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Using o-imino isourea, three photo- and thermal dual-responsive radical initiators dicyneDCC, CyheDCC,

and BnDCC were systematically developed and synthesized. By adding an aromatic ring to the free radical

initiators, the ultraviolet-visible absorption was redshifted, and the absorption coefficient was increased.

Compared with other initiators, BhphDCC exhibited an exceptional photoinitiation rate under photo-

differential scanning calorimetry (DSC) and a high absorption coefficient (¢ = 15420 M™* cm™).

Therefore, it is an appropriate potential photoinitiator. DicyheDCC, which was composed of a cyclic
hydrocarbon, exhibited rapid thermal initiation (Tpeax = 82 °C) during thermal DSC, making it a valuable
thermal radical initiator. Because of the low stiffness of the N-O link in radical initiators, density

functional theory predicts that the aliphatic ring has a significantly lower enthalpy than the aromatic ring.
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Moreover, in this study, CyhephDCC and BnphDCC, as dual-responsive radical initiators, indicated the

potential for a photo- and heat dual-curing system through the universal free-radical polymerization of

DOI: 10.1039/d3ra07296g

rsc.li/rsc-advances

1. Introduction

Free radical initiators (FRIs) have been widely employed for
polymer synthesis in academia and industry because of their
high polymer conversion rates, cost-effectiveness, and simple
synthesis process.'” Recently, they have been used as additives
in advanced materials, such as smart coatings, electrolytes,
microelectronics, and bioadhesives.*® Depending on the
structure, FRIs have two distinct radical generating mecha-
nisms, i.e., photo- and thermal, and both are necessary for
different applications.” For instance, owing to its fast curing
and low temperature, a photo-radical initiator is required for
rapid hardening procedures such as dentistry and surface
cracking; however, a thermal radical initiator is needed to build
a large-scale, uniform curing system. Recently, the results that
improves polymerization effect by adding thermal radical
functionality to commercialized photoinitiators (Darocur 2959,

“Research Center for Advanced Specialty Chemicals, Korea Research Institute of
Chemical Technology, Ulsan 44412, Republic of Korea. E-mail: ypark@krict.re.kr
*Department of Applied Chemistry-Food Science Technology, Dong-Eui University, 176
Eomgwangro, Busan 47340, South Korea. E-mail: kclee@deu.ac.kr

‘Department of Chemical Engineering, Ulsan National Institute of Science and
Technology (UNIST), Ulsan 44919, Republic of Korea

“Advanced Materials and Chemical Engineering, University of Science and Technology
(UST), Daejeon 34113, Republic of Korea

T Electronic  supplementary  information
https://doi.org/10.1039/d3ra07296g

(ESI) available. See DOI:

36364 | RSC Adv, 2023, 13, 36364-36372

acrylates. These significant discoveries may be useful for developing efficient and diversified polymer
network systems that require synergistic photo- and thermal effects.

Irgacure 184 and Darocur 1173) has been reported.® In addition,
photothermal dual-curing or polymerization can realize a more
efficient and convenient curing process using highly cross-
linked and high-modulus polymer systems. Despite the
considerable interest in curing and polymerization, the study of
radical initiators remains stalled, with many researchers
focusing solely on polymer methods or physical properties
using existing radical initiators such as benzoyl peroxide as
a photoinitiator and azobisisobutyronitrile as a thermal
initiator.”** Thus, it is critical to produce radical initiators with
a variety of photothermal properties. Radical initiators with
both photo- and thermal effects are uncommon.

Our group previously reported stable o-imino-isourea-based
thermal radical initiators and established an effective free-
radical polymerization system at temperatures below 100 °C."
In the present study, we implemented a new radical active
system based on o-imino-isourea radical initiators, i.e., Dicy-
heDCC, CyhephDCC, and BnphDCC, by systematically intro-
ducing an aromatic group for photoactivation, as shown in
Fig. 1. In addition, we investigated their intrinsic properties by
performing tests such as thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), and ultraviolet-visible
(UV-vis) spectroscopy, and we explored their polymerization
with n-butyl acrylate by performing thermal and photo-DSC
measurements.

Interestingly, among the suggested radical initiators,
CyhephDCC exhibited the best photocuring performance, and

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


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra07296g&domain=pdf&date_stamp=2023-12-13
http://orcid.org/0000-0002-0771-2946
http://orcid.org/0000-0003-2207-3369
http://orcid.org/0000-0002-6207-3825
http://orcid.org/0000-0001-7798-1108
http://orcid.org/0000-0002-0977-6265
https://doi.org/10.1039/d3ra07296g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07296g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013051

Open Access Article. Published on 14 December 2023. Downloaded on 12/5/2025 10:45:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

DicyheDCC

Fig. 1 Chemical structures of FRIs based on o-imino-isourea.

this phenomenon was addressed in terms of the radical
stabilities that arise when radicals are created by light via real-
time nuclear magnetic resonance (NMR) monitoring and
density functional theory (DFT) calculations. Depending on the
functional groups, the proposed o-imino-isourea-based radical
initiator can be employed as both a thermal radical initiator and
a photo-radical initiator, as determined by experimental and
analytical findings. This advantageous result also permits
photo- and heat dual polymerization as a new all-in-one system,
which will pave the way for a new dual-curing system in the
future.

2. Results and discussions

2.1. Synthesis of FRIs

The syntheses of radical initiators 3a-c are shown in Fig. 2.
According to the literature, general oximes (1a-c) were prepared
using hydroxylamine and sodium acetate."*** All the oximes
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recrystallization via ethyl acetate and hexane, affording a yield
of 65-80%. Benzophenone oxime was stored in a glovebox in the
dark owing to its light- and air-sensitive properties. The final
products 3a-c were synthesized from oximes la-c¢ and N,N-
dicyclohexylcarbodiimide (DCC). These were mixed with
sodium hydroxide as the base reagent and tetrahydrofuran
(THF) as the solvent to produce white solids in yields of 45-60%.
The purified compounds were analyzed using NMR spectros-
copy, elemental analysis (EA), and mass spectrometry (MS)
using a liquid chromatography-mass spectrometry (LC-MS)
system.

2.2. Photo- and thermal properties of FRIs

Fig. 3 and Table 1 present the absorption coefficients of all the
FRIs, as well as their normalized absorption peaks from the UV-
vis spectrum. DicyheDCC lacked an absorption peak owing to
the absence of a conjugated building block, whereas

were in the form of white -crystal-like solids after CyhephDCCand BnphDCC exhibited absorption peaks between
1.NH,OH-HClI 1. DcC” Q
2 2.Sodium acetate HO; 2. NaOH i
R)LR | » R4 Q“(\
T Rz > R{R, >N N
EtOH/Water, reflux THF, r.t R,
dae 65~80% 2a-c 45~60% 3a-c
* DCC: N,N'-Dicyclohexylcabodiimide
Molke
b Ry= O R2=© ORRy= © R2=O
ne Qe

Fig. 2 General synthesis route for FRIs.
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Fig. 3

240 and 300 nm in the UV region. In addition, depending on the
number of aromatic groups, the absorption coefficients varied
between 8570 and 15420 M~ " ¢cm ™. This indicated that the
optical absorption increased with the number of aromatic
groups.

Fig. 4 shows the TGA and DSC results for the intrinsic
thermal properties of the FRIs. The detailed experimental data
are presented in Table 1. In the case of TGA, the overall thermal
properties were measured, and the initial decomposition
temperatures were 117, 122, and 129 °C for DicyheDCC,
CyhephDCC, and BnphDCC, respectively. For DSC, DicyheDCC,
CyhephDCC, and BnphDCC were measured at 112, 116, and
122 ©°C, respectively, and the data indicated the cleavage
temperature of N-O bonds in the FRIs. According to the thermal
properties of the FRIs, we predicted that cyclic aliphatic groups
could reduce the N-O bond cleavage temperature under
thermal conditions and lead to polymerization at low
temperatures.'®"”

2.3. Photo- and thermal polymerization of acrylate
monomer

To evaluate the polymerization efficiency of the synthesized
FRIs in the acrylate monomer, photo- and thermal-curing
processes were performed using DSC, as shown in Fig. 5 and
summarized in Table 2. In the thermal-DSC experiment, all
initiators exhibited curing peaks between 85 and 100 °C, with
DicyheDCC generating radicals most effectively at the lowest
temperature. For photo-DSC, curing curves were acquired in the
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(a) Absorption coefficient and (b) normalized UV-vis absorption curves of FRIs.

range of 254-365 nm at a light intensity of 2 mW cm 2. With the
exception of DicyheDCC, the FRIs exhibited a considerable
increase in heat flow within 1-2 min of UV irradiation, indi-
cating that they are useful initiators for photopolymerization.

According to the photo-DSC results, we conducted tests to
determine the polymer conversion rate for the FRIs, as shown in
Fig. 6. Thermal radical polymerization of a mixture of butyl
acrylates (200 mmol) and FRIs (1 mmol) in toluene (1.5 mL)
under N, stirred for 1-5 h at different temperatures (90, 100, 120
°C) was conducted. The molecular weight and conversion (%)
were monitored during polymerization. The conversion (%) was
calculated from the integration ratio of the methylene unit next
to the vinyl group in acrylate in the NMR spectra. As shown in
Fig. 6, 80% of the vinyl group may be converted by thermal
radical polymerization of DicyheDCC and CyhephDCC in less
than 5 h at =100 °C. At 120 °C, the BnphDCC conversion rate
was 80%, which corresponded to the radical's initiation
temperature. The photo-radical polymerization of n-butyl acry-
lates using FRIs (2.5 wt%) was performed under irradiation at
254-365 nm without a solvent. The conversion (%) was calcu-
lated by integrating the ratio of the typical double bond peaks of
acrylate (1619 and 1636 cm ™) in the Fourier transform infrared
(FTIR) spectra, as shown in Fig. S4.1 As indicated by Fig. 6d,
CyhephDCC and BnphDCC had a high conversion rate of 90%;
however, DicyheDCC did not respond to light, because it lacked
a structure that reacted with light. The photo/light DSC values
of the synthesized FRIs and the polymer conversion rate
exhibited a strong connection, indicating that the conversion
rate can be predicted via DSC analysis.

Table 1 Absorption maxima and coefficients of the synthesized radical initiators

Abs. coefficiency

Sample M 'em™] Aonset” [nm] Amax” [nm] T4" [°C] Tonset” [°C]
DicyheDCC — 117 112
CyhephDCC 8.57 291 239 122 116
BnphDCC 15.42 300 259 129 122

@ Absorption spectra in the dichloromethane solution. ? Initiation of the decomposition of only FRIs in the TGA curves. ¢ Cleavage temperatures of

the N-O bonds in only FRIs obtained using DSC curves.
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Fig. 4 (a) TGA and (b) DSC curves of synthesized FRIs.

To assess the polymerization characteristics of the synthe-
sized FRIs, polymerization reactions were conducted using n-
butyl acrylate. For CyhephDCC and BnphDCC, polymerization
occurs only under photo. Therefore, to compare the properties
of FRIs, polymerization was carried out at 120 °C, and the
molecular weights were measured using GPC. The results have
been summarized in Table 3. Molecular weights (M,, M,,) of
polymerized n-butyl acrylate for example, CyhephDCC,
BnphDCC, and DicyheDCC, were found to be (3400, 7600),
(3900, 9900), and (5100, 12 700) g mol ™", respectively (see Table
3). The conversion (%) was calculated by integration of each
peak at 5.8-6.5 ppm (CH,=CH-) and 4.23 ppm (-C(=0)-O-
CH,-) in the "H-NMR spectra. The conversion (%) of polymer-
ized n-butyl acrylate with CyhephDCC, BnphDCC, and Dicy-
heDCC were found to 88, 90 and 94% (see Fig. S5t). These
results suggest that substituted FRIs with an aliphatic group
showed significantly higher conversion and exhibited higher
molecular weights compared to the FRIs substituted with an
aromatic group.

2.4. Real-time NMR measurement and DFT calculations of
FRIs

Through real-time '"H NMR and DFT computations, we analyzed
the general stability of the synthesized FRIs by tracking their
radical production capabilities. For "H NMR, the generation of
radical species was monitored every 15 min after exposure to
254 nm UV irradiation. As shown in Fig. 7, DicyheDCC without
an aromatic group had no effect on the NMR signal due to light,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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indicating that no radical species were produced. In contrast,
for CyhephDCC and BnphDCC, the formation of radicals was
confirmed by the measured 8.0 ppm N-H peak caused by the
breakdown of the N-O bond after 15 min. In addition, the
CyhephDCC radicals remained relatively stable under UV irra-
diation, in contrast to the BnphDCC radicals, which were
rapidly destroyed after 60 min. Thus, these results led to an
associated polymer conversion rate. Furthermore, we optimized
all the FRIs and calculated the thermal enthalpy via computa-
tional simulations, as shown in Fig. 8 and Table 2. Fig. 8a shows
the optimized N-O bond lengths of various FRIs at the most
sterically stable level calculated using the M06/6-31g(d) method.
Because they represent the strength of the N-O bond, our
calculated data can provide theoretical insights into the thermal
properties of FRIs, as radicals are generated by N-O bond
cleavage.” The simulated N-O bond lengths of the synthesized
FRIs DicyheDCC, CyhephDCC, and BnphDCC were 1.399, 1.393,
and 1.388 A, respectively. The calculated N-O bond dissociation
energies (BDEs) were 27.73, 28.15, and 29.62 kcal mol
respectively. Thus, the orders of the simulated N-O bond
lengths and BDEs well matched the FRIs. With an increase in
the degree of conjugation of the imine radical, the BDE
increased and the bond length decreased, in the order of Bnph-
Cyheph-Dicyhe. When the simulation results were interpreted
according to the chemical structure, the degree of conjugation
from the aromatic ring increased from DicyheDCC to
BnphDCC. Using DSC data, we obtained thermal curing initia-
tors that were active at high temperatures. These results sup-
ported our expectations regarding the relationship between the

RSC Adv, 2023, 13, 36364-36372 | 36367
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Fig. 5 Polymerization of n-butyl acrylate with new radical initiatiors: (a) thermal/photo-radical polymerization mechanism (b) thermal poly-

merization; (c) photopolymerization.

Table 2 Thermal properties in n-butyl acrylate and simulation data of
the FRIs

DSCexp Simulation
BDE [kcal N-O
Sample Tonset [°C]  Tpeax [°C]  mol '] bond length (A)
DicyheDCC 82.5 86.0 27.7 1.339
CyhephDCC 84.2 88.1 28.1 1.393
BnphDCC 93.8 96.1 29.6 1.388

stiffness effects of substitution. It may be that the higher stiff-
ness of the aromatic group compared with the cyclohexyl group
suppressed the steric effect between the cyclohexyl groups on
the DCC side because there was less rotation or vibration. This
reduced steric effect between N-O bonds reduced the BDE and
increased the bond length. All the calculation results agreed
well with the experimental thermal analysis and other curing
processes.

Furthermore, we calculated the electron density distribu-
tions of various FRIs at the TD-M06/6-31g(d) level of theory

36368 | RSC Adv, 2023, 13, 36364-36372

using the MO06/6-31g(d) optimized geometry, as shown in
Fig. 8c. The electrodensity distribution is related to the degree
of conjugation in the systems and the range of absorption.'®"
Therefore, absorption occurs in FRIs containing aromatic
groups and is activated by photons. The simulation results,
including the BDEs, bond lengths, and absorption spectra,
agreed well our experimental results.

3. Experimental section

Reagents and starting materials were purchased from Aldrich
Co., Alfa Aesar, and TCI Co. and were used without further
purification. All solvents were of ACS grade, unless otherwise
noted. THF was used as the solvent for purification. 'H and **C
NMR spectra were recorded using a Ul-trashied 300 MHz
spectrophotometer (Bruker, Germany). FTIR spectra were
recorded using a Nicolet 6700/Nicolet Continuum spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). EA was per-
formed using FLASH EA-2000 and Finnigan FLASH EA-1112
(Thermo Fisher Scientific). LC-MS was performed using
a Quadrupole LC/MS6130 system (HPLC 1260, Agilent, USA).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Conversion rates of thermal radical polymerization at different temperatures: (a) 90 °C; (b) 100 °C; (c) 110 °C. (d) Conversion rates of

photo-radical polymerization under 254 nm UV irradiation.

Table 3 Polymerization property in n-butyl acrylate using the FRIs in
toluene at 120 °C after overnight

Conversion
Sample (%) M, (gmol™) M, (gmol™") D
DicyheDCC 88 3400 7600 2.22
CyhephDCC 90 3900 9900 2.52
BnphDCC 94 5100 12700 2.47

The thermal stability was evaluated via TGA (TA Instruments,
USA) in the range of 25-400 °C at a heating rate of 5 °C min ",
and thermal DSC curves were recorded using a differential
scanning calorimeter (TA Instruments, USA) at a heating rate of
1 °C min~" between 25 and 130 °C. For photo-DSC (TA Instru-
ments, DSC-Q100, USA), the polymerization curves were recor-
ded at a light intensity of 2 mW cm™? in the range of 254-
365 nm after mixing the monomer and initiators (2.5 wt%). The
BDE simulations and geometry optimization of the FRIs were
performed via DFT calculations using Gaussian09, and details
are presented below. The molecular weight and molecular
weight distribution of the polymers were analyzed by GPC
(Agilent Tech 1260) using a liquid chromatograph equipped
with a series of Agilent PLgel 5 um MIXED-D columns, and
a 1260 Isocratic pump at room temperature. THF was used as an

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

eluent at 23 °C, the flow rate was set to 1 mL min ', and the
pump pressure was maintained at 80 MPa. All of the GPC data
were calibrated with polystyrene standard in the range of
molecular weight from 650 to 6 375 000.

Polymerization of n-butyl acrylate: Molecular weights (M,
M,,) of polymerized n-butyl acrylate at 120 °C with the FRIs in
toluene, the FRIs and n-butyl acrylate were reacted in a ratio of
1:200 for overnight, following which the molecular weight was
measured using GPC.

Computational details: For reliable results, we used DFT.
Geometry optimization and BDE calculations were performed at
the M06/6-31g(d) level of theory.”*** The BDE was defined by the
equation BDE (kcal mol ") = Hyg; — Himine — Hisourca, Where
Hrgiy Himine, and Hisourea Tepresent the thermal enthalpies of the
FRIs, the imine radical, and the isourea radical, respectively, at
298.15 K. It was used as an indicator of the strength of the N-O
bonds in the FRIs. Because a lower BDE indicates a lower bond
strength and cleavage at lower temperatures, our calculated
BDE values can provide theoretical insights into the thermally
active temperatures for various FRIs. Furthermore, we calcu-
lated the excitation to obtain the electron density distributions
for various FRIs at the TD-M06/6-31g(d) level of theory using the
M06/6-31g(d) optimized geometry. All the calculations in this
study were performed using the Gaussian09 package.

RSC Adv, 2023, 13, 36364-36372 | 36369
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Fig. 7 M NMR screening to analyze the decomposition of the
synthesized radical initiators ((a) DicyheDCC, (b) CyhephDCC, (c)
BnphDCC) under 254 nm irradiation in CDCls.

3.1. Synthesis method for oximes and FRIs

3.1.1. Cyclohexyl phenyl methanone oxime 1b. A solution
of cyclohexyl phenyl ketone (5.0 g, 26.56 mmol), hydroxylamine
hydrochloride (2.2 g, 31.87 mmol), and sodium acetate (2.6 g,
31.87 mmol) in ethanol/water (120 mL, 5 : 5) was refluxed. After
TLC monitoring, the solvent was removed using a rotary evap-
orator and extracted with ethyl acetate and water. The organic
layers were dried over sodium sulfate and recrystallized from
ethyl acetate and hexane to obtain a pure white crystal-like
solid. (3.25 g, 60%) '"H NMR (CDCl;, 300 MHz): 3 (ppm) =

36370 | RSC Adv, 2023, 13, 36364-36372
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7.66 (s, OH), 7.44-7.40 (m, *H), 7.39-7.36 (m, *H), 2.49-2.41 (m
'H), 1.90-1.60 (m, *H), 1.30-1.19 (m, °H).

3.1.2. Dicyclohexanone oxime 1a. The same procedure
used for the synthesis of 1b was employed using dicylohexyl
ketone. Isolated yield = 70%; white crystal-like solid. "H NMR
(CDCls, 300 MHz): 3 (ppm) = 5.02-4.94 (brs, 'H), 3.02-2.94 (m,
'H), 2.27-2.20 (m, 'H), 1.80-1.24 (m, *°H).

3.1.3. Benzophenone oxime 1c. The same procedure used
for the synthesis of 1b was employed using benzophenone.
Isolated yield = 65%, white crystal-like solid. "H NMR (CDCl;,
300 MHz): § (ppm) = 8.66 (s, 'H), 7.49-7.35 (m, '°H).

3.1.4. CyhephDCC 2b. 1b (3.0 g, 14.76 mmol) in THF (60
mL), 1.48 mmol) was added to a solution of cyclohexyl(phenyl)
methanone oxime, and the resulting mixture was stirred for
10 min. Subsequently, DCC (3.12 g, 15.50 mmol) was added to
the reaction mixture, followed by stirring overnight at room
temperature. After the completion of the reaction was
confirmed by NMR, dichloromethane (30 mL) was added to the
reaction mixture, and the mixture was filtered. The residue was
evaporated, yielding a white solid product, and recrystallized
with MeOH/H, (3.2 g, 53%).

'H NMR (CDCl;, 300 MHz): 3 (ppm) = 7.47-7.32 (m, “H),
7.25-7.21 (m, 'H), 5.20 (brs, '"H-"H), 3.54 (brs, *H), 2.64-2.50
(m, 'H), 2.15-1.57 (m, *H), 1.44-0.70 (m, "H). *C NMR (CDCl;,
75 MHz): § (ppm) = 166.07, 164.93, 148.29, 148.03, 135.34,
133.62, 129.08, 128.61, 128.22, 127.96, 127.92, 127.16, 44.19,
40.82, 30.25, 29.26, 26.44, 26.03, 25.96, 25.09. Element anal.
calc. for C,cH3oN;0: C, 76.24; H, 9.66; N, 10.26; O. Found: C,
76.11; H, 9.63; N, 10.32. LC-MS calc. for C,sH;oN;0: 409.31.
Found: 410.5.

FTIR = 3416, 2927, 2848, 1671, 1627, 1488, 1444, 1365, 1347,
1328, 1310, 1249, 1223, 1183, 1152, 1124, 1103, 1086, 1028,
1003, 987, 971, 942, 919, 891, 771, 715, 702.

3.1.5. DicyheDCC 1a. The same procedure was used to
synthesize CyhephDCC using dicyclohexanone oxime. Isolated
yield = 60%; white solid. "H NMR (CDCl;, 300 MHz): 3 (ppm) =
5.19 (brs, 'H-"H), 3.48 (brs, *H), 2.78-2.65 (m, 'H), 2.27-2.09
(m, "H), 2.08-1.48 (m, >*H), 1.41-1.00 (m, >*°H). *C NMR (CDCl;,
75 MHz): § (ppm) = 169.66, 148.84, 42.24, 40.70, 35.36, 32.97,
30.96, 28.52, 26.45, 26.28, 26.02, 25.96, 25.70, 24.70. Element
anal. calc. for C,H,5N30: C, 75.13; H, 10.91; N, 10.11. Found: C,
74.9, H, 11.04, N, 10.08. LC-MS calc. for CpgH,sN;0: 415.67.
Found: 416.3. FTIR = 3420, 2961, 2848, 1738, 1681, 1631, 1476,
1445, 1364, 1301, 1254, 1227, 1217, 1172, 1151, 1101, 1086,
1046, 1028, 1004, 988, 937, 909, 892, 845, 836, 797, 705, 667.

3.1.6. BnphDCC 1c. The same procedure was used to
synthesize CyhephDCC using benzophenone oxime. Isolated
yield = 45%; white solid. "H NMR (CDCl;, 300 MHz): 3 (ppm) =
7.53-7.30 (m, '°H), 5.43 (brs, "H-"H), 3.63-3.17 (brs, *H), 1.98-
1.41 (m, '°H), 1.37-0.80 (m, '°H).

3C NMR (CDCl;, 75 MHz): 3 (ppm) = 159.77, 148.33, 135.77,
133.11, 130.84, 129.85, 129.49, 129.24, 128.95, 128.58, 128.18,
51.89, 36.64, 26.47, 25.65. FTIR = 3419, 2922, 2850, 1669, 1477,
1444, 1371, 1334, 1313, 1301, 1249, 1221, 1152, 1117, 1099,
1029, 1007, 966, 950, 931, 889, 844, 796, 783, 776, 740, 694, 668.
Element anal. calc. for C,cH33N30: C, 77.38; H, 8.24; N, 10.41.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Optimized structure of Bnph-DCC (H: white, C: dark gray, N: blue, O: red). (b) Optimized N-O bond lengths of the various FRIs. All
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calculations were performed at the M06/6-31g(d) level of theory. (c) Electron distributions of the FRIs.

Found: C, 77.21; H, 8.46; N, 10.53. LC-MS calc. for C,H;3N;0:
403.57. Found: 404.4.

4. Conclusions

To realize o-imino isourea-based radical initiators with photo-
and thermal dual effects, three radical initiators (DicyheDCC,
CyhephDCC, and BnphDCC) were systematically designed and
synthesized. DicyheDCC, which consisted of cyclic hydrocar-
bons, exhibited rapid thermal initiation (Tpeax = 82 °C) under
thermal DSC, whereas CyhephDCC and BnphDCC with
aromatic groups exhibited excellent photoinduced polymeriza-
tion under photo-DSC (254 nm). This indicates that the active
source for the generation of radical species varies with an
increasing amount of aliphatic or aromatic groups in the radical
initiator. The conversion rates matched the trends of photo- and
thermal DSC, and the conventional radical polymerization of n-
butyl acrylate utilizing all the radical initiators was performed
satisfactorily. Interestingly, compared with the rapid radical
generation in the photoreaction exhibited by BnphDCC,
CyhephDCC contained steady radical species, resulting in
a comparatively high rate of polymerization conversion. In
particular, CyhephDCC and BnphDCC can be used in efficient
and diversified polymer networks that require a synergistic
effect system and a novel all-in-one dual-curing system because
of their ability to generate photo- and heat radicals.
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