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ABSTRACT: In this report, we apply the chromophore quench-
labeling (CQL) technique to living, homogeneous polymerization
catalysts and living coordinative chain-transfer polymerization
(LCCTP) conditions. We observe 100% active site counts via
CQL for 1-hexene polymerization as catalyzed by two different
cyclopentadienyl amidinate (CPAM) group 4 metal complexes, both
previously reported to be living polymerization catalysts. We obtain a
rate constant for the propagation of 1-hexene catalyzed by the
CPAM hafnium complex. Selective iodinolysis and 1H NMR analysis
of polymer chain ends enable the quantification of Zn−polymeryls;
at low conversions (∼10% conversion), nearly 2 polymer chains per
Zn are observed. Through Mayo analysis and kinetic simulations, we
estimate the rate of Hf−polymeryl for Zn−ethyl exchange in
polymerization. Beyond active site counting, the chromophore quench-labeling method enables the observation of catalyst-bound
polymeryl molecular mass distributions (MMDs) using gel permeation chromatography (GPC) with an inline UV detector (UV-
GPC). Comparison of the MMDs of catalyst-bound polymeryls and all polymer chains (measured using refractive index detection,
RI-GPC) reveals important mechanistic details. With the exception of early time points in the reaction, we observe excellent overlap
between the UV-GPC and the RI-GPC traces. These results reveal that equilibration of polymer chains on Hf and Zn occurs rapidly
in the LCCTP of 1-hexene using the CPAM hafnium complex as the catalyst and diethyl zinc as the chain-transfer agent. Kinetic
simulations indicate that the Hf−polymeryl for Zn−polymeryl exchange leads to the good overlap between UV-GPC and RI-GPC
traces and a crude estimate for the rate constant of this process.

■ INTRODUCTION
Polyalkenes are produced on a scale of greater than 100 million
tons per year;1 making polymerization catalysis significant to
society. Polymer properties depend on many factors that
include the nature of the monomer, molar mass (MM),
dispersity index (Đ), stereotacticity, microstructure, and
comonomer content of the polymer.2,3 In this regard, the
living coordinative polymerization (LCP) of alkenes, in which
chain growth (propagation) proceeds in the absence of
irreversible chain termination, offers the opportunity to design
and explore new fundamental types of polyalkenes. The
polyalkenes produced via LCP are uniquely defined as having a
tunable number-average degree of polymerization (DPn), a
very small polydispersity index, Đ (= Mw/Mn), of ≤1.1, and a
wide range of accessible well-defined copolymer architectures,
including random, gradient, block, graft, and comb micro-
structures.4,5

A critical issue for LCP is the “one-chain-per-active-site”
relationship that exists for all polymerizations, which places a
severe restriction on the ability to produce practical and
scalable quantities of the final polyalkene product due to the
active site being derived from exotic and expensive transition-
metal initiators vis-a-̀vis simple organolithium reagents used as

initiators for anionic living polymerizations.6−10 Accordingly,
solutions to the one-chain-per-active site liability of the LCP of
alkenes are required if these new types of polyalkenes are going
to successfully transition from laboratory curiosities to new
technological innovations and commercial products.
Since 2000, the Sita group has been developing dimethyl

cyclopentadienyl, amidinate (CPAM) group 4 metal com-
plexes of general structure (η5-C5R5)[N(R

1)C(R2)N(R3)]M-
(CH3)2 (M = Ti, Zr, Hf) (I), and in particular, the C1-
symmetric Zr and Cs-symmetric Hf derivatives 1 and 2,
respectively, shown in Figure 1, as preinitiators for the
(stereoselective) LCP of ethene, propene, linear and branched
1-alkenes, α,ω-nonconjugated dienes, and cycloalkenes.1a,11−14

More importantly, since 2008, the Sita group has documented
the successful development of living coordinative chain-transfer
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polymerization (LCCTP) for this same range of alkene
monomers as a means to obtain practical and scalable
quantities of a large variety of new fundamental types of
polyalkene materials while maintaining all of the desired
features of a traditional living polymerization.1,15,16

As Scheme 1 reveals, at the core of LCCTP is a dynamic
reversible polymeryl group transfer process that occurs
between a small population of transition-metal active sites
derived from 1 upon “activation” using a stoichiometric
amount of a borate co-initiator, such as [PhNH(Me)2][B-
(C6F5)4], and a much larger population of “surrogate” main-
group-metal chain-growth centers derived from an excess
(relative to 1) of a relatively inexpensive commodity main-
group-metal alkyl, such as diethylzinc, ZnEt2 (DEZ),
triethylaluminum, AlEt3 (TEAL), or mixtures of the two.17,18

If the rate constant for reversible chain transfer, νCT (kCT), is
much larger than the rate constant for propagation, νp (kp),
then the populations of active and surrogate sites will appear to
propagate at the same rate with the final degree of
polymerization being defined by DPn = {[monomer]0 −
[monomer]t}/([(MA − PA)

+ + n(M′B − PB)]0), where n is the
number of equivalent polymeryl groups per main-group metal
(e.g., n = 2 for DEZ) and Đ ≈ 1 + kp/kCT.

15−17 Another
advantage of LCCTP over traditional LCP is that the final
main-group-metal polymeryl product can be further function-
alized to produce poly(α-olefinates) (xPAOs) products
through simple chemical transformations involving the reactive
Zn−C (or Al−C) bonds.19
Gibson and co-workers first demonstrated the use of DEZ as

a chain-transfer agent (CTA) in the controlled coordinative
chain-transfer polymerization (CCTP) of ethene.20,21 To date,
several different CTAs have been reported for CCTP including
aluminum alkyls,21−26 magnesium alkyls,27−30 and zinc
alkyls.15,16,20,21,31,32 Transalkylation between the transition-
metal-bound polymer chains and CTAs is believed to occur
through a four-membered intermediate as shown in Figure 2.33

The rates of chain transfer are controlled by the stability of this
intermediate relative to the monomeric catalyst and chain-
transfer species.21,31,34,35 If the intermediate is thermodynami-
cally more stable than separated CTA and catalyst, then
propagation will be slowed via a decrease in the active,
monomeric polymerization catalyst concentration.34,36,37 Con-

versely, if the intermediate is too high in energy, transalkylation
will be slow.31 Thus, a narrow window exists for successful
CCTP. Landis and co-workers have shown that even subtle
steric differences near the catalyst and CTA have a significant
impact on the rates of chain transfer. For example, in the Hf−
pyridyl amido-catalyzed homopolymerization of 1-octene,
exchange between a Hf−polyoctene chain and ZnMe2 is faster
than that with ZnEt2 and reverse chain transfer (i.e., Hf−
polyoctenyl for Zn−polyoctenyl exchange) does not occur at
detectable levels.38,39 The exchange between Hf−polyoctenyl
chains and Zn−ethyls is faster than that between Hf−
polyoctenyl chains and Al−ethyls; neither ZnEt2 nor AlEt3
inhibits propagation (though AlEt3 does inhibit initiation of
the Hf−pyridyl amido catalyst).38−40 In the Hf−pyridyl amido-
catalyzed copolymerization of ethene and 1-octene, Hf−
polymeryl for Zn−polymeryl exchange does occur; the
presence of ethene adjacent to the catalyst/CTA reduces the
steric barrier to transalkylation.41 These results represent the
difficulty in developing successful CCTP because subtle
changes can have significant impacts on the rates of chain
transfer. In light of these difficulties, the apparently high
efficiency for fast, reversible chain transfer reported by Sita and
co-workers in the LCCTP of 1-alkenes using 1 and DEZ to
obtain practical quantities of “precision” polyolefin materials of
tunable DPn and very narrow polydispersity stands out as being
quite unique in the field.15−17 To date, the mechanistic
proposal of Scheme 1 for LCCTP has not been experimentally
probed with respect to quantification of the polymeryl group
transfer efficiency between active and surrogate species.
Chromophore quench-labeling (CQL) techniques devel-

oped by Landis and co-workers enable detailed kinetic
investigations of catalytic alkene polymerization reactions.39,42

CQL effects selective, covalent tagging of catalyst-bound

Figure 1. Cyclopentadienyl amidinate (CPAM) hafnium and
zirconium preinitiators, 1 and 2, respectively, and pyrenyl isocyanate
quench-labeling reagent (3).

Scheme 1. Living Coordinative Chain-Transfer Polymerization (LCCTP)

Figure 2. Mechanism of chain transfer and generic free energy surface
for chain transfer between an active polymerization catalyst ([M])
and the chain-transfer reagent (E), where R is either an alkyl or a
polymeryl species. Boxed in green is the ideal scenario for rapid and
reversible chain transfer without inhibition of polymerization.
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polymer chains with a UV chromophore through addition of
the quench-labeling reagent 3 (Figure 1). Analysis of the
quenched polymers using gel permeation chromatography
(GPC) with inline UV and RI detectors (UV- and RI-GPC)
yields molar mass distribution (MMD) data, at the time of
quench, for (1) the polymer chains attached to the catalyst
(UV detector) and (2) all chains in solution (RI detector).
Integration of the UV signal provides the total number of
catalyst-bound polymeryls, or active site count, of the
polymerization. Because 3 does not react with Zn−alkyls,
catalyst-selective quench labeling can be performed in the
presence of Zn polymeryls. Because refractive index (RI)
detection reveals the MMD of all polymer chains, comparisons
between the UV-GPC (catalyst-bound polymeryls) and RI-
GPC (all polymeryls) traces yield key mechanistic information.
Herein, we report the results of an investigation into the

LCP of 1-hexene using the preinitiator 2 and of the LCCTP of
this monomer using 1 and DEZ as CTA as interrogated by
quantitative CQL end-group analysis. First, we establish that
successful, quantitative quench labeling can be achieved using
quench-labeling reagent 3 in the 2-catalyzed polymerization of
1-hexene. We then apply quench labeling to the 1-catalyzed 1-
hexene polymerization in the presence of ZnEt2 (LCCTP
conditions). Next, we examine the rate of chain transfer using
Mayo analyses, selective iodinolysis of Zn−polymeryls with
quantification by 1H NMR spectroscopy, and kinetic
simulations. Last, we use kinetic simulations to demonstrate
how Hf−polymeryl for Zn−polymeryl exchange leads to
increasing overlap between the UV- and the RI-GPC traces
with reaction time. These results demonstrate, in relatively few
experiments, a collection of significant kinetic and mechanistic
information for polymerization processes. Gratifyingly, these
results validate the remarkably high efficiency for reversible
chain transfer in the LCCTP of 1-alkenes using CPAM
initiators when carried out under previously reported
conditions.

■ RESULTS AND DISCUSSION
CQL Results for 2-Catalyzed Polymerization of 1-

Hexene Indicate Living Polymerization Behavior. We
examined polymerization of 1-hexene as catalyzed by 2 at −10
°C and quenched the reaction with 3 after 2 h (see Supporting
Information for details). Observations include narrow MMDs
(Đ < 1.1), good matches between the UV- and the RI-GPC
traces (Figure 3), and 98 ± 9% active site counts as revealed by
integration of the UV-GPC signal (i.e., all of the added catalyst
has a polymer chain bound to the metal center that is
covalently labeled by 3). Calculation of the catalyst
concentration based on the number average molecular mass
(Mn) of the polyhexene and the molar ratio of consumed
monomer to added catalyst is consistent with 100% active sites
(see Supporting Information for details). Use of excess 3 in
quench labeling yields the same active site counts. Together,
these data strongly support two conclusions: (1) 2 is a truly
living polymerization catalyst under the conditions studied and
(2) 3 works as a quantitative quench-labeling reagent with a
living polymerization catalyst. Thus, these results reinforce
previous claims that 2 is a living catalyst and that 3 is a
quantitative quench-label reagent.
Active Site Counts and Propagation Rates for the 1-

Catalyzed Polymerization of 1-Hexene. With the results
from catalyst 2 in hand, we turned to quench labeling 1 in the
presence of ZnEt2 (LCCTP conditions). We first established

the temporal profile of monomer consumption in the LCCTP
of 1-hexene catalyzed by 1 at two different ZnEt2
concentrations (Figure 4). Under LCCTP conditions,

initiation is fast relative to propagation as revealed by the
lack of an induction period in the consumption of 1-hexene.
The active site counts are ∼100% throughout the time course
of polymerization, and the polymerization rate is independent
of the ZnEt2 concentration. On the basis of the monomer
consumption and active site counts, the rate constant for
propagation for 1 at 0 °C is determined to be kp = 0.103 ±
0.005 M−1 s−1 (see Supporting Information for details).

Chain Transfer between 1 and ZnEt2 in the Polymer-
ization of 1-Hexene. With the rate of propagation
established, we examined the rate of exchange between Hf
and Zn using a Mayo analysis.38,43,44 Polymerizations of 1-
hexene were conducted using catalyst 1 at different ZnEt2
concentrations; reactions were quenched at ∼10% conversion
of 1-hexene (30 min polymerization time) using 3. The MMDs
of polyhexene produced at different ZnEt2 concentrations are

Figure 3. 2-Catalyzed living polymerization of 1-hexene.

Figure 4. 1-Hexene polymerization catalyzed by 1 under LCCTP
conditions in the presence of two different ZnEt2 concentrations (3.0
or 1.5 mM).
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shown in Figure 5a. Mayo plots were constructed by plotting
1/Mn vs [ZnEt2]0/(84.16 × [1-hexene]0); the gradient of this

plot represents the apparent exchange to propagation ratio, kex/
kp = 16.8 ± 0.1 (Figure 5b). Upon the basis of the rate of
propagation (vide supra), the rate constant for exchange is 1.7
M−1 s−1.
Previously, Sita and co-workers established that two polymer

chains per Zn are produced upon complete consumption of
monomer in the 1-catalyzed LCCTP.17 However, it is unclear
at what point in the polymerization two polymer chains per Zn
are produced. Previously, Landis and co-workers found that for
the Hf−pyridyl amido-catalyzed homopolymerization of 1-
octene only one polymer chain per Zn is produced;38 however,
in the copolymerization of ethene and 1-octene nearly two
polymer chains per Zn are produced.41 These results raise the
question at low conversion how many polymer chains per Zn
are generated in the 1-catalyzed polymerization of 1-hexene?
To quantify the number of polymer chains produced per Zn,

we performed iodinolysis of Zn−polymeryls followed by 1H
NMR analysis of polymer chain ends. These experiments were
conducted by quenching the polymerizations with 3 after 30
min (∼10% conversion of 1-hexene), which selectively reacts
with the catalyst-bound polymeryls, then adding I2 to react
with the Zn−polymeryls quantitatively generating I−polymeryl
species that are measured by 1H NMR spectroscopy. These
experiments demonstrate that nearly two polymer chains per
Zn are produced within the first ∼10% conversion of 1-hexene
at two different concentrations of ZnEt2 (Table 1).
Because nearly two polymer chains per Zn are produced at

low conversion (∼10%) of 1-hexene, we conclude that the first
ethyl exchange (Hf−polymeryl for Zn(Et)−ethyl exchange)
and second ethyl exchange (Hf−polymeryl for Zn-
(polymeryl)−ethyl exchange) are both fast relative to

propagation and are similar to each other. Thus, it is unlikely
that these studies will be able to distinguish between the first
and the second Zn−ethyl exchange rates. Furthermore,
because nearly two polymer chains per Zn are produced
prior to conducting the Mayo analysis, it is possible that the
slope of the Mayo plot has contributions from exchange
between Zn−polymeryls and Hf−polymeryls as well. For
clarity we refer to the slope of the Mayo plot as the apparent
exchange rate constant (kexapp), hence, kexapp = 1.7 M−1 s−1.

Kinetic Simulations To Better Understand Trans-
alkylation between Hf and Zn. To better understand the
effect of different exchange processes on polymer MMDs, we
simulated 1-hexene polymerization as catalyzed by 1 in the
presence of ZnEt2. The kinetic model for LCCTP (Scheme 2)

involves propagation (kp), Hf−polymeryl for Zn−ethyl
exchange (kex1), and Hf−polymeryl for Zn−polymeryl
exchange (kex2). For simplicity, we set the initiation rate
constant (ki) to a large value because the data show no
induction effects and assumed that the rate constants for Hf−
polymeryls exchanging with Zn(Et)−ethyl and Zn-
(polymeryl)−ethyl are the same (kex1). The rate constant for
exchange of Zn−polymeryls with Hf−polymeryls is labeled
kex2. Using the previously determined rate constant of
propagation (kp = 0.103 M−1 s−1) and various values of kex1
and kex2 we examined the simulated temporal profile of ZnEt2
conversion to Zn−polymeryls (Figure 6a).
The kinetic model of Scheme 2 is consistent with the

experimental Mayo analysis. Figure 6 summarizes the results of
kinetic simulations of ZnEt2 conversion for different kex1 values.
Unsurprisingly, the value of kex1 has a significant impact on the
consumption of ZnEt2 during polymerization. Increasing kex1
beyond ∼3.4 M−1 s−1 leads to complete conversion of all Zn−

Figure 5. Polymerization of 1-hexene catalyzed by 1 in the presence
of varying initial concentrations of ZnEt2. (a) MMD of polyhexene
produced after 30 min (∼10% conversion) at different ZnEt2
concentrations. (b) Mayo plot of 1/Mn vs [Zn]0/(84.16 × [1-
hexene]0).

Table 1. Number of Polymer Chains Produced per Zna

[ZnEt2]0 (mM) polymer chains per Zn

1.25 1.9 ± 0.1
6.25 1.8 ± 0.1

aThe number of polymer chains determined through iodinolysis of
Zn−polymeryl species with subsequent 1H NMR analysis of polymer
chain ends. Conditions: [1] = 0.50 mM, [PhNMe2H][B(C6F5)4] =
0.50 mM, [1-hexene]0 = 4.0 M, in toluene (1 mL) at 0 °C quenched
with 2 equiv of 3 after 30 min.

Scheme 2. Model for 1-Catalyzed 1-Hexene
Polymerizationa

aR = Me or Et. The Hf−Et is produced following chain transfer
between a Zn−Et and a Hf−Pol, whereas the Hf−Me is derived from
the precatalyst. Because initiation is fast, relative to propagation, Hf−
Me and Hf−Et are treated identically. All Hf species are cationic.
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Et groups to Zn−polymeryls at the 30 min time point. The
number of polymer chains per Zn at 30 min plotted against the
value of kex1 (Figure 6b) matches the experimentally observed
polymer chains per Zn (1.9, determined by iodinolysis
experiments) for kex1 > ca. 3.4 M−1 s−1.
Variation of the Zn−polymeryl/Hf−polymeryl exchange

rate constant, kex2, has no impact on the rate of ZnEt2
conversion nor any significant effect on the value of Mn.
Figure 7 depicts the evolution of the average polymer mass

with time according to simulations with kex1 = 3.7 M−1 s−1 and
different values of kex2. Over a 60 min time period
(corresponding to 30% monomer conversion), only kex2 = 0
affects the predicted Mn values for the range of kex2 values that
were examined.
Ratios of exchange to propagation rates as estimated by

Mayo analysis can depend on the reaction time (or monomer
conversion) at which the experimental data are collected. We
examined the impact of shorter reaction times on Mayo
analyses for experimental measurements of 1-catalyzed
LCCTP of 1-hexene at varying concentrations of ZnEt2. We
chose 5 min reaction time because simulations of ZnEt2
concentration with time (Figure 6a) indicate incomplete

consumption of ZnEt2 at this time. The Mayo analysis
conducted after 5 min yields a 2-fold higher exchange to
propagation ratio (kexapp/kp = 36.2 ± 0.8) than the previous
Mayo analysis at 30 min reaction time (kexapp/kp = 16.8 ± 0.1).
As discussed, the major discrepancy between these Mayo
analyses (5 min vs 30 min reaction time) is concentration of
unmodified ZnEt2. After 30 min essentially no ZnEt2 remains,
and exchange processes are limited to Zn−polymeryl/Hf−
polymeryl exchange. On the basis of the Mayo analysis
conducted after 5 min, the estimated rate constant for Hf−
polymeryl/Zn−ethyl exchange (kex1) is 3.7 M−1 s−1. This rate
constant, according to kinetic simulations, would result in ∼1.9
polymer chains per Zn being produced after 30 min of
polymerization (Figure 6b), matching the number of polymer
chains per Zn observed via iodinolysis.

Why Do the Results of the Mayo Analysis Depend on
the Reaction Time? According to simulations, the Mn is
primarily influenced by the value of kex1; this is due to the
relative differences in MW (ΔMn) of exchanging alkyl groups
between the catalyst and CTA. The exchange of Hf−
polymeryls and Zn−ethyls (kex1 Scheme 2) has the largest
impact on the observedMn because polymeryls and ethyls have
a large ΔMn. The kex2 value has little influence on Mn because
the ΔMn is relatively small between the Hf−polymeryl and the
Zn−polymeryl chains.
While the kex2 does not impact Mn, it does affect the Mw and

therefore the dispersity (Đ). The value of Đ is larger at low
conversion because the ΔMn between the Hf and the Zn
species is the largest when the Zn species are all ZnEt2. The
ΔMn between the Hf−polymeryls and the Zn−alkyls decreases
over the course of the reaction, becoming infinitely small at
long reaction times. Such small ΔMn for Hf− and Zn−
polymeryls leads to the narrow MMDs (Đ < 1.1) observed by
Sita and co-workers in the LCCTP.
The apparent exchange to propagation ratio determined by

Mayo analysis is influenced by the speciation of Zn−alkyls
during polymerization. Early in the reaction, most of the Zn−
alkyls are Zn−ethyls; as polymerization continues (and chain
transfer occurs), the Zn−ethyls are converted to Zn−
polymeryls. The change in the speciation of Zn−alkyls (from
Zn−ethyl to Zn−polymeryl) alters the Mn for all polymers in
solution, thus influencing the apparent exchange to prop-
agation ratio.
Due to the discrepancies in the observed exchange to

propagation ratio obtained by Mayo analyses conducted at
different reaction times, we chose to simulate the exchange to
propagation ratio at different reaction times to better
understand the influence of conversion on the Mayo analysis.
The model used for these simulations is shown in Scheme 2
using the rate constants kp = 0.103 M−1 s−1, kex1 = 3.7 M−1 s−1,
and kex2 = varied (details can be found in the Supporting
Information). Through these simulations, we established that
the exchange to propagation ratio decreases throughout the
polymerization. However, prior to 50% conversion of Zn−
ethyls to Zn−polymeryls the exchange to propagation ratio
estimated by Mayo analysis is constant (Figure 8). After 50%
conversion of Zn−ethyls to Zn−polymeryls, the exchange to
propagation ratio decreases with increasing conversion of Zn−
ethyls to Zn−polymeryls. The value of kex2 has no influence on
the exchange to propagation ratio prior to complete conversion
of Zn−ethyls to Zn−polymeryls. Thus, these simulations lend
further support to the notion that the speciation of the CTA
significantly impacts the Mayo analysis. However, prior to 50%

Figure 6. (a) Simulated temporal profile of the concentration of
ZnEt2 in the 1-catalyzed 1-hexene polymerization at various values of
kex1. (b) Number of polymer chains per Zn after 30 min based on the
kinetic simulations vs the value of kex1 (green triangles), and number
of polymer chains observed via iodinolysis experiments (purple
dashed line).

Figure 7. Simulation of the Mn at different values of kex2 using the
kinetic model shown in Scheme 2. For this simulation, [Hf−R]0 =
0.58 mM, [1-hexene]0 = 4.0 M, [Zn−Et]0 = 3.0 mM, kp = 0.103 M−1

s−1, kex1 = 3.7 M−1 s−1, and kex2 values of 0−10 M−1 s−1 are examined.
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conversion of Zn−ethyls to Zn−polymeryls, the exchange to
propagation ratio gives a fairly accurate description of the Hf−
polymeryl for the Zn−ethyl exchange rate (kex1).
Comparison of the UV- and RI-GPC Traces. An

advantage of the CQL technique is that the UV and RI traces
probe different polymeryl distributions (Hf bound vs all
polymers) at the time of quench. The experimental MMDs of
polyhexene produced after 30 and 5 min of polymerization are
somewhat broadened (Đ ≈ 1.2−1.3) compared to previous
results by Sita and co-workers (Đ < 1.1).15,16 However, the
results of Sita and co-workers were at longer reaction times
(full conversion of monomer) and/or higher ZnEt2 concen-
trations (relative to catalyst concentration). For the studies
reported herein, at 30 min reaction time the RI- and UV-GPC
traces of these polymerization reactions are nearly identical
(see Supporting Information). The fairly narrow MMDs
(Table 2) and good overlap between UV- and RI-GPC traces

strongly support the occurrence of “reversible” chain transfer
(Hf−polymeryl for Zn−polymeryl exchange) as previously
concluded by Sita and co-workers.
To better understand the effect of kex2 on the 1-catalyzed

LCCTP of 1-hexene, we conducted polymerizations at even
shorter reaction times (30−120 s) (Figure 10). At these very
low conversions the MMDs are somewhat broad (Đ ≈ 1.3).
Tellingly, the UV- and RI-GPC traces (Figure 10) diverge at
these early time points. The UV-GPC trace is higher in MM
than the RI-GPC trace, and the overlap between the UV- and
the RI-GPC traces increases with reaction time. Because 3
selectively reacts with Hf−polymeryls, the UV-GPC trace
reflects the MMD of catalyst-bound polymer chains whereas
the RI-GPC trace reflects the total MMD of polymer chains
(catalyst-bound polymer chains and Zn−polymeryls).
As discussed previously, the ΔMn between the Hf and the

Zn species has a major impact on the MMD of polymer

produced. The Đ decreases over the time course of
polymerization because the ΔMn between the Hf and the Zn
species decreases as chain transfer converts Zn−ethyls to Zn−
polymeryls. The difference between the MMD of catalyst−
polymeryls (observed through UV-GPC) and the overall
MMD of polymeryls (observed through RI-GPC) is also
influenced by the ΔMn between the Hf and the Zn species. As
polymerization continues, chain transfer between Hf−polymer-
yls and Zn−polymeryls occurs and polymer chains continue to
grow from Hf via propagation. This process results in a
negligible difference between the ΔMn of the polymeryls on
the catalyst and CTA; thus, the overlap between UV- and RI-
GPC traces increases. These observations are in agreement
with the mathematical analysis of coordinative chain-transfer
polymerization conducted by Britovsek and co-workers; Đ
approaches unity during living polymerization reactions with
fast rates of chain transfer (relative to propagation) according
to eq 1, where λ = number of inserted monomers.45 In the 1-
catalyzed LCCTP of 1-hexene, we observe increased overlap of
the UV- and RI-GPC traces over the course of 30−120 s
(Figure 10).

λ
λ

= = + − λ−M
M

e
Đ

( 1)(1 )w

n (1)

How Does the Rate of kex2 Influence the Overlap
between the UV-GPC and the RI-GPC Signals with
Time? To answer this question, we examined kinetic
simulations of the MMDs. In these simulations (Figure 9)

we varied the value of kex2 and plot the difference in log MM
between the overall Mn and the Mn of the UV-GPC trace (i.e.,
Mn of the Hf−polymeryls only). The Δlog MM decreases with
increasing polymerization time (when kex2 > 0); thus, the
overlap between the UV- and the RI-traces increases with
increasing polymerization time. Upon increasing the value of
kex2, the overlap between the UV- and the RI-traces increases
more rapidly in polymerization. Without polymeryl for
polymeryl exchange (i.e., kex2 = 0), the difference between

Figure 8. kex/kp determined through kinetic simulations plotted vs the
conversion of Zn−ethyls to Zn−polymeryls. Kinetic model for these
simulations is shown in Scheme 2. Conditions: [Hf−R]0 = 0.0005 M,
[1-hexene]0 = 4.0 M, kp = 0.103 M−1 s−1, kex1 = 3.7 M−1 s−1,
concentration of CTA was varied, and kex2 was also varied. For details
on the performance of these kinetic simulations, see the Supporting
Information.

Table 2. Mn and Đ after 5 min of Polymerization with
Different ZnEt2 Concentrations

a

[ZnEt2]0 (mM) Mn (kg mol−1) Đ

0.5 15.3 1.28
1.0 10.0 1.20
2.5 5.10 1.15

aConditions: [1] = 0.58 mM, [PhNMe2H][B(C6F5)4] = 0.58 mM,
[1-hexene]0 = 4.0 M, toluene (1 mL), 0 °C. Quenched with 3 (2
equivalents relative to 1) after 5 min.

Figure 9. (a) Simulations of the difference of the Mn between the
overall polymer MMD (RI) and the MMD of the catalyst-bound
polymeryls (UV). Simulation of the difference in the log(Mn) of the
RI and UV signals is plotted vs time at different kex2 values. Kinetic
model for these simulations is shown in Scheme 2. Conditions: [Hf−
R]0 = 0.0005 M, [1-hexene]0 = 4.0 M, kp = 0.103 M−1 s−1, kex1 = 3.7
M−1 s−1, [ZnEt] = 0.003 M. (b) Boxed area of a.
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the UV and the RI traces continues to increase throughout the
polymerization reaction.
The experimental results clearly indicate that Hf−polymeryl

for Zn−polymeryl exchange occurs during polymerization,
resulting in the narrow MMDs observed in polymerization and
the increasing overlap between the UV- and the RI-GPC traces
with time. According to simulations, the value of kex2 likely is
similar to or greater than that of kex1 in order for the overlap
between the UV- and the RI-GPC traces to increase as early as
the 30−120 s time scale (Figure 10). However, determining
the exact value of kex2 would require a much more detailed
kinetic modeling analysis. Because of the large number of
chemical species and accompanying differential equations
required for this type of kinetic analysis, such a study was
not undertaken at this time.

■ CONCLUSIONS

In this manuscript, we describe the application of CQL to
living polymerization catalysts 1 and 2. In the 2-catalyzed
polymerization of 1-hexene, we find that all of the catalyst is
active in polymerization, the MMD of polyhexene is narrow,
and the UV- and RI-GPC traces match. These results are
expected for a truly living polymerization catalyst and match
the previous work of Sita and co-workers. Thus, we conclude
that chromophore quench labeling works for living polymer-
ization catalysts, confirming the validity of this technique.
We also apply the CQL to the LCCTP of 1-hexene catalyzed

by 1. In these polymerizations, ZnEt2 does not inhibit
polymerization at 0 °C. For comparison, the Hf−pyridyl
amido catalyst is inhibited by ZnEt2 at 0 °C via formation of a
heterobimetallic intermediate.46 Because 3 does not react with
ZnEt2, CQL studies are suitable in LCCTP. The temporal

profile of monomer consumption and active site counts are
obtained by CQL. The rate constant for propagation was
determined (kp = 0.103 M−1 s−1).
The rate of chain transfer was examined through Mayo

analyses. Interestingly, we found that the exchange to
propagation ratio is dependent on the reaction time. Through
kinetic simulations, we determined that prior to 50%
conversion of Zn−ethyls to Zn−polymeryls the Mayo analysis
provides a good estimate of the catalyst−polymeryl for Zn−
ethyl exchange.
Last, we probed the UV- and RI-GPC traces of polyhexene

produced by 1 in the presence of ZnEt2 to better assess the
Hf−polymeryl for Zn−polymeryl exchange process. At very
short reaction times (30−120 s), we observed differences in
the UV- and RI-GPC traces. At longer reaction times (5 min or
more), UV- and RI-GPC traces overlap nearly perfectly. These
results indicate reversible chain transfer occurs and is a
relatively fast process. Kinetic simulations examining the
difference in Mn between the UV-trace and the RI-trace yield
a crude estimate of the Hf−polymeryl for Zn−polymeryl
exchange rate (kex2). A detailed quantitative kinetic modeling
analysis of polymerization may provide the exact value of kex2,
though this is outside the scope of this manuscript and is the
subject of ongoing work.
This manuscript reveals that while the overall rates of each

polymerization step (propagation and chain transfer) may be
relatively slow, they produce polyhexene with tunable MM and
narrow MMDs. The narrow MMDs even at low levels of
conversion are enabled by the fast exchange to propagation
ratio (kex/kp = 36.2 ± 0.8) for 1-catalyzed 1-hexene
polymerization and relatively fast rate of Hf−polymeryl for
Zn−polymeryl exchange. For comparison, in the Hf−pyridyl
amido-catalyzed polymerization of 1-octene in the presence of

Figure 10. MMDs of polyhexene produced by 1 in the presence of ZnEt2 at relatively short time points. (a) Temporal profile of RI-GPC traces in
the 1-catalyzed polymerization of 1-hexene in the presence of ZnEt2 quenched with 3 after 30 (purple), 60 (blue), and 120 s (orange). (b) UV- and
RI-GPC traces at the 30 s time point. (c) UV- and RI-GPC traces at the 60 s time point. (d) UV- and RI-GPC traces at the 120 s time point.
Conditions: [1] = 0.58 mM, [PhNMe2H][B(C6F5)4] = 0.58 mM, [1-hexene] = 4.0 M, [ZnEt2] = 0.5 mM, in toluene (1 mL) at 0 °C and quenched
with 3 (2 equivalents relative to 1).
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ZnEt2, kex/kp = 7.3. Also, in the Hf−pyridyl amido-catalyzed
polymerization of 1-octene, Hf−polymeryl for Zn−polymeryl
exchange does not occur; however, the overall rate of
propagation is much higher using the Hf−pyridyl amido
catalyst than that in 1-catalyzed polymerization. The origins of
these differences are unclear but are of increasing interest
toward the design of new catalyst systems.
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