Chinese Journal of

POLYMER SCIENCE RESEARCH ARTICLE

https://doi.org/10.1007/510118-026-3581-1
Chinese J. Polym. Sci.

Iron-based Catalysts Catalyzing Isoprene Polymerization: The Effect of
Conjugated Groups in Cyanide-containing Electron Donors

Yao Liu?P<, Yao-Guang Liu¢, Jun-Xin Xud, Qi Yang?P<, Wen-Peng Zhao®?<, Liang Fang?<’, Xiu-Juan Wang?P<",
Heng Liu**<, Chun-Yu Zhang**<", and Xue-Quan Zhang<

2 Key Laboratory of Advanced Rubber Material, Ministry of Education, School of Polymer Science and Engineering, Qingdao University of Science & Technology,
Qingdao 266042, China

b Shandong Provincial College Laboratory of Rubber Material and Engineering, School of Polymer Science and Engineering, Qingdao University of Science &
Technology, Qingdao 266042, China

¢ Key Lab of Rubber-Plastics, Ministry of Education/Shandong Provincial Key Lab of Rubber-plastics, School of Polymer Science and Engineering, Qingdao
University of Science & Technology, Qingdao 266042, China

d Suzhou Uropod Precision Instruments Technologies Co., Ltd., Suzhou 215137, China

é Electronic Supplementary Information

Abstract In this study, the coordination pathways and decomposition behavior of azo-containing dicyano compounds within
Fe(acac);/Al'Bus/donor ternary catalyst systems were systematically investigated via in situ Raman spectroscopy. Additionally, the modulating ef-
fect of conjugated moieties on the coordination interaction between cyanide groups and Fe ions was examined in detail. Experimental results
demonstrate that isoprene polymerization catalyzed by azodicyanide mediated Fe-based catalytic systems proceeds via a coordination polymer-
ization mechanism. Notably, the azo group does not directly participate in the coordination process; instead, it exerts a regulatory influence on
the coordination capacity of the cyano group. Although thermal decomposition of the azo group occurs at elevated temperatures, it fails to initi-
ate free radical polymerization of the isoprene monomer. Conjugated moieties including azo, vinyl, and benzene rings exert distinct impacts on
the cyanide group. As electron-donating species, their Raman spectral characteristics reflect varying influences on cyanide coordination behav-
ior. Density functional theory (DFT) calculations demonstrate that AIBN with azo groups as the conjugated moiety exhibits the most negative
Gibbs free energy (AG°=-222.71 kcal-mol™") for the coordination reaction with Fe?*, indicating that the cyano groups in the azo-containing com-
pound possess the strongest coordination capability with Fe?*. The coordination effects of conjugated groups on the cyanide center follow the
sequence: azo > carbon-carbon double bond > benzene ring, where azo groups show the most significant coordination enhancement. These
theoretical findings are consistent with the observed polymerization activity, suggesting that rational design of electron donors can be guided by
theoretical calculations.
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INTRODUCTION prene to obtain 3,4-polyisoprene rubber.®=>) Among the vari-
ous catalyst systems, iron-based catalysts are considered highly
promising because of their abundant reserves, low cost, excep-
tional biocompatibility, ease of preparation, and stability under
broad polymerization conditions.”’?! In iron-based catalyst
systems, electron-donating ligands, as key components, exert a
significant regulatory effect on the catalytic activity and selec-
tivity of catalysts.”>? In previous research, N-containing com-
pounds (such as dithiooxamide, N,N'-dimethyl dithiooxamide, 2-
cyanopyridine, and 2-hydroxybenzimidazole) have been used
as electron donors to enhance the catalytic activity.?*—* The
Fe(acac);/AlBus/N-containing compound (such as bipyridine
and 1,10-phenanthroline) catalytic system was selected for the

In the field of tire manufacturing, 3,4-polyisoprene rubber is ex-
pected to become the preferred material for producing high-
performance tires owing to its excellent wet skid resistance and
low rolling resistance.'”! With the development of transition
metal-based coordination polymerization catalysts, most
Ziegler-Natta catalyst systems, which are composed of transi-
tion metals (such as Ti, Co, Nd, and Fe) and organoaluminum
compounds, can initiate the 3,4-selective polymerization of iso-
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cessfully prepared.2% Generally, most iron-based catalysts con-
structed with nitrogen-containing compounds are temperature
sensitive and prone to deactivation under high-temperature
conditions. This characteristic demonstrates the generally poor
thermal stability of such catalysts.*’—% The defects in low-tem-
perature polymerization were finally solved by using AIBN as
the electron-donating ligand to construct the Fe(2-
EHA);/AIBus/AIBN catalytic system for the coordination poly-
merization of isoprene. This catalytic system exhibited high cat-
alytic activity and the resulting polymer had a high molecular
weight without gel formation. The chain structure of polyiso-
prene is dominated by cis-1,4-units (46%-51%) and 3,4-units
(40%-46%), whereas the content of 1,2-units is only 4%-9%./")
Notably, the catalyst preparation method, type and amount of
alkylaluminum, and polymerization temperature exert no sig-
nificant influence on the microstructure of polyisoprene. A cat-
alytic system constructed using the N-containing compound
IITP (as an electron donor) and Fe(acac);/Al'Bus; has been report-
ed to be applicable for the synthesis of polyisoprene, polybuta-
diene, and their block copolymers.?>?°! This catalytic system ex-
hibits high activity under high-temperature conditions, and the
resulting polymers possess a relatively high molecular
weight.’®! Recently, an iron-based catalyst incorporating AIBN
as a third component catalyzed the copolymerization reactions
of butadiene and isoprene. Even when the [Al]/[Fe] molar ratio
was varied, the prepared copolymers maintained excellent
structural stability, and no gel formation was observed.””) Fur-
thermore, the introduction of PPh; into the Fe(acac)s/AlBus/
AIBN iron-based catalytic system for the polymerization of buta-
diene enables effective regulation of polymer crystallinity. This
finding has rekindled research interest in diene polymerization
systems using AIBN as an electron donor.*"!

However, the mechanism of isoprene polymerization cat-
alyzed by the AIBN-containing iron-based catalytic system re-
mains controversial. This is primarily because the AIBN
molecule contains both azo and cyano moieties, which have
the potential to coordinate with the metal center. Additional-
ly, the azo group is prone to thermal decomposition, which
may lead to the formation of a free-radical reaction pathway
in the system, thereby interfering with the determination of
the dominant polymerization mechanism. However, free-radi-
cal polymerization alone cannot efficiently achieve isoprene
polymerization. For instance, an atom transfer radical poly-
merization (ATRP) system based on Fe/AIBN/PPh; can realize
living/controlled polymerization of styrene and methyl
methacrylate monomers at high temperatures, but it is not
applicable to conjugated diene monomers such as
isoprene.[42-48l

In addition, the paramagnetism of iron ions renders nucle-
ar magnetic resonance (NMR) spectroscopy unable to moni-
tor the dynamic changes in the catalytic system, which poses
a challenge to the characterization of coordination structures.
In infrared (IR) spectroscopy, the characteristic absorption
peak of the azo group (1620—1570 cm-') exhibits a weak in-
tensity and is prone to overlap with other peaks, making ac-
curate tracking difficult and further complicating the detec-
tion process.[*95% In recent years, in situ variable-temperature
Raman spectroscopy, as a versatile analytical technique, has
captured subtle frequency changes. Although the characteris-

tic peaks of the azo groups exhibit weak signals in solvents
and are prone to overlap, the Raman peak of the C—C—N
stretching mode of N=C—C—N=N can still be traced, pro-
viding an effective approach for the characterization of coor-
dination structures. Furthermore, the continuous advance-
ment of molecular simulation calculation techniques has en-
abled the elucidation of the electronic properties and ther-
modynamic trends of catalytic systems at the atomic level.
Such computational tools can also perform quantitative anal-
yses of the electrostatic interactions, charge redistribution,
and energy feasibility during the coordination process.l>'-531
Density functional theory (DFT) theoretical studies have
proven to be a useful tool for nucleophilic, electrophilic, and
cyclo-addition reactions, allowing not only the distinction be-
tween kinetic and thermodynamic effects but also their quan-
titative estimation.54=%¢] The Gibbs free energy change (AG)
of the coordination reaction was obtained via DFT calcula-
tions. The coordination ability between ligands and metal
ions can be quantitatively compared by the value of AG: the
more negative the AG value, the more stable the binding be-
tween the ligand and Fe?+ and the stronger the coordination
ability. These calculation results provide key support for an in-
depth understanding of the relevant complex chemical phe-
nomena. The synergistic development of in situ variable-tem-
perature Raman spectroscopy and DFT calculations not only
enables the investigation of the polymerization mechanism
of isoprene catalyzed by AIBN-containing iron-based cata-
lysts but also offers theoretical guidance for the molecular de-
sign of electron-donating ligands.57!

In this study, a strategy combining Raman spectroscopy
measurements, theoretical calculations, and polymerization
experiments was adopted to investigate the effect of the azo
group on the coordination interaction between cyano groups
and Fe?* during the polymerization process. The specific re-
search contents are as follows: (1) in situ variable-tempera-
ture Raman spectroscopy was used to detect the changes in
the Raman peak of the C—C—N stretching mode to analyze
the coordination behavior and decomposition characteristics
of the azo group. The evolution of the characteristic absorp-
tion peaks during the coordination of the cyano group with
FeZ+ was also investigated. Combined with the natural popu-
lation analysis (NPA) charge changes before and after the co-
ordination reaction obtained from DFT calculations, the coor-
dination mechanism was explained. (2) Dicyano compounds
with different conjugated groups were designed as electron-
donating ligands for comparison. The electrostatic potential
(ESP) distribution on the surface of the electron-donating lig-
ands was calculated and a coordination model was construct-
ed to calculate AG of the coordination reaction. By combin-
ing the polymerization activity data, the specific role of the
azo group in the isoprene polymerization catalyzed by the
system was clarified.

EXPERIMENTAL

Materials

Iron(lll) acetylacetonate (Fe(acac)s, 0.05 mol-L™), Iron(lll) 2-ethyl-
hexanoate (Fe(2-EHA);, 0.05 mol-L™"), 2,2™-azobis(2-methylpropi-
onitrile) (AIBN/D;, 0.02 mol-L™"), 2,2-azodi(2-methylbutyroni-
trile) (AMBN, 0.02 mol-L™"), 2,2'-azobis(2,4-dimethyl) valeronitrile
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(ABVN, 0.02 mol-L™"), dimethyl 2,2'-azobis(2-methylpropionate)
(AIBME, 0.02 mol-L™"), isobutyronitrile (IBN, 0.02 mol-L™"),
trimethylacetonitrileand (t-BuCN, 0.02 mol-L™") and 1,4-dicyano-
2-butene (D,, 0.02 mol-L™") were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China) and diluted with
toluene to the appropriate concentration. 1,4-Phenylenediace-
tonitrile and 1,3-phenylenediacetonitrile were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and
used in the synthesis experiments. Triisobutyl aluminum (AI'Bus,
TIBA) was purchased from Macklin and diluted to 1.0 mol-L™" in
toluene. Polymerization-grade isoprene (IP) was purchased from
Fluka, refluxed over CaH, for 4 h, and distilled before use.
Toluene, N,N-dimethylformamide (DMF), and dichloromethane
(DCM) were refluxed over sodium/diphenylketone under nitro-
gen and distilled before use. All other commercial chemicals
were used as received.

Design and Synthesis of Electron Donor

To investigate the effect of the presence of an azo group in the
electronic donor on polymerization, the azo group was re-
placed with a benzene ring, and a'a',a3a*-tetramethyl-1,3-
benzenediacetonitrile (D;) with meta-substitution on the ben-
zene ring and d',a',a*a*tetramethyl-1,4-benzenediacetonitrile
(D,) with para-substitution on the benzene ring were designed
and synthesized. Synthesis steps: into a 250 mL single neck flask
was placed sodium hydride 60% (5.4 g, 1345 mmol) in DMF
(100 mL) at -15 °C. 1,3-Phenyldiacetonitrile (5 g, 32 mmol) was
slowly added to the solution and the mixture was stirred for 0.5
h. The reaction mixture was treated with methyl iodide (8.4 mL,
134.5 mmol). The mixture was warmed to room temperature
and stirred for 12 h. The reaction mixture was poured into ice
water (600 mL) until the product was precipitated. The precipi-
tate was filtered and washed with cold water to obtain the in-
termediate compound Dj, pink liquid, (5.2 g, yield 76%). In the
synthesis step, the starting material 1,3-phenyldiacetonitrile (5
g, 32 mmol) was replaced with 1,4-phenyldiacetonitrile (5 g, 32
mmol), and the same steps were repeated to obtain D,, which is
a white solid (5.4 g, yield 79%). Data for D5: "H-NMR (500 MHz,
CDCl3, 8, ppm): 7.56 (s, TH, Ar-H), 7.44 (d, 3H, Ar-H), 1.75 (s, 12H,
CHs). 3C-NMR (126 MHz, CDCl;, 8, ppm): 142.10, 129.37, 124.47,
123.95, 121.46, 37.04, 28.87. FTIR (KBr, cm™"): 3056 (w), 2984 (s),
2939 (s), 2232 (m), 1607 (m), 1489 (m), 1463 (M), 1425 (m), 1371
(m), 1224 (m), 1090 (M), 798 (s), 702 (s). HRMS (m/z): calculated
for Ci4H6N,: 213.1391, found 235.1213 [M+Na]*. The NMR spec-
tra of D5 are shown in Figs. S1 and S2 (in the electronic supple-
mentary information, ESI). Data for D,: '"H-NMR (400 MHz, CDCl,,
8, ppm): 7.50 (s, 4H, Ar-H), 1.73 (s, 12H, CHs). 3C-NMR (101 MHz,
CDCl3, 6, ppm): 141.17, 126.04, 124.24, 77.53, 37.04, 28.86. FTIR
(KBr, cm™"): 3034 (w), 2991 (s), 2918 (m), 2238 (s), 1646 (m), 1546
(m), 1475 (m), 1417 (m), 1368 (M), 1255 (m), 1119 (m), 1017 (M),
834 (s). HRMS (m/z2): calculated for Cy4HgN,: 213.1391, found
213.1391. The NMR spectra of D, are shown in Figs. S3 and S4 (in
ESI).B8]

Polymerization Procedure

All manipulations were performed under a dry nitrogen atmo-
sphere. The detailed polymerization procedure is described as a
typical example. A hexane solution of isoprene (1.8 mol-L™,
16.34 mL) was placed in an oxygen- and moisture-free ampoule
capped with a rubber septum. Then, Fe(acac);, the electron
donor and AlBus at the designed ratios were charged sequen-

tially into the above ampoule. Polymerization was performed at
50 °C for 4 h and terminated by adding 2.0 mL of acidified
ethanol containing the antioxidant reagent 2,6-di-tert-butyl-4-
methylphenol (BHT, 1.0 wt%). A large amount of ethanol was
added and washed repeatedly to convert the active end group
into an inactive salt, which could be dissolved in ethanol or wa-
ter. Finally, the obtained product was dried to a constant weight
under a vacuum at 50 °C. The polymer yield was determined by
gravimetric analysis.

Characterization

Gel permeation chromatography (GPC) utilizing an AGILENT
Technologies high-temperature system, 1260 Infinity Il, was em-
ployed to determine the number-average molecular weight
(M,)) and polydispersity index (PDI) of the polymer samples at
150 °C, and a flow rate of 1.0 mL-min~" with 1,2,4-trichloroben-
zene as the solvent was used for this analysis. The NMR spectra
of the samples were recorded on a BRUKER AVANCE NEO 400
MHz spectrometer using CDCl; and C4D,Cl, as solvents at ambi-
ent temperature and tetramethylsilane (TMS) as an internal
standard. Differential scanning calorimetry (DSC) measure-
ments were performed on a NETZSCH 204 F1 diamond instru-
ment under nitrogen atmosphere at a heating rate of 10
°C:min~". Microstructure analysis of the electronic donors was
conducted by Raman spectroscopy using a UPD-785M spec-
trophotometer. Microstructure analysis of the synthetic materi-
als was conducted by Fourier transform infrared (FTIR) spec-
troscopy using a BRUKE VERTEX-70 spectrometer.

RESULTS AND DISCUSSION

Polymerization of Different Azo Compounds as
Electron Donors

The role of the donor in the catalytic system can generally be
summarized as follows: (a) stabilizing metal centers in a low-va-
lence state by filling orbit vacancies, (b) preventing the deacti-
vation of active species, and (c) facilitating selective coordina-
tion and insertion of the active species for 1,3-butadiene.P>* In
this research, several compounds containing azo groups (AIBN,
AIBME, ABVN, AMBN) were chosen as electron donors and com-
bined with Fe(acac);/AlBu; to create a ternary catalyst system.
Subsequently, this catalytic system was employed to mediate
the polymerization of isoprene to elucidate the distinct roles of
the cyano and azo moieties within the AIBN molecular frame-
work. The outcomes of the isoprene polymerization are shown
in Table 1. Fig. 1 depicts the effects of varying the feed ratios of
the electron donors, polymerization temperatures, and reaction
durations on the polymerization process. Notably, when serv-
ing as electron donors for iron-based catalysts, AIBN, ABVN, and
AMBN exhibit high efficiency in initiating polymerization under
conditions of low monomer/catalyst molar ratio, achieving
yields exceeding 96%. In contrast, AIBME, which contains an es-
ter moiety, afforded relatively low yields (<17.76%). This may be
attributed to the weaker coordination interaction between the
ester group in the AIBME molecule and Fe compared to other
cyano-containing compounds (AIBN, ABVN, and AMBN). Mean-
while, the ester group exhibits a larger steric hindrance effect,
which hinders the coordination of monomers with the active
centers, thereby reducing the polymerization activity and in-
creasing the proportion of 3,4-units in the polymer. Among the

https://doi.org/10.1007/s10118-026-3581-1
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Table 1 Effect of catalyst component under various conditions on the polymerization behavior of IP, Stand MMA. 2
+ M. < T. d Microstructure € (%)
M/Ee] b Tempoerature Time - 110 n PDI ¢ g

Run Donor [ ] 0 ) Yield (%) (x10% 0 34 2 ”
1 2000 50 4 99.60 16.0 1.98 -18.9 46.6 5.0 48.5
2 AIBN 4000 50 4 98.75 211 1.86 -18.8 47.2 5.1 47.7
3 NN K 6000 50 4 9906 268 176  -187 485 51 464
4 X NNy 12000 50 1 82.31 253 1.99 -17.9 48.0 6.0 46.0
5 12000 70 1 91.78 35.2 1.86 -18.5 47.1 7.0 459
6 2000 50 4 17.76 11.6 2.84 -15.9 50.8 4.4 44.8
7 AIBME 4000 50 4 8.16 175 294 -173 518 45 437
8 /o)%( 4N7%1\ _ 6000 50 4 539 224 206 -145 50.8 5.6 436

9 rr © 12000 50 1 0 - - - - - -

10 12000 70 1 0.33 - - - - - -
11 ABVN 2000 50 4 98.93 233 2.15 -20.7 46.7 5.1 48.2
12 i 4000 50 4 97.89 286 209 -17.8 466 5.9 475
13 N J\/k 6000 50 4 97.09 31.6 2.1 -18.3 47.0 6.3 46.7
14 W N 12000 50 1 15.53 28.6 1.86 -20.1 46.2 7.8 46.0
15 N 12000 70 1 84.39 333 1.95 -19.1 44.6 84 47.0
16 AMBN 2000 50 4 99.85 23.0 221 -19.3 47.1 53 47.6
17 4000 50 4 98.90 257 2.29 -17.0 48.6 5.0 46.4
18 NS /ﬁ 6000 50 4 97.81 304 2.08 -18.9 485 58 457
19 NI 12000 50 1 76.61 21.8 237 -19.6 459 7.2 46.9
20 12000 70 1 86.55 311 1.90 -18.1 435 6.1 50.4

21 IBN 2000 50 4 -f - - - - - -

22 t-BuCN 2000 50 4 - - - - - - -

239 AIBN 2000 50 4 - - - - - - -

24h AIBN 2000 50 4 - - - - - - -

2 Polymerization conditions: [IP1=1.8 mol-L~!, [Donor]/[Fe]l=3, [All/[Fe]=20, in hexane; ® M=monomer; ¢ GPC data by trichlorobenzene versus polystyrene
standards; 9 Measured using DSC; ¢ Determined by NMR; f “~" not determined; ¢ Monomer: St, [St]=2.0 mol-L™"; " Monomer: MMA, [MMA]=2.0 mol-L~".

I 50°C
100 91.78 70 °C
8231 8655 8439
80 | 76.61
S 6ot
e
°
= a0t
20} 1553
0033
AIBN AMBN  ABVN  AIBME

Electron donor

Fig. 1  Effect of electron donor on polymerization behaviors at
different temperatures. Polymerization conditions: [IP]=1.8 mol-L™,
[IP1/[Fe]=12000, [Donor]/[Fel=3, [All/[Fe]=20, for 1 h, in hexane.

three electron donors (AIBN, ABVN, and AMBN), polymerization
activity followed the order AIBN > AMBN > ABVN. In particular,
within the AIBN system, high activity was retained, even at
[IP1/[Fe]=12000. This suggests that the carbon chain length be-
tween the N=N double bond and cyano group in the electron
donor modulates the polymerization activity. In other words,
the azo group influences the electron cloud density of the
cyano group, which subsequently affects the coordination abili-
ty of the Fe active center with the isoprene monomer. Further-
more, polymerization experiments using isobutyronitrile (IBN)
and trimethylacetonitrile (t-BuCN) as electron-donating addi-
tives under identical conditions failed to initiate polymerization,
indirectly highlighting the critical role of the azo group in cyano

coordination.

Raman Testing of the ABVN/Fe(2-EHA);/Al'Bu,
Catalytic System

Owing to concentration and solvent limitations, the ABVN, Fe(2-
EHA); and Al'Bu; systems, which exhibited higher solubility in n-
hexane, were utilized for Raman testing. In the Raman spectra, a
single intense peak in the region of 2285-2200 cm™ is attribut-
ed to the C=N stretching vibrational mode (Figs. 2—4). The Ra-
man peak of the C=N stretching mode for IBN is located at
2247 cm™" and the Raman peak of the C=N stretching mode for
ABVN is located at 2243 cm™ (Fig. 2). This is because the azo
group in ABVN transmits a weak electron-donating inductive ef-

N —— IBN
—— ABVN

2247

N ABVN >
615cm”’ £
2 2243
IS : .
9] 2200 2240 2280
E Raman shift (cm™)
500 1000 1500 2000 2500

Raman shift (cm_l)

Fig.2 Raman spectra of IBN and ABVN.
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—— ABVN
—— ABVN+Fe(2-EHA);
—— ABVN+Fe(2-EHA);+AI'Bu;

2243 2283
2
I
g
£
2150 2200 2250 2300
Raman shift (cm_1)
A
500 1000 1500 2000 2500

Raman shift (cmq)

Fig. 3 Raman spectra of ABVN, ABVN/Fe(2-EHA)3;, and ABVN/Fe(2-
EHA)3/AlBu;.

fect through the o bond, decreasing the electron cloud density
of the nitrogen atom in the cyano group, slightly weakening the
effective bond strength of the C=N bond, and reducing the
bond force constant, resulting in a red-shift of the C=N stretch-
ing mode to 2243 cm™'. The Raman peak at 615 cm™' is located
in the C—C—N stretching mode of the N=C—C—N=N moi-
ety in ABVN, and the Raman peak of the C=N stretching mode
for ABVN is located at 2243 cm™". Upon mixing ABVN with Fe(2-
EHA); ([ABVN/[Fe]=3), no discernible changes were observed in
the characteristic Raman spectrum peaks. Subsequently, the ad-
dition of Al'Bu; resulted in a blue shift of the C=N stretching
mode for ABVN to 2283 cm™ (Figs. 2—4). And as shown in Fig. S5
(in ESI), when only ABVN and Al'Bu; were mixed (without other
compounds), the Raman peak of the C=N stretching mode for
ABVN appeared at 2243 cm™ with no discernible shift. This phe-
nomenon arises from the reduction of Fe3* to Fe?* by alkylalu-

—— 50°C-0 min

—— 50°C-30 min

—— 50°C-60 min

—— 50°C-2h
50°C-3h

A ( 50°C-4h

w\ ‘C | —— 70°C-4h

@ ABVN-+Fe(2-EHA);+AIBuU,

Intensity
———

1000 1500 2000
Raman shift (cmq)

K 2283 cm™

minum, accompanied by the dissociation of one 2-EHA ligand,
which creates vacant coordination sites for the cyano group to
bind to the iron center. The observed blue-shift of the C=N
stretching mode for ABVN after coordination with Fe?* can be
rationalized using natural population analysis (NPA) charge da-
ta (Table 2) and combined with related literature.*” During co-
ordination, the cyano nitrogen (N¢,) donates o electrons to Fe?*,
causing its negative charge to decrease from —0.304e™ (free AB-
VN) to -0.251¢” (ABVN coordinated with Fe?*), corresponding to
a charge change (AQ) of +0.053e". The positive charge of the
cyano carbon (Cq) increased from 0.281e” to 0.377e
(AQ=0.096¢"). These changes result in an elevation of the C=N
charge separation (AAQ(C—N)) from 0.585e™ to 0.628e". This
caused an increase in the force constants (kc—y) in accordance
with the increase in C=N charge separation (AAQ(C—N)). Ac-
cording to the harmonic oscillation formula, a larger force con-
stant directly raises the vibrational frequency, ultimately mani-
festing as a Raman blue-shift to 2283 cm™™. In addition, the sta-
bility of the three systems was investigated using in situ vari-
able-temperature Raman spectroscopy. As illustrated in Figs. S6
and S7 (in ESI), the Raman peak of the C—C—N stretching
mode for ABVN and ABVN/Fe(2-EHA); remained intact after
heating at 50 °C for 4 h. However, upon heating at 70 °C for 4 h,
the 615 cm™ peak completely disappeared and the Raman peak
of the C=N stretching mode is red-shifted, indicating the com-
plete decomposition of azo group. For the ABVN/Fe(2-EHA);/Al
iBus system, the Raman peak of the C=N stretching mode was
slightly and gradually red-shifted with increasing heating time
at 50 °C. This phenomenon indicates decomposition of the azo
group, leading to a change in the coordination ability between
Ncy and Fe?* ions. The force constants (kc—y) decreased, lead-
ing to a reduction in the vibration frequency. Consequently, the
Raman peak of the C=N stretching mode showed a red shift.
These results indicated that free radicals were generated by the
decomposition of ABVN at 50 °C. The Fe(acac);/Al'Bus/AIBN iron-
based catalytic system was employed for the polymerization of

| b ABVN+Fe(2-EHA);+AIBU;  — 50°C-Omin
/ —— 50°C-30 min
— 50°C-60 min
—— 50°C-2h
50°C-3h
50°C-4h

\ 70°C-4 h

2200 2250 2300 2350

Raman shift (cm71)

Fig. 4 Raman spectra of ABVN/Fe(2-EHA);/AI'Bu; under varied heating conditions: (a) full view; (b) magnified view of the 2200-2350

cm~' range region in (a).

Table2 Calculated Cy and Ney NPA charges (e7) (AQ) and C=N charge separation (AAQ (C—N)) in ABVN and ABVN-Fe?*,

System Q (CCN) Q (NCN) AQ (CCN) AQ (NCN) AAQ (C_ N)
ABVN 0.281 -0.304 - - 0.585
ABVN-FeZ* 0.377 -0.251 +0.096 +0.053 0.628

“—": reference state. AAQ (C—N) = |Q (Cep) - Q (Ney)|-

https://doi.org/10.1007/s10118-026-3581-1
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styrene (St) and methyl methacrylate (MMA) at 50 °C, but no tar-
get polymers were obtained in either case, as shown in Table 1.
Although free radicals are generated during the polymerization
process, they cannot initiate the polymerization of St and MMA.
This indicates that the catalytic polymerization of isoprene in
the Fe(acac);/AlBus/AIBN system follows a coordination poly-
merization mechanism. Moreover, the single-crystal structure of
the coordination complex formed by AIBN with Fe?* indicates
that the azo group offers spatial support for the coordination
between the cyano group and Fe®* rather than engaging di-
rectly in the coordination.®” This substantiates that the azo
group does not directly participate in coordination at the iron
active center, but instead influences the coordination ability of
the cyano group with iron via electronic effects. In addition, in
the AIBN/Fe(acac);/AlBu; catalytic system, if the azo groups are
completely decomposed, the iron-based catalytic system can-
not catalyze the polymerization of IP.

Proposal of Electron Donor with Different Conjugate
Groups and Calculation of their Surface ESP Values
Combining the Raman spectroscopy data with the single-crys-
tal literature of AIBN-Fe?* coordination reported in Dalton
TransactionsP?, the results indicate that the azo group does not
participate in coordination with Fe atoms. Instead, they en-
hance the coordination ability between the cyano groups and
Fe through interactions with the cyano groups, thereby improv-
ing the catalytic activity of the catalyst system for isoprene poly-
merization. However, variable-temperature Raman spectra

Me Me
X0 [N
N
Me 0--7 Fe\\o Me
o

/N
o}
MeA A e 2,2-Azobis
Feacad); (2-methylpropionitrile)
D, D,

Iron catalyst

1,4-Dicyano-2-butene

show that the azo group decomposes at elevated temperatures,
which could compromise the high-temperature stability of iron-
based catalysts and their coordination polymerization activity.
According to the experimental results, if it is possible to design
and synthesize an electron-donating group that interacts simi-
larly to an azo group, it could ensure both high polymerization
activity and stability at high temperatures, thus providing new
support for the innovative development of iron-based catalysts.
Thus, this work designed conjugated structures, such as ben-
zene rings and vinylene groups, which are structurally similar to
the azo group. Dicyano compounds containing benzene rings
or vinyl groups were synthesized and selected as electron
donors. Isoprene polymerization was conducted under the
same conditions to investigate the possibility of replacing the
azo group.

As shown in Fig. 5, Fe(acac); is a commonly used Fe cata-
lyst in Fe-based catalytic systems. Dicyano compounds with
different groups were selected as electron donors and their
electrostatic potential (ESP) distributions were calculated at
the B3LYP-D3BJ/6-31G (d, p) level. The results reveal that the
ESP values on the cyano group surfaces of these compounds
are negative, indicating electron-rich regions that facilitate
coordination reactions, which is consistent with the results of
previous studies.[®” The differences in the ESP values on the
cyano group surfaces of the compounds indicate that the
conjugated groups regulate the electron cloud density of the
cyano N atoms, thereby influencing the coordination

ESP (a.u.)

- : ( Y <, 003
e, ;\'1 o / 'q o 5’ ’|10.01

8 N § SR e 7Y [-0.01

\ iy el Ly | 002

' £ ’ : - -0.03

11 .3 3 11 4 4
a,a,a’,a-Tetramethyl- a’,a,a’, a-Tetramethyl-

1,3—benzenediacetonitrile  1,4-benzenediacetonitrile
Ds D,
Electron donor

Fig.5 Molecular structures and ESP analysis of Iron catalyst and four electron donors.

Table 3 Effect of catalyst component under various conditions on the behavior of IP polymerization.

Microstructure 9 (%)

Run Donor [IP1/[Fe] Yield (%) M, B (x10% PDI b Ty (°Q)

3,4 1,2 14
1 D, 2000 99.60 16.0 1.98 -18.9 46.6 5.0 48.4
2 4000 98.75 21.1 1.86 -18.8 47.2 5.1 47.7
3 6000 99.06 26.8 1.76 -18.7 48.5 5.1 46.4
4 D, 2000 29.62 9.6 291 -30.8 429 49 52.2
5 4000 25.24 10.8 3.54 -31.8 41.8 5.0 53.2
6 6000 8.83 12.0 3.21 -27.9 41.9 5.8 523
7 D; 2000 13.53 3.7 3.13 -26.7 31.2 10.5 58.3
8 4000 2.95 8.7 3.24 -21.5 443 7.5 48.2
9 6000 2.34 24.0 1.98 -20.1 46.8 7.5 457
10 D, 2000 2.97 13.0 2.21 -22.0 45.0 7.8 47.2
11 4000 2.41 20.2 1.94 -20.0 47.0 8.0 45.0
12 6000 1.54 224 2.53 -20.3 46.8 7.8 454

2 Polymerization conditions: [IP]=1.8 mol-L™!, [Donor]/[Fe]=3, [All/[Fe]=20, at 50 °C for 4 h, in hexane; ® GPC data by trichlorobenzene versus polystyrene

standards; © Measured using DSC; 9 Determined by NMR.
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Fig. 6 Effect of electron donor on polymerization behaviors.

Polymerization conditions: [IP1=1.8 mol-L™', [IP]/[Fe]=2000, [Donor]/
[Fe]=3, [All/[Fe]=20, at 50 °C for 4 h, in hexane.

strength between the cyano groups and iron.3440

Polymerization of Dicyano Compounds Containing
Different Conjugated Groups as Electron Donors

Table 3 lists the polymerization activities and polymer mi-
crostructures of several electron donors in the ternary system
composed of Fe(acac);/AlBu; catalyzing isoprene polymeriza-
tion. It can be observed that when dicyano compounds con-
taining azo groups (AIBN, D) are used as electron donors, their
polymerization activity is significantly higher than that of other
dicyano compounds (e.g., aromatic dicyanides and aliphatic di-
cyanides), with the order of polymerization yield being D, > D,
> D5 > Dy (Fig. 6). As shown in Fig. 7, the coordination model
was simulated using Fe?* as the central metal ion. The model
depicts Fe?* coordinated by one acetylacetonate (acac) ligand,
one isobutyl (Bu) group, and three cyano nitrogen atoms (Ncy)
from electron donors. Specifically, Fe?* forms coordination
bonds with the oxygen atoms (O) of acac and nitrogen atoms
(N) of the cyano group from AIBN. The isobutyl group was pro-
posed to participate in modulating the spatial configuration
around the Fe center. Ultimately, this leads to the formation of a
six-coordinate Fe complex with an octahedral geometry. The

D,-Fe**

D;-Fe?*
Fig.7 D,, D, D, and D, and the coordination model of Fe?*.

Gibbs free energy changes (AG) for the coordination reactions
between the four electron donors (D,-D,) and Fe?* were calcu-
lated using density functional theory (DFT) at the B3LYP-D3BJ/6-
31G (d, p) level. In this coordination model, only the type of
electron-donating ligand coordinated to Fe?* varied, while oth-
er conditions remained unchanged. The Gibbs free energy
change (AG) of the coordination reaction was calculated direct-
ly from the Gibbs free energies of all coordination-related
species, with units of Hartree (Ha) and electron volts (eV), to re-
flect the overall thermodynamic trend of the coordination reac-
tion (Table 4). After correction for the enthalpy change (AH)
and entropy contribution term (TAS°), the thermodynamic
Gibbs free energy change (AG®) of the coordination reaction un-
der standard conditions (298.15 K, 101.325 kPa) is summarized in
Table 5 with units of kilocalories per mole (kcal-mol™). Accord-
ing to the thermodynamic relationship AG® = AH° — TAS®, the
negative value of AG° directly reflects the spontaneity of the co-
ordination reaction. The magnitude of AG° allows for a quanti-
tative comparison of ligand-metal coordination abilities: a more

Table4 Calculation of Gibbs free energy for the coordination reactions of four molecules with Fe?*.

System 3xG (Molecule, Ha) G (Fe?*, Ha) G (‘Bu, Ha) G (acac, Ha) G (Complex, Ha) AG (Ha) AG (eV)
D;-Fe?* -530.9086 -123.7639 -157.6897 -345.0916 -2219.6259 -0.3549 -9.658
D,-Fe?* -341.6531 -123.7639 -157.6897 -345.0916 -1651.8163 -0.3119 -8.487
D;-Fe?* -652.4744 -123.7639 -157.6897 -345.0916 —-2584.2765 -0.3082 -8.387
D,-Fe?* -652.4742 -123.7639 -157.6897 -345.0916 -2584.2716 -0.3037 -8.265

1Ha=27.2114 eV =627.5095 kcal-mol™'; 'Bu = isobutyl; acac = acetylacetone.

Table5 Calculated thermodynamic data (kcal-mol™") for coordination reactions between four molecules and Fe?* at 298.15 K and 101.325 kPa.

System AH° TAS® AG®
D,-Fe? -286.58 -63.87 -222.71
D,-Fe? -258.37 -62.66 -195.71
D;-Fe?* -258.58 -65.17 -193.40
D,~Fe?* -256.42 -65.82 -190.60

https://doi.org/10.1007/s10118-026-3581-1


https://doi.org/10.1007/s10118-026-3581-1
https://doi.org/10.1007/s10118-026-3581-1
https://doi.org/10.1007/s10118-026-3581-1
https://doi.org/10.1007/s10118-026-3581-1
https://doi.org/10.1007/s10118-026-3581-1
https://doi.org/10.1007/s10118-026-3581-1
https://doi.org/10.1007/s10118-026-3581-1

8 Liu, Y. et al./ Chinese J. Polym. Sci.

negative AG° value indicates a more stable ligand- Fe?* com-
plex and stronger coordination. Both tables consistently
demonstrate that D; exhibited the strongest coordination abili-
ty with Fe?*, as evidenced by the most negative AG value in the
thermodynamic data. From the data, coordination ability fol-
lows the order D; > D, > Dy > D,.P”! This ranking is corroborat-
ed by the polymerization activity data, confirming that among
the electron donors studied, the azo group was the most effec-
tive at enhancing the coordination ability of the cyano group
with iron.

CONCLUSIONS

In this study, in situ variable-temperature Raman spectroscopy
was employed to monitor the coordination behavior of elec-
tron donors and their decomposition during polymerization.
Molecular simulations were performed to verify our experimen-
tal results. The results show that when azo-containing dicyano
compounds are used as electron donors, only the cyano group
coordinates with the metal center, whereas the azo group does
not participate in coordination. However, the azo group con-
structs a rigid skeleton via its non-rotatable double bond to lock
the spatial orientation of the cyano group and simultaneously
transmits an electron-withdrawing inductive effect through o-
bonds to regulate the electron density and distribution of the
nitrogen atom in the cyano group. This effect influences the co-
ordination strength between the cyano group and iron, there-
by regulating polymerization activity. In situ variable-tempera-
ture Raman spectroscopy confirmed that the coordinated azo
compounds decomposed at elevated temperatures. However,
the polymerization results indicate that the decomposition
products cannot initiate the free-radical polymerization of
styrene and methyl methacrylate at 50 °C nor can they induce
the polymerization of isoprene. These findings verify that AIBN-
mediated polymerization follows a coordination polymeriza-
tion mechanism. Four dicyano compounds with different conju-
gation groups were prepared. DFT calculations indicated that
the degree of influence of the conjugated groups on the coor-
dination ability between the cyano group and the metal center
follows the order azo group > carbon-carbon double bond >
benzene ring, with the azo group exerting the most significant
effect on coordination. The theoretical simulations were consis-
tent with the polymerization results.

In summary, this study explains the origin of the high activ-
ity of the AIBN system from both theoretical and practical
perspectives. Through molecular simulation of the effect of
conjugated moieties in cyano-containing ligands on the
cyano coordination behavior, a novel theoretical basis has
been established for the rational design of high-efficiency
electron donors.
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Density functional theory (DFT) calculations reveal that the AG order of cyano-Fe?* coordination correlates with catalytic
polymerization activity, validating AG as an effective descriptor for electron donor design.
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