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Abstract

The propagation reaction in anionic polymerization of styrene with lithium as counterion in cyclohexane has been investigated for four
different concentrations of tetraphenylethylene (TPhE) in the range of living end concentrations between 10> and 10~ > M at 20 °C. The
values of the apparent dissociation constant of PStLi dimer and the weighted rate constants of all unassociated species were obtained for all
four investigated concentrations of TPhE. The mechanism, already used in the case of durene, was also applied in this system and the values
of the relevant absolute propagation rate constants of the two reactive monomeric species have been derived from the kinetic results. The
absolute propagation rate constant of PStLi-TPhE is much lower than that of PStLi. The complexation constant of PStLi with one molecule

of TPhE is more than 100 times larger than that of PStLi with one molecule of durene.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The kinetics of anionic polymerization of styrene with
lithium as a counter ion has been studied in a number of
non-polar solvents, including benzene [l], toluene [2],
cyclohexane [3]. In all these cases, a kinetic order of 0.5
with respect to the living end concentration of polystyr-
yllithium (PStLi) has been found for the apparent polym-
erization rate constants. This behavior has been
unambiguously attributed to the coexistence of dimeric
associates, (PStLi),, with a small fraction of monomeric
species, PStLi, only the latter being able to propagate [4—6].
The equilibrium between the dimeric and monomeric living
chain ends is shifted towards monomeric species in the
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presence of different agents capable of complex formation
with PStLi. Until now, four series of complexing agents
have been investigated, including inorganic salt such as
metal alkoxide [7,8] (u-type), THF [9], dioxane [10],
N,N,N' ,N'-tetramethylethylene diamine (TMEDA) [11],
tetramethyltetraazacyclotetradecan (TMTCT) [12]
(o-type), polyether metal alkoxides [13-15], lithium
aminoalkoxides [16] (pu-o type), 1,2,4,5-tetramethylben-
zene (durene) [17], tetraphenylethylene (TPhE) (7t-type).

In an earlier paper [17], the influence of durene, one of
the 7-type additives, on the anionic polymerization of
styrene was studied. In this work, the effect of TPhE on the
propagation rate of PStLi in cyclohexane at 20 °C was
investigated in detail.

2. Experimental section

All the purifications were carried out under high vacuum.
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Styrene was dried by distillation from CaH, (2X) and
distilled over oligomeric lithium polystyrene. Sec-BuLi was
purified by a short-path vacuum distillation. Cyclohexane
was refluxed with Na—K alloy, then stirred and degassed on
the vacuum line, finally distilled over oligomeric lithium
polystyrene. TPhE was firstly recrystallized from ethanol,
then vacuum-sublimed and finally further dried on the high
vacuum line.

Oligomeric lithium polystyrene used at the start of the
reaction was obtained by the initiation of styrene with sec-
BulLi in cyclohexane, and its measured molecular weight is
5000. The initial monomer concentration was such that for
the lowest concentration of active centers the molecular
weight after reaction was around 50,000 to 60,000. The
kinetics of the propagation reaction was determined by
following the disappearance of styrene spectrophotometri-
cally at 291 nm on a Cary 2200 at 20 °C.

Quantum-chemical calculations of equilibrium structures
and energies of TPhE complexes with the model living
chain end, 1-phenyl-ethyllithium (HStLi), were performed
using the DFT approach [18] implemented into the
TURBOMOLE package [19] of ab initio quantum-chemical
programs. BP86 set of potentials, consisting of Becke’s
exchange potential [20] and Perdew’s correlation potential
[21], was used with TURBOMOLE split valence plus
polarization (SVP) basis sets [22] of 6-31G* quality.
Detailed description of calculation methods is published in
Part 2 of this series [23].

3. Results and discussion

Fig. 1 shows the effect of TPhE on the observed
propagation rate of PStLi in cyclohexane at two nearly
constant total living end concentrations, C*=5.4 X 1074M
and C*=2.5X10"" M.

At C*=54X10"*M, the kops/C* value decreases
monotonically with increasing concentration of TPhE. At

kohs 1C*
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Fig. 1. The effect of TPhE on the propagation rate of PStLi in cyclohexane
at 20 °C. (A), C¥*=0.54 mM; (@), C*=2.5 mM,; Solid line: calculated
curve (the detailed procedures are shown in Appendix A).
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C*=2.5X10"7 M, it increases initially, passes through a
maximum, and then decreases with increasing concentration
of TPhE. A similar behavior has been found in the presence
of durene (D) as the 7t-donor and it has been explained by
the existence of three types of reactive species, PStLi,
PStLi-D, and PStLi-2D [17]. However, extensive kinetic
results and quantum chemical calculations seem to indicate
that in the presence of TPhE, the observed non-monotonic
dependence of ku,/C* on [TPhE], is due to only two
reactive monomeric species, as shown in Scheme 1.

In the presence of TPhE, the dissociative mechanism still
holds, as shown in Scheme 2.

(K5 is the apparent dissociation constant of the PStLi
dimers and k™" is the weighted rate constant of all non-
associated species in the presence of TPhE analogous to the
constants K, and kj, in pure cyclohexane).

If only two monomeric species, PStLi and PStLi-TPhE,
are involved into propagation reaction ky’" can be defined
as:

kP = (1 — a)k, + aky, (1
where
[PStLi-TPhE]
o= . . (2)
[PStLi] + [PStLi-TPhE]
Taking into account that
[PStLi-TPhE] = K, [PStLi][TPhE] 3)

kp™® is determined from Egs. (1)~(3) by the following Egs.:
k, + Ks, [TPhE]k,,

PP — 4
P 1 + K, [TPhE] @)
On the other hand,
PStLi] + [PStLi-TPhE])?
K = ([PStLi] + [PStLi 1) 5)

[(PStLi),]

Combining Egs. (3) and (5), one can derive:

\/ Kp? = Kp(l + Kg, [TPhE]) (6)
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From Eqgs. (4) and (6), it follows that:

\/@kgpp = /Kp(k, + Ks [TPhEk,, ) (7)

Combining material balance equation for TPhE

[TPhE] = [TPhE], — [PStLi-TPhE] 8)
with
[PStLi-TPhE] = K, [PStLi][TPhE] )

one obtains:

[TPhE],

TPhE] = —— 0
[TPhE] 1 + K, [PStLi]

(10)

As will be shown below, [PStLi] is very low at any value of
[TPhE]y. Thus, Ks;[PStLi]<<1 and [TPhE]=[TPhE],.
Therefore, Egs. (4), (6), and (7) may be rewritten as:
k, + Ks, [TPhE]ok,,

1 + K, [TPhE],

app _
ky* =

(1)

\VKp? = /Kp(l + K, [TPhE],) (12)

KK = /Kp(k, + Ks, [TPhE]ok, ) (13)

According to Eq. (12), the values of Kp and Kg; can be
determined from the plot of /K3" vs. [TPhE], by its
intercept and slope, respectively. Similarly, Eq. (13) makes
it possible to find the values of k;, and kp; from the plot of
VK5 k™ vs. [TPhE]o. Different [TPhE]o, ranging from
12X107>M to 11.4X 107> M were investigated and the
detailed kinetic results are shown in Table 1.

For every particular [TPhE], value, the values of k™" and
Ky® can be obtained from the intercept and slope,
respectively, of the linear plot of C*/kyps Vs. kops [24,25],
as shown below:

cr 1 g
kobs kSPP ( kgPP)Z K]’;PP

(14)

The results are generalized in Table 2. At each constant
[TPhE],, the experimental data fit the straight line very well,
a typical example being shown in Fig. 2.

The data presented in Table 2 indicate that the K" value
increases and the k™" value decreases with increasing
[TPhE]y. In pure cyclohexane, the Kp value has been
estimated to be of the order of 10~ to 10~ %M [17]. The
addition of TPhE increases the Kjj¥ value several orders,
e.g. to 0.15mM at [TPhE]o=1.2mM and 1.69 mM at
[TPhE]p=4.5 mM. These results prove that TPhE strongly
enhances the dissociation of the PStLi dimers into the
monomeric species.

Using the calculated K5® and kp™ values, one can
reconstruct the experimental dependence of log kg, Vvs.
log C*. For all [TPhE], values, the calculated dependences
of log kyps vs. log C* are in a very good agreement with the

experimental data, as shown in Fig. 3 for [TPhE]y=
3.2 mM.

A slight downward curvature of the bilogarithmic plot of
kops vs. C* in Fig. 3 shows a decrease of the reaction order
from0.72at C*=7.0X 107> Mt00.64at C*=3.3X 107> M.
This is due to the coexistence of non-propagating PStLi
dimers and propagating monomeric species in the presence
of TPhE. The mole fraction of monomeric species decreases
with increasing C*, according to the following equation:

[monomeric]  —Kp* + \/(Kp¥)* + 8C* K"
c act ()

The dependences of the mole fractions of the monomeric
species on C* for four different concentrations of TPhE are
given in Fig. 4. It is clearly seen that the mole fraction of
monomeric species increases with increasing amounts of
TPhE at a constant C* value.

Knowing the values of Ki* and kp’" determined at four

Table 1
Kinetic results of styrene polymerization in cyclohexane with lithium as a
counter ion in the presence of tetraphenylethylene at 20 °C

[TPhE], C* Kops Kopsl C*
(mM) (mM) (10 3 min™ ") M~ "min™h
12 0.05 0.95 19.00
0.089 15 16.85
0.25 2.6 10.40
0.30 3.1 10.33
0.73 45 6.16
0.94 5.0 532
2.8 10.4 371
3.7 122 3.30
22 0.086 1.0 11.63
0.09 0.9 10.00
0.45 33 733
0.50 4.1 8.20
0.67 5.0 7.46
0.80 4.4 5.50
0.97 6.0 6.19
1.0 6.0 6.00
15 73 4.87
29 10.0 3.45
3.0 11.3 3.77
32 0.098 12 12.24
0.075 0.8 10.67
0.12 1.1 9.17
0.46 35 7.61
1.26 6.8 5.40
2.15 9.9 4.60
33 12.2 3.89
45 0.21 1.8 8.57
0.58 3.8 6.53
1.54 72 4.68
2.0 6.86 3.43
3.0 12.0 4.00
7.2 3.0 13.0 4.64
7.6 22 9.07 4.12
9.0 22 7.44 3.38
93 2.0 9.28 4.64
10.0 2.5 8.46 3.38
11.4 24 10.0 4.17
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Table 2
Summary of the values of K" and k™"

[TPhE], (mM) K¥? (mM) KPP M~ min")
1.2 0.15 24.69
2.2 0.39 16.05
3.2 0.82 12.74
45 1.69 9.61

different concentrations of TPhE, one is able to find the
dependences of \/Kp" vs. [TPhE]y and /Ky kp™ vs.
[TPhE],, as shown in Figs. 5 and 6.

Fitting the plots in Figs. 5 and 6 according to the linear
Egs. (12) and (13), respectively, results in the values of
Kp=2.4X10""M, K5;=18,000M ", k,=520M ' min~',
kp1=3.5 M~ ' min~!. With these values, it is possible to
calculate the dependence of k,™ vs. [TPhE], (Eq. (11)) and
to compare it with the experimental data. Such a comparison
presented in Fig. 7 clearly shows an excellent agreement
between calculated and experimental results.

Moreover, the validity of the determined values of these
parameters can be checked by fitting the original experi-
mental data of k., /C* vs. [TPhE], (the detailed calculation
procedures are shown in the Appendix A). The calculation
result is shown in Fig. 1 (solid line) at C*=5.4X 1074M
and 2.5X107° M. The simulated lines reproduce the
original dependences very well. It can also be seen from
Fig. 1 that at sufficiently high concentrations of TPhE,
unreachable in actual practice, a common line will result for
the two C* values, indicating that all the dimeric species are
dissociated and complexed. This region of concentrations of
TPhE, where the polymerization reaction is of first order in
C*, starts from [TPhE]o=0.05 M. This concentration is
beyond the maximum solubility of TPhE in cyclohexane
(around 0.01 M). Therefore, the reaction order will never be

0-

2

logC*

Fig. 3. Dependence of log ku, vs. log C* at [TPhE]p=3.2 mM. (W),
experimental points, solid line is calculated with K" = 0.824 mM, k™" =
1274 M~ " min~ ).

entirely unity within all the investigated concentrations of
TPhE.

It is important to note that the determined values of Kp,
Ksi, kp, k1 make it possible to calculate the concentrations
of the three ionic species, (PStLi),, PStLi, and PStLi-TPhE,
involved in the presence of TPhE, as shown in Fig. 8.

With increasing [TPhE],, the concentration of dimeric
chain end aggregates, (PStLi),, decreases gradually,
approaching zero at [TPhE]y>0.04 M, and the concen-
tration of monomeric complexed chain ends, PStLi-TPhE,
increases monotonically, leveling off in the same region of
[TPhE]y. The concentration of monomeric non-complexed
chain ends, PStLi, is always very low and becomes
practically zero at [TPhE],>0.02 M.

To further test the complexing dissociating capacity of
m-donors, we tried to synthesize the cis-dimethylstilbene,
but were unable to obtain it free from the frans-isomer. On
the other hand, we also investigated the propagation of

0.3

y = 17.856x + 0.0325
R2=0.0872

0 0.002 0.004 0.006 0.008 0.01 0012 0.014

kObS

Fig. 2. Plot of C*/kops Vs. kops at [TPhE]p=3.2 mM.
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Fig. 4. Dependences of the mole fraction of the monomeric species on C* at four different concentrations of TPhE. [TPhE]y=1.2, 2.2, 3.2, 4.5 mM,

respectively, in the direction of the arrow.

PStLi in the presence of 1,3,5-tri-t-butylbenzene and found
that it is not metallated by organolithium compounds, as is
durene in the long run. However, 1,3,5-tri-t-butylbenzene
gives only somewhat higher values of k,,,/C* and a slightly
earlier maximum in the k,,/C* vs. [1-donor] plot than
observed in the presence of durene [17]. Thus, the ability of
1,3,5-tri-t-butylbenzene to induce the dissociation of
(PStLi), dimers is nothing comparable with that of TPhE.
We therefore did not pursue the investigation any further.
It should be noted that the equilibrium constant value

0,06

0,05+

0,04+

0,03

Sqrt(Kpapp)

0,02+

0,01

0 T T
0 0,001 0,002 0,003 0,004 0,005 0,006

[TPhE]g [M]

Fig. 5. Plot of v/K5" vs. [TPhE], (M), experimental points, solid line-
simulated results, according to Eq. (12)).

Ks;=18,000 M~ ' calculated above for the complex
formation between PStLi and TPhE is more than two orders
of magnitude higher than that found in the presence of
durene as the 7t-complexing agent (140 M_l, [17]). Thus,
the difference, AAG, between the reaction free energies,
AG, for the interactions of PStLi with durene and TPhE
should be about 2.7 kcal/mol. Of course, there should be
entropic contributions, AAS, to the estimated AAG value
because TPhE, in contrast to durene, is able to form several
types of complexes with PStLi. Indeed, we found four
different types of HStLi-TPhE complexes (Fig. 9) with the

0,5
0,44
&
*XQ. 0'3.
o
g
<
¥ 0,21
o
w
0,14
0

0 0,001 0,002 0,003 0,004 0,005 0,006
[TPhE]q [M]

Fig. 6. Plot of /K5 kp'" vs. [TPhE], (M), experimental points, solid line-
simulated results, according to Eq. (13)).
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Fig. 7. Plot of k™ vs. [TPhE], ((M), experimental points, solid line-
simulated results, according to Eq. (11) with the determined values of k, =
520M ™ "min~", k,;=3.5M" ' min~', and Ks,=18,000 M~ ").

calculated total energies (at the BP86/SVP level of theory)
within the range of 0.0025 Hartree = 1.5 kcal/mol. One can
see that the Li—C bond of the model chain end, HStLi, is
either approximately perpendicular (Fig. 9(a) and (d)) or
nearly parallel (Fig. 9(b) and (c)) to the C=C bond of TPhE.
Moreover, if perpendicular to the C=C bond of TPhE, the
Li-C bond of HStLi, can be either almost parallel (Fig. 9(a))
or perpendicular (Fig. 9(d)) to the plane of the ethylene
fragment of TPhE. In these four complexes, one of phenyl
rings of TPhE is closer to the Li—C bond of HStLi than the
others. This selected phenyl ring can be any of the four
phenyl rings of TPhE. Thus, the number of different
configurations of complexes between TPhE and PStLi is
16. However, only one type of the HStLi-D complex has
been found in which the Li—C bond of the model chain end
is nearly perpendicular to the aromatic ring plane of durene
molecule (Fig. 2(a) in Ref. [23]). Thus, the number of

0,0005 |
—. 0,0004 |
= PSHLi
c —— PStLi.TPhE
-(% 000034 [/ | (PStLi2),
= .
2 i
g 00002 {4
(@]
0,0001 4/ °
0,0000 , ,
000 002 004 006

[TPhE]q [M]

Fig. 8. Calculated concentration of ionic species in the presence of TPhE
(C*=0.54 mM).

different configurations of complexes between durene and
PStLi is 2, because PStLi can be arranged below and above
the plane of a durene molecule. It is possible to estimate that
TAAS=RT-1In(16/2)=1.2 kcal/mol at 20 °C. It means that
there should be ca. 1.5 kcal/mol of enthalpic contribution to
the AAG value. However, according to our previous
quantum-chemical DFT calculations, the chain end complex
with TPhE is not more stable than that with durene [23].
Probably, the relative stabilities of the PStLi complexes
with TPhE are underestimated with respect to the complexes
between PStLi and durene by at least 1.5 kcal/mol, which is
well within the range of rms error for the employed DFT
method (about 4 kcal/mol [26]).

4. Conclusions

The influence of TPhE on the anionic polymerization of
styrene with lithium as a counterion in cyclohexane was
investigated. At low total concentration of living ends
(C*=5.4X10"*M), the observed propagation rate con-
stant decreases monotonically with increasing concentration
of TPhE. At high concentration of living ends (C*=2.5X
1073 M), the increase of [TPhE], gives rise to an increase in
the observed propagation rate constant, which passes
through a maximum and then decreases with the further
addition of TPhE. This is explained by the coexistence of
non-propagating dimeric chain ends and two reactive
monomeric species, i.e. non-complexed and complexed
with one TPhE molecule.

Within the investigated region of [TPhE]y, the plot of
log kups vs. log C* is curved, indicating a change in the order
with respect to the total living ends concentration. The
reaction order with respect to the active centers is found in
all cases to be greater than 0.5, which is attributed to the
dissociation of the dimers, (PStLi),, into the monomeric
species, PStLi and PStLi-TPhE. The mole fraction of
monomeric species is quantitatively calculated and
increases with increasing amount of TPhE. In comparison
with the situation in pure cyclohexane, the apparent
dissociation constant, Ki¥, increases while the weighted
rate constant, k", decreases with the increase in [TPhE],.
Based upon the extensive kinetic study, the values of the
absolute propagation rate constants of each monomeric
species involved are derived. The absolute propagation rate
constant of PStLi-TPhE, ky;, is much lower than that of
PStLi, k,. The complexation constant, Kg;, of PStLi with
one TPhE molecule is more than 100 times larger than that
of PStLi with one molecule of durene.

5. Supplementary material

Z-matrices and HYPERCHEM.hin files of the optimized
structures of the complexes HStLi-TPhE.
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Fig. 9. Optimized geometries of the StLi complexes with TPhE molecule. Carbon atoms are gray, lithium atoms are white, hydrogen atoms are not shown. C-Li
contacts shorter than 2.65 A are shown as valence bonds. Total energies, E, calculated at the BP86/SVP level of theory are presented.
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Appendix A

i 1=B. i — ([PStLi])*
Assuming [PStLi] =B, it follows from Kp = [(PSD, ] that

B2
[(PStLi),] = X (A1)
From Eqgs. (8) and (10):

[PStLi-TPhE] = %I?E;B (A2)
On the other hand,

2[(PStLi),] + [PStLi] + [PStLi-TPhE] = C* (A3)

Combining Egs. (A1), (A2), and (A3), one arrives at:

2B? Kq[TPhE],B
2B gy sil loB _
Kp 1 + KB

Then the final expression is:
2K, B® + (2 + KpKs,)B®

+ (KD + KDK51 [TPhE]O_KDK81 C*)B - KDC* =0
(A4)

Taking Kp=2.4X10""M and Kg, = 18,000 M, for two
constant total concentrations of living ends, that is, C*=
25%X1073M and 54X 1074 M, the value of B can be
accordingly calculated by Mathematica software. The value
of [PStLi-TPhE] can also be obtained by Eq. (A2). Finally,
taking k,=520 M~ ' min~' and k,;=3.5M "' min" ', the
observed propagation rate constant can be found from the
expression:

kops = ky[PStLi] + k,; [PStLi- TPhE]
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Appendix B. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.polymer.2004.
11.020.
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