NMR spectra and GPC traces of resulting
products aer LED UV illumination support the expected
turnaround of “click” reaction and formation of PEGylated (co)
polymers. The reaction efficiency depends on the type of thiols
(mono or dithiol) at the selected PAGE molecular weight. Upon
coupling with the dithiol reagent, the formation of a gel-fraction
in a noticeable amount was observed, suggesting the occurrence
of cross-linking reactions, which is a subject of a further study.
This journal is © The Royal Society of Chemistry 2020
In general, the experimental setup and protocol, which consists
of a series of LED irradiation intervals with measurement of 1H
NMR spectra (thus tracking the degree of photochemical reac-
tion) and dark periods and measurement of 1H DOSY spectra
(allowing estimation of the size of macromolecules in the
solution), can be successfully applied for the encapsulation of
biologically active substances and the design of new polymeric
materials via an initiator-free thiol–ene coupling reaction
mechanism.
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