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Abstract lodine is an attractive candidate for living radical polymerization owing to its strong halogen bonding ability and the vigorous C—1
bond, enabling diverse mechanisms including iodine transfer polymerization (ITP), reverse iodine transfer polymerization (RITP), reversible com-
plexation mediated polymerization (RCMP), and atom transfer radical polymerization (ATRP). Among them, iodine-mediated ATRP stands out for
its high activation rate constants, low equilibrium constants, and convenient post-polymerization modification. However, the use of alkyl iodides
as initiators remains challenging because they are thermally and photochemically unstable. To solve this question, RITP mechanism was incorpo-
rated into the ATRP for the in situ generation of the alkyl iodide from I,. Further studies revealed that the ATRP ligands could also trigger the RCMP
mechanism. Kinetic studies, radical trap experiments, and density functional theory (DFT) calculations clarified the contributions of each mecha-
nism. This RITP/RCMP/ATRP ternary polymerization avoids the use of unstable initiators and achieves controlled polymerization of various
monomers.
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INTRODUCTION

lodine is a promising candidate for reversible deactivation radi-
cal polymerization (RDRP), which requires the establishment of
a dynamic equilibrium between the propagating radicals and
the dormant species."! The uniqueness of iodine arises pri-
marily from its relatively weak C—1 bond. Taking benzyl halides
as an example, the bond-dissociation energies (BDEs) of C—Cl
and C—Br are about 71.6 and 57.2 kcal/mol, respectively,
whereas the BDE for C—I bond is only 44.9 kcal/mol, facilitating
the activation of C—I bond during the polymerization.'~'? In
addition, because of its larger polarizability, iodine can form
stronger halogen bonding interactions with electron-rich
species than chlorine and bromine,!'! which enhances its com-
patibility with organic catalysts including organic amines, super
bases, iodide anions, etc*9 lodine-terminated polymers also
demonstrate significant advantages in post-polymerization
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modification.'*~'”! These features allow iodine to participate in
several RDRP methods, including iodine transfer polymerization
(ITP)B1819 reverse  iodine  transfer  polymerization
(RITP)B21820211 raversible complexation mediated polymeriza-
tion (RCMP)%22, reversible chain transfer catalyzed polymer-
ization (RTCP)!?>~?! and atom transfer radical polymerization
(ATRP)28261 as summarized in Scheme 1.

In (R)ITP, the controlled chain growth is achieved by the
equilibrium between the propagating radical and the dor-
mant P,-1.3:918191 While ITP uses alkyl iodides as chain trans-
fer agents, RITP uses molecular iodine (l,) and thermal initia-
tor to generate alkyl iodide in situ because alkyl iodides are
less stable.[>9.1820.211 However, the relatively slow chain trans-
fer rate of iodine restricts both ITP and RITP, making it diffi-
cult for the polymerization to reach low dispersity.[27:28!

To improve the transfer efficiency between the propagat-
ing radical and the dormant P-I, RTCP and RCMP were devel-
oped by Goto et al., who used different agents to facilitate io-
dine exchange.[*622-251 n RTCP, the organic iodides act as de-
activators that can promote rapid degenerative chain trans-
fer with propagating radicals, enabling a frequent iodine
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lodine mediated RDRP mechanisms
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Scheme 1

transfer reaction and well-controlled polymerization.2 A
wide variety of Ge-12529, Sn-[2529] p-[25301 N-[25311 O-B32], and
C-B233] centered organic iodides have been demonstrated to
mediate this process. External radicals are required to initiate
polymerization and activate organic iodides. However, the ac-
tivator generated from the organic iodides may combine with
P, resulting in the formation of dead chains and the reduc-
tion in polymerization rates.?43%1 In contrast to RTCP, RCMP
relies on the halogen bonding interaction between organic
molecules (e.g, amines*2236,  super bases!*37), Schiff
bases!*38l, iodide anions!*3°-41], oxyanions“42, etc.) and alkyl
iodides to achieve controlled polymerization. During RCMP,
organic molecules can directly activate alkyl iodide initiators
via reversible complexation, efficiently generating radicals in
situ without the need for external radical initiators.[2243] Nev-
ertheless, owing to insufficient accumulation of deactivators
at the early stage of polymerization, |, often needs to be
added externally to maintain the livingness of polymeriza-

lodine mediated RDRP mechanisms.

tion.[22'36'43]

The high reactivity of iodine also makes it appealing for
ATRP, enabling fast activation/deactivation processes that
help maintain livingness and facilitate post-polymerization
modification.[281526] Compared to bromine and chlorine, io-
dine-mediated ATRP exhibits higher activation rate constants
(k,c:) and lower equilibrium constants (Kargp). For example, for
initiator with the structure X-CH(CH3)COOCH; (X=l, Br, or Cl),
the k, values are 0.53, 0.33, and 0.015 L-mol-'-s77, for iodine,
bromine, and chlorine respectively, while the corresponding
Kyt Vvalues are  2.2x10°8, 3.8x108, and 3.2x107,
respectively.l*4# This indicates that iodine ATRP promotes a
faster activation and deactivation process, which is beneficial
for controlled polymerization.[226] Matyjaszewski et al. report-
ed that polymers with dispersity (D) of only 1.10-1.15 could
be obtained by ATRP using methyl 2-iodopropionate and
Cul.l291 In addition, Anastasaki et al. found that Cu(0) could al-
so be used to activate alkyl iodide initiating RDRP under mild
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conditions.[2 The polymers obtained with ethyl 2-iodo-2-
methylpropionate as initiator under ambient temperature
showed controlled polymerization with M,, ranging from 103
Da to 10° Da with D as low as 1.06.12! Beyond polymerization,
iodine-terminated polymers exhibit advantages in post-poly-
merization modification, enabling efficient azidation and thi-
ol-halogen click reactions at reduced reagent or catalyst load-
ings relative to bromine-terminated polymers.['4-171
Nevertheless, the use of alkyl iodides in RTCP, RCMP, and
ATRP still faces challenges. Because of the relatively low C—I
BDE, alkyl iodides are prone to decomposition under light or
heat, thereby complicating the storage and handling.l'84¢] To
overcome this limitation, prior work on RTCP and RCMP has
combined RITP to generate alkyl iodide initiators in situ. This
strategy avoids the use of unstable iodide initiator and offers
inspiring  insights  into  iodine-mediated  polymeri-
zation.[2541.43:4748] |nspired by the pioneering work of Goto
and Wang, we attempted to integrate the RITP mechanism in-
to ATRP, in which alkyl iodide initiators are generated in situ
from thermal initiators and |, during polymerization, eliminat-
ing the need for pre-synthesized unstable alkyl iodides. The
generated alkyl iodides can then initiate ATRP with copper
complex. Controlled polymerization can be achieved with
various monomers under different copper sources. Further
mechanistic investigation revealed that the ATRP ligand can
also trigger the RCMP process through the ligand-iodine
complexation, establishing a ternary mechanism interplay of
RITP, RCMP and ATRP (Scheme 2). To further elucidate the
mechanism, the contributions and interactions of the three
methods at different polymerization stages were studied: the
initiators were generated from |, and thermal initiator
through RITP, the polymerization rate was tuned by the com-
plexation of P,-I and ligand through RCMP, and the con-
trolled polymerization was ensured by the combination of
Cu'/ligand activation (ATRP) and I, deactivation (RITP). This
study established a new iodine-mediated controlled radical
polymerization framework and demonstrated the potential of
combining complementary mechanisms. We believe that this

research advances the understanding of multi-mechanism
RDRP and expands the scope of iodine-mediated controlled
polymerizations.

EXPERIMENTAL

The details can be found in the electronic supplementary infor-
mation (ESI).

RESULTS AND DISCUSSION

ATRP with In situ Generated Initiator via RITP
As shown in Fig. 1, to incorporate RITP into ATRP, the alkyl io-
dide initiator (2-iodo-2-methylpropanenitrile, CPI) can be gener-
ated in situ by the decomposition of 2,2'-azobis(2-methylpropi-
onitrile) (AIBN) and the radical capture of |,. The generated CPI
can serve as the ATRP initiator. The equilibrium between the
propagating radicals and dormant chains was established
through multiple activation-deactivation pathways to enable
controlled polymerization. ATRP with an in situ formed initiator
requires six essential components: monomer, thermal initiator,
l,, cupric salt, ligand, and solvent. As shown in Fig. 1, the
monomers employed in this work are methyl methacrylate
(MMA), butyl methacrylate (BMA), isobutyl methacrylate (IBMA),
benzyl methacrylate (BzMA), poly(ethylene glycol) methacrylate
(PEGMA), and lauryl methacrylate (LMA). Cul is investigated us-
ing pentamethyldiethylenetriamine (PMDETA) as the ligand.
Table 1 summarizes the results of the iodine-mediated
ATRP of various monomers using Cul as the copper source.
Polymerizations of MMA, IBMA and BzMA with Cul (Table 1,
Runs 1-3) proceed in a controlled manner, yielding polymers
with low dispersity (P=1.19-1.28). Similarly, the controlled
polymerization of LMA (Table 1, Run 4) is achieved at a lower
monomer concentration ([monomer] = 1 mol/L). For BMA and
PEGMA, polymerizations are conducted at 60 °C with 2,2'-azo-
bis-(2,4-dimethylvaleronitrile) (ABVN) as thermal initiator,
where the alkyl iodide initiator 2-iodo-2,4-dimethylpentanen-
itrile (ACI) is generated in situ via the reaction of ABVN with I,.

Insitu generation of alkyl iodide
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Scheme 2 Ternary polymerization with RITP, RCMP and ATRP.
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Fig.1 Demonstration of polymerization process and substrates used in the polymerization.
Table1 Controlled polymerization of various monomers with Cul/PMDETA as metal complex.®
Run Monomer t(h) Conv.b M theo © (kDa) M, sec (kDa) D
1 MMA 7 75% 7.7 7.9 1.25
2 IBMA 6 70% 10.2 12.9 1.28
3 BzMA 6 77% 13.8 14.3 1.19
4 LMAd 8 77% 17.5 18.0 1.23
5¢ BMA 8 72% 10.4 9.6 1.13
6° PEGMA ¢ 9 76% 23.1 19.8 1.28
@ Conditions: [monomerl: [I,]: [AIBN]: [Cul]: [PMDETA] = 200:1:2:0.4:0.4, all polymerizations were conducted at 75 °C with [monomer] = 3 mol/L in toluene with
M
5% N,N-dimethylformamide (DMF) (V/V); ® Monomer conversion was determined by 'H-NMR; ¢ M, e = % My - Conv. + Mcp for Runs 1-4,
M 2
M theo = % - My, - Conv. + Mg for Runs 5 and 6; ¢ [monomer] = 1 mol/L; ¢ Polymerization was conducted at 60 °C using ABVN as the thermal initiator.
2

Under this condition, both BMA and PEGMA exhibit con-
trolled polymerizations with low dispersity (Table 1, Runs 5
and 6), especially for BMA (D=1.13). In addition, kinetic analy-
sis through proton nuclear magnetic resonance ("H-NMR) un-
der these conditions shows pseudo-first-order behaviors and
a linear increase of M, with monomer conversion (Figs. S1-S7
in the electronic supplementary information, ESI). These re-
sults demonstrate that iodine-mediated ATRP polymerization
exhibits good livingness across various monomers. In addi-
tion, MMA polymerization targeting different degrees of poly-
merization can be conducted in a controlled manner within
appropriate conversion ranges (Fig. S8 in ESI).

The repeating unit and end-group of the synthesized poly-
mer were analyzed by Fourier transform ion cyclotron reso-
nance mass spectrometry (FT-ICR MS) and "H-NMR using the
polymerization of MMA with Cul/PMDETA as the model reac-
tion. The target DP was set to 50 to allow for the accurate de-
termination of the end-group via FT-ICR MS. Fig. 2(a) and Fig.

S9 (in ESI) display a series of MMA peaks separated by 100.05
Da. In FT-ICR MS spectrum (Fig. 2a), peak A is assigned to io-
dine-terminated PMMA. Peaks B and C are attributed to lac-
tone- and alkene-terminated PMMA, respectively. These sig-
nals originate from the transformation of iodine-terminated
PMMA during FT-ICR MS analysis because of the liability of
the halogen terminals.*%5% The NMR spectra (Fig. 2b) also
confirm the end-group structure. The peak between
3.70-3.76 ppm (peak 4 in Fig. 2b) corresponds to the methyl
protons of the iodine terminals.

Polymerization Mechanism

As iodine was used to construct the ATRP, other mechanisms
could also exist during the propagation, including iodine-medi-
ated degenerate chain transfer from RITP and reversible com-
plexation between the ligand and 1,/P,- from RCMP (Scheme 2).
To understand the polymerization mechanism, a series of con-
trol experiments were performed, including independent

https://doi.org/10.1007/510118-026-3669-7
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mechanisms (RITP and RCMP) and combined binary mecha-
nisms (RITP/RCMP and RCMP/ATRP), as shown in Table 2. These
experiments aimed to elucidate the origin of the living behavior
by comparing the effects of independent and combined mech-
anisms.

Polymerization initiated by I, in the absence of ligand and
copper represented an independent RITP process, in which
alkyl iodides were generated in situ via radical trapping and
subsequently regulated polymerization through reversible io-
dine transfer. However, this polymerization exhibits poor liv-
ingness with a high dispersity (6=1.93, Table 2, Run 1, Fig. S10
in ESI). According to reference, without the help of ligand or
copper complex, the low chain transfer rate of iodine be-
tween propagation radicals is inefficient for establishing the
dynamic equilibrium.l'927.28411 |n contrast, polymerization
conducted with pre-synthesized CPI in the presence of ligand

Chemical shift (ppm)

(@) FT-ICR MS spectrum of PMMA; (b) "H-NMR spectra with CDCl; as solvent of PMMA. (IMMAT:[I,J:[AIBN]:[Cul]:[PMDETA] = 100:1:2:0.4:0.4).

but without copper corresponds to the independent RCMP
pathway, where the ligand reversibly complexed with CPl and
P.-I to facilitate iodine exchange without involving the in situ
generation of CPI. Nevertheless, poor controlled polymeriza-
tion is also observed with ©=1.73 (Table 2, Run 2, Fig. S10 in
ESI) due to insufficient accumulation of the deactivator (l,-
amine complex) at the early stage of polymerization.3¢!
Because both independent RITP and RCMP were unable to
afford the controlled polymerization of MMA, the combina-
tion of these two mechanisms was further examined. When 1,
and ligand were simultaneously introduced, RITP and RCMP
proceeded concurrently, combining in situ alkyl iodide gener-
ation and iodine transfer with ligand-mediated reversible
complexation of iodine species. Previous studies have
demonstrated that the combination of RITP and RCMP en-
ables the controlled polymerization of MMA with tetrabuty-

Table2 Control experiments to evaluate the contribution of independent and combined mechanisms in the iodine-mediated ATRP. 2

Run Mechanism Initiation Ligand t(h) Conv.P M theo (kD) € M, s (kDa) b
1d RITP I, - 11 70% 7.2 9.8 1.93
2¢ RCMP CPI PMDETA 6 72% 7.4 7.2 1.73
3f RITP+RCMP I, PMDETA 5 75% 7.8 9.0 1.61
49 RCMP+ATRP CPI PMDETA 7 75% 7.8 6.3 141

2 All polymerizations were conducted at 75 °C with [MMA] = 3 mol/L in toluene with 5% DMF (V/V); ® Monomer conversion was determined by "H-NMR;

[MMA]

c -
Mn.theo =
2[l,

X Myma X Conv. + Mcp, for Runs 1 and 3; M, o =

[MMA]
[CPI]

X Myma X CONV. + Mcp for Runs 2 and 4; ¢ [MMAL[I,1[AIBN] = 200:1:2;

€ [MMAJ:[CPIJ:[AIBN]:[PMDETA] = 200:2:0.2:0.4; f [MMAJ:[I,]:l AIBN]:[PMDETA] = 200:1:2:0.4; 9 [MMA]:[CPI]:[AIBN]:[Cul]:[PMDETA] = 200:2:0.2:0.4:0.4.
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lammonium iodide or triethylamine as organic mole-
cules.[*143471 Wang et al. also reported that for a classic RCMP
without thermal initiator, the external addition of 20% I, (rela-
tive to initiator) can act as supplemental deactivators in the
presence of PMDETA for the polymerization of MMA.36] How-
ever, for binary RITP/RCMP polymerization with initiator gen-
erated by |, and AIBN, the use of PMDETA only slightly im-
proved the livingness with £=1.61 (Table 2, Run 3, Fig. S10 in
ESI), which is consistent with a previous report.3¢!

The coexistence of CPI, ligand, and Cul led to binary
RCMP/ATRP polymerization, where alkyl iodides participate in
both ligand- and copper-mediated iodine transfer equilibria.
As shown in Table 2, Run 4, when PMDETA is employed as the
ligand, binary RCMP/ATRP yields polymers with ©=1.41 (Fig.
S10 in ESI). This high dispersity could arise from the absence
of |,, which can serve as the dormant species to control radi-
cal concentration.[8919 An independent ATRP is not included
because the ligands required for ATRP inevitably promote
RCMP through reversible complexation.

The above control experiments demonstrate that indepen-
dent RITP, RCMP, binary RITP/RCMP, and RCMP/ATRP can all
conduct polymerization of MMA, but the control of each poly-
merization remains limited. This indicates that a combination
of all three mechanisms is essential for achieving controlled
polymerization. Scheme 3 summarizes the proposed poly-
merization mechanism involving the cooperative operation
of the three pathways. During the induction stage, CPl is first
generated through a radical reaction between |, and the ther-
mal initiator, following the RITP pathway. As I, is gradually
consumed and CPI accumulates, polymerization enters the
propagation stage, where CPI serves as the initiator species
that can be activated either by the Cu(l)/ligand through the
ATRP pathway or by the ligand through the RCMP pathway.
During propagation, polymerization is mainly regulated by
two dynamic equilibria: ligand-mediated RCMP equilibrium
and ATRP activation combined with |,-based RITP deactiva-
tion. In this stage, ATRP provides efficient activation of the
C—1 bond, while |, rapidly deactivates propagating radicals,

RITP
CPlin situ »)'\) K \) :
generation AIBN e CP-
=)
g
Ternary K 3
polymerization P %
mechanism 9

ATRP Cul/L activation

+
RITP I, deactivation g

forming a dominant ATRP/RITP activation-deactivation cycle.
Meanwhile, RCMP modulates the activation rate through lig-
and-iodine complexation. In contrast, the contribution of io-
dine transfer via RITP remains limited due to the inherently
slow transfer rate of iodine.[27.28] To further verify the mecha-
nism, polymerization of MMA was used as the model reaction
for investigation.

In situ generation of CPl and induction period

The in situ generation of CPI via the RITP process leads to an in-
duction period prior to propagation (Fig. S1 in ESI) because the
rapid coupling of radicals with |, predominates over monomer
addition at an early stage."'=3 In situ NMR was used to study
this process. Figs. 3(a) and 3(b) present the kinetic data of CPI
and monomers under different polymerization mechanisms ac-
cording to the NMR spectra (Figs. S11 and S12 in ESI). The re-
sults in Fig. 3(b) show that the induction period does exist in in-
dependent RITP, binary RITP/RCMP, and ternary RITP/RCMP/
ATRP polymerizations. The initiation period was divided into
two stages. In Stage 1, CPlis continuously generated and gradu-
ally reaches its maximum with nearly no monomer consump-
tion. As the concentration of |, significantly decreases, radical-
iodine coupling becomes less competitive than monomer addi-
tion, representing the end of the induction period (Stage 1) and
the start of initiation and propagation (Stage 2).

During Stage 1, significant differences exist between differ-
ent polymerizations, considering both the apparent genera-
tion rate and the maximum concentration of CPI (Fig. 3a,
Stage 1). In the independent RITP, CPl is generated at a larger
apparent rate constant (4.7 x10~* mol-L-"-min-, Fig. S13 in
ESl) than that in binary RITP/RCMP and ternary
RITP/RCMP/ATRP, reaching the maximum concentration of
1.02x10"" mol/L and the longest induction period of about
200 min (Figs. 3a and 3b). As illustrated in Fig. 3(c), the use of
ligands converts the independent RITP mechanism into bina-
ry RITP/RCMP polymerization by complexing with I, and CPI.
Complexation between the amine and |, hindered the gener-
ation of CPI while accelerating its activation. Both processes
contribute to a smaller apparent generation rate constant
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Scheme 3 Ternary polymerization with RITP, RCMP and ATRP.
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(a) Evolution of CPI concentration versus time for different mechanisms; (b) MMA conversion versus time for different mechanisms (blue for

RITP, green for binary RITP/CMP, yellow for ternary RITP/RCMP/ATRP); (c) Demonstration of CPI generation pathway influenced by PMDETA and Cul
(* CPI can be activated by Cul; ** CPI can also be activated by PMDETA); (d) Induction period of independent RITP, binary RITP/RCMP and ternary

RITP/RCMP/ATRP with increased PMDETA loading.

(3.31%x10~* mol-L-"-min-") of CPI and a reduced maximum CPI
concentration (4.27x10-2 mol/L), leading to a shortened in-
duction period (approximately 40 min).

For ternary RITP/RCMP/ATRP polymerization with both the
amine ligand and Cul, the generation of CPI during Stage 1 is
governed by the interplay among the three mechanisms (Fig.
3¢). The Cu' exhibits strong complexation ability with the
amine ligand (equilibrium constant log K=6.53 for Cu' +
PMDETA = Cu-PMDETA complex), whereas the complexa-
tion of I, with amine is much weaker (equilibrium constant
log K=3.67 for I, + triethylamine = I,-triethylamine
complex).>4531 Density functional theory (DFT) calculations al-
so confirmed the lower energy of ligand-copper complexa-
tion compared to that of ligand-l, (Fig. S14 in ESI). These re-
sults indicate that PMDETA has a much higher affinity for Cu!

than for |,. Consequently, PMDETA predominantly complexes
with Cu', which limits its interaction with |, and reduces the
generation of iodine-ligand complexes during Stage 1. As a
result, the induction period is prolonged compared to the bi-
nary RITP/RCMP mechanism (70 min), and the maximum CPI
concentration increases to 5.84x10-2 mol/L with a larger ap-
parent CPI generation rate constant (3.80x10~* mol-L-"-min-1,
Fig. S13 in ESI). However, compared with the independent
RITP, both the CPI apparent generation rate constant and its
maximum concentration are still lower. This is because both
Cu' and the free ligand can activate CPI, thereby accelerating
its consumption. Consequently, the ternary RITP/RCMP/ATRP
achieves a slightly higher maximum CPI concentration than
the binary RITP/RCMP, while remaining largely below that of
the independent RITP mechanism (Fig. 3a). Correspondingly,
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the induction period exhibits an intermediate duration be-
tween the binary RITP/RCMP and the independent RITP
mechanism, as shown in Fig. 3(b).

To further confirm the influence of the ligand and copper
complex on CPI generation, we comparatively analyzed the
variations of the induction period in binary RITP/RCMP and
ternary RITP/RCMP/ATRP mechanisms ([Cull: [I,] = 0.4:1) at dif-
ferent ligand concentrations (Fig. 3d). In both cases, the in-
duction period gradually shortens with increasing ligand con-
centration, indicating that ligand-iodine complexation af-
fects both the generation and consumption of CPI. Increased
ligand-iodine interactions suppress CPl generation while facil-
itating consumption once it is formed. Consistent with this
analysis, polymers obtained from both binary RITP/RCMP and
ternary RITP/RCMP/ATRP polymerizations exhibit higher mo-
lar masses with increasing PMDETA loading at comparable
monomer conversions (Table 3, Runs 2-5 and 7-9), indicat-
ing that higher ligand concentrations reduce the effective
amount of CPI generated in the induction period.

An exception is observed in ternary polymerization when
the ligand content is lower than that of copper (Table 3, Run
6). Under this condition, the amount of ligand is insufficient
to fully coordinate all copper species, resulting in a reduced
concentration of active Cu-ligand complexes. Consequently,
the activation-deactivation exchange becomes kinetically in-
efficient, leading to poor control with high dispersity
(0=1.86). Notably, the ternary polymerization exhibits a
longer induction period than the binary RITP/RCMP, because
most of the ligands are complexed with copper, reducing its
availability for iodine complexation and thereby enhancing
the generation of CPIl. Correspondingly, comparisons be-
tween Table 3 Runs 3 and 7, Runs 4 and 8, and Runs 5 and 9
reveal that, at the same ligand loading and similar conversion,
the ternary polymerization RITP/RCMP/ATRP affords poly-
mers with a lower molar mass than the binary RITP/RCMP,
confirming a relatively higher CPIl concentration in the ternary
RITP/RCMP/ATRP process.

Activation of CPl and initiation/propagation

After the induction period, the CPI generated can be activated
by different mechanisms, producing radicals to initiate poly-
merization (Fig. 4a). For independent RITP, the CPI generated
during the induction period is subsequently activated solely
through iodine transfer with radicals from the AIBN decomposi-
tion and propagating chains. Owing to the low transfer efficien-

cy of iodine?’?¥ its activation rate constant is rather small
(2.57x1073 min™", Fig. 4b), which also limits the overall apparent
polymerization rate constant (6.29x10™ min~', Fig. 4c). Howev-
er, in RITP/RCMP binary polymerization, the halogen bonding
interaction between the ligand and iodine atom enables the
rapid activation of CPI. The results in Fig. 4(b) show that, com-
pared to independent RITP, the presence of the RCMP mecha-
nism significantly enhances the apparent consumption rate
constant of CPI by 13.3 times. The introduction of the ligand al-
so accelerates the overall activation-deactivation dynamics, and
the rate constant of binary RITP/RCMP polymerization is en-
hanced by roughly 31.6 times when compared with RITP poly-
merization (Fig. 4c).

When Cul and the ligand are both introduced to form the
ternary RITP/RCMP/ATRP polymerization, the CPI activation
rate constant decreases by 22% compared to the binary
RITP/RCMP polymerization, although it remains much larger
than that in independent RITP. This trend is consistent with
earlier observations of CPI generation, where the preferential
complexation of the ligand with Cu' limits its complexation
with CPI via the RCMP mechanism. The relatively small activa-
tion rate constant of CPI leads to a reduced radical concentra-
tion, thereby lowering the apparent polymerization rate con-
stant (1.65x1072 min~"), yet it still exceeds that of indepen-
dent RITP (Figs. 4b and 4c).

The effect of ligand loading on propagation (Stage 2) was
also studied. As shown in Figs. 4(d) and 4(e), the apparent
polymerization rate constants increase with higher ligand
loading in both binary and ternary polymerizations, which is
consistent with the trend observed for the induction period.
In binary RITP/RCMP, a higher ligand concentration can en-
hance the CPI activation rate through the RCMP mechanism
and facilitate the reactivation of dormant chains, leading to a
higher radical concentration and faster polymerization. Con-
sidering the complexity of multi-mechanism radical polymer-
ization,56>7] the binary kinetic model was adopted to further
verify this trend (Table S3 in ESI).>8-621 As [Ligand]/[l,] increas-
es from 0.2 to 1.0, the hybrid constants for the binary
RITP/RCMP (gpcup/rire) remain negative, and their absolute
values progressively increase. The negative ¢ values indicate
that the presence of RCMP exerts a synergistic effect on the
independent RITP mechanism, thereby enhancing its propa-
gation rate. However, elevated radical concentration can also
increase the probability of irreversible termination, which can

Table 3 Polymerizations of independent RITP, binary RITP/RCMP and ternary radical polymerization with increased PMDETA loading. @

Run Mechanism  Cul loading ® Ilj)hz:‘clﬁﬁg}’ t(h) Conv. ¢ Mntheo @ (KD@) My, sec (kDa) D

1 RITP - - 1 70% 7.2 9.8 1.93

2 RITP/RCMP - 0.2 7 72% 74 6.8 1.54

3 RITP/RCMP - 0.4 5 71% 7.3 9.2 1.57

4 RITP/RCMP - 0.6 45 75% 7.7 9.9 1.61

5 RITP/RCMP - 1.0 35 72% 74 12.6 1.77

6 Ternary 0.4 0.2 9 70% 7.2 8.6 1.86

7 Ternary 0.4 0.4 7 75% 7.7 7.9 1.25

8 Ternary 0.4 0.6 5 74% 7.6 8.7 1.31

9 Ternary 0.4 1.0 35 71% 73 114 1.39
2 All polymerizations were conducted at 75 °C with [MMAL]: [I,]: [AIBN] = 200:1:2, [MMA] = 3 mol/L in toluene with 5% DMF (V/V); b relative to [1,]; © Monomer
conversion was determined by "H-NMR; ¢ M, e0 = % X Myma X Conv. + Mcp,-

2
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Fig. 4 (a) Activation pathways of CPI via RITP, RCMP and ATRP and subsequent initiation/propagation; (b) Kinetic behavior of CPI consumption
through in situ NMR; (c) Kinetic behavior of monomers through in situ NMR (blue: independent RITP, green: binary RITP/RCMP, yellow: ternary

RITP/RCMP/ATRP); (d) Kinetic behavior of binary RITP/RCMP polymerization with different ligand loading; (e) Kinetic behavior of ternary
RITP/RCMP/ATRP polymerization with different ligand loading.

compromise the livingness of polymerization. Accordingly,
the dispersity of the polymers gradually increases with in-
creasing ligand loading (Table 3, Runs 2-5, Fig. S15a in ESI).

In ternary RITP/RCMP/ATRP polymerization, the effect of
ligand loading on polymerization is more complex. Although
both the polymerization rate constants and the absolute val-

Upon increasing the ligand-to-copper ratio to 1:1 (Table 3,
Run 7), nearly all copper species are efficiently complexed
and engaged in the ATRP equilibrium. In this way, ATRP domi-
nates the regulation of polymerization, whereas ligand-medi-
ated iodine exchange remains minimal. As a result, the poly-
merization exhibits improved livingness and lowest dispersi-
ues of the hybrid constants (¢pcup.atrp)/rie) inCrease with lig- ty (B=1.25). Further increasing the ligand loading beyond this

and concentration, the polymer dispersity exhibits a non- ratio (Table 3, Runs 8 and 9, Fig. S15b in ESI), the excess lig-

monotonic dependence on ligand loading. When the ligand and introduces additional effects. First, when the ligand is

content is lower than that of copper (Table 3, Run 6), the dis- present in excess relative to copper, the amine ligands can act
persity is relatively high (D=1.86) because insufficient ligand

as reducing agents, facilitating the reduction of Cu' to Cul,
limits the generation of copper-ligand complexes, leading to thereby sustaining the continuous generation of activators
poor control of polymerization and a slower propagation rate.

(Cu").[31 Second, a higher availability of free ligands enhances

https://doi.org/10.1007/510118-026-3669-7


https://doi.org/10.1007/s10118-026-3669-7
https://doi.org/10.1007/s10118-026-3669-7
https://doi.org/10.1007/s10118-026-3669-7
https://doi.org/10.1007/s10118-026-3669-7
https://doi.org/10.1007/s10118-026-3669-7
https://doi.org/10.1007/s10118-026-3669-7
https://doi.org/10.1007/s10118-026-3669-7

10

reversible complexation with CPI and P,-l, strengthening io-
dine transfer via the RCMP process. Together, these effects
lead to an increase in radical concentration, which results in a
higher polymerization rate and a shortened induction period
but also causes a gradual increase in dispersity owing to the
elevated probability of irreversible termination. Notably, even
at increased ligand loadings, the dispersity of ternary
RITP/RCMP/ATRP  remains lower than that of binary
RITP/RCMP, indicating the critical role of Cul in sustaining
polymerization livingness. These results demonstrate that a
balanced ligand-to-copper ratio (1:1) is essential for ternary
polymerization to achieve an optimized propagation rate and
livingness, reflecting the complex interplay between the
RCMP and ATRP mechanisms.

lodine-mediated activation-deactivation process via ATRP
and RITP

In iodine-mediated ATRP polymerization, the activation-deacti-
vation equilibrium differs from that of the classic bromine-based
ATRP. The activation of dormant P,-I chains by Cul leads to the
generation of Cul, species. However, unlike CuBr,, Cul, is unsta-

a

kact
— QL

o P+

Ge, M. Q. et al./ Chinese J. Polym. Sci.

ble and prone to decomposition, limiting its ability to function
as an effective deactivator.”® This suggests that an alternative
deactivation pathway may play a dominant role during the
equilibrium stage. Interestingly, Tang et al. recently proposed
supplemental activation reducing agent (SARA) ATRP activation
and |, deactivation mechanism.®! During this SARA ATRP,
FeBrs/Fe(0) activates dormant P,,-l into propagating P," and gen-
erates unstable FeBr,l, which decomposes into FeBr, and |,. The
in situ generated |, further deactivates P, converting it back to a
dormant state.l®!

Inspired by this work, we proposed a mechanism dominat-
ed by ATRP activation via Cul/L and RITP deactivation via |, as
illustrated in Fig. 5(a). Specifically, dormant chains (P,-I) are
activated by Cul/L, generating propagating radicals (P,’) and
the Culy/L complex. This complex then decomposes into
Cul/L and I,. The resulting |, can act as a radical trapping
agent, deactivating P, through direct iodine capping, analo-
gous to the CPI generation process in the RITP mechanism. To
validate the proposed mechanism by which the activation of
P.-I by Cul leads to the generation of |,, high-performance lig-

Cul/L activation (ATRP) / I, deactivation (RITP)
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uid chromatography (HPLC) was employed to monitor the
generation and kinetic behavior of |,. To make the genera-
tion of |, irreversible and facilitate precise kinetic determina-
tion, 2,2,6,6-tetramethylpiperidoxyl (TEMPO) was added as a
radical-trapping agent.[824371 As shown in Fig. 5(b), four mod-
el reactions were designed to distinguish the effects of cop-
per and ligand: (1) CPI+TEMPO, (2) CPI+TEMPO+PMDETA, (3)
CPI+TEMPO+Cul, and (4) CPI+TEMPO+Cul+PMDETA. Fig. 5(c)
and Fig. S16 (in ESI) show the HPLC data for the determina-
tion of I, concentration during the model reaction under dif-
ferent conditions. To quantitatively assess the kinetics of I,
generation under various conditions, a standard curve corre-
lating the peak area with |, concentration was established by
analyzing standard solutions of different concentrations un-
der identical HPLC conditions and performing linear regres-
sion of peak area versus concentration (Fig. 5d). The standard
curve enabled the quantification of |, generation kinetics (Fig.
Se).

The results showed that without ligand and copper, the
generation of |, from CPl decomposition is low, with no more
than 3.7x102 mg/mL (Fig. 5¢, gray square). The addition of
PMDETA leads to a slight increase in |, generation (7.8x10-2
mg/mL), likely due to the thermal decomposition of iodine-
amine complexes (Fig. 5e, green dot). In contrast, when Cul is
added, rapid |, generation is observed reaching 5.3x10!

a RCMP activation
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mg/mL in 7 h (Fig. 5e, pink triangle). The use of PMDETA in
the model reaction with Cul further accelerates the genera-
tion of |, with the concentration rising to approximately
6.2x10~" mg/mL within only 0.5 h (Fig. 5e, yellow inverted tri-
angle). These results indicate that efficient |, generation oc-
curs in the presence of copper, and the additional PMDETA
further promotes this process. This enhancement arised from
the lowered Cu'/Cu' redox potential by PMDETA, which facili-
tates the oxidation of Cu' to Cu", shifting the equilibrium to-
ward the activation process and consequently accelerating
the generation of 1,164

This radical trapping experiment suggests that, in the pro-
posed ternary RITP/RCMP/ATRP polymerization, the activa-
tion of P,-l by Cul can lead to the generation of |,, which fur-
ther deactivates the radicals forming P,-I. It should be men-
tioned that, besides this ATRP process, iodine transfer via
both RITP and RCMP can affect the livingness of polymeriza-
tion. However, because the direct chain transfer ability of io-
dine is weak,[27.28] the contribution of RITP through degener-
ate chain transfer in the propagation process is limited and is
thus ignored in the latter discussion. To further elucidate the
contributions of copper-based ATRP, |,-based RITP, and lig-
and-based RCMP, DFT calculations were performed using
MMA as the monomer, Cul as the copper source, and PMDE-
TA as the ligand. All DFT calculations were performed using
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Fig. 6 DFT calculation for activation and deactivation pathways in the ternary RITP/RCMP/ATRP polymerization. (a) Demonstration of two reaction
pathways: RCMP activation-deactivation (Path A) and Cul/L activation via ATRP-l, deactivation via RITP (Path B); (b) Free energy profiles for two

pathways; (c) The structure of substrates used in two pathways.

the B3LYP functional combined with the def2-TZVP basis set
for geometry optimization and frequency analysis.[ Fig. 6(a)
illustrates two possible pathways considered. Path A corre-
sponds to the activation-deactivation cycle of the RCMP
mechanism. During RCMP activation, PMDETA reversibly
complexes with alkyl iodide (M-l) to generate propagating
radicals (M+) and PMDETA-I-. Two PMDETA-I+ species can sub-
sequently recombine to generate PMDETA-Il, and 1/2 PMDE-
TA in a more stable form. As for deactivation, M- reacts with
PMDETA-I, forming the dormant M-I. In contrast, Path B rep-
resents Cul/L activation through ATRP, and |, deactivation
through RITP. In this pathway, dormant M-I is activated by
Cul/L, forming M- along with the Cul,/L complex. Owing to
the intrinsic instability of Cul,, the complex further decom-
poses into 1/2 |, and Cul/L. The in situ generated |, subse-
quently deactivates M- via RITP, regenerating dormant M-I.
The calculated energy profiles (Fig. 6b) reveal clear ener-
getic preferences between the RCMP pathway and the pro-
posed ATRP-RITP mechanism. During the activation stage,
when M-I, Cul, and PMDETA are simultaneously present, lig-
and complexation preferentially occurs with Cul (AG=-40.9
kcal/mol) rather than with the M-l (AG=0.25 kcal/mol). This
spontaneous complexation between PMDETA and Cul plays a
decisive role in lowering the overall energy of the ATRP path-
way relative to RCMP. Although the subsequent activation of
dormant M-I species to form M« and Cul,/L shows an increase
in overall energy (AG=-20.6 kcal/mol), this energy level re-
mains substantially lower than that of the RCMP activation
pathway, which exhibits a much higher overall activation en-
ergy of 15.5 kcal/mol. Importantly, the Cul,/L species is calcu-
lated to be thermodynamically unstable and decomposes in-
to a more stable form of Cul/L and 1/2 I, (AG=-21.6 kcal/mol).
This spontaneous decomposition provides a continuous
source of |, for further RITP deactivation. In the deactivation
stage, a similar energy preference is observed. Compared
with the RCMP deactivation process mediated by PMDETA-I,
(AG=14.2 kcal/mol), direct deactivation of M- by I, via the RITP
mechanism is more favorable with overall deactivation ener-
gy of only -24.0 kcal/mol. In summary, these results suggest
that activation of the dormant chain is more likely to proceed
via the ATRP pathway through Cul/L, whereas radical deacti-
vation proceeds preferentially through the RITP mechanism
via l,, ultimately leading to iodine-capped polymer terminals.

Chain Extensions and Block Polymer Synthesis

To demonstrate that the iodine terminal of the synthesized
polymer remained active, chain extensions were carried out. As
shown in Fig. 7, a macroinitiator is first synthesized and purified
(M,=3.6 kDa, D=1.10) and subsequently used to reinitiate MMA
polymerization. To preserve the stability of the iodine terminal,
the reaction was performed at 60 °C. The molar mass (M,=29.3
kDa) of the resulting polymer increases with low dispersity
(D=1.11, Conv.=50%) after 4 h. This proves that chain-end fideli-
ty can be maintained. Based on this chain-extension experi-
ment, the block polymer was synthesized using the same
macroinitiator and polymerization conditions. The SEC traces in
Fig. 7 show the successful synthesis of different block polymers
with BMA (4 h, Conv.=50%), and BzMA (3 h, Conv.=37%) as the
second block. This demonstrates the living characteristics of
PMMA-I from the ternary RITP/RCMP/ATRP radical polymeriza-
tion.

—— PMMA-I
—— Poly(MMA,)-b-poly(MMA,)
—— Poly(MMA)-b-poly(BMA)
—— Poly(MMA)-b-poly(BzMA)
M,=34.4 kDa M,=29.3 kDa M,=3.6 kDa
D=1.15 D=1.11 P=1.10
M,=40.7 kDa
P=1.16
13 14 15 16 17 18
Retention time (min)
Fig. 7 SEC traces for macroinitiator, chain extension and block

polymerization (black: PMMA-I, [MMAL:[I,]:{ABVNI]:[Cull:[PMDETA] =
200:1:2:0.4:0.4; red: poly(MMA;)-b-poly(MMA,), [MMAL[PMMA-
I1:[Cull:[PMDETA] = 500:1:2:2; green: poly(MMA)-b-poly(BzMA),
[BzMAL:[PMMA-IL:[Cull:[PMDETA] = 500:1:2:2; blue: poly(MMA)-b-
poly(BMA), [BMA]:[PMMA-I]:[Cul]:[PMDETA] = 500:1:2:2.

CONCLUSIONS
In conclusion, this work proposes a ternary RITP/RCMP/ATRP
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polymerization and systematically investigates the roles of each
mechanism at different polymerization stages. RITP enables the
in situ generation of CPI initiators, avoiding the use of unstable
alkyl iodides. The introduction of ligands converts the RITP poly-
merization into a binary RCMP/RITP process, where the iodine-
ligand complexation suppresses the generation of CPI but pro-
motes its consumption, thereby accelerating polymerization.
However, in the ternary RITP/RCMP/ATRP mechanism, the
stronger complexation between copper and the ligand weak-
ens the iodine-ligand interaction, leading to a lower rate of CPI
activation and propagation, and a more controlled process
compared with the binary RITP/RCMP mechanism. Kinetic and
SEC studies reveal that a 1:1 ligand-to-copper ratio facilitates the
full participation of Cul in the ATRP process and the livingness of
polymerization. Furthermore, a mechanism of ATRP activation
via Cul/L coupled with RITP deactivation via |, is proposed and
verified by radical-trapping experiments and HPLC kinetic anal-
ysis, confirming that effective |, generation occurs in the pres-
ence of both copper and the ligand. DFT calculations further
verified that dormant chain activation proceeds preferentially
via the ATRP route through Cul/L, whereas deactivation pro-
ceeds predominantly via RITP through I, resulting in iodine-de-
activated polymer ends. The obtained polymers retained high
end-group fidelity, enabling successful chain extension and
block copolymerization. This iodine-mediated radical polymer-
ization enables the well-controlled polymerization of a broad
range of methacrylate monomers and highlights the interplay
among multiple regulation pathways, providing mechanistic in-
sight into multi-mechanism RDRP polymerization.
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lodine-mediated Atom Transfer Radical Polymerization Enabled by the Cooperative Reverse lodine
Transfer Polymerization and Reversible Complexation Mediated Polymerization
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An iodine-mediated reversible deactivation radical polymerization (RDRP) integrating reverse iodine transfer polymeriza-
tion (RITP), reversible complexation mediated polymerization (RCMP), and atom transfer radical polymerization (ATRP) en-
abled in situ generation of alkyl iodide initiators. Their cooperative interplay enables controlled polymerization of
methacrylates and provides insight into multi-mechanism radical polymerization.
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