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For living anionic polymerization (LAP), solvent has a great influence on both reaction mechanism and
kinetics. In this work, by using the classical butyl lithium-styrene polymerization as a model system, the
effect of solvent on the mechanism and kinetics of LAP was revealed through a strategy combining
density functional theory (DFT) calculations and kinetic modeling. In terms of mechanism, it is found that
the stronger the solvent polarity, the more electrons transfer from initiator to solvent through detailed
energy decomposition analysis of electrostatic interactions between initiator and solvent molecules.
Furthermore, we also found that the stronger the solvent polarity, the higher the monomer initiation
energy barrier and the smaller the initiation rate coefficient. Counterintuitively, initiation is more
favorable at lower temperatures based on the calculated results of AGrs. Finally, the kinetic character-
istics in different solvents were further examined by kinetic modeling. It is found that in benzene and n-
pentane, the polymerization rate exhibits first-order kinetics. While, slow initiation and fast propagation
were observed in tetrahydrofuran (THF) due to the slow free ion formation rate, leading to a deviation
from first-order kinetics.

© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Since Szwarc first introduced the concept of living anionic
polymerization (LAP) [1], a large number of well-defined polymers
have been synthesized by LAP [2,3] as well as other derived
controlled polymerization technologies [4,5]. In addition, precise
design and control of chain microstructure is also achievable by
combining LAP with continuous reaction process, e.g., in contin-
uous stirred tank [6], tubular [7], and loop reactors [8]. From the
perspective of reaction mechanism, polymerization is initiated to
form anionic active species that undergo chain propagation
without termination and chain transfer [9,10]. Of all the external
conditions, solvent plays a crucial role in affecting the mechanism
and kinetics of LAP.

Mechanistically, the effect of solvent on both externally regu-
lated initiation [11] and traditional initiation mechanisms is
complicated [12—15]. Several decades ago, the mechanism of
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anionic polymerization of styrene (St) in hydrocarbon solvents as
well as in tetrahydrofuran (THF) was initially studied by Worsfold
et al. [16,17]. However, theoretical calculation study on the mech-
anism of St anionic polymerization is rare. Recently, Morita and van
Beylen [18] and Takagi et al. [19] investigated the mechanism of LAP
of St in cyclohexane and THF, respectively, through density func-
tional theory (DFT) calculations and the most probable pathway for
the reaction to occur was identified based on the transition state
energy. Nevertheless, the interaction between solvent and initiator
has not been involved in previous investigations [18,19].

It is known that the kinetics of LAP can be significantly affected
by the polarity of solvents [20,21]. A few decades ago, O'Driscoll and
Tobolsky [22] studied the polymerization kinetics of St in benzene
and showed that it follows first-order kinetic characteristics; in
addition, they also found that the addition of THF accelerates the
polymerization. In terms of the effect of counter-ions (Na*t, K, Rb*,
Cs™) in various solvents, Laflair et al. [23] studied the polymeriza-
tion rate using tetraphenylborates (i.e., NyBPhy, KBPhy, RpBPhy,
CsBPhy4) and found that in weakly polar solvents, the polymeriza-
tion rate increases with the increase in counter-ion radius. By
contrast, in polar solvents, the change in the counter-ion radius has
little effect. In addition, several initiators (e.g., butyl lithium, BuLi)
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have different forms of association in different solvents [24—27]. To
better understand polymerization Kkinetic behaviors, kinetic
modeling has been proven to be an enabling tool [5,28,29]. One key
point needed to be clear is that the predictive performance of a
kinetic model is usually related to the reliability of kinetic param-
eters [5,28,30]. In this regard, quantum chemical calculations can
provide more reliable intrinsic/chemical rate coefficients [30—32].

In this work, computational studies of LAP of St in three repre-
sentative solvents, i.e., benzene, n-pentane, and THF, are carried out
to probe the origin of the solvent effect on the initiation mecha-
nism. The dominant mechanistic pathways and the role of different
solvents in the polymerization reactions are revealed by DFT cal-
culations. Given the solvent-dependent initiation mechanism, the
rate coefficients of forward and backward reactions of the
association-dissociation equilibrium of initiator in different sol-
vents, as well as the ion-pair propagation rate coefficient are
calculated. Additionally, kinetic modeling of LAP with different
initiation mechanisms is conducted with experimental data vali-
dation. This work deepens the understanding of the mechanism
and kinetics of LAP under different solvents.

2. Computational Methods
2.1. DFT calculation methods

All DFT calculations were performed using the Gaussian 16
program package at the M06-2X/def2tzvp//B3LYP-D3/6-31+g (d, p)
level [33]. Solvent effect was explored using the Solvation model
based on Density (SMD) [34].

Before calculating a thermodynamic quantity, the raw harmonic
frequencies are multiplied by three correction factors (ZPE = 0.963,
H(T) — H(0) = 1.0463, S(T) = 1.0554). In addition, Grimme's quasi
rigid-rotor harmonic oscillator (QRRHO) model was applied in the
shermo program to take into account the errors due to low-
frequency vibrations [35,36].

Reaction rate coefficients were calculated by the modified Eyr-
ing transition state theory (TST) (Egs. (1)—(6)) [37,38]. Electrostatic
potentials and intermolecular interactions were performed using
the Multiwfn and VMD software packages [39,40]. The sobEDAw
method was used for energy decomposition analysis [41].

Eyring's TST:

KT _ gx kBTTe*AGO’¢ /(ksT) (1)

Truhlar formulas (modified TST):

K(T)ESi:Ei%ﬁ)-&- 3 f ae“’*a%, a>p (2)
K(T) = aVy = BV, a = B (3)
(=5 (expl(6 - Vo) - 1), a< )
a:% (5)
b=t (6)

where ¢ is the degeneracy of the reaction path,  is the transmission
coefficient of tunneling effect, v* is the virtual frequency of

transition state (TS), kg = 1.381 x 10723 J-K~!, h = 6.626 x 10734]-s,
Np = 6.023 x 1023,

2.2. Kinetic modeling process

Kinetic models for the systems using three representative sol-
vents were established based on the method of moments, which
have been well demonstrated in free radical polymerization sys-
tems [42—46]. The moment equations were solved numerically by
using the Matlab2022a program package. According to the mech-
anistic reaction pathways of LAP in the three solvents recognized by
DFT-assisted calculations (Fig. S1 see Supplementary Material),
intrinsic rate coefficient of each elementary reaction was calculated
by Egs. (1)—(6), as summarized in Table 1. It should be noted that
the available elementary reactions are written down referring to
Ref. [16] and are supported by the DFT herein. Since the initiator
BuLi may exist in different configurations of aggregates in solvents,
to simplify the calculations, the configuration with the lowest en-
ergy was selected (Fig. S2), respectively. Accordingly, the kinetic
equations were derived for all species, as shown in Table S1. Defi-
nitions of moments for macromolecular species and the corre-
sponding differential moment equations are listed in Tables S2—S6.

3. Results and Discussion
3.1. Interaction analysis between initiator and solvent

To clarify the effect of solvent on the initiation mechanism, weak
interactions between initiator and different solvents were analyzed
by energy decomposition analysis (EDA), as shown in Fig. 1. It can be
found that total weak interaction energy AE;, (Eq. (7)) between
solvent and initiator decreases with an increase in solvent polarity.
After energy decomposition, it is found that the largest negative
contribution to the AE;, in benzene and THF is the electrostatic
interaction energy AE., which is due to the mutual attraction of
positive and negative charges in different fragments. AE; in THF is as
low as —73.61 kcal-mol~! (1 kcal-mol~! = 4.18 kJ-mol !, Fig. 1(c)),
which is much lower than that for benzene and n-pentane systems.
This is due to the mutual attraction between the oxygen atom (lone
electron pair with a negative charge) in THF and the lithium atom
(with a positive charge) in BuLi, leading to a reduction in the AE;.

AEint = AEels + AEXI'ED + AEorb + AEdisp (7)

where AE;, (kcal-mol~!) represents the total weak interaction
energy of the initiator and solvent; AE (kcal-mol ') is electro-
static interaction energy; AExrep (kcal-mol~') is exchange-
repulsion energy (including scaled DFT correlation); AEy,
(kcal-mol~') is orbital interaction energy; AE gisp (kcal-mol~1) is
dispersion interaction energy.

Moreover, negative contributions to the AE;, also include
orbital interaction energy AE,,, and dispersion interaction energy
AEg;sp, which are relatively small. Finally, the only positive contri-
bution to AE;, is exchange-repulsion energy AExep, the value of
which is determined by the overlap of electron orbitals between
different fragments. Overall, the dominant reason for the lower
interaction energy in the solvents with stronger polarity is attrib-
uted to the attraction of positive and negative charges between
initiator and solvent.

Analysis of electrostatic potential (ESP) and intermolecular in-
teractions provides insight into the molecular properties of the
complexes of BuLi and different solvents. When comparing the dis-
tribution of ESP on the van der Waals (vdW) surfaces, it is observed
that the electrostatic potential of BuLi in THF has a relatively
lower negative charge density of —36.8 kcal-mol~!, compared
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Table 1
Elementary reactions and rate coefficients in LAP of St
Entry Equations Rate coefficients at 298.15 K®
1 (Benzene) Initiation (BuLi)s k6 Buli 7.6 x 10° DFT®
6 BuLi ! (BuLi)s 77 x10° DFT®
BuLi + M % Bu (M) Li* 18 DFT®
Equilibrium (Bu (M); Li‘l, % 2 Bu (M), Li* 13 x 108 DFT®
2 Bu (M)y Li* % [Bu (M)q Li*] 1110 DFT®
Propagation Bu (M); Li + M . Bu (M) 1" Li* 5.1 DFT®
II (n-Pentane) Initiation (BuLi)s 5 4 Buli 15 x 10'! DFT®
4Buli 4 (BuLi) 16 x 10™° DET®
BuLi + M % Bu (M) Li* 37 DFT®
Equilibrium (Bu (M), Li', L (M) Li* 4.1 x 10® DFT®
2 Bu (M); Li* % [Bu (M); Li*] 21 x 10 DFT®
Propagation Bu (M), Li* + M kB (M) i Li" 6.7 DFT®
I (THF) Initiation Buli 4 M % Bu (M) Li* 3.0 x 107 DFT®
Equilibrium Bu (M), Li* 5 Bu (M); + Li* 22 x 10° DFT®
Bu (M) + Li* % Bu (M), Li* 47 x 107 DFT®
Propagation Bu (M) Li* + M 'ﬂ Bu (M1 Li* 2.2 DFT®
r 6.1 x 10* DFT®

k,
Bu (M); + M = Bu (M), 1"

@ The units for rate coefficients k; and k; are in terms of s, k_; in benzene and n-pentane are L>-mol °-s~' and L*>-mol3-s~! respectively, others are L-mol~'-s~ 1.
@ Corresponding to chemical processes without transition states, the value of k is approximated by substituting the Gibbs free energy of the relaxed scan and the tunneling

coefficient k = 1 into Egs. (1)—(6).

© Corresponding to chemical processes with transition states, the calculated Gibbs free energies and tunneling coefficients , are substituted into Eqs. (1)—(6) to obtain the k

values.

@ To simplify the calculations, the propagation rate coefficient for the second monomer was used as an approximation [47,48]. Comparison between the calculated rate
coefficients and literature values [16,17] shows a very small difference, proving the reliable results (Table S7).
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Fig. 1. Energy decomposition analysis (EDA) between BuLi (Bu = C4Hg) and different solvents: (a) BuLi in n-pentane, (b) BuLi in benzene, (c) BuLi in THF.
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to —33.6 kcal-mol~!' and —35.4 kcal-mol~! that in n-pentane and
benzene, respectively, as shown in Fig. 2(a), (b), and (c). The more
concentrated the negative charge, the easier to attract positively
charged radicals to the site because of electrostatic inter-attraction.

When comparing the intermolecular interactions between BuLi
and different solvents, it can be found that the maximum is
2476 kcal-mol~! in THF, whereas those of 210.2 kcal-mol~! and
158.5 kcal-mol ! are assigned to the systems in n-pentane and ben-
zene, respectively, as shown in Fig. 2(d), (e) and (f). The ESP is strongly
related to the AE s (Fig. 1(c), (f)), whereas intermolecular interactions
are related to the AEg;s, (Fig. 1(c), (f)) [49]. What is more, the number
of charged electrons of Li atom in BuLi in different solvents was
calculated separately using the atomic dipole corrected Hirshfeld
atomic charge (ADCH) method. In the gas phase, the number of
electrons on the Liatom is 0.65 e and the number of charged electrons
decreases with increasing solvent polarity. This indicates that elec-
trons are transferred from the Li atom to the solvent, with more
electrons transferred corresponding to stronger solvation.

3.2. Energy insights into the initiation mechanism of St in different
solvents

The initiation energy barriers of St in different solvents were
calculated by DFT calculations, as shown in Fig. 3. When comparing
the Gibbs free energies of BuLi in different solvents, the lowest one is
observed in THF. This is consistent with the conclusions obtained in
Figs.1and 2 that THF interacts more strongly with BuLi, therefore BuLi
is most stable in THF. It can be found that the initiation energy barrier
in Fig. 3 is the largest in THF, ie, 3780 kcal-mol~! (in
THF) > 35.86 kcal-mol~! (in benzene) > 35.27 kcal-mol~! (in n-
pentane). The results show that the stronger the solvent polarity, the
higher the monomer initiation energy barrier. In addition, we also
calculated the chain propagation energy barriers of St in different
solvents (Fig. S1). Calculations revealed that the energy barrier for the
anionically active species in THF to propagate as free ions is
1213 kcal-mol~, which is much lower than the energy barrier
(34.65 kcal-mol 1) as ion pairs, as shown in Fig. S1(c). By comparison,
only the active species propagates as ion pairs in both n-pentane and
benzene. Detailed information can be referred to Supplementary
Material.

From a thermodynamic perspective, the probability of BuMLi
generation is contingent on the free energy barrier, which is closely
associated with ambient temperature. We calculated the free energy

ESP (a) v (b)
60  -33.6 keal-mol-!

keal-mol!
|

&

27 "210.2 keal-mol

barriers of the transition state under different solvents, represented as
AGTS—Benzene (kcal : m0171 )v AGTS—n—l’entane (kcal : m0171 )v and
AGrs_thr (kcal-mol 1), respectively, to illustrate the thermodynamic
nature of the BuMLi generation, as shown in Fig. 4(a). It can be
observed that the free energy barriers follow the same trend in
different solvents. In contrast to most chemical reactions, the initia-
tion reaction is more favorable at lower temperature. Further
exploring the origin of Gibbs free energy changes at different tem-
peratures, AHps_yr (kcal-mol~") and —TASts_tr (kcal-mol~1) were
calculated, as shown in Fig. 4(b). AHrs_tyr does not vary significantly
with temperature, whereas —TASrts_tyr Shows an increasing trend. It
can hence be introduced that ASts_tyr (kcal-mol~!-K~1) decreases
with temperature increasing, probably because it is more difficult for
the solvent to stabilize this transition state at low temperature.

3.3. Kinetic understanding of LAP in different solvents

The logarithmic kinetic plots in the three solvents for different
initiator and monomer concentrations are given in Fig. 5. The
simulated curves for [(BuLi), - 641]:[M] = 0.003:0.715 conditions
were validated by the experimental data from Refs. [16,17]. The
polymerization rates of LAP in the three solvents increase with the
increase in initiator concentration, as shown in Fig. 5(a), (b), and (c),
which is due to the increase in the concentration of the anionic
active species in the system. With increasing monomer concen-
tration, the slope of the logarithmic kinetic plot is found to increase
only in THF, while no change in polymerization rate with different
monomer concentrations in benzene and n-pentane, as shown in
Fig. 5(d), (e) and (f). These results indicate that the kinetic behavior
in THF differs from that in either benzene or n-pentane. Specifically,
the LAP in benzene or n-pentane allows the polymerizations to
follow the first-order kinetic feature toward monomer propagation
(Eq. (8)).

Rp = *% = kpi[BuMy " Li"][M] + kp[BuM; " |[M] ®

where the Rp (mol-L~'-s~1) is the polymerization rate, [BuM;Li*]
(mol-L~1) is the ion pair concentration, [BuMj ] (mol-L~1) is the free
ion concentration, k; (L-mol~'-s~1) is the propagation rate

v

(> v [+ ’i ’l’
158.5 keal-mol-! 247.6 keal-mol-!

Fig. 2. Color-mapped isosurface graph of electrostatic potential (ESP) of BuLi and different solvents. Visualized independent gradient model based on the Hirshfeld partition (IGMH)
analysis of BuLi and different solvents. In particular, the green part indicates vdW interactions; the blue part indicates strong intramolecular interactions. (a) and (d) BuLi in

n-pentane, (b) and (e) BuLi in benzene, (c) and (f) BuLi in THF.
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coefficient of the [BuM;,Li"] and k; (L-mol~!-s~1) is the propaga-
tion rate coefficient of the [BuMj|.

In contrast, the kinetics of LAP in THF exhibit an induction
period followed by fast propagation. A weak curvature can be
observed for the semilogarithmic kinetic plots in Fig. 5(f), indi-
cating the effect of THF on LAP, which is different from the first-
order kinetics of the LAP of St in benzene (Fig. 5(d)). Interestingly,
such bending is also found in the cationic ring-opening polymeri-
zation of 2-oxazolines [50]. Here, it can be considered that the
polymerization rate is determined by a combination of ion pairs
[BuM;Li"] and free ions [BuM;] (Eq. (9)). Since kp is much larger
than k;;, the propagation of monomers in THF is dominated by free
ions [BuM; ].

To further explore the underlying mechanism, the variations of
anionic active species concentration with conversion at different
initiator concentrations are shown in Fig. 6(a), (¢), (e) and (g). In
benzene and n-pentane, the concentration of [BuM;,Li"] reaches
equilibrium at a very low conversion, leading to fast propagation. In
THF, both concentrations of [BuM;Li*] and [BuM;, | increase slowly
with the conversion, which is attributed to the presence of an in-
duction period.

Similarly, the variations of anionic active species concentration
with the conversion at different monomer concentrations were
tracked, as shown in Fig. 6(b), (d), (f) and (h). It can be found that in
benzene and n-pentane, the concentration of anionically active spe-
cies [BuM;, Li*] reaches equilibrium at a lower monomer conversion
ofabout 0.5%. Given that, kp;-[BuM; Li*] can be considered as constant,
and thus monomer concentration shows almost no influence on the
logarithmic kinetic plot. While in THF, both concentrations of
[BuM;Li"] and [BuM;, | continue to increase gradually. Therefore, the
higher the monomer concentration is, the shorter the induction
period will be. In addition, the concentration of free ion active species
[BuM; ] in THF is much larger than that of ion pairs [BuM;Li"]
throughout the whole polymerization, confirming the dominant role
of free ion active species in propagation in THF.

4. Conclusions

In this work, the effect of solvents on the LAP of St was inves-
tigated by computational simulations, including the mechanism by
DFT calculations and MoM-based kinetic modeling. Firstly, the
dominant reason for the lower interaction energy in the stronger
polarity solvent is due to the electrostatic interaction energy
through energy decomposition analysis. Furthermore, electrons are
transferred from the Li atom to the solvent molecule, with more
electrons transferring corresponding to the stronger solvation
through electrostatic potential and intermolecular interactions
analysis. In terms of the initiation mechanism, we found that the
stronger the solvent polarity, the higher the monomer initiation
energy barrier and the smaller the initiation rate coefficient. From a
thermodynamic perspective, the reaction is more favorable at
lower temperatures, probably because it is more difficult for the
solvent to stabilize the transition state at low temperatures.

In addition, the kinetic models corresponding to three different
solvents were established based on the method of moments with
the rate coefficients determined by DFT calculations and TST theory.
It is found that in benzene and n-pentane, the polymerization rates
show first-order kinetic for monomers under different initiator and
monomer concentrations. By contrast, slow initiation and fast
propagation are exhibited in THF. An in-depth examination of the
variations of the concentration of active anionic species [BuM; Li*]
under different conditions reveals that in benzene and n-pentane,
the concentration of active species reaches equilibrium at a low
monomer conversion. While in THF, the concentration of active
species [BuM; ] shows a slowly increasing trend. This indicates a

slow rate of free ion [BuMj;]| formation, thus contributing to the
slow initiation and fast propagation kinetic characteristics in THF.
This computational study has deepened the understanding of the
mechanism and kinetics of LAP considering the effect of solvents.
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Nomenclature

ka activation rate coefficient, s—!

Kya deactivation rate coefficient, L-mol 15~

kin initiation rate coefficient, L-mol~!-s~!

kp free jon propagation rate coefficient, L-mol~!-s~!

kpi ion pair propagation rate coefficient, L-mol~!-s~!

kq disassociation rate coefficient for butyllithium
aggregates, s~ !

k_q association rate coefficient for butyllithium,
L>-mol -5~ in benzene and L3-mol 3.5 in n-
pentane
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