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ABSTRACT

When isotopically labeling polymer chains for small-angle neutron scattering (SANS), it is highly
desirable to achieve even intra- and inter-chain distributions of deuterium (D), such that scattering
centers are uniformly placed along and among the chains. A common approach to introduce D is
to catalytically saturate an unsaturated precursor polymer with D>. Heterogeneous catalysts often
induce net H/D exchange between the polymer and D; gas, yielding excess D on the polymer
which is nonuniformly distributed; however, the homogeneous Wilkinson’s catalyst
(tris(triphenylphosphine)rhodium(I) chloride) has been shown to yield statistically uniform
labeling. Here, 1*C NMR spectroscopy is employed to determine both the deuteration level and
regularity of deuteration in partially deuterated polyethylene (dPE) synthesized by ring-opening
metathesis polymerization (ROMP) of cyclopentene followed by deuteration over either
Wilkinson’s catalyst or an alternative homogeneous catalyst,
carbonylchlorohydridotris(triphenylphosphine)ruthenium(Il) (Ru-H). Both catalysts produce
deuterated methylenes other than the vicinal -CDH-CDH- pair expected from regular deuteration,
as a consequence of [-elimination events prior to saturation; under typical saturation conditions,
p-elimination is more prevalent with Ru-H. Compared with the deuteration level (DL) of 20%
expected for ideal regular deuteration, DL values determined by '3*C NMR peak integration are
20.1% for Wilkinson’s and 21.9% for Ru-H, indicating significant net H/D exchange over Ru-H.
However, SANS from both dPEs shows no angular dependence in the g-range relevant to single-
chain dimensions, demonstrating that the deuterium distribution is statistically uniform along and

among polymer chains.



INTRODUCTION

Small-angle neutron scattering (SANS) allows measurement of the single-chain
conformation' of polymers, and thermodynamic interactions in polymer blends.*”’ Scattering
contrast is achieved by blending isotopically labeled and unlabeled polymers, exploiting the large
difference in neutron scattering length between hydrogen (H) and deuterium (D).’ Labeled
polymers can be directly synthesized if the deuterated monomers are available, allowing for direct
control over the deuterium level and the distribution of deuterium along the chain.’~'® Alternatively,
the double bonds in unsaturated polymers may be saturated with D>, over either heterogeneous or
homogeneous catalysts, to prepare deuterated polymers. This approach is attractive as it allows the
facile preparation of “matched pairs” of polymers — identical in all respects except for the D
labelling — by simply using either Hy or D; as the reducing gas.*%!”!® While heterogeneous
catalysts can achieve a higher level of deuteration, via H/D exchange between polymer and D; in
addition to saturation of the double bonds, it has been repeatedly shown that the distribution of
deuterium among the chains obtained with such catalysts is not uniform.'*° A uniformly
deuterated polymer should not generate any coherent neutron scattering since there is no interchain
contrast. However, Balsara et al. observed strong coherent scattering from an unblended saturated
polybutadiene, which had been deuterated over a heterogeneous catalyst (Pd/CaCO3).'® The radius
of gyration (Rg) obtained from this coherent scattering closely matched that obtained from data on
an analogous matched pair prepared from the same unsaturated precursor polymer, indicating that
the inhomogeneity in labelling at the whole-chain scale (i.e., among chains) was significant. More

recently, Habersberger et al.”!

have shown that a Pt-Re/Si0: supported catalyst can deuterate high-
density polyethylene (HDPE), isotactic polypropylene (iPP), and poly(ethylene-alt-propylene)

(PEP) in various solvents solely by H/D exchange, with HDPE deuterated up to 68% in isooctane.
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However, gel permeation chromatography (GPC) with infrared detection subsequently revealed
that the deuteration level varied across the molecular weight distribution.!®2%-22

In contrast to  heterogeneous  catalysts, the  homogeneous  catalyst
tris(triphenylphosphine)rhodium(I) chloride (Wilkinson’s catalyst) is known to deuterate
polybutadiene uniformly such that excess coherent scattering is avoided.?* Accomplishing uniform
deuteration is attractive as it ensures that the scattering is representative of the full chain, over the
entire molecular weight distribution of the sample, and eliminates the need for an empirical
correction for the excess scattering. The overall deuteration level of the saturated polymer,
measured from its mass density, was also found to correspond to the concentration of double bonds

23 combined with the absence of coherent SANS from the neat

in the polybutadiene precursor;
deuterated product, one might infer that D is simply added across the double bonds in the starting
polybutadiene. However, a side reaction such as isomerization (double bond migration)** can alter
the regularity of D position while still giving the same overall deuteration level as measured by
density, and no substantial variation in D level along or between chains as observed by SANS.

In fact, there is literature evidence of concurrent olefin isomerization during hydrogenation
over Wilkinson’s catalyst.?* The active form of Wilkinson’s catalyst, denoted Rh-H,, forms by
oxidative addition of Hx to the Rh center; one of the hydrides on Rh-H: then adds to the olefin’s
double bond via 1,2-insertion, forming a o-metalalkyl intermediate. This intermediate can either
complete saturation by transferring the remaining hydride from the Rh center to the olefin substrate,
or isomerize the double bond by [-hydride elimination. Experimentally, Bond and Hillyard have
shown that cis-2-pentene isomerizes to 1-pentene and frans-2-pentene during hydrogenation over

Wilkinson’s catalyst at one-third of the hydrogenation rate.”* Moreover, with polybutadiene

saturated with D> over Wilkinson’s catalyst, Zoller et al. showed via pyrolysis-photoionization
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mass spectrometry the presence of H/D interchange (“scrambling”) between mers, concluding that
the deuteration is not entirely regular.>®> Analogous H/D scrambling during deuteration of
cycloalkenes had been previously reported.??’” While these studies indicate that deuteration of
double bonds over Wilkinson’s catalyst can involve isomerization and consequent H/D scrambling,
there has been only limited investigation into the mechanism and extent of these side reactions.
The aforementioned hydrogenation mechanism would imply that Wilkinson’s catalyst
cannot induce olefin isomerization in the absence of Ha, since the active form of the catalyst —
needed to form the o-metalalkyl intermediate — is not present. Experimentally, some olefin
isomerization has been observed over Wilkinson’s catalyst in the absence of Ha, but only after a
lengthy induction period.”®* The unidentified species which catalyzes this isomerization is
thought to form slowly by loss of a PPh; ligand from Wilkinson’s catalyst, as adding excess PPh3
extends the induction period, to beyond 6 months when 6 equivalents of excess PPh; are added.?’
Thus, under the conditions and times typically used for hydrogenations (including in the present
work), Wilkinson’s catalyst does not induce significant isomerization in the absence of Ha.
Carbonylchlorohydridotris(triphenylphosphine)ruthenium(Il), denoted Ru-H, is another
homogeneous catalyst used for saturation of unsaturated polymers; like Wilkinson’s catalyst, it is
also known to saturate double bonds without causing chain rearrangements such as scission or
branching.>**? But in contrast to Wilkinson’s catalyst, Ru-H is known to isomerize olefins even
in the absence of Hb, as it bears a hydride ligand that allows a 1,2-insertion to the olefin substrate
without needing an oxidative H> addition to its metal center.** 3¢ Consequently, the saturation
mechanism is different from that over Wilkinson’s catalyst, where the reducing gas (Hz or D)
must be added to the metal center prior to forming the o-metalalkyl intermediate. Gramlich and

Hillmyer®” have prepared polyisoprene containing conjugated double bonds by isomerizing
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polyisoprene over Ru-H. In addition to isomerization, it has been shown that Ru-H can facilitate
H/D exchange between small-molecule olefins and D,0O.*® Thus, as with Wilkinson’s catalyst,
deuteration of unsaturated polymers over Ru-H is expected to be non-regular, where the
distribution of deuterium in the product does not precisely correspond to the positions of the double
bonds in the precursor, while the labeling level is still expected to be statistically uniform along
and among the chains. It is not clear a priori whether Ru-H will catalyze net H/D exchange
between polymer and D», increasing the overall deuteration level, or if only H/D scrambling occurs.

The present study aims to understand the mechanisms and extents of side reactions that
accompany deuteration of unsaturated polymers over Wilkinson’s and Ru-H catalysts, using
polycyclopentene (PCP) as the precursor, which yields deuterated linear polyethylene (PE) upon
saturation as shown in Scheme 1. As both catalysts can potentially induce both isomerization and
H/D exchange between catalyst and D> during deuteration, the deuterated PE product is expected
to show some irregularity in D distribution relative to the double bond positions prior to saturation.
It is emphasized that the isomerization discussed in this study specifically refers to double bond
migration — not to cis-trans stereoisomerization, which also occurs®* — while H/D exchange
between catalyst and polymer refers to a reaction where an H on a polymer chain is replaced by a
D without concurrent double bond saturation. “Net H/D exchange”, yielding deuteration levels
higher than that corresponding to the precursor’s double bond content, would require further
exchange of D between catalyst and D,. Quantitative '*C NMR spectroscopy is used to assess the
deuteration regularity at the monomer unit level as it enables a clear identification of CDH, CD,
and CH, methylenes via their characteristic isotope shifts and the multiplicity of C-D coupling.*
Recently, the isotope effect of deuterium in '3C NMR has been employed to analyze deuterated

poly(e-caprolactone)'>*° and to determine the deuteration level of methyl carbons in syndiotactic
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PP following H/D exchange.*! Any deviation from regular deuteration, i.e., any CDx resonances,
or any CDH resonances other than the vicinal -CDH-CDH- pair expected from regular deuteration,
can be easily identified. PCP is a particularly advantageous precursor for >*C NMR analysis since
the isotope effects are observed up to two carbons distance,* allowing the deuteration analysis to
be done on the five-carbon PCP repeat unit. Furthermore, any complications to the spectra
resulting from side branches — for example, from 1,2-addition when the precursor is
polybutadiene*? — are avoided by using PCP, which yields perfectly linear (high-density) PE upon

saturation.*?

polycyclopentene

D
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Wikinson's catalyst Ru-H catalyst
Scheme 1. Scheme for regular deuteration of PCP. The PCP precursor is prepared by ring-opening
metathesis polymerization (ROMP) of cyclopentene with Schrock’s initiator and deuterated with
D; gas over either Wilkinson’s (1) or Ru-H (2) catalyst. The reaction product shown corresponds

to perfectly regular deuteration, where deuterium is exclusively added across the PCP double bond.

We find that the deuteration of PCP over either Wilkinson’s or Ru-H catalyst is
accompanied by both isomerization and H/D exchange between catalyst and polymer prior to
saturation; these reactions are more prevalent with Ru-H. Quantifying the types and extents of

these isomerization and H/D exchange reactions illuminates the reaction mechanisms underlying



their formation. Wilkinson’s catalyst is found to induce minimal net H/D exchange, while under
the reaction conditions employed here, Ru-H catalyzes modest but significant net H/D exchange.
However, dPEs synthesized with both catalysts show no coherent SANS in the relevant angular

range, confirming that labelling is statistically uniform along and among chains.

EXPERIMENTAL PROCEDURE

Materials.

Cyclopentene (CP) monomer (Sigma-Aldrich, 96%) was distilled through a 71 cm Hempel column
filled with 8 mm ceramic Berl saddles to reduce the 1-pentene level to < 5 ppm (undetectable by
"H NMR) to suppress chain transfer.* The distilled fractions were then dried over sec-butyllithium
in the presence of 1,1-diphenylethylene until the red adduct formed; cyclopentene was then
vacuum  transferred into a  storage flask. The  Schrock  initiator,  2,6-
diisopropylphenylimidoneophylidenemolybdenum(VI) bis(t-butoxide), was used as received
(Strem Chemicals). Trimethylphosphine, PMe; (Sigma-Aldrich, 97%), was degassed, stirred
overnight with sodium, and vacuum transferred. Propionaldehyde (Sigma-Aldrich, 97%) was
degassed and stirred over 3 A molecular sieves. Toluene was passed through an MBraun SPS
solvent purification system connected to the glovebox used for polymerizations. Wilkinson’s
catalyst and Ru-H were used as received from Sigma-Aldrich. A heterogeneous catalyst, palladium
(5 wt%) supported on calcium carbonate (Pd/CaCOs3), was purchased from Alfa Aesar and used as
received. Cylinders of Hz (99.999%) and D2 (99.999% elemental purity; < 3000 ppm HD and <
100 ppm Hz by volume) were purchased from Airgas and Praxair, respectively, and used as

received.



Polymerization.

All degassed and dried ROMP reagents were moved into an MBraun UNIlab glovebox with an N>
atmosphere (O, H>O <0.1 ppm). Polymerizations were done in 100 ml round bottom flasks (RBF)
with magnetic stirring. The Schrock initiator was first dissolved in toluene in a scintillation vial
and transferred into a 100 ml RBF. PMe; and CP were added sequentially such that the initial CP
concentration was 10 mol/L. CP/Mo and PMes/Mo ratios were kept at 7500:1 and 15:1,
respectively. PMes, a reversibly binding ligand, was added to slow propagation relative to
initiation to decrease the dispersity of resulting polymer*-**, The polymerization was terminated
at approximately 15% conversion** with propionaldehyde. After polymerization, PCP was
precipitated into excess methanol and dried under vacuum overnight. Table 1 summarizes the
molecular weights of the two PCP precursors employed, and the catalyst types that were used in

the deuteration, where Rh and Ru indicate Wilkinson’s and Ru-H catalysts, respectively.

Table 1. Molecular weights and dispersities of PCP precursors before deuteration.

Polymer® My (g/mol) b

PCP-Rh 105,300 1.17
PCP-Ru 87,900 1.16
suffixes -Rh and -Ru indicate that Wilkinson’s catalyst or Ru-H, respectively, was used for

deuteration.



Hydrogenation and deuteration of PCP.

PCP was hydrogenated with H> over Pd/CaCOs3 and deuterated using D> over either Wilkinson’s
catalyst or Ru-H. For hydrogenation, PCP was dissolved in n-heptane at 5 g/LL with 0.5 wt% of
butylated hydroxytoluene (BHT) relative to polymer to prevent oxidative degradation. The
polymer solution was transferred to a 2 L Parr stainless steel reactor and Pd/CaCO3 was added at
a 2:1 weight ratio of catalyst (including support) to polymer. The reactor was charged with 400 psi
of H at room temperature and stirred at 130 °C for 24 h, by which point saturation reached > 99.9%
as determined by 'H NMR. The hydrogenated PCP (hPE) was recovered by hot filtration,
precipitated into methanol, and dried under vacuum overnight. The hPE served as a reference for
density measurements and a check on the position of the '*C NMR CH, resonance. Deuteration
followed the analogous steps except that PCP was dissolved in toluene instead of n-heptane. Ru-
H or Wilkinson’s catalyst was dissolved in toluene in a separate vial and transferred to the reactor
with the polymer solution. The molar ratio of double bonds to Ru-H was kept at 2250:1.
Triphenylphosphine (PPhs) was added with Wilkinson’s catalyst to prevent deactivation by
dimerization.*> The molar ratios of double bonds to PPhs to Wilkinson’s catalyst were kept at
450:20:1. The reactor was pressurized to 400 psi with D, and stirred for 24 h at 130 °C. After
saturation, dPEs are designated by the identity of the catalyst used for saturation, i.e., dPE-Rh and

dPE-Ru; their degrees of saturation determined by 'H NMR were above 99.9%.

Molecular Characterization.
'H and quantitative '*C NMR spectra, using an inverse-gated decoupling scheme to avoid
enhancement by the nuclear Overhauser effect, of PEs dissolved in deuterated 1,1,2,2-

tetrachloroethane-d> were collected at 130 °C with a Bruker Avance III Nanobay 400 MHz
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spectrometer equipped with a BBO Prodigy nitrogen-cooled cryoprobe. For 3C NMR, samples
were prepared at approximately 50 mg/ml concentration and the spectra were collected at 100
MHz for at least 6000 scans with the overall recycle time set to 30 sec. For 'H NMR, samples were
prepared at 5 mg/ml and spectra were collected at 400 MHz on the same instrument. All NMR
data processing and analysis was done using MestReNova (MNova) software (Mestrelab Research
S.L., Santiago de Compostela, Spain). Molecular weights of the precursor PCPs were determined
by GPC with tetrahydrofuran (THF) as the mobile phase (1 mL/min) with two 30 cm Agilent PLgel
Mixed-C columns, and Wyatt Optilab T-rEX differential refractive index (DRI; 25 °C, 658 nm
wavelength) and miniDAWN TREOS three-angle light scattering (ambient temperature, 658 nm)
detectors. Dispersities (D) were determined from the DRI output with the elution time calibrated
against narrow-distribution polystyrene standards. PCP My was determined from the light

scattering results, using dn/dc = 0.1212 mL/g at 25 °C in THF at 658 nm.*

Small-angle Neutron Scattering (SANS).

SANS experiments were performed on the GP-SANS CG-2 beamline at the High Flux Isotope
Reactor (HFIR), Oak Ridge National Laboratory (ORNL) in Oak Ridge, Tennessee. Films of dPE-
Rh, dPE-Ru, and a completely hydrogenous HDPE (E4, Dow Chemical Company*®), were
prepared as described above for density measurement but at approximately 0.3 mm thickness.
Circular disks of 19 mm diameter were punched from the films, and stacked to fill a 1 mm-thick
brass spacer with inner diameter of 19 mm. The brass spacers and samples were assembled inside
Peltier furnace cells by sandwiching them between fused silica windows (1 mm each) and PTFE
O-rings. SANS measurements covered 0.004 A < q < 0.08 A" using a wavelength (1) of 4.75 A

with a sample-to-detector distance of 16 m. The Peltier furnace temperature was raised to 150 °C
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to melt the polymers, and before recording SANS data each polymer sample was visually inspected
to ensure that it was completely melted. The scattered intensity was calibrated in absolute units
(cm™) using a porous silica standard. The SANS data were reduced to account for empty cell
scattering, sample transmission, thickness, and detector sensitivity, and were averaged azimuthally

to generate one-dimensional plots of scattered intensity, I(q), versus the magnitude of the
4m\ . . o
momentum transfer vector q = (Tn) sin(0) , where 20 is the angle between the incident and

scattered neutron beams.
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RESULTS AND DISCUSSION
Figure 1 shows the experimental '*C NMR spectra of dPE-Ru and dPE-Rh, and the
calculated spectrum of regularly deuterated PCP. Qualitatively, dPE-Ru and dPE-Rh show clear

departures from regular deuteration. Cheng and Dziemianowicz®

have shown through
copolymerization of ethylene and ethylene-ds that replacement of CH> by CD> in polyethylene
results in a 1:2:3:2:1 quintet with a coupling constant of 19 Hz. The isotope shift due to CD; was
described by a =-0.84, f = -0.20, and y = -0.05 ppm relative to the resonance position of runs of
unlabeled CH2 methylenes, where a indicates the shift for the carbon bearing two deuterons (CD>),
while 8 and y indicate the shifts for the CH> methylenes which are one and two carbons distant
from the a carbon (CD»), respectively.’® Given the additive nature of the isotope effect, the
replacement of CH> by CDH is expected to give a 1:1:1 triplet with a coupling constant of 19 Hz,
having isotope shifts of @’ =-0.42, B’ = -0.10, and ¥’ = -0.025 ppm relative to the CHa resonance
of PE. The isotope shifts determined from our '*C NMR spectra are in good agreement with
Cheng’s prior values, with slightly improved precision: a’ = -0.424, B’ = -0.099, and y' = -0.023
ppm, with Jep = 18.9 Hz (see Supporting Information). The magnitude of this isotope effect
decreases by a factor of approximately 4.3 for each intervening carbon, so a CDH that is three
carbons from the methylene of interest is expected to contribute an isotope shift of only 6’ = 0.006
ppm, neglected during the following analysis. The chemical shift and multiplicity of the resonance
for a carbon atom in the dPE chain is thus defined by the deuteration level of that carbon and its

four neighboring carbons (two on either side), allowing the analysis to be based on a five-carbon

repeat unit.
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Figure 1. Experimental 3C NMR spectra of dPE-Ru and dPE-Rh, and calculated spectrum for
regularly deuterated dPE, shown with its carbons labeled. The triplet (“a”) position reflects the

sum of the one-bond and two-bond isotope effects; longer-range couplings are not resolved.

As the area (A) underneath each peak is proportional to the number of carbons in a
particular chemical environment, the ratio Acpn:Acuz for regularly deuterated dPE is necessarily
2:3, reflecting the 1deal deuteration level of exactly 20%. The general expression in Equation (1)
calculates the deuteration level (DL) by counting the number of deuterons over the number of

available bonding sites on the polyethylene backbone:

DLy (%) = ——ocR2 808100 Eq. (1)

2(Acp,+AcpHtACH,)

The area of each methylene peak was determined using the “Line Fit” protocol in the MNova
software (see Figures S1 and S2 for the fitting procedure and deconvoluted spectra), and following
Equation (1), the DL values of dPE-Rh and dPE-Ru were determined to be 20.1% and 21.9%,

respectively.
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Analysis of dPE-Rh spectrum.

Figure 2 shows the peak assignments and a table of relative areas of CDH and CD;
resonances for dPE-Rh. Each five-carbon repeat unit is numbered in descending order of chemical
shift of its central carbon; the codes thus correspond specifically to the central deuterated
methylene in each unit (indicated in color in Figure 2, with a distinct color for each unit), although
many of the units contain multiple deuterated methylenes. The full set of peak assignments and
corresponding deconvoluted areas is available in Table S2, while Figure S1 presents a graphical
comparison of the spectrum and fit, including an expanded intensity scale for the weaker peaks in
the 28.6 — 28.0 ppm region. The most intense triplet centered at 28.840 ppm corresponds to the
CDH carbon (Rh-2) expected from the regularly deuterated dPE mer illustrated in Figure 1. The
relative peak areas of the deuterated carbons in Figure 2 show that 90% of the deuterated carbons
(Rh-2) derive from regular saturation, while the other 10% result from isomerization or H/D

exchange prior to saturation.
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Figure 2. (Left) >C NMR peak assignments for dPE-Rh and (right) relative peak areas of
deuterated methylenes, corresponding to the central carbon in each five-carbon unit (color coded).
Rh-4(a) and Rh-4(b) correspond to carbons with different D substitution patterns, but having the

same isotope shift.

The identification of each deuterated methylene resonance provides an opportunity to
examine the reaction mechanisms. The hydrogenation process begins with Wilkinson’s catalyst
losing one PPh; ligand and adding H> to form a rhodium dihydride complex (Rh-Hb»), the active
form of the catalyst. Then the o-metalalkyl intermediate is formed via 1,2-insertion of Rh-Ha to
the olefin substrate, and the remaining H on the Rh center is transferred to complete the
hydrogenation and regenerate the inactive form of the catalyst.**’*® Scheme 2(a) shows the
analogous deuteration mechanism, where H> is replaced with D>, and with the PCP repeat unit as
the substrate. H/D exchange between catalyst and polymer then becomes possible, as shown in
Scheme 2(b), where Rh-D; first coordinates with the PCP double bond and forms a o-metalalkyl

intermediate by 1,2-insertion. Instead of transferring the remaining deuteron onto the polymer, a
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hydrogen is abstracted from the polymer backbone to generate Rh-HD in solution and H/D-
exchanged PCP. Depending on the site of f-hydride elimination, H/D exchange can occur either
exclusively (fB;) or simultaneously with isomerization (f3). While regenerated Rh-HD can
potentially release HD, the D> contained just in the reactor headspace (not considering the
additional D; dissolved in solution) is ~20 times more abundant than all HD that could potentially
be released from all olefinic H on the polymer (a limit which is not approached over either catalyst).
Thus, coordination of the “inactive” form of Wilkinson’s catalyst with “free” HD is not considered
as a significant pathway to form Rh-HD. All possible permutations of catalyst complex, hydrogen

transfer, and B-hydride elimination are provided in Figure S3.

(a) deuteration

ey, —‘W *\M

1,2-insertion D-transfer

H ‘(/“""M
(b) H/D exchange i D—RhL, D

D—RhL, D—RhL, B4, major

s B +
m 1,2-insertion D p—elimination

Oy,

B3, minor

Scheme 2. Reaction mechanisms for (a) deuteration and (b) H/D exchange of PCP over

Wilkinson’s catalyst under deuteration conditions.

Based on the reaction mechanisms outlined above, deuteration over Wilkinson’s catalyst
can be described by three reaction parameters: the fraction of D out of all H and D atoms bound to

Rh (fp), the probability of elimination prior to saturation (pe), and the fraction of B5 vs. 51

L). Since the fraction of regularly deuterated carbons (Rh-2) is high, it is

elimination (f = AT
3 1

reasonable to assume that most double bonds are deuterated either prior to any elimination reaction,

17



or following at most one elimination reaction, i.e., p is small. Based on this assumption, the most
probable reaction pathways for each deuterated carbon identified in Figure 2 are provided in
Scheme 3. Note that these may not be exclusive mechanisms, but they are intended to represent
the shortest (most favored) reaction paths that generate the observed structures. Schemes 3(a) and
3(b) begin with the original PCP repeat structure, whereas Schemes 3(c) and 3(d) begin with PCP
that has already undergone 3 or f8; elimination, respectively, as described in Scheme 2(b).
Following these reaction pathways, the probabilities of formation of each deuterated carbon are
expressed in terms of fp, pg, and f and provided in Table 2 (see Supporting Information for
example derivations of probability expressions and reaction parameter calculations). With fp =
0.98, pe = 0.07, and 8 = 0.42, respectively, the calculated probabilities and experimental results
are in good agreement, and the small value of pg confirms the internal consistency of this analysis,

i.e., the probability of two or more elimination reactions prior to saturation is negligible.
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Scheme 3. Suggested mechanisms for formation of the deuterated methylenes detected in the

(a)

J«vvw\fim)vw\—Aw«\(‘w

(b)

fray, — «?\M_AW

Rh-3 and Rh-4(a)

@ b-RhL DL Rh!l'" NP
- n s S
H-RhLn D

Rh-4(b) and Rh-5

NMR spectrum of dPE-Rh.

13C

Table 2. Reaction parameter estimation for dPE-Rh deuteration with fp = 0.98, pg =0.07, and S =

0.42.

deuterated carbon probability calculated® | experimental® | exp/calc
Rh-1 20 —pe)fo(1—fp) 20 20 0.98
Rh-2 2(1 —pg)f2 1000 1000 1
Rh-3 2f2peB 32 32 1.01

f5peB + (1= B)fF
Rh-4(a) + Rh-4 (b) 38 40 1.06
= f3e

Rh-5 pe(1—B)f2 22 21 0.96

# normalized to Rh-2 probability or area (=1000)
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From Scheme 2(b), the ratio of 5; to 3 elimination might be expected to be 1:2 (f =0.67),
simply based on the number of hydrides available for elimination on each carbon. However, the
value of § = 0.42 indicates that f3; is slightly favored over 5 elimination. The relative frequency
of 51 and f; elimination is influenced by the proximity of the hydride that is being eliminated,
which depends on relative ease of bond rotations in the metalalkyl intermediate. In the case of cis-
2-pentene, once the metalalkyl intermediate is formed, bond rotation about the rhodium-carbon
bond (o-bond in o-metalalkyl intermediate) is less hindered compared to rotation about the C»-Cs
bond (C=C of cis-2-pentene prior to 1,2-insertion), leading to higher 3 elimination, i.e., higher 1-
pentene content compared to trans-2-pentene.’* However, in the case of the PCP metalalkyl
intermediate (center structure in Scheme 2(b)), the steric hindrance against rotation about the Rh-
C bond should be enhanced because the alkyl units flanking the carbon bonded to the Rh center
are polymeric, whereas they are methyl and propyl groups in the case of cis-2-pentene.

For every elimination event, a molecule of Rh-HD complex is formed as shown in Scheme
2(b). The rate of unbinding between Rh and HD determines whether there will be net H/D
exchange between polymer and D: or not. If unbinding of HD from Rh is slow, i.e., if Rh-HD does
not equilibrate with D, to release HD and form Rh-D; (from free D> in solution) prior to the Rh-
HD complex’s next reaction with PCP, the H abstracted via § elimination will be redeposited onto
another polymer unit. In this limit, the H/D exchange reactions indicated in Scheme 2(b) simply
result in H/D scrambling, as only two deuterons are placed on polymer chains per saturation event
— although the two deuterons are, in general, not deposited on adjacent carbons in this two-stage
process. On the other hand, if the unbinding rate is high and Rh-HD equilibrates with D> to release
HD and form Rh-D», a net positive H/D exchange and a deuteration level above 20% would result.

The DL of 20.1% for dPE-Rh suggests that Rh-HD unbinding is slow and that elimination
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reactions mostly lead to H/D scrambling, consistent with what has been found by pyrolysis-
photoionization mass spectrometry.?> Of course, low levels of exchange between hydrides bound
to the catalyst and reducing gases dissolved in solution (D>, HD, or H») are not ruled out by this
analysis. In the limit of no exchange, fp = 1-pg/2; the value of pg = 0.07 would thus yield fp =
0.965 in the no-exchange limit, vs. the best-fit value of fp = 0.98. If both fp = 0.98 and pg = 0.07
are taken to be precise (indicating some exchange between catalyst and gas), this would yield, on
average, an additional 0.03 D added per double bond, or DL = 20.6%, within uncertainty of the

20.1% measured by summation of the fitted '*C NMR peak areas.

Analysis of dPE-Ru spectrum.

While the mechanisms of saturation over Ru-H are analogous to those over Wilkinson’s
catalyst — oxidative addition of D> to the metal center, formation of a o-metalalkyl intermediate
by metal-hydride insertion, and transfer of a hydride — there is one important difference: Ru-H
adds to the double bond before D> adds to the metal center.>'*> This difference has two major
consequences. First, the precursor double bond is reduced by receiving one H or D from the ligand
borne by the catalyst prior to the catalyst’s binding to the polymer; the other H or D comes from
the reducing gas (D2, HD, or H»), but in the present case, D> overwhelmingly dominates the free
reducing gas species and is the only possibility considered. The regenerated catalyst complex
carries a D or H ligand remaining from the reducing gas, as illustrated in Scheme 4(a). A more
detailed discussion of the Ru-H saturation mechanism is provided in the Supporting Information.
Second, Ru-H can facilitate isomerization by -hydride elimination even in the complete absence
of Ho, HD, and D», as shown in Scheme 4(c), and several studies have used the Ru-H catalyst for

olefin isomerization via this mechanism.**>%*=2 In addition to isomerization, Tse et al.>® have
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shown that Ru-H can mediate H/D exchange between styrene or its derivatives and D>O; 85% of
the olefinic protons on styrene are replaced by deuterons within an hour at 100 °C. Tse et al.
explain that H/D exchange occurs by addition of Ru-D to the double bond and subsequent
elimination of Ru-H, analogous to the reaction shown in Scheme 4(b) with PCP as the substrate.
Under similar conditions, trans- [ -methylstyrene was shown to undergo H/D exchange and
isomerization simultaneously, resulting in a mixture of isomers of deuterated trans- f -
methylstyrene.*® Analogous to the behavior over Wilkinson’s catalyst, H/D exchange over Ru-H
can either occur exclusively (f8;) or simultaneously with isomerization (f3) as shown in Scheme
4(b). In the presence of D2, the Ru-D complex necessary for H/D exchange could form either as
the byproduct of a saturation event, as illustrated in Scheme 4(a), or by direct H/D exchange

between Ru-H and D».>?

(a) deuteration I:|) D-RuL,
D—RuL,

R

m 1 2-insertion D, addition ™ D transfer

MM
(b) H/D exchange H-RuL, D
D-RuL, Rul, 4, major

n .
E .
m  1,2-insertion m ;5 -elimination

NM
m

D

B3, minor
(c) isomerization H-RuL,

H-RuL, Rul,
frosy === Ay . sy
B3

M 1 2-insertion H B -elimination

Scheme 4. Reaction mechanisms for (a) deuteration, (b) H/D exchange, and (c) isomerization of

PCP over the Ru-H catalyst under deuteration conditions.

Figure 3 shows the >*C NMR spectrum peak assignments and a table of relative areas of

CDH and CD> resonances for dPE-Ru. The full spectrum and fit (including the CH> region) are
22



provided in Figure S2, and the full table of peak assignments and deconvoluted areas is provided
in Table S3. The complexity of the dPE-Ru spectrum (Figure 3) over the dPE-Rh spectrum (Figure
2) reflects a much greater proclivity for S-hydride elimination (isomerization, with or without H/D
exchange, as shown in Schemes 4(b) and 4(c); only 41% (Ru-3) of the deuterated methylenes

correspond to those formed by regular deuteration.

deuterated relative
code
carbon peak area

o}
A~y Rud 017

v S~ M| Ru2 0.028
4/\1:'\/\; . n
A NP *Y‘\/* - 041
1 w I
D D D D o}
W o 0 M\/\L Ru-4 0.020
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n o D 0D D n
H | o o W Ru-5(z)
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| . \-.\/W D k\i"n\/\L Ru-6 0.11

29.2 29.0 28.8 28.6 28.4 28.2 28.0
Chemical Shift (ppm)

D D
¥ 4
4’\( ~H  Ru7 0.11
D

Figure 3. (Left) 3*C NMR peak assignments for dPE-Ru and (right) relative peak areas of
deuterated methylenes, corresponding to the central carbon in each five-carbon unit (color coded).
Ru-5(a) and Ru-5(b) correspond to carbons with different D substitution patterns, but having the

same isotope shift.

This enhanced elimination generates additional types of deuterated methylenes that were
not detectable in dPE-Rh, such as Ru-2 and Ru-6. It also means that the probability of elimination

prior to saturation (pg) is not small in the dPE-Ru case; a double bond can undergo multiple
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elimination events prior to saturation. All of the structures shown in Figure 3 can be generated by
pathways requiring at most one elimination event as shown in Scheme 5. Analogous to Scheme 3,
these mechanisms may not be exclusive, but they are intended to represent the shortest (most

favored) reaction paths that generate the observed structures.
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(b)
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D
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Ru- 5(b)and Ru-7

Scheme 5. Suggested mechanisms for formation of the deuterated methylenes detected in the '*C

NMR spectrum of dPE-Ru.

If pe 1s not small, pathways involving more than one elimination event become significant
contributors to the levels of these structures. Moreover, new structures which require at least two
elimination events to form — and which are not considered in Figure 3 — can become significant.
However, since the resonances for all deuterated methylenes (CDH and CD3) appear in the same
limited spectral region shown in Figure 2 and Figure 3, peak overlap becomes severe as the

diversity of deuterium substitution patterns increases. Some additional discussion on this point is
24



provided in the Supporting Information, but in brief, a “small pg” quantitative analysis like that

outlined above for dPE-Rh is of limited utility for dPE-Ru. Nonetheless, some conclusions about

the catalytic species present (fp) and the relative rates of f; and S5 elimination () can still be

drawn from such an analysis as summarized in Table 3.

Table 3. Reaction parameter estimation for dPE-Ru deuteration with fp = 0.26, pg = 0.90, and =

0.085.
structure probability calculated® | experimental® exp/calc
Ru-1 1-fp)A—pg) 329 402 1.22
Ru-2 fo(1 = fp)Bpe 65 68 1.04
2(1 = pe)fp + fo(1 = fp)Bpe +
Ru-3 fore(1 =81 - fp) 1000 1000 1
=2(1-pe)fp + fo(1 - fplpe
Ru-4 212 BpE 46 49 1.08
Ru-5(a) + Ru-5(b) | f2Ppr + fire(1—B) = fZP: 270 374 1.38
Ru-6 %poE(l - £ —fp) 352 273 0.78
Ru-7 fere(1—=PB) 247 264 1.07

? normalized to Ru-3 probability or area (=1000)

An approximate value of f = 0.085 can be extracted from the observed levels of structures

whose shortest generating pathways differ only by one S5 vs. ; elimination (Ru-4 vs. Ru-7,

shown in Scheme 5(c) and Scheme 5(f)). The small value of 8 indicates that 8; elimination is

much preferred over 3 elimination, presumably due to a larger steric hindrance to bond rotation
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about Ru-C relative to rotation about C-C (vicinal carbons of PCP) in the o -metalalkyl
intermediate, even more pronounced than in the Wilkinson’s catalyst case. Furthermore, an
approximate value of fp = 0.26 can be extracted from the structures whose shortest generating
pathways differ only by whether saturation was initiated by Ru-D vs. Ru-H (Ru-4 vs. Ru-2, shown
in Schemes 5(c) and 5(d)). With § = 0.085 and fp = 0.26, an approximate fit to the experimental
peak areas is achieved with pg = 0.90, where the largest discrepancy is within a factor of 1.4.
However, the large value of pr refutes the premise of the “small pg” analysis by which it was
obtained, and should be interpreted with caution.

3 50 it is useful to consider this

Ru-H can undergo H/D exchange with D, in toluene,’
possibility and its impact here as well. In the limit of complete equilibrium, where all Ru-H is
converted to Ru-D by exchange with the large excess of D> prior to saturation, fp — 1 and the
deuterated carbons that require Ru-H to form — Ru-1, Ru-2, and Ru-6 — would not be present (see
Scheme 5 for relevant reaction mechanisms), though all of these are observed with significant
intensity. On the other hand, if there were zero exchange between Ru-H and D2, fp would be set
by the balance between saturation (which always generates Ru-D) and H/D exchange with the PCP
(which regenerates Ru-H), and the final deuteration level would be maintained at 20%. In the
absence of direct exchange between Ru-H and D», fp = 1-pg when pg 1s small. However, as pg
becomes larger, the probability of having multiple elimination events prior to saturation becomes
significant, and some eliminations will regenerate Ru-D instead of Ru-H, raising fp above 1-pk.
The values of fp = 0.26 and DL = 21.9% obtained from analysis of the >*C NMR spectrum suggest

that there is nonzero but limited H/D exchange between Ru-H and D5, closer to the “zero exchange”

limit than the “complete exchange” limit under the conditions employed.
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In the case of Wilkinson’s catalyst, pgrn represents the relative rates of elimination vs.
saturation since these reactions both proceed from the same intermediate —the o-metalalkyl, as
shown in Schemes 2(a) and 2(b). Thus, pern is controlled solely by the structure of this
intermediate: the ligands on Wilkinson’s catalyst and the polymer backbone structure. On the other
hand, prru is expected to vary with the pressure of D> in the reactor, because the saturation and
elimination reactions proceed through different intermediates: as shown in Schemes 4(a) and 4(c),
saturation requires oxidative addition of D> to the Ru center, while elimination does not. Hence,
the ratio of rates of elimination vs. saturation (deuteration) must decrease with an increase in D>
concentration in the solution (or D2 pressure in the reactor). This provides an extra experimental
handle to adjust the extent of elimination (hence isomerization and H/D exchange) that occurs
during deuteration when employing the Ru-H catalyst. Similarly, since the analysis above indicates
some direct exchange between Ru-H and D, this mechanistic distinction should also provide a
handle to adjust the overall deuteration level: higher D> pressure should produce structures more
closely resembling regular deuteration (with DL = 20%), while lower D> pressures (but still a large
ratio of Dz:double bonds) should produce more isomerization, and DL > 20%.

Complementary density and FTIR measurements were carried out to corroborate the
13C NMR analyses (see the Supporting Information for details). Deuteration levels determined by
FTIR were 20.6% and 21.4% for dPE-Rh and dPE-Ru, respectively, which satisfactorily match
the values of 20.1% and 21.9% measured by '*C NMR. The deuteration levels determined by
density measurement were 20.2% and 24.3% for dPE-Rh and dPE-Ru, respectively; the former is
in good agreement with the value from '*C NMR, while the latter is 2% higher. We attribute this
apparent difference to the difficulty in correcting the density result for small mismatches in the

degree of crystallinity between members of the dPE/hPE matched pair, a mismatch which was
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larger in the case of PE-Ru vs. PE-Rh. In addition, the CD2:CDH ratio calculated by FTIR and '*C
NMR showed good agreement: 0.05:0.95 vs. 0.02:0.98 (FTIR vs. '3C NMR) for dPE-Rh and

0.25:0.75 vs. 0.22:0.78 for dPE-Ru.

SANS analysis.

As outlined above, the mechanisms involving isomerization and H/D exchange over these
homogeneous catalysts are intermolecular, i.e., H and D can move from chain to chain. Thus, the
deuteration level will vary slightly among the chains when these processes are concurrent with
deuteration. However, these reactions are expected to occur at random positions along and among
the many (> 10°) mers per chain, so it is unlikely that the deuteration level will show a significant
molecular weight dependence as it does for heterogeneous catalysts, i.e., the deuteration level
among chains should be statistically uniform. Thus, despite having non-regular labeling, the dPEs
presented here are not expected to show significant coherent scattering in SANS, as confirmed
below.

To probe the uniformity of dPEs at the polymer chain level, SANS data were collected for
both dPEs, as well as a broad-distribution linear PE (E4, Dow Chemical Company*®), in the melt
state at 150 °C. If the dPEs are uniformly deuterated, the SANS profile is expected show only flat
incoherent scattering similar to that of unlabeled PE, whereas non-uniform deuteration will cause
scattering that reflects the radius of gyration (R,) of the labelled sections (chains or subchains).!®3
The experimental SANS data as well as the calculated scattering from non-uniform deuteration'®
with an Ry equal to that of the entire polymer chain are plotted in Figure 4 (see

for scattering calculation).
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Figure 4. Experimental SANS data for dPE-Ru, dPE-Rh, and unlabelled PE in the melt at 150 °C
(symbols). Solid curves show calculated Debye functions for dPE-Rh (D-Rh) and dPE-Ru (D-Ru),
respectively, assuming a level of labeling heterogeneity comparable to that obtained by deuteration

of polybutadiene over Pd/CaCOs."

The scattering profiles for all three PEs are featureless, except for an upturn at q < 0.015
A1, observed in all three cases. Considering the similarity between the low-q scattering in the
unlabeled PE and the two dPEs, this feature is not believed to reflect non-uniform labeling in the
dPEs. Such excess scattering in this g-range in the melt state has been observed for completely
hydrogenous poly(ethylene oxide) and attributed to voids in the sample.>* Indeed, the calculated
curves in Figure 4 (D-Rh and D-Ru) show that, for a polymer of Ry similar to our two dPEs, the
onset of Debye scattering would be near q = 0.04 A™!, considerably higher in q than the observed
onset of the upturn. Note that nonuniformity of labelling at a scale smaller than the whole chain
(e.g., from “blocky” exchange) would lead to scattering at even higher q (smaller Rg) than in

calculated D-Rh and D-Ru profiles in Figure 4, contrary to what is observed. Similarly, Reichart
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et al. have observed that SANS from polybutadiene deuterated over Wilkinson’s catalyst showed
a flat intensity profile for q > 0.015 A™!, whereas polybutadiene (Mw = 62.5 kg/mol) deuterated
over Pd/CaCOs showed significant coherent scattering at q < 0.04 A™'.2*> The absence of coherent
scattering from dPE-Rh and dPE-Ru in the relevant q-range proves that the labeling provided by
both homogeneous catalysts is effectively uniform — even for Ru-H, despite the substantial
irregularity in D position, and the modest net H/D exchange. As noted above, it could be interesting
in future work to conduct saturations over Ru-H at lower D pressures, to see whether a higher DL
can be obtained — for enhanced contrast in SANS experiments — while maintaining the expected

statistical uniformity of labelling.

SUMMARY AND CONCLUSION

Narrowly-distributed, partially-deuterated linear polyethylenes were synthesized by
ROMP of cyclopentene followed by deuteration over either Wilkinson’s or Ru-H catalyst. The *C
NMR spectra of these dPEs indicate that both isomerization and H/D exchange between polymer
and catalyst occur concomitantly with deuteration; under typical saturation conditions, Ru-H
induces more extensive isomerization and exchange compared with Wilkinson’s catalyst, yielding
a greater diversity of deuterated methylene types. Wilkinson’s catalyst undergoes minimal H/D
exchange with the reducing gas (D2), yielding deuteration levels (20 — 21%) close to the
stoichiometric value (20%), while Ru-H undergoes significant direct exchange with D> and yields
a higher deuteration level (= 22%). From the underlying mechanisms revealed by analysis of the
13C NMR spectrum, the DL for dPE-Ru is expected to depend on the D, pressure during saturation,
with lower pressures leading to higher DL. Nonetheless, both catalysts produce statistically

uniform labelling at the polymer chain-length level, as confirmed by SANS experiments, where
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dPEs from both catalysts show only incoherent scattering in the q-range corresponding to R. Since
PCP is synthesized by living ROMP, the synthetic route described in Scheme 1 provides a facile
route to uniformly-labelled dPEs, and precisely matched hPE/dPE pairs, having a wide range of

molecular weights and narrow dispersities.
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