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ABSTRACT: This work aims to shed light on the use of the highly Anionic (Co)-Polymerization in
available, yet unexplored dimethyl ether (DME) as a solvent for S 2 Sttt NIR Kinotics Toe 257 F\j ebar @ RT
\\ Styrene ‘ :

anionic polymerizations. DME is virtually nontoxic and does not
o
o) O
g |

lead to the formation of peroxides. The development of special
techniques and setups, for the first time, enabled the use of liquid
DME, exhibiting a vapor pressure of 6 bar at 25 °C, as a (co)solvent

for the anionic polymerization of isoprene (1), f-myrcene (Myr), - —— In St THNMR

farnesene (Far), and styrene (S) using sec-butyllithium as an Y y nluence on S Copolymerization
initiator. Propagation constants, kinetic orders, and activation Qe 174 Polymerization Rate Constants
energies of I, Myr, and Far in DME were determined at 0, 10, and |1 g Activation Energies

23 °C using in situ '"H NMR kinetics. The use of DME leads to \ B Stability of n-BuLi

faster monomer consumption compared to the less polar methyl

tert-butyl ether (MTBE). Additionally, the effect of increasing

amounts of DME on the reactivity ratios of S/I copolymerizations up to [DME]/[Li] = 450 in cyclohexane (CHx) was investigated
using in situ near-infrared (NIR) spectroscopy. The necessary amount of polar ether modifier to reach random (i.e., r; & rg & 1) S/I
incorporation inversely correlates with the polarity of the solvent, i.e,, MTBE < DME < THF. Using in situ '"H NMR kinetics, the
same trend could be established for the stability toward n-butyllithium in the respective ethers. NIR kinetics revealed that the
polymerization rate of styrene in CHx at 20 °C is accelerated ~18 times at [DME]/[Li] = 30. Lastly, the effect of Li, Na, K, Rb, and
Cs naphthalenides on the microstructure of polyisoprene (PI) synthesized in DME at room temperature was determined and found
to be comparable to PI synthesized in 1,4-dioxane.

Bl INTRODUCTION While there are many reports either describing DME as a
Anionic polymerization of vinyl monomers in aprotic solvents solvent for extractions”®*” or as an alternative for conventional
such as cyclohexane (CHx), benzene, toluene, tetrahydrofuran diesel or liquefied petroleum gas,*”*' there is only a handful of
(THEF), and 1,2-dimethoxyethane has been studied extensively. publications in the whole field of chemistry which report on
Hydrocarbon solvents in combination with alkyllithium the usage of DME as a solvent for chemical reactions.””**~>'

initiators such as sec-butyllithium (sec-BuLi) are favored
because of their ability to polymerize 1,3-dienes like 1,3-
butadiene or isoprene (I) in a 1,4-manner, yielding polymers
exhibiting a low glass transition temperature, T,, which is
desired for many industrially relevant copolymers." Besides

For example, radical dispersion polymerizations were con-
ducted in compressed DME as an alternative to supercritical
CO, #4—46
2
DME is also used as a refrigerant,” as a propellant in aerosol

hydrocarbons,”™ ethers like THE,"~* methyl fert-butyl ether products,”” and in the production of dimeth}fl sulfate.” Tt is
(MTBE),14_16 cyclopropyl methyl ether,"”7?° 2- or 3- worth noting that DME is virtually nontoxic™® and does not
methyltetrahydrofuran,'””"  diethyl ether,”*** tetrahydropyr- lead to the formation of peroxides.”* *° DME can be obtained
an,'»*** diiso roggfl ether,” diphenyl ether,”** anisole,”*>~*’ by direct synthesis from synthesis gas (CO + H,)”” or from the
1,4-dioxane, ' >*** 1,2-dimethoxyethane,'"*"***" " triethy- dehydration of methanol,>> which itself can potentially be

lene glycol dimethyl ether,®® 2,2-di(2-tetrahydrofuryl)- 59
propane,””** and amines like trialkylamines’ and N,N-
dimethylaniline’ have also been used as (co)solvents to - =
polymerize vinylic monomers and 1,3-dienes. Recfn"ed: May 8, 2026 Yicromleals
However, to the best of our knowledge, there is no Revised:  June 24, 2026
published literature on the use of dimethyl ether (DME) for Accepted:  June 30, 2026
anionic polymerizations. DME exhibits a boiling point of T, = Published: July 16, 2026
—25 °C and a vapor pressure of 6 bar at 25 °C (Figure
$16).3536

sourced via the hydrogenation of CO,** or from biomass.
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Ethers, being Lewis bases, solvate the counterions and
therefore increase the nucleophilicity of the active chain ends.
Hence, compared to nonpolar solvents, the use of ethers
generally leads to faster consumption of monomers in anionic
polymerizations.””®" In hydrocarbon solvents, the active chain
ends of polymers form aggregates.”” ®* Using light-scattering
measurements, a 4-fold association of polyisoprenyl-Li was
found, which correlates with a determined kinetic order, N, of
one-quarter.”* On the one hand, polar solvents like ethers lead
to a shift of the aggregation-disaggregation equilibrium of
chain ends toward the active, nonaggregated species.@"(’5 For
example, it is generally accepted that the degree of association
is unity for polymerizations of butadiene, isoprene, and styrene
(S) in THE.® " On the other hand, the dissociation of ion
pairs into free anions increases with increasing polarity of the
solvent.”®

The use of ethers as solvents for anionic polymerizations is
accompanied by chain termination reactions due to ether
cleavage by active alkyllithium species.">*~”® The rate of
degradation depends on the ether,'” the counterion’””* and
the substituent.”*”>”® For example, it was found recently that
the half-ife of n-BuLi in MTBE at 20 °C is &~ 2600 min,
whereas in THF it is ~ 44 min.” It is worth noting that an
autocatalytic degradation was observed in MTBE, while the
degradation of n-BuLi in THF obeyed first-order kinetics.
More polar solvents exhibit stronger solvating power, as
quantified by the dielectric constant, &, and hence have a larger
influence on the rate of anionic polymerizations.'>**”” For
example, whereas S/I copolymerizations in pure CHx lead to
tapered block copolymers favoring the initial incorporation of
isoprene, the addition of ~ 6 equivalents (equiv) THF (™ =
7.52)7% relative to sec-BuLi as a modifier leads to random
incorporation of both monomers (rg & r;, & 1), whereas ~ 166
equiv MTBE (eM™®F = 2.6)"” are required to achieve the same
outcome.'””” Liquid DME, exhibiting an intermediate
dielectric constant of ePME = 5.034 at 24.5 °C,*® can be used
as a solvent for the quantitative reaction of sodium with
naphthalene, yielding sodium naphthalenide (Na-Naph),
which is also achievable in THF but not in MTBE.*

Due to its volatile nature (boiling point of —25 °C), in this
work, special techniques and setups had to be developed to dry
DME and use it as a (co)solvent for sec-BuLi-initiated anionic
polymerizations. Using in situ 'H NMR measurements, the
stability of DME against alkyllithium compounds, as well as the
polymerization kinetics of isoprene, f-myrcene (Myr), and f3-
farnesene (Far) polymerization in DME, was investigated. The
effect of increasing amounts of DME as an additive in CHx on
the homopolymerization kinetics of styrene and on copoly-
merizations of styrene and isoprene was studied using in situ
near-infrared (NIR) spectroscopy. Lastly, the effect of alkali
cations on the microstructure of polyisoprene synthesized in
DME was examined.

B RESULTS AND DISCUSSION

Stability of DME against n-Butyllithium

To investigate the stability of DME toward organolithium
compounds, excess DME and n-BuLi were transferred into a
pressure-resistant NMR tube, and the decrease of the —CH,—
Li protons was tracked via in situ "H NMR spectroscopy at 20
°C (Figure S23). Details regarding the drying and handling of
DME are given in the Supporting Information, Section 1.3 and
Section 1.4, respectively. Figure 1 shows the decrease of [n-
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BuLi] as well as the corresponding pseudo first-order plot
according to eq 1.

BulLi
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Figure 1. Decrease of n-BuLi concentration at 20 °C (blue) and
pseudo first-order plot (red) tracked using in situ "H NMR kinetics.

Similar to the observation in MTBE," the slope of the
pseudo first-order plot, which corresponds to the hypothetical
first-order degradation rate constant kg, shows an upward
curvature, indicating an autocatalyzed degradation of n-BuLi.
Ziegler et al. reported that besides the formation of LiOMe,
higher alkanes (C > 4) are formed during the degradation of n-
BuLi in DME (Scheme 1).>” This was explained by the
successive in situ insertion of methylene groups into n-BuLi. It
was reported that n-BuLi in THF at 22 °C is at least trimeric.®'
We assume that this is also true for n-BuLi in DME.
Furthermore, we assume that the in situ formed higher n-
alkyllithium compounds aggregate to a lesser extent and
therefore lead to a faster degradation reaction. The half-life of
the degradation of the initial n-BuLi concentration, [BuLi],, in
DME is t,,,°™F ~ 280 min, whereas in MTBE the half-life of
[BuLi], is about 1 order of magnitude larger with t,,™™®F ~
2600 min."® It should be noted again that both reactions are
autocatalyzed, whereas in THF the degradation obeys first-
order kinetics with a constant halflife of t,/, o ~ 44
min.'> Nonetheless, it can be stated that the rate of
degradation follows the polarity of the solvent, i.e., MTBE <
DME < THEF. This could be explained by a favored
deaggregation of n-BuLi by more polar solvents, which
would accelerate the decomposition reaction.

Kinetics of Isoprene, f-Myrcene, and f-Farnesene
Polymerization in DME

To gauge the effect of DME on the polymerization of
established dienes in situ, 'H NMR kinetic experiments were
conducted (see Figures $24-S26 for representative stacked 'H
NMR spectra). In this work, the concentration of active chain
ends, [P*], was calculated according to eq 2, which involves
the molecular weight of the respective monomer, M, the
initial monomer concentration, [M], and the determined
molecular weight, M, SEC using size exclusion chromatography

n

(SEC), with a PI calibration.

[M]oMy
Due to overlapping signals, 'H NMR was not used to
calculate the corresponding M,"® values (Figures S28—S29).

[P*] =

https://doi.org/10.1021/acs.macromol.6c01289
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Scheme 1. Decomposition Reaction of DME in the Presence of n-BuLi Proposed by Ziegler et al.””

2n /\/\LI + 2n /o\ —» 2n LiOMe + nC4H10 + n/2 C5H12 + n/4 CGH14 -----

5 5
a 8 b S &« ¢ Isoprene *
: i P 9 -
4 4 : _-
. = P
£ i3] ¢ [ -
= = N 2 -7
= = ) < -
£ 27 £ < [P1=107mM E°° /”
¢ [P]=14.7mM,0°C J v [P=148mM . ® slope = 0.97 £0.08
11 [P*] =16.1 mM, 10 °C 11. [P*]=27.0 mM - R?=0.9868
© [P]=148mM,23°C ke o [P]=442mM
0 0 -7.5
0 100 200 300 0 20 40 60 80 100 -4.5 4 -3.5 -3
Time [min] Time [min] In([P*])
5 5 -5
d o e } f Myrcene
° -
o -5.5 1
? ) o 4 ? ‘ .r'" -
= ° w’ = - I P
23] & <3 J : .
= ° ad = g .
5, ¢ > 2 g g 65 -
= N = £ _ # slope=0.98£0.03
;E o [P*]=39.1 mM,0°C ;E * [P]=141mM -71 -, R2 =0.9992
11e [P*] = 46.0 mM, 10 °C 1 v [P]=36.0mM -
5 © [P]=36.0mM,23°C A [P]=854mM 751 ¥
[ 0
0 50 100 150 200 250 0 50 100 -4.5 -4 -3.5 -3 -2.5 -2
Time [min] Time [min] In([P*])
g 57 h s . i 544
F ] 7 R 5.4 Farnesene -
o
— 41 — - - -5.6 1 .7
5 s . s ‘
w3 ’w u '.'.c. ‘” -5.8 1 . s
e o Ay ~~ o 2 ”,
= wte ] s -6 *
T 2 W (] x ’
w, B, £ 624 A +
£ ¢ [P1=433mM,0°C £ o [P]=254mM - _ 7 slope=0.96£0.05
17 [P*]=41.1 mM, 10 °C v [P]=433mM 6.4 e R?=0.9972
o [P]=433mM,23°C A [P=T741mM »
0 -6.6
0 50 100 150 200 30 40 50 -3.5 -3 -2.5
Time [min] Time [min] In([P*])

Figure 2. Results of in situ 'H NMR kinetics of isoprene (a—c), myrcene (d,f), and f-farnesene (g—i) in DME using sec-BuLi as initiator. (a,d,g)
Pseudo first-order plots at different temperatures at comparable concentrations of polymer chains [P*]. (b,e,h) Pseudo first-order plots for different
[P*] at 23 °C. (c,f,i) Kinetic order plots for polymerizations shown in (b),(e),(h) according to eq 4. Note: When the pseudo first-order plot

showed a downward curvature, the initial slope was used to determine k

app

(see Supporting Information, Figure $30).

Figure 2 shows pseudo first-order plots and kinetic order plots
for polymerizations of I, Myr, and Far in DME.

All three monomers were polymerized at three different
temperatures, 0 °C, 10 °C, and 23 °C, using comparable
concentrations of initiator (Figure 2a,d,g). Additionally, for
each monomer, multiple polymerizations using different
amounts of initiator were conducted at 23 °C (Figure
2b,e,h). Full conversion was reached for all experiments
(Figure S27), and the kinetic data are summarized in Table 1.
In the case of a living polymerization, the pseudo first-order
plot is linear, and the slope yields kapp.82 The propagation rate
constant, k,, is calculated using eq 3.

— kapp
P [P*]N

()

It should be stressed that if the kinetic order, N, with respect
to [P*], is below unity, k, is dependent on the equilibrium
constant between inactive, aggregated polymer chains and
active unimers.*” Linearization of eq 3 leads to eq 4, which can
be used to construct a double logarithmic plot of the apparent

rate constant k,,, against [P*] to determine N.
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In(k,,,) = N-In([P*]) + In(k,) (4)

Recently, N &~ 1 was found for isoprene and farnesene,
initiated by sec-BuLi in MTBE at 23 °C."> As expected, for
polymerizations of I, Myr, and Far in the more polar DME at
23 °C, N was also found to be unity (Figure 2¢,fi). According
to the prevailing interpretation for the use of nonpolar to
moderately polar solvents, this corresponds to a degree of
association of ny,, = 1/N = 1.°%%* Furthermore, the
observation of N & 1 can be interpreted as the absence of
an equilibrium between polydienyl-Li ion pairs and free
polydienyl anions.*> Hence, it can be assumed that the
determined k, values in DME correspond to the propagation
constant of the ion-pairs. If the respective solvent has a rather
high dielectric constant, then the tendency to coordinate
lithium is expected to be increased. Therefore, the interionic
distance to the negatively charged polymer chains should
increase, leading to a higher reactivity of the propagating chain
ends. Hence, for a given monomer, one expects to observe
increasing rates of polymerization and decreasing activation
energies with increasing polarity of the solvent, i.e, MTBE <

https://doi.org/10.1021/acs.macromol.6c01289
Macromolecules 2026, 59, 8274—8284
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Table 1. Overview of Kinetic Parameters of Isoprene, Myrcene, and f-Farnesene in DME Using Sec-BuLi and Corresponding
Polymer Microstructure, Molecular Weight, and Glass Transition Temperature

Exp. T (°C) [P*]* (mmolL™) k" (1072 s7) k(102 M"'s™) MF (kgmol™) DY 14°(%) 34° (%) 12°(%) T/ (°C)
Isoprene

Isol 0 14.7 0.23 15.6 73 1.10 6.9 71.6 215 13
Iso2 10 16.1 0.57 35.4 6.0 1.10 9.1 69.8 21.1 13
Iso3 23 14.8 1.55 105 10.0 1.04 103 69.4 20.3 12
Iso4 23 27.0 2.41 89.3 48 111 10 702 19.8 -
IsoS 23 10.7 1.07 100 9.9 1.05 11.1 68.5 20.4 8
Iso6 23 442 4.53 102 3.5 1.07 10.4 69.7 19.9 5
Myrcene

Myrl 0 39.9 0.24 6.0 33 113 24.4 66.2 9.4 —48
Myr2 10 46.0 0.78 17.0 3.5 1.12 26.4 65.4 8.2 —48
Myr3 23 36.0 1.65 458 3.7 1.12 29.3 64.1 6.6 —49
Myr4 23 85.4 3.67 43.0 19 1.16 30.1 63.6 6.3 —57
Myrs 23 14.1 0.63 448 103 1.04 27.9 65.2 6.9 —44
Farnesene

Farl 0 433 0.31 721 3.7 115 242 66.6 9.2 —68
Far2 10 41.1 0.79 19.2 3.9 115 26.8 65.4 7.8 —68
Far3 23 433 242 59.0 3.7 1.14 283 65.0 6.7 —68
Far4 23 74.1 426 57.5 2.6 1.14 29.5 62.9 7.6 —-70
Far$ 23 254 1.56 61.4 7.5 1.07 28.8 64.1 7.1 —67

“Concentration of polymer chains, [P*] = [M] My /M, SEC (My: molar mass of monomer). (Inltlal) slope of pseudo first-order plot (Figure 2).

Polymerlzatlon rate constant, k = kap /[ P*

]V (assuming N = 1). “Determined by SEC (calibration: P, eluent: THF). “Determined via 'H NMR

spectroscopy. /Determined via DSC second heating curve was used for evaluation, heating rate: 10 K min™"). For SEC and DSC curves, see

Figures S31-S36.

DME < THFE.*' Indeed, the k, value of isoprene in DME at 23
°C is about seven times hlgher as compared to MTBE, whereas
for farnesene, it is about three times higher (Table 2)."

Table 2. Polymerization Rate Constants k, at 23 °C and
Activation Energies E, for I, Myr, and Far (Li Counterion)

Monomer Solvent k, (103 M7t s7h) E, (J mol™)
Isoprene THF* 134 42
Isoprene DME 99 + 6" S3+0
Isoprene MTBE*® 13 66 + 2
Myrcene DME 45 + 14 8+ S
Farnesene DME 59 + 2° 61 +1
Farnesene MTBE* 23 70 £ 0

“Values taken from Garton et al. (extrapolated k ) 87 bAverz;ge value
of Iso3—Is06. “Values taken from Me1er—Mer21ger et al.'® “Average
value of Myr3—MyrS. “Average value of Far3—FarS.

Interestingly, whereas in both CHx and MTBE the k, values
for farnesene are higher than for isoprene,™' > the inverse
trend is observed in DME. The higher polarity of DME seems
to facilitate the incorporation of the comparatively small
isoprene monomer, whereas the addition of the bulkier
myrcene and farnesene monomers is less likely. Also, the
extrapolated value of k, = 134-107> M~ 57! for polyisoprenyl-
Li ion pairs in the more polar THF at 23 °C, as reported by
Garton et al,”’ is higher than the propagation constant of ion-
pairs in DME at 23 °C (k, = 99.1-107° M~" 57, Table 2).
In contrast to the linear pseudo first-order plots of myrcene
and farnesene (Figures 2e and 2h, respectively), a downward
curvature was obtained for polymerizations of isoprene in
DME at 23 °C, indicating the presence of chain termination
reactions (Figure 2b). The data can be readily described by a
kinetic model, which considers a pseudo first-order termination
reaction of polyisoprenyl-Li with DME (eq S10, Figure S30).
As can be expected, the extent of chain termination reactions,
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as quantified by the termination constant, k,, decreases from k,
~139-107M s at23°Ctok,~6-107 M s at0°C
(Table S1). Proton abstractions from DME by the
polyisoprenyl anion could account for the good fit of the
pseudo first-order termination model. Additionally, slow
elimination of lithium hydride from the active centers, followed
by a fast proton abstraction of the subsequently formed
conjugated system, as postulated by Szwarc and coworkers for
polystyryl sodium,*® yielding a highly delocalized heptatrienyl
anion, would also be a first-order process. However, since
Garton et al. found no evidence for the transformation of
polyisoprenyl-Li in THF to such a delocalized anion,®” we
assume, in analogy to the reaction of n-butyllithium with
DME,”” that ongoing proton abstractions from DME by the
highly basic polyisoprenyl anion lead to the termination of the
growing chain. Apparently, the nucleophilicity of polyisopren-
yl-Li compared to that of polymyrcenyl-Li and polyfarnesyl-Li
in DME is enhanced, which leads to the highest reactivity
toward diene incorporation but also toward termination
reactions. An explanation for the occurrence of termination
reactions of polyisoprenyl-Li is given further below. A similar
characteristic difference between isoprene on the one hand and
myrcene and farnesene on the other hand can be seen in the
activation energies and the polydiene microstructures (see

below).
Determination of Activation Energies

The propagation rate constants, k, of polymerizations
conducted at different temperatures were plotted using the
linearized Arrhenius equation (eq S) and are shown in Figure
3.
E, 1

=In(A) - 2.=
R T (8)

E, is the activation energy, R is the universal gas constant,
and T is the absolute temperature.

In( kp)
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Figure 3. (a) Arrhenius plots of the propagation reactions of isoprene,
myrcene, and farnesene in DME and of isoprene and farnesene in
MTBE. (b) Arrhenius plot of the pseudo first-order termination
reaction of polyisoprenyl-Li with DME. Data for polymerizations in
MTBE were taken from Meier-Merziger et al.'> Copyright 2024
American Chemical Society.

Compared to MTBE, E, values in DME for isoprene and
farnesene are ~ 13 and ~ 9 kJ mol™" lower, respectively (Table
2)." This is in agreement with the faster propagation in DME.
Evidently, compared to MTBE, DME leads to better
stabilization of the transition state. Following the polarity of
the solvents, the reported activation energy for the propagation

of polyisoprenyl-Li ion pairs in THF is & 12 kJ mol™ lower
than in DME.”’

Also, the E, values for myrcene and farnesene in DME lie in
a similar range of ~ 58 — 61 kJ mol™’, whereas isoprene
exhibits a lower value of & 53 kJ mol™". Similarly, the E, value
for the pseudo first-order termination reaction of polyisopren-
yl-Li with DME was calculated to be at 89 + 5 kJ mol™. This
relatively high value reflects the observation that full
conversion was reached in each case despite the presence of
chain termination reactions.

Microstructures and Glass Temperature

The determination of the polydiene microstructures is detailed
in the Supporting Information, Section 4.4. As shown in Table
1, the microstructures of PMyr and PFar in DME do not differ
significantly (1,4-/3,4-/1,2-units ~ 28/65/7), whereas PI
exhibits significantly more 1,2-units and fewer 1,4-units
(1,4-/3,4-/1,2-units ~ 10/70/20). In principle, two different
dienyl anions can form upon the addition of a 2-substituted
1,3-diene to a carbanion (dienyl (I) and dienyl (II), Figure 4).
As evidenced by the amount of 1,2-units, nucleophilic addition
to the 1-position of the respective diene, resulting in dienyl (I),
is increased for isoprene compared to the other two dienes,
yielding a delocalized carbanion with a rather nucleophilic
carbon at the former 4-position due to (i) the inductive effect
of the two substituents at the former 2-position and (ii) the
absence of a substituent at the adjacent carbon, resulting in a
less sterically hindered carbanion at the former 4-position. The
increased prevalence of dienyl (I) in polyisoprenyl-Li and the
increased nucleophilicity of the carbon at the former 4-position
may explain the termination reactions in DME only observed
for polyisoprenyl-Li.

The amount of 1,4-units increased by 3 — 5% with
increasing polymerization temperature from 0 to 23 °C,
regardless of the 1,3-diene employed. On the other hand, both
the amount of 3,4- and of 1,2-units decrease with increased
temperatures. Table 3 gives a comparison of the PI
microstructures in various solvents.

Interestingly, PI synthesized in DME exhibits even fewer
1,4-units (~ 10%) than PI synthesized in THF (~ 14%)."”
This was unexpected, since generally, more 4polar solvents lead
to a greater reduction in 1,4-units.’ Accordingly, a
comparatively high T, of 12 °C was obtained for PI
synthesized in DME compared to T, = 3 °C in THE." 1t is
known from the literature that the dependence of T, on the
microstructure decreases with increasing size of the 1,3-diene,
ie, Tgpr > Topmy: > Tg,PFar.89 Hence, a relatively low value of T,
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Figure 4. Pathways for the formation of each microstructure. Note: The sum of 1,4- and 4,1-units is summarized as 1,4-units.
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Table 3. Comparison of Distributions of PI Microstructures
in Different Solvents

solvent T(°C) 149 (%) 347 (%) 127(%) TS (°C)
CHx" RT 95 s 0 —69
MTBE" 23 45.7 50.4 3.9 nd.
THF" RT 14 62 24 3
DME® 23 103 69.4 20.3 12

9Taken from Glatzel et al.'” ®Taken from Meier-Merziger et al.’®
“Iso3 (Table 1). “Determined via 'H NMR spectroscopy.
“Determined via DSC.

~ —68 °C was found for PFar in spite of a vinyl content (i.e.,
sum of 3,4- and 1,2-units), VC, of &~ 72%, while the T, of PMyr
is & —48 °C. Due to its small side chains and high vinyl
content of & 90%, the T, of PI lies at ~ 12 °C.

Effect of DME on Kinetics of Styrene Polymerization in
Cyclohexane

Small amounts of THF, deliberately added as a “modifier” to
polymerizations of styrene in hydrocarbons, are known to
dramatically accelerate the reaction, whereas further amounts
of added polar solvent lead to a decrease in the reaction rate,
finally reaching a level higher than without any added polar
solvent.* Using in situ NIR kinetic measurements, in this
work, the effect of varying CHx/DME solvent mixtures on k,,
was investigated, while keeping the amount of added initiator
with regard to the total reaction volume relatively constant
([P*] = 1.3—1.8 mM). All pseudo first-order plots exhibit a
constant slope k,,,,, and the dispersities are D = 1.03—1.06 (see
Table S2 and Figures $39—S41). Figure S shows the obtained
k.p values in DME/CHx together with published data in
THF/benzene.”’

As for THF, the addition of small amounts of DME to the
reaction drastically accelerates the polymerization of styrene.
This is explained by the formation of a very reactive
monoetherate when small amounts of polar solvents are
added, and less reactive dietherates, when more polar solvent is
added.” The highest value of kypps corresponding to a factor of
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Figure 5. Plot of k,,, of styrene at 20 °C against the equiv of the
respective ether. Left axis: Values for DME determined via NIR
kinetics ([P*] = 1.3 — 1.8 mM, solvent: CHx). See Table S2 for the
data. Right axis: Published values for THF ([P*] = 0.96 — 1.2 mM,
solvent: benzene). The values in THF are reproduced from “Anionic
polymerization of styrene effect of tetrahydrofuran”, Copyright S.
Bywater, D. J. Worsfold®® (licensed under CC-BY 4.0), https://
creativecommons.org/licenses/by/4.0/. The dashed lines are only a
guide to the eye. Note the different scales on the y-axes.
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acceleration compared to pure CHx, F,, of & 18, is reached at
[DME]/[Li] = 30. At [DME]/[Li] = 600, the increase in k,,
dropped to F,.. & 6. Since anionic polymerizations in aromatic
hydrocarbons are faster than in CHx,"*""** the corresponding
F,.. values for THF cannot be compared with the obtained
values for DME. However, the respective equiv of ether
required to reach the highest k,,, values follow the expected
trend, i.e., & 6 equiv of the more polar THF compared to &~ 30
equiv of the less polar DME.

Additionally, it was reported that for styrene polymerizations
in benzene, the kinetic order N with respect to the initiator is
increased from one-half to one, if 0.15 M THE is present.”’ We
found that for 0.08 M DME, the kinetic order for styrene
polymerizations in CHx at 20 °C is one (Table S2 and Figure
S38). However, this finding does not necessarily mean that
DME has a larger effect on N than THF, since there is no
published data regarding the effect of THF on N for [THF] <
0.15 M.

Microstructure of Pl Synthesized in DME with Various
Alkali Naphthalenides

As mentioned above, Scott et al. long ago observed that
besides ethyl methyl ether, DME is the only other noncyclic
monoether in which Na-Naph is formed quantitatively."”
Evidently, the dielectric constant renders DME sufficient to
promote the electron transfer from alkali metals to naphthalene
by solubilizing the alkali ions. Alkali naphthalenide, especially
Na-Naph, is a well-known difunctional initiator for anionic
polymerizations, typically used in polymerizations in THF at
temperatures of —78 °C, affording polymers with narrow
molecular weight distributions.”” ™" Generally, it is known
from the literature that the use of nonlithium alkali counterions
at temperatures of —20 °C and above leads to chain
termination reactions and therefore higher dispersities.”” "%
For example, D = 1.64 was reported for polybutadiene initiated
by sodium naphthalenide at 0 °C in THE.'”

In this work, isoprene was initiated with Li-, Na-, K-, Rb-,
and Cs-Naph in DME at room temperature in a reactor
(Figure S19, for experimental details, see Supporting
Information, Section 1.6). Dispersities for Na, K, Rb, and Cs
between D = 1.52 and 2.26 were obtained, whereas a
comparatively small value of B = 1.13 was achieved when
Li-Naph was used as the initiator for isoprene in DME at rt
(Table S3, Figure S50). Figure 6 shows the dependence of the
different polyisoprene microstructures determined by 'H NMR
and of the obtained T, values on the counterion (Table S3,
Figure $49).

With increasing size of the alkali ion, the amount of 1,4-units
increases, rising substantially from sodium (12%) to potassium
(40%). While the amount of 1,22-units varies little with
increasing ionic radius, the amount of 3,4-units decreases,
dropping off significantly from sodium (75%) to potassium
(44%). Exactly the same trends were found by Salle et al. for
isoprene polymerized in 1,4-dioxane at 15 °C using Li-, Na-,
K-, and Cs-Naph, as can be seen in Figure S48, which shows a
comparison of PI microstructures for different alkali counter-
ions and solvents.”® The amounts of cis- and trans-1,4-units
(determined using *C NMR spectroscopy, see Supporting
Information, Section 6 for more details) are shown in Figure
S47. While for Li and Na the absolute amounts of cis- and
trans-1,4-units are & 4—7% each, for the other alkali metals the
fraction of trans-1,4-units increases to 29—34%, whereas the
increase of cis-1,4-units is less drastic (11—14%). As can be
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Figure 6. Content of 1,4-, 3,4-, and 1,2-units in PI synthesized in
DME at room temperature and glass transition temperature (Tg)
against radii of respective alkali counterions. The dashed lines are only
a guide to the eye. See Table S3 for the data.

seen in Figure 6, the T, values correlate well with the vinyl
content,”” being T, = 14 °C for VC = 90% (Li) and decreasing
to T, = =31 °C for VC = 54% for Cs (Figure $49). Hence, the
possibility to quantitatively obtain alkali naphthalenides in
DME provides easy access to PI exhibiting different micro-
structures and glass transition temperatures depending on the
counterion. Additional data are provided in Table S3 and
Figures S44—S50.

Influence of DME on Copolymerization of Styrene and
Isoprene in Cyclohexane

Recently, our group investigated the influence of THF and
MTBE as modifiers in S/I copolymerizations regarding
reactivity ratios, microstructures, and Tgs.ls’77 We observed
that at [THF]/[Li] ~ 6 and [MTBE]/[Li] ~ 166, the rate of
consumption of both comonomers was equally fast, leading to
random incorporation of the comonomers.

In this work, the effect of increasing amounts of DME on S/1
copolymerizations in CHx was investigated using the method
of in situ NIR kinetics.'”® Information regarding the
experimental procedure is given in the Supporting Information,
Section 1.5. The studies were conducted at [sec-BuLi], ~ 1.7

mM up to a ratio of [DME]/[Li] = 450 ([DME] = 770 mM).
Further investigations at even higher equiv of DME were not
conducted due to the lack of a pressure-resistant NIR setup.
Figures S51—S52 show the individual time-conversion plots.
To avoid overfitting, the ideal, nonterminal model (r; rg = 1,
Jaacks fit) was used to determine the reactivity ratios for
[DME]/[Li] > 20, whereas the terminal model (Meyer-Lowry
fit) was used when the linear Jaacks fit failed.'*~""” All kinetic
data and polymer characteristics of the conducted S/I
copolymerizations are given in Table 4, and more information
can be found in the Supporting Information, Section 8.

The time to reach 50% conversion of the initial individual
monomer concentration, t,,, of both monomers decreases up
to [DME]/[Li] = 240, with styrene exhibiting a stronger
decline of t;,, (Figure S57). Interestingly, an increase to
[DME]/[Li] = 450 raises t,,, for both monomers. This was
also observed for the polar modifiers THF (minimum of ¢, ,, at
[THF]/[Li] ~ 80) and for MTBE (minimum of t,,, at
[MTBE]/[Li] ~ 1000).">”” Here again, the equivalents
required for the lowest t;,, value follow the polarity of the
solvent, i.e, MTBE < DME < THEF. Although, as shown above,
for the homopolymerization of styrene the highest rate of
monomer consumption is reached at & 30 equiv DME, this
cannot be applied to copolymerizations with isoprene due to
the occurrence of crossover effects.

Starting at highly preferred isoprene incorporation at
[DME]/[Li] = 0 (r; = 9.91, rg = 0.007), leading to a tapered
copolymer architecture, the reactivity ratios steadily converge
until [DME]/[Li] ~ 40, where both monomers are
incorporated randomly (r; & r¢ &~ 1). Random incorporation
of monomers is also evidenced by the minimum of sequences
of at least three consecutive styrene units (“blockiness”, Figure
7a) in the S/I copolymer.'*®'*” Noteworthily, the point of
inversion of S/I reactivity in DME, THF, and MTBE correlates
with polarity, i.e, the more polar the modifier is the less
amount is needed to reach the point of inversion. Accordingly,
the inversion of the S/I reactivity ratios is more pronounced
for [DME]/[Li] = 450 (rg = 2.50, r; = 0.40) than for a similar
copolymerization conducted in pure MTBE (rg = 1.82, r; =
0.55), corroborating the stronger modifier effect of DME
compared to MTBE." Similarly, the vinyl content at [DME]/

Table 4. Overview of Polymer Characteristics of All Synthesized S/I Copolymers in DME at 20 °C

[DME] M cis-1,4
MLl (kgmol?) o S (%)
0 724 1.09 991 0.007 0.07 66.5
2 96.9 1.08 3.01 0.06 0.18 45.0
8 81.2 1.06 1.19 022 0.26 29.4
20 77.1 1.07 132 0.76 1 254
40 849 1.08 096 1.04 1 249
80 100.2 1.07 078 1.28 1 23.8
120 100.0 1.09 0.69 144 1 228
240 81.3 1.09 0.60 1.67 1 22.0
450 91.4 1.07 040 2.50 1 19.2

trans-1,4-" . . d /o Molar
(%) 3400 1220 IO G dient
PI
298 37 0 38/99 -
389 156 05 1199 M
PS
237 252 17 19 Pl
PS
410 309 27 25 il
PS
373 343 3.5 25 Pl
PS
314 4038 40 31 &l
PS
Pl
288 438 46 30
PS
23 492 5.5 33 PI
PS
PI
19.5 522 9.1 40 =

“Determined by SEC (calibration: PS, eluent: THF). *Determined by *C NMR. “Determined by 'H NMR. “Determined by DSC (heating rate:

10 K/min). For SEC and DSC results, see Figures SS5—S56.
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Figure 7. (a) Effect of [DME]/[Li] on the reactivity ratios and on the occurrence of -SSS- triad sequences (“blockiness”) in the S/I copolymer. (b)
Effect of [DME]/[Li] on occurrence of 1,4-, 3,4-, and 1,2-units in the S/I copolymer. (c) Effect of [DME]/[Li] on occurrence of cis- and trans-1,4-
units and the sum of 3,4- and 1,2-units (vinyl content) in the S/I copolymer.

[Li] = 450 (=~ 61%, Figure 6b,c) already exceeds the Vin}rl
content of S/I copolymers in pure MTBE (~ 54%).°
Interestingly, although the overall content of 1,4-units
decreases with increasing equiv of DME, the trans-1,4-units
initially increase from 29.8% in pure CHx to 43.7% for 8 equiv
DME, after which they steadily decrease to 4.3% in pure DME
(Figure 7¢).

Bl CONCLUSIONS

To the best of our knowledge, this is the first comprehensive
investigation of the anionic polymerization of isoprene,
myrcene, farnesene, and styrene using dimethyl ether as a
solvent or cosolvent of intermediate polarity. First, using in situ
"H NMR spectroscopy the halflife of the degradation of n-
BuLi in DME was measured as t, ,"™* &~ 280 min, whereas in
MTBE, studied in a previous work, the half-life of n-BuLi was
about one order of magnitude higher with t,,™®* ~ 2600
min.”® In the subsequent investigation, all investigated 1,3-
dienes showed kinetic orders of unity, indicating (i) the
presence of unaggregated unimeric polydienyl-Li chain ends
and (ii) the absence of an equilibrium between polydienyl-Li
ion pairs and free polydienyl anions in DME. This enabled the
determination of their absolute rate constants and their
activation energies of chain propagation. The effect of DME
on S/I copolymerizations in CHx was also investigated.
Following the polarity of the solvent, (i) the polymerization
rate constant and (ii) activation energy of polyisoprenyl-Li in
DME, (iii) the stability of n-BuLi in DME, and (iv) the
influence of DME on S/I copolymerizations in CHx was found
to be in between the more polar THF and the less polar
MTBE.

In contrast to MTBE and CHx, isoprene polymerized faster
in DME than f-farnesene. Interestingly, the polymerization of
both myrcene and farnesene exhibited comparable activation
energies and microstructures, whereas isoprene showed a
significantly lower activation energy and a distinct micro-
structure. Additionally, first-order chain termination reactions
were observed for polymerizations of isoprene but not for
myrcene and farnesene. While for homopolymerizations of
styrene in benzene only %6 equiv of THF are required for the
maximum polymerization rate, at comparable chain end
concentrations in CHx 30 equiv of DME are needed for the
largest increase in monomer consumption. Since, in
pronounced contrast to MTBE, the synthesis of alkali
naphthalenides as difunctional initiators is feasible in DME,
isoprene was successfully polymerized using the naphthale-
nides of Li, Na, K, Rb, and Cs. Surprisingly, the polymerization
of isoprene in DME with Li as a counterion leads to
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polyisoprene with a higher vinyl content (%~ 90%) than in
the more polar THF, exhibiting T, values of up to 13 °C,
which is desirable for postpolymerization modification
reactions.

Although DME requires special handling due to its low
boiling point, its production on a megaton scale, its
nontoxicity, easy evaporation and recovery, and particularly
the absence of peroxide formation render it suitable as an
alternative solvent for anionic polymerization of styrene and
1,3-dienes.
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infrared; CHx, cyclohexane; MTBE, methyl tert-butyl ether; k,,
propagation rate constant; kapp, apparent propagation rate
constant; k,, termination constant; E,, activation energy; [P*],
concentration of polymer chains; [M],, initial monomer
concentration; My;, monomer molecular weight; M,, number
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